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PREFACE

Protein engineering by its iterative rational design is a powerful tool to both test general theories of
protein structure and activity, as well as to develop more useful catalysts to be used in
biotechnological processes or products.

Protein Engineering in Industrial Biotechnology aims to present a series of examples in which the
application of protein engineering has successfully solved problems as diverse as the purification of
recombinant proteins or the development of target molecules for drug discovery.

This book is organized in three sections, respectively: protein engineering for bioseparation, for
biocatalysis and for health care. The more relevant industrial enzymes are covered: lipases,
proteases, carboxypeptidases, glucanases and glucosidases, pectinolytic enzymes and enzymes for
the bio-remediation of recalcitrant compounds. The interplay of solvent engineering to modulate the
structure-to-activity relations is also discussed. A chapter is devoted to the application of protein
engineering to biosensors.

The large potential applications of protein engineering to health care are also covered, from the
development of new safe vaccines to therapeutic proteins. Specific attention has been devoted to new
protein engineering in the development of target molecules for drug discovery.

The chapters have been written by an international team of experts from Europe, USA and Japan
who have made major contributions in the field.

The present book aims to attract the interest of students in industrial biotechnology at the
undergraduate and graduate level as well as that of everybody interested in basic research in protein
structure, molecular genetics, bio-organic chemistry, biochemistry, agrobiotechnology,
pharmaceutical sciences and medicine.

Lilia Alberghina 
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1.
PROTEIN ENGINEERING IN BASIC ANDAPPLIED

BIOTECHNOLOGY: A REVIEW
LILIA ALBERGHINA and MARINA LOTTI

Dipartimento di Biotechnologie e Bioscienze, Universitá Degli Studi Milano-

Bicocca υiaEmanueli 12, 20126 Milano, Italy

The major goal of protein engineering is the generation of novel molecules, intended as both
proteins endowed with new functions by mutagenesis and completely novel molecules. This
definition, which may sound broad and perhaps ambitious, in fact pinpoints one of the most
promising developments in our ability to understand and control a protein’s function. After the
revolution introduced in protein science by the advent of genetic engineering, protein engineering
can be considered as a second wave of innovation which is providing important breakthroughs in
basic research and application, useful for studies on structure function relations and for exploitation
in industry. Genetic engineering makes available unlimited amounts of purified proteins, whereas
protein engineering produces tailor-made proteins redesigned such as to make them more suited to
industrial requirements. On this basis it becomes evident that industrial biotechnology will
enormously benefit of this possibility.

Natural targets of protein engineering are enzymes and several examples of modified catalysts
have already been achieved and applied to industrial processes. However, protein engineering is not
restricted to this field, since several nonenzyme proteins play important roles, for example, as drugs.
Another fundamental area is that concerning antibodies, which may be planned both as specific
carriers able to target drugs in the human body, as well as in the production of catalytic antibodies
(abzymes) to be applied for reactions with non natural substrates.

Protein engineering is a complex and multidisciplinary field, where several different techniques
and knowledge are applied in combination. The protein of interest needs to be first purified and
characterized with regard to its functional properties, then to be cloned and overexpressed in a
suitable host organism and subsequently to be modified so as to improve its performances. A variety
of analytical as well as structural techniques will be then employed for its characterization, whereas



fermentation technologies will support its large-scale production. Different enabling technologies
contribute therefore to an interdisciplinary approach that is usually represented as the protein
engineering cycle (Figure 1).

This chapter aims to outline the most innovative techniques as well as industrial applications of
protein engineering, to provide the reader with a general, although necessarily non comprehensive,
view on the field. More in general it attempts to “give the taste” of the opportunity provided by
protein engineering to biotechnology, stressing the important and interactive linkage between basic
science and application. 

ENABLING TECHNOLOGIES: HOW TO ENGINEER NEW PROTEIN
FUNCTIONS

Diverse and complementary techniques form the knowledge and technological basis to engineer
proteins and all of them must be mastered or at least be familiar to protein engineers. These basic
techniques have been covered in recent and comprehensive books (Wrede and Schneider, 1994;
Cleland and Craik, 1996;) and will therefore not be recalled hereafter. However, new techniques of
mutagenesis/ screening were recently introduced, that expanded the possibility of modifying a
protein’s properties and deserve a brief comment (Table 1). Other essential enabling technologies
are also outlined in the following.

Figure 1 Cycle of protein engineering
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Techniques of Mutagenesis

The starting point for every step of mutagenesis is a DNA sequence cloned from the original source
or synthesized based on the protein sequence of interest. One or several amino acids may be
substituted/inserted/deleted using a wide variety of methods. Two main conceptual approaches can
be followed: i) site-directed mutagenesis, i.e. substitutions of nucleotides in the correspondence of
pre-selected positions in the gene (polypeptide) ii) random mutagenesis. 

Rational design

Site directed mutagenesis (SDM) is a classical approach for protein engineers, exemplified by a
broad scientific literature and by several contributions of this book. It consists in introducing a
change in one or more amino acids and evaluating the effect of these pre-selected substitutions in the
mutated product. By definition, this strategy, also called “rational mutagenesis”, requires a prior
knowledge of the role played by specific residues or regions of the protein. This means availability
of the protein 3D structure, if possible also in complex with substrates, ligands, regulation elements
or at least availability of sequence of proteins with related but not identical activity for comparison.
In fact, sequence alignments may also provide support in the selection of the positions to mutate, in
particular when the protein of interest belongs to a large and well characterized family of proteins.
On the other hand computer-assisted technology may help in predicting the functional effect of the
planned substitutions.

Rational design is being very widely employed to engineer in proteins new functions or influence
their regulation. Important goals have been achieved by rational design, as it will be briefly
summarized in the following paragraphs.

Non-rational (random) design

Random mutagenesis on whole protein sequences or parts thereof is the method of choice in all
those cases where knowledge about the structure and function of the protein of interest is not
sufficient to support a rational design approach. The most innovative techniques involve the

Table 1 Experimental approaches for protein engineering
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generation of repertoires (libraries) of mutated sequences and procedures of mutation/selection that
mimic the processes followed by nature during evolution. In both cases, a very high number of
mutant variants is produced, so that the development and availability of sensitive and fast
procedures of screening is vital to manage the experimental work.

Molecular evolution. Very recently, protein engineering has been revolutionized by new methods
that mimic evolution, of course in much shorter time, in that they allow for the accumulation and
selection of mutations beneficial to the property of interest. These new approaches commonly
referred to as molecular evolution techniques, allow to overcome the serious drawback represented
by the fact that for several industrially important proteins the level of available knowledge is
insufficient to rational design. Moreover, growing evidence suggests that many protein functions
cannot be ascribed to single or few aminoacids but they rather depend on regions located far away
from the active and regulatory sites, and therefore hard to be predicted a priori. Molecular evolution
methods are based on the accumulation of beneficial mutations over several rounds of mutagenesis.
Since the effect of every single mutation can be small, the availability of methods of screening
sensitive and in addition applicable to large number of mutants, is an indispensable prerequisite to
this goal. Evolutionary approaches can be grouped in two categories: DNA shuffling and directed
evolution (Figure 2). Both methods rely on the well-established technology of polymerase-chain
reaction (PCR), in its development known as “errorprone PCR”, that allows for the introduction of
a small preselected number of mutations in the DNA sequence.

DNA shuffling was developed by W.Stemmer in 1994 (Stemmer 1994 a and b). This technique is
also known as “sexual PCR”. It involves enzymatic fragmentation of DNA derived from different
organisms previously randomly mutated as to introduce changes in the coding sequence. Fragmented
DNA are then reassembled by errorprone PCR in the absence of primers, allowing their
spontaneous reassemble and—at the same time—the introduction of new mutations. A final step of
amplification with primers generates full-length products. This strategy has been applied to several
cases. For example, the activity of β-lactamase towards the antibiotic cefotaxime was increased over
16,000 times through three cycles of sexual PCR, whereas the fluorescence of the green fluorescent
protein was increased 45 fold (Crameri et al., 1996). The ambitious goal of modifying multigene
determinants of complex metabolic functions was also achieved enhancing the activity of an
arsenate locus from Staphylococcus aureus composed by three genes. This results introduced DNA

Figure 2 Comparison between two strategies for protein “evolution”: DNA shuffling (A) and directed evolution
(B) (modified from Arnold, 1996).
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shuffling in the field of environmental bioremediation (Crameri et al., 1997). In the same field,
Kumamaru and colleagues recently evolved novel specificities in biphenyl dioxygenases (BPDox) by
shuffling homologous genes from Pseudomonas alcaligenes and P.cepacia; mating yielded enzymes
with enhanced 2,3-dioxygenation activity towards several biphenyl compounds and new
oxygenation activity for aromatic hydrocarbons (Kumamaru et al., 1998).

In vitro directed evolution is another powerful approach, developed by F.Arnold at Caltech,
which, with repetitive cycles of mutagenesis/screening forces the evolution of the selected sequence
towards the desired functions (Arnold, 1996). Differently from DNA shuffling, in this approach
after every cycle of random mutagenesis, only a single variant showing functional improvements is
selected and used as the parent for the next generation of mutants. A big advantage of this strategy
is that it allows limiting the number of mutants to screen; on the other hand, by selecting a parent
molecule at every step the researcher introduces a bias on the possible changes. This strategy has
been successfully employed to engineer new functions and to make enzymes able to work in unusual
environments. An esterase from Bacillus subtilisvtas modified as to become able to hydrolyze p-
nitrobenzyl ester bonds in the presence of organic solvents, a reaction of interest for the
pharmaceutical industry to remove protecting groups introduced during the synthesis of antibiotics
of the class of cephalosporins. Specific activity was increased of 30-folds through four generations
of random mutagenesis followed by DNA recombination (Moore and Arnold, 1996). Even the
specific activity of subtilisin E in polar solvent was enhanced through the same approach (Chen and
Arnold, 1993). Another property of paramount importance in biotechnology—enantioselectivity—
was introduced by directed evolution in a lipase from Pseudomonas aeruginosa (Reetz et al., 1997).

Combinatorial libraries and surface display

Another fundamental approach towards the generation of random mutants is the construction of
“random libraries” representing peptides, cassette mutagenized proteins or antibodies, followed by
the screening of variants with the desired functions. Random libraries might be obtained by i)
random cassette mutagenesis or ii) by chemical synthesis. Whatever the origin, this generates very
large repertoires of molecular diversity; which is evident if one considers that random mutagenesis
on only three positions within a peptide will originate 8.000 (203) different combinations. The
technology of random libraries has proved to be potentially very powerful depending on the ability
to screen simultaneously a vast number of variants. Screening is usually based on the affinity of the
new variants for the target molecules (antigens, enzyme substrates etc), a procedure which is
generally referred as “panning”. A support of paramount importance to the development and
application of combinatorial libraries was provided by the advent of techniques allowing the display
of variant peptides or epitopes at the surface of phages or various cell types. If the sequence to be
panned is fused with that of genes coding for proteins of the virus coat, mutagenized peptides will
be exposed at the virus surface, without impairing its replication ability. Billions of mutated
peptides and proteins can be displayed at the surface of phage particles and be selected by affinity
chromatography. The library is thus screened for biological function, i.e. for its binding affinity or
enzymatic activity. One of the main application of combinatorial libraries concerns the
improvement of antibodies binding abilities. In this approach, the variable regions of antibodies are
amplified by polymerase chain reaction and then mutated as to develop binding affinity for new
antigens. Application to human antibodies is intensively explored for diagnosis and therapy.
However phages are not the only available tool for protein display (see for a recent review Sathl and
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Uhlen, 1997). Thus for example, heterologous proteins have been targeted and anchored to the
outer surface of yeast, mammalian and bacterial cells (Schreuder et al., 1996). Among bacteria, both
Gram negative (Salmonella, Escherichia coli) and Gram positive (Staphylococci, Streptococci) have
been used, where gene fragments can be inserted into the genes coding for outer membrane proteins,
lipoproteins, fimbria or flagellar proteins or whatever make fusion products accessible on the outer
surface. Enzymes such as pullulanase and cellulase have been displayed on E.coli and staphylococci
(Francisco et al., 1992; Strauss and Goetz, 1996; Kornacker and Pugsley, 1990). Peculiar
applications of surface technology can be found in the production of whole cells bioadsorbents for
environmental purposes.

Application of the combinatorial approach to the identification of molecules with a particular
biological activity is reported in the chapter by Tramontanto andFelici using a series of case studies
ranging form the development of molecules that mimic carbohydrate antigenes and therefore useful
for vaccines, to epitope mapping to the so-called “minibody”, a small protein designed as to display
antigen binding loops that can be randomised and used to select ligands.

The Impact of Structure Analysis and Prediction

Structures and modelling

Besides developments in molecular biology and biochemistry, biocomputing and methods for the
determination of 3D structures, are indispensable tools in this field. Since the three-dimensional
structure of a protein (enzyme, hormone, receptor) determines its biological function, it becomes
important to have available a high resolution 3D structure, especially when the protein engineer aims
to redesigning the protein function. Therefore, the importance of structural information for protein
engineering cannot be overestimated, since the immediate challenge is to understand the rules
relating the primary sequence to its 3D structure and to determine how structure is related to
function. To date over 8300 entries are stored in the Brookhaven Protein Databank (PDB) (http://
www.pdb.bnl.gov) enclosing proteins, nucleic acids and other biological macromolecules,
representing ca. 800 unique structures. Recent advances in protein structure determination
techniques originated the number of new structure solved every year to exponentially increase. A big
number and a big deal of information; however only a small amount with respect to the variety of
forms and shapes available in nature.

The most classical approach to protein structure is still X-ray diffraction, through which
resolutions at less than 1A have been obtained. Important advances were made in the field by using
more intense X-ray sources, as cyclotron facilities, two dimensional area detectors coupled to
computers making faster the obtainement and analysis of structural data. Rapid acquisition times
provide the possibility to study transient phenomena. Difficulties intrinsic to this technique, in
particular the necessity to obtain suitable crystals of the proteins to be studied, has been recently
relieved by the use of robots to perform crystallization. It is now in use to perform protein
engineering to facilitate protein crystallization, for example by introducing cysteines to obtain heavy
atom derivative crystals isomorphous to the native protein (Price and Nagai, 1995).

A very comprehensive example about the role of crystallography in the elucidation of structure-
function relationships in enzymes is provided in the chapter by Longhiand colleagues dealing with
cutinase, a small hydrolytic enzyme presently under study for applications in biocatalysis and
detergents.
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More recently, advances in multidimensional NMR (Nuclear Magnetic Resonance) methodology
made this technique competitive, especially because of the possibility to study proteins in solution,
eventually under conditions near to the physiological ones. It is presently possible to determine by
NMR structures of proteins in the range of 15–35 kDa Mr, some of which in complexes with ligands,
what is of importance for the study of protein-drug and protein-protein complexes (for a recent
review see Wagner, 1997; Clore and Gronenborn, 1998).

The role of biocomputing

Nature provided us with an astonishing variety of shapes and functions, most of which have still not
be unraveled by researchers. Thus, even if a few hundreds of protein structures are solved, some
other thousands still await to be studied. Fortunately, evolution seems to have selected a limited
number of protein folds, where different sequences can be accommodated. This fact allows in many
instances to extrapolate from the known structure information about those we still do not know.
Therefore, knowledge-based structural prediction is becoming a common approach. Protein
sequences are aligned with the sequences of homologous peptides of known structure and a
structural framework is “modeled” by assembling pieces of structures derived from the most
homologous proteins. This approach relies on the availability of structural databases and of
software for sequence analysis and energy minimization as well as of computer graphic tools. One
of the most innovative approaches in biocomputing is that known as fold recognition, a
computational attempting to fish out the fold of a protein even when it has very little sequence
homology to other sequences of the same structure (for a review see Westhead and Thornton,
1998).

Moreover development of computational methods in combination with computer graphics,
presently accessible to most laboratories, introduced a significant element of rationality in protein
engineering allowing to predict with an acceptable degree of confidence the effects of aminoacid
substitutions. However, structure and sequence analysis still remains one of the bottlenecks in
protein science (Table 2).

The impact of biocomputing on biotechnology is getting increasingly dramatic due to the
enormous amount of information continuously provided by the genome sequencing projects.
Currently some dozens of projects of sequencing are underway, covering prokaryotic organisms,
unicellular eukaryotes and complex eukaryotic genomes (Table 3). Enormous support is provided to
researchers by the availability to the public of databanks and tools for analysis (Table 4).

Table 2 Bottlenecks in the field of protein engineering
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De novodesign

Differently from every approach mentioned before, where existing polypeptide templates are
modified such as to introduce new properties, the aim of de novo protein design is to be able to
design new (not pre-existing) sequences endowed with predefined structure and function (Hellinga,
1998). In this case the bottleneck is not a technical one, since synthesis of peptides can be now
realised in several laboratories. Indeed the fundamental problem in de novo design is that the rules
governing protein folding—what is often referred to as the second genetic code—are still not
completely understood (Table 2). This makes it difficult both to predict protein structures from
sequences and to design sequences that fold into a desired structure. The major difficulty arises from
the enormous number of possible sequences to consider in the computational approach. As a result,
designed structures have often a molten globule-like structure since they are not able to perform the
tightly packed organization typical of native proteins. Recent developments obtained in automated
protein design programs greatly extended the researcher’s ability but still the complete design of novel
biocatalysts exceeds the present know-how. However, small proteins able to adopt defined
secondary structures have been designed (Quinn et al., 1994; Dahyat and Mayo, 1997) and the
number of sequence candidates to consider can be reduced by reducing the length of the sequence to
be designed or introducing a bias in the search of experimental sequences, for example by phage
display (Riddle et al., 1997). One interesting achievement in this field was the construction of a
hyperthermophilic variant of the B1 domain of Streptococcal protein G (Malakauskas and Mayo,
1998). Among the first practical applications of de novo design one might recall the design of a four
helix bundle protein used as a source of rare amino acids when expressed in the rumen bacteria of
dairy cows (Beauregard et al., 1995) and the design of scaffolds for the introduction of active sites.
Thus for example into de novo protein albebetin an interferon fragment was attached and the
recombinant protein proved to effectively bind to the murine thymocyte receptor activating the blast
transformation (Dolgikh et al., 1996 a and b).

Table 3 Whole genomes sequencing projects (archae, bacteria, eukaryote, not viruses)

N.B. 15 complete genomes are available to public; Aquifex aeolicus, Pyrococcus horikoshii, Bacillus
subtilis,Treponema pallidum, Borrelia burgdorferi, Helicobacter pylori, Archaeoglobus fulgidus,
Methanobacterium thermo,Escherichia coli, Mycoplasma pneumoniae, Synechocystis sp. PCC6803,
Methanococcus jannaschii, Saccharomycescerevisiae, Mycoplasma genitalium, Haemophilus influenzae.
Another 6 are complete but still not availbale because of pending publication: Rzckettsia prowazekii,Pyrococcus
abyssii, Bacillus sp. C-125, Pseudomonas aeruginosa, Ureaplasma urealyticum, Pyrobaculum aerophilum.
Almost complete the following: Pyrococcus furiosus, Mycobacterium tuberculosis H37Rv, Mycobacterium
tuberculosisCSU93, Neisseria gonorrhea, Neisseria meningiditis, Streptococcus pyogenes.
Several other sequencing projects are run by privat organisations
More information can be obtained at the web site: http//www.mcs.anl.gov/home/gaasterl/genomes.hUm
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How to affect protein conformation: medium engineering and bioimprinting

It is worth mentioning that other approaches besides protein engineering, have recently improved
our ability to control protein conformation and enzyme activity, i.e. medium enginering and
molecular bioimprinting. Although these two approaches do not directly influence a protein’s
primary sequence, they produce conformational effects affecting its function, and are therefore
properly considered in this book. The field of medium engineering developed based on the
observation that the performances and even the specificity of enzymatic proteins can be modulated
through the solvent where the reaction is made to occur. Enzymology in nearanhydrous
environment, i.e. in organic solvents, is an important area in biotrasformation. Three major benefits
are related to the use of organic solvents: i) the higher solubility of several organic substrates; ii) the
higher stability of the enzymes, for example to the exposure to high temperatures required by some
processes; iii) an increased selectivity observed in several cases and concering in particular selectivity
towards enantiomeres compounds. The two latter properties have been suggested to depend on a
certain degree of rigidity of the protein caused by the organic solvent itself (Wescott and Klibanov,
1994). In some cases, the advantages obtained largely compensated for the decrease in activity
produced by the anydrous solvent (Klibanov, 1997). Often enzymes exposed to particular pH or
ligands before liophylization and subsequent dissolution in organic solvents, prove to be able to
retain specific properties, i.e affinity for the ligand, a property referred to as “memory”. Based on this
observation, a strategy for the activation of proteins has been developed which was called
“molecular (bio) imprinting” and can be adapted to particular conditions where the reaction of
interest has to take place (Rich and Dordick, 1997; Mingarro et al., 1995; Ramstrom et al., 1996).
Supercritical fluids have also be exploited as non conventional reaction media (Ballesteros et al.,
1995; Cernia et al., 1998). The contribution by Cernia and colleagues in this volume effectively
illustrates how the specificity and activity of microbial lipases can be modulated through the use of
organic solvents and supercritical fluids.

Table 4 Some Web sites of interest to protein engineers
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WHAT TO ENGINEER: TARGET MOLECULES AND PROPERTIES OF
INTEREST

Engineering Enzymes

The study of structure/function relations in naturally occurring enzymes can provide important clues
of interest for protein engineers. However, the variety of strategies employed by nature in
developing enzymes adapted for specific functions and environments is still far to be completely
exploited. On the contrary, it is reasonable to suppose that we just scraped the surface of the
diversity of solutions evolved. Biocatalysts purified, cloned and employed in industrial processes are
possibly only those which were possible to screen from easily available sources that, in addition
should have produced the desired enzyme in sufficient quantity.

Novel screening approaches are revealing the existence of a variety of unsuspected enzymatic
activities. Even if the natural proteins might be not directly useful to industrial processes, they can
provide precious informations useful to redesign conventional enzymes to perform special (novel)
activities.

In this frame, we should recall innovative screening procedures set up to allow isolation of
enzymes which escaped previous investigations. One of this methods is the so-called “expression
cloning strategy”, that is based on the expression of cDNA libraries from the selected source
organism in host. In this approach, transformants are screened for several different activities, thus
allowing to isolate new enzymes without relying on previous knowledge on the enzyme itself,
because screening is completely activity-based. In this way Novo Nordisk was able to isolate over
130 fungal genes coding for potential industrial enzymes (Dalboege and Lange, 1998). In the same
way, accumulation of more and more information about sequences of related enzyme, allows to
develop nearly universal primers to be used in molecular screening programs. Recently, the ability to
screen genomic DNA without the necessity to prior isolate the source organism has been reported,
what obviously further extend our ability to obtain novel enzymes (Jacobsen, 1995).

The search of enzymes from extremophiles is also passing through a real boom. Environments
extremes as for high or low temperatures, pressure, salt concentrations are sistematically exploited
through highly concerted programs. The first commercial thermophilic enzyme has in fact been
isolated over 30 year ago in thermal pools of the Yellowstone National Park. It is the DNA
polymerase from Thermus aquaticus (Taq) which is now so widely used in PCR experiments.
Extreme enzymes are seeked for use in processing of foods and chemicals or in some cases as leads
for new antibiotics. The most important screening programs have been DEEPSTAR, that allowed to
collect 1000 different organisms from deep-sea mud and 2500 strains from the Marianas Trench
and a European Project in the frame of the EC-Biotech program. Interestingly, strains were isolated
able to grow on toxic organic solvents, with interesting perspectivies for use in environment
bioremediation.

Much is expected from the analysis of sequence and structure of extreme enzymes, since it may
provide clues in understanding factors influencing in particular the stability of proteins in particular
solvents.

Properties of importance to engineer are stability (to temperature, pH, specific reaction
conditions), specificity, regulation and eventually properties useful for the downstream processing of
the recombinant proteins.
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Engineering stability

Stability is a feature of critical importance in biotechnology and it is therefore pursued with intense
efforts. Stability may concern: stability to temperature (food and chemicals processing), to pH
(detergents), resistence to proteolytic cleavage (drugs). Attempts to understand factors affecting
stability started quite early in protein science and have been based mainly on mutagenesis
approaches or on the comparison between homologous sequences from, for example, mesophiles
and extremophiles organisms (Fersht and Serrano, 1993).

Presently, several protein properties are recognized as having a stabilizing effect but we are still
far from the possibility to control protein stability. Often, attempts to stabilize proteins by protein
engineering have failed, since the introduction of stabilizing interactions destroyed other important
interactions or caused a loss in function.

Several interactions of importance have been determined, each of these which give contributions
which are quantitatively similar; the most significant are briefly outlined in the following.

— Disulfide bridges stabilize proteins by restricting the possible conformations of the unfolded
proteins. However, engineering disulfide bridges has met alternate success, possibly because of
the difficulty in predicting how the increased rigidity of the protein will be detrimental for the
protein function. A significant success has been described in the stabilization of the T4 lysozyme
by the Matthews group (Matthews B.W., 1995).

— Ionic interactions or salt bridges. Several thermophilic proteins have additional ion pairs as
compared to their mesophilic homologous; however the effect of this interactions can be hardly
forseen.

— α-helices stabilization is another common approach. Multiple mutations in the triosephosphate
isomerase dimer have been introduced as to increase the helix propensity of some protein regions
or to stabilize the 2D structure itself by interaction with the helix macrodipole. Stability was
increased of about 3.0 Kcal/ mol thus approaching the stability of the same protein from the
thermophilic bacterium Bacillus stearothermophilus (Mainfroid et al., 1996).

— Hydrophobic effect. Is the well known effect by which hydrophobic regions tend to be
sequestered in the protein interior. Even the tight and highly organized packing of the protein
core is important and in fact the native state of proteins show packing densities similar to those
of organic crystals. Substitutions of large hydrophobic residues in the protein cores with smaller
amino acids (large to small substitutions, LTS) have destabilizing effect, probably because cavities
are created within the protein structure. The opposite substitution (small to large, STL) and even
double and compatible LTS and STL mutations have been considered as a possible way to
improve stability. Recently, by this approach Shih et al. (1995) mutated three buried residues of
chicken lysozyme obtaining to increase thermostability of about 0.6–1.3 Kcal/mol. Relying on the
same effect but using random mutagenesis, Lee and colleagues (1996) were able to stabilize αl-
antitrypsin of 1–3.6 Kcal/mol.

— Binding of ion metals or cofactors can increase structural stability when they bind with higher
affinity to the folded than to the unfolded state. Engineering metal centers, in particular binding
sites for metal ions, frequently Ca2+, Zn2+, Cu2+ aims to enhance protein stability, but also to
control activity or ease purification (see later). The same concept of differently stabilized
conformational states allows for control of protein activity; following this approach, histidine
was engineered in the active site of trypsin to create a metal dependent switch of enzyme activity.
Metal binding sites are also extremely useful to construct proteins that can be easily purified from
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complex media by interaction with immobilized chelating groups. Artificial metalloproteins are
also explored as biosensors to detect the presence of free metals in solution. Moreover,
modification of the activity of existing metalloenzymes is under study for use in bioremediation;
in this case, the introduction of new binding pockets allows transformation of nonnatural
substrates, as it was recently obtain for monooxygenases modified such as to oxidize aryl sulfide
and styrene. The most recent progresses in this field have been recently reviewed (Benson et al.,
1998).

Not only stability to temperature is important in industrial processes. The lipase from Candida
antarctica B has been mutated, to increase the oxidation stability of the enzyme (Patkar et al.,
1998), whereas always a lipase for detergents was modified as to increase its stability to alkali and
to proteases as required to improve its washing performances (Okkels et al., 1996).

Stability in organic solvents or other unusual reaction media that might be necessary during
industrial processes. The ability to use proteins in unusual or nonnatural environments greatly
expands their potential applications in biotechnology (Arnold, 1993).

Approaches to improve the stability of industrial enzymes when exposed to nonphysiological
conditions are reported in the chapter by Grandiet al., describing how Bacterial neutral proteases,
isoamylases and carbamylases have been subjected to either site-directed or random mutagenesis to
improve their performances in industrial processes.

Engineering specificity

Application of protein engineering to the specificity of enzymes and other proteins concerns such a
vast field of action, making it difficult to be summarized. It might be directed towards the fine
tuning of enzyme specificity, as well as the introduction of novel properties on preexisting protein
scaffolds and the introduction of regulatory sites or switches. Rational design, random mutagenesis
as well as molecular evolution techniques, have all been applied in the effort of controlling protein
specificity, an issue that we will try to focus on through a few significant examples (see for recent
review Shao and Arnold, 1996; Vita, 1997). 

A common approach towards redesigning enzyme specificity is that of using existing protein
scaffolds to introduce new properties. Recently, a single amino acid substitution was sufficient to
convert the protease papain to peptide nitrile hydratase (Dufour et al., 1995).

A possibile alternative is to construct hybrid proteins where different catalytic and/or regulatory
modules are incorporated (Nixon et al., 1998).

Binding sites for metal ions often prove useful to regulate enzyme activity. Thus the introduction
of a binding site for Cu2+ was sufficient to allow regulation of trypsin activity (Halfon and Craik,
1996).

Cofactor requirement can also be altered by mutagenesis. As an example we can quote the paper
by Dean and coworkers that changed the dependence of E. coli isocitrate dehydrogenase from
NADP to NAD by replacing amino acids in the adenosine-binding pocket (Chen et al., 1995).

Several studies successfully obtained changes in the enzyme substrate specificity. Alignment of
sequences of homologous enzymes with different specificities as well as structural information have
proven useful as a guide to identify residues possibly involved in this property. Thus for example
serine proteases have been subjected to extensive mutagenesis studies aimed to covert one protease
in another endowed with different specificity (i.e. chymotrypsin and trypsin). Serine proteases have
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conserved folds and sequences but differ in the specificity towards the point were they cut the
peptide, being large hydrophobic residues for chymotrypsin and a positively charged residue for
trypsin. The story of engineering serine proteases has been very informative. In fact, mutation of all
four different residues in the SI site (binding for the residue proximal to the cutting site) was not
sufficient to convert an enzyme in the other. Otherwise trypsin acquired chimotrypsin specificity
after replacement of two surface loops which are not obviously involved neither in substrate binding
nor in catalysis (Hedstrom et al., 1992) Following these studies, a good degree of control on the
proteases specificity has been gained. Subtilisin for example was much studied. More easily than in
the previous studies, the specificity of the B. amyloliquefaciens subtilisin was changed so as to be
similar to that of B.licheniformis subtilisin by changing only three residues (Wells et al., 1987) and
the ability to selectively cleave two consecutive basic residues was engineered by Ballinger and
colleagues (1996) in the same enzyme.

Olesen and Breddam in their contribution to this book report about the production of mutants of
yeast carboxypeptidase with altered P1 preference, with application for C-terminal modification of
peptides and stereo-specific synthesis of peptides and peptide derivatives.

Less widespread is the approach to transfer enzyme active sites to stucturally unrelated proteins
(Smith et al., 1996) since this implies a heavy work of structural modeling.

Engineering feature to ease protein purification

An important issue for the production of industrial recombinant proteins is the possibility to obtain
them in a pure and active form. Two contribution of this volume specifically focus on the
introduction of “tags” allowing purification and folding of the protein of interest. Hober and Uhlen
describe the use of fusion proteins and co-expression strategies to ease folding and recovery of
recombinant proteins. Schmidt and Skerra developed by molecular repertoire techniques a novel tag
able to bind with high affinity to streptavidin from where it can be eluted by competition with biotin
analogues.

Engineering Antibodies

Antibodies are important targets for protein engineering that are opening a new era for their
application in health care, agriculture and industry. The two major techniques in this category
concern reengineering of natural antibodies and catalytic antibodies (reviewed by Schultz and
Lerner, 1995). A very remarkable progress in the field was generated by the application of novel
techniques, in particular of combinatorial antibody libraries displayed on the surface of phages. This
technique, developed in the early 1990s, revolutionises the generation of monoclonal antibodies and
their engineering, since the use of animals or hybridomas cultures is not longer necessary, being
recombinant antibodies expressed in bacteria, yeast, plants. Antibody phage display is obtained by
fusing the sequences coding for the variable region of immunoglobulins to proteins of phage coat.
The expressed fusion protein is incorporated in the envelope of the mature phage particle being
presented at its surface. This accessibility is the basis for selection procedures consisting, for
example, in binding with immobilized antigenes and the enrichment of phage antibodies specific for
the desired antigen. In this way large repertoires of antibodies can be created and subjected to
subsequent screening. The coding sequence is in addition amenable to any further modification by
mutagenesis and protein engineering techniques. One of the main applications of this strategy is the
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generation of antibodies with high affinity for antigenes that do not necessarily need to have been
previously purified, as it was the case of the previously used immunization procedures. On the
contrary, antibody’s diversity is first randomly generated and specificity is obtained through the
subsequent screening against even complex materials containing the antigen of interest. Researcher’s
ability to control the antibody specificity has increased so to make possible the reational design of
tailor-made antibodies against any antigen of choice. In the field of health care, the possibility of
producing recombinant human antibodies ev. engineered to increase their specificity, open
completely new perspectives as for drug targeting. Immunotoxins, immunoconjugates and bispecific
antibodies can be generated for application in therapy and diagnosis. The present state of antibody
engineering for health care has been recently reviewed (Carter and Merchant, 1997).

In the field of agriculture, engineered antibodies are studied as substitutes of plant hormones or to
decrease the need of pesticides. Finally, the use of engineered antibodies during the removal of organic
pollutants have been described.

In the second approach, the ability of the immune system to generate an enormous diversity of
binding sites is exploited as a possible source of new catalysts (reviewed in Benkovich, 1992). The
concept underlying the generation of antibodies-based catalytst—catalytic antibodies or abzymes—is
that, if an antibody is created with an antigen binding site able to bind to analogues of the transition
states of chemical reactions, binding will lower the transition energy of the reaction. Through
immunization with transition state analogues, monoclonal antibodies have been obtained able to
catalyze a wide range of reactions, eventually not performed by natural enzymes (Smithrud and
Benkovic, 1997). Catalytic efficiency however, is still lower than with enzymes. Newest
developments in abzymes technology exploit combinatorial libraries displayed on the surface of
phages, a methods which enormously enlarge the possible size of the library (Janda et al., 1997).
Abzymes have been used to activate prodrugs (Wentworth et al., 1996)

Engineering signal molecules (hormones/receptors)

Peptide hormones, receptors and in general component of the cell signaling machinery are all
important targets for protein engineering, in view of novel applications in the field of health care. It
was demonstrated that hormone/receptor interactions mostly depend on interactions among
secondary structure elements. This observation led to the design of polypeptides with reduced size
but enhanced biological activity, where secondary structure homology rather than sequence
homology was maintained.

PRESENT APPLICATIONS OF PROTEIN ENGINEERING

Protein engineering is a pervasive technology and is a powerful tool to overcome instrinsic
limitations weakening industrial applications of available proteins. The properties to introduce in a
commercial protein strongly depend on the process where this molecule has to be employed and
readier can be a combination of multiple ad hoc features.

Industrial Enzymology

Enzymes to be employed for industrial transformations have been the first targets of protein
engineering and several engineered proteases, amylases, lipases, cellulases and xylanases have been
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introduced in the chemical, food and, more recently, environmental protection industry. The market
for industrial enzymes in fact is steadily growing and is expected to further increase as scientists will
become able to generate novel catalysts with optimized performances for the transformation process.

Most desirable features to be introduced being that molecules are stable and active under unusual
conditions of temperature, pH or are active in unusual environments, as for example, in organic
solvents. Besides, one should recall another property that may be of importance in industrial
processes, i.e. the surface properties of the used catalysers. In fact, several important industrial
enzymes, for example cellulases, xylanases and lipases rely for their activity on their ability to bind
or adsorb to substrates and interfaces.

Hereafter a brief overview of protein engineering performed on industrial enzymes is presented,
where both rational design and directed evolution have been successfully applied (Table 5).

Proteases are the main class of industrial catalyzers, particularly because of their use in detergents.
They accounut for over 40% of the global enzyme market. Proteases are added to detergents
because of their action on protein stain (spots). Subtilisin in particular has been the target of in-
depth engineering: its stability in the chelating environment typical of detergents has been increased
of about 1.000 folds by deleting a calcium binding site (Strausberg et al., 1995), whereas the
introduction of surface negative charges improved its laundry performances (Rubingh, 1996). More
in general serine pro teases have been one preferential target for protein engineers, to modulate their
specificity and/or regulation (Perona and Craik, 1995)  

Several instances of engineered enzymes for food processing have been reported. Among them,
glucose isomerase used in the conversion of corn starch to high fructose syrup for use in sweeteners,
in particular for soft drinks. One of the most desirable technical improvements would be a higher
tolerance to temperature. Rational approaches have been applied to stabilize the interactions helding
together enzyme monomers in the quaternary structure (Quax et al., 1991). Calf chymosin has been
subjected to multiple point mutations to made specificity pH-dependent thus allowing modulation
of flavor development (Law and Mulholland, 1991). Papain has been modified to make it active
even at low pH whereas phospholipase A2 termal stability has been increased through mutations in
α-helical regions (reviewed in Pickersgill and Goodenough, 1991). Amylases are employed to
convert starch in simpler sugars. First α-amylase yields maltodextrins which are then processed by
glucoamylase giving glucose and β-amylase resulting in maltose. Application of the already
mentioned glucose isomerase can finally produce fructose. Starch processing is carried out at high
temperature and therefore several protein engineering studies have been aimed at improving the
thermal stability of the enzymes involved (Joyet et al., 1992; Decklerc et al., 1995; Gottschalk et al.,
1998). Protein engineering of glucoamylase from Aspergillus niger is the topic of the contribution by

Table 5 Industrial enzymes targets of protein engineering
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Frandsenet al. that, based on an extensive mutagenesis work, provides insight in the mechanism of
action, stability and specificity of this enzyme.

Cellulases and xylanases are used in the processing of textiles and in detergents. Most commercial
cellulases are endoglucanases and contain a catalytic region and a cellulose-binding domain. Efforts
have been attempted to increase the binding ability of these enzymes to their substrates as well as
enzyme activity (Linder et al., 1996; Koivula et al., 1996). In this book, β-glycosyde hydrolases are
the topic of the chapter by R.A.J.Warren, focusing on the basis of their thermal stability, pH
optimum, catalytic activity and specificity, as elucidated by protein engineering. These enzymes
hydrolyse chitin, cellulose, xylan and mannan as well as oligosaccharides used in the detergent, food
processing and paper industry.

Pectinolytic enzymes find application in both food and pharmaceutical industry. The state of the
knowledge about structure of this enzymes, regions involved in substrate recognition, mechanism of
action and structural basis of specificity are reported by Mayans and colleagues in their
contribution.

Lipases are employed in several sectors, food, chemical transformations and detergents. Several
mutagenesis studies have been applied to improve their performances. Fungal lipases used in
detergents have been modified as to improve their resistance to proteases also present in cleaning
agents and to change surface properties and make them more soluble; in addition several agents
present in detergents such as surfactants and calcium sequestering agents reduce lipase activity and
have been therefore targets for protein engineering. Site directed mutagenesis has been applied to the
control of selectivity for chain length specificity towards triglycerides (Martinelle et al., 1996),
towards triradyglycerols (Scheib et al., 1998), whereas directed evolution methods yielded an
increased enantioselectivity (Reetz et al., 1997). Lipases are the subject of some contributions in this
book. Lotti andAlberghina report on studies on the lipases from Candida rugosa, underlying the
importance of evolutionary analysis for protein engineering of this family of isoenzymes. The paper
by Bornscheuer et al. illustrates the state of the art on the lipases produced by Rhizopus species,
enclosing X-ray crystallography, computer modelling and site-directed mutagenesis, opening wide
application in lipid modification and organic synthesis. Finally, Canaan and colleagues describe the
development of gastric acidic lipases for possible applications in substitutive enzyme therapy for
exocrine pancreatic insufficiency.

Protein Engineering for Health Care

Only a few engineered proteins are already on the market for health care products but perspectives
in this field are so promising that an explosion of application is easily to forsee, following the
completion of clinical tests. The efficacy of a drug is dependent not only on its activity and
selectivity but also on stability, specific targeting and rate of clearance in the body, all issue that are
being addressed through protein engineering (Buckel, 1996).

Peptides and peptidomimetics are probes that mimic the molecular interactions of natural proteins
and are therefore useful in the process of drug discovery (reviewed in Kieber-Emmons et al., 1997).

Peptide and polypeptide vaccines, especially for protection against hazardous viruses, since they
mimic immunogenic epitopes of the viral coat. Hybrid proteins are constructed also with the
purpose of correctly presenting the antigen to the immune system to elicit immune response. Hybrid
vaccines already on the market against malaria and hepatitis. The chapter by Grandiet al. illustrates

16 L.ALBERGHINA AND M.LOTTI



the role of protein engineering to design vaccine components with enhanced immunogenicity and
devoided of any toxicity as well as for mucosal delivery of vaccines.

A big deal of work is devoted to the immune system, especially to the production of engineered
antibodies for medical therapy and diagnosis: 30% of all proteins under clinical trials are
antibodies.

Component of the intracellular signal transduction machinery and proteins involved in the
regulation of gene transcription. Recently, superactive analogues for human glycoprotein hormones
are being developed with potential applications in the therapy of thyroid and reproductive
disorders. Knowledge-based mutagenesis was performed on a protein domain rich in basic residues
involved in receptor binding and signal transduction, leading to the development of human thyroid
stimulating hormone and chorionic gonadotropin analogues with increased receptor binding affinity
and bioactivity (Szuklinski et al., 1996). Injection of a variant of the IL-6 receptor proved able to
induce a strong anti hIL-6 antibody response; the elicited antibodies bound circulating IL-6 with
high affinity thus masking its biological activity, a result very promising for the treatment of
immune and neoplastic diseases (Ciapponi et al., 1997). Vanoni and colleagues in their contribution
propose an approach to disease therapy based on the inhibition of a specific pathway of signal
transduction, acting on a ras-specific guanine nucleotide exchange factor.

Protein engineering of hormone receptors aims to develop controllable gene expression systems
regulated through the administration of small drugs, an experimental system allowing to dissect the
mechanism of action. These systems require the expression of genetically engineered chimeric
transcription factors that function as molecular or gene switches and regulate the expression of an
exogenous target gene in response to administration of a drug. Gene switches are based on the
genetic engineering of chimeric intracellular receptors that contain functional domains including a
ligand binding domain, a DNA binding domain and a transactivation (transrepression) domain.
Gene switches have been developed based on steroid hormone receptors. Estrogen receptors and
their inhibitors as targets towards the discovery of new drugs are the topics of the chapter by
Connor andMcDonnell. Koller and colleagues deal with surface receptors, suggesting protein
engineering techniques to produce soluble receptors to be used in high throughput screens.

Growth factors are also considered as promising targets for mutagenesis, especially towards the
development of wound repair drugs. Several companies are being involved in the search of non-
peptide analogs of growth factors, i.e. fibroblast growth factor and platelet-derived growth factor.

Generally speaking, bioscreening, i.e. methods used to evaluate the molecular interactions of
candidate drugs with their targets, is a central issue in drug discovery. Techniques of bioscreening in
oncology are outlined in the paper by Draetta andBoisclair, with focus on their central role in the
process of drug discovery.

Of course several enzymes of importance as drugs are possible targets for modifications. Among
them we would like to mention recent studies on serine proteases, in particular thrombin. This
enzyme is subjected to Na+-dependent allosteric regulation: suppressing Na+ binding by mutagenesis
shift the balance between the procoagulant and anticoagulant activities of the enzyme, with
perspective of application in the field of anticoagulant drugs (Dang et al., 1997).

Finally, drug delivery will strongly benefit of the use of fusion proteins designed as to selectively
target disease-causing cells and extracellular targets; recombinant fusion proteins are under clinical
trial for the treatment of diseases including tumor types (Murphy, 1996).
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Enzymes for Environment Diagnosis and Rehabilitation

In the field of bioremediation the major contribution of protein engineering concerns the
development of enzymes or modified microbial species able to degrade xenobiotic compounds
released in the environment by human activities. We might recall the two previously mentioned
examples where molecular evolution methods allowed for the production of enzymes degradating
polychorinated biphenyls (Kumamaru et al., 1998) and recombinant bacteria endowed with the
ability to detoxify soluble arsenate released during mining (Crameri et al., 1997). This book reports
two contribution focussing on environmental issues. The development of biosensors, in particular
based on fusion proteins useful for enzyme immunoassay and bioluminescent enzyme immunoassay
to detect environmentally hazardous compounds is the topic of the paper by Aizawa and colleagues.
Enzymes involved in the degradation of chlorinated compounds, one major class of recalcitrant
polluting compounds are treated in-depth by the contribution of Janssen andcolleagues.
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An important issue in the design of production schemes for recombinant proteins is to minimize the
number of recovery steps during the purification. This can be achieved by introducing highly
selective unit operations either with or without the use of affinity “tags”. Another issue of great
importance is to develop improved methods for protein folding based upon the understanding of the
mechanisms which govern folding, both in vivo and in vitro. The pathway of folding in vivo is
dependent on the host and the growth conditions. Protein folding in vitro is affected by the solvent
environment and other physical conditions, such as temperature. This chapter will describe different
techniques for purification and folding of recombinant proteins expressed in Escherichia coli (E.
coli).

PROTEIN FOLDING

The Protein Folding Problem

In protein chemistry, significant efforts have been made trying to solve how information from the
amino acid sequence is transferred into a three dimensional structure. The understanding of the
protein folding problem has increased in recent years. From the beginning the topic was primarily of
academic interest but has now become an issue of industrial importance. Production of recombinant
proteins in heterologous hosts often lead to unfolded and inactive proteins, in particular when the
production levels are high. In order to generate useful protein products it is necessary to refold the
protein in vitro. The folding problem was elegantly outlined by Levinthal and is referred to as “the



Levinthals paradox” (Levinthal, 1969): Assume a protein with 100 amino acids where every residue
can have two different conformations. Despite this very simplified model, the protein can adopt 1030

different conformations. Even if the protein is able to sample new configurations at the rate of 1013

per second it will need 3×109 years to fold, similar to the age of earth. The true allowed number of
conformations for an amino acid is of course much higher than two, and the time for a protein to fold
completely random to search for the native conformation must exceed life of the earth. In contrast
to these statistical figures, folding of an α-helix is estimated to take place in a time scale of 10−6

seconds (Creighton, 1993). Consequently, there must be a non-random pathway for a protein to
fold into an active structure.

Normally, folding of a protein can be achieved without any extrinsic factors, as first described by
Anfinsen (1973). Many different hypothetical models have been proposed for the folding process. It
has been compared with a jigsaw puzzle (Harrison & Durbin, 1985). A nucleation model has also
been proposed where small “nucleus” form randomly and these serve as templates upon which
folding can proceed (Wetlaufer, 1973). The random formation of the “nucleus” is supposed to be the
rate limiting step. An alternative hypothesis is the frame work model which is the classical way to
look upon folding. Secondary structure elements are supposed to fold first. The tertiary structure is
then being formed by packing the secondary elements together (Kim & Baldwin, 1982). This
hypothesis presumes a certain stability of secondary structure elements. In the diffusion-collision-
adhesion model, micro domains fold up and interact with each other to form a stable three
dimensional structure. The rate constant for folding depends on the diffusion rate and the stability of
certain structures (Karplus & Weaver, 1976). This model is similar to the frame work model but it
does not assume partly already existing secondary structures. Another theory of protein folding
proposes that proteins undergo a rapid nonspecific hydrophobic collapse at the start of the folding
process in order to reach a state close to the molten globule (see below). The hydrophobic effect is
thought to be the driving force. As the protein becomes more compact, the number of possible
interactions within the protein diminishes. Constraining the polypeptide backbone might increase
the probability to reach the native state (Gregoret & Cohen, 1991). From available experimental
data it is not possible to build a simple kinetic folding model that is applicable to all studied
proteins. When studying proteins with proline residues or disulfide bonds, the rate determining step
of the folding process is often that of proline isomerization or disulfide bond rearrangement. The
folding of larger multidomain proteins is even more unpredictable. In many different folding systems
it has been found that the rate limiting step is late in the folding process. The rate determining step
was concluded to go from a compact intermediate to the final packed native conformation. This
intermediate was designated “the molten globule” (MG) (Ohgushi & Wada, 1983). There is
confusion in the literature about the definition of the molten globule state. One of the main sources
for confusion is that the term is used both for the original model (Ptitsyn, 1987, Ptitsyn, 1992) and
for isolated intermediates. The original definition of a molten globule is a protein with a high
secondary structure content but an absence of unique tight packing of side chains. It is very difficult
to study the molten globule state, since the real intermediate molecule is unstable and transient.
Therefore, the most frequently studied variant is a partial denatured protein. Even though this is not
a true molten globule, it is closely similar.
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Protein Folding in the Cell

During in vitro refolding proteins aggregate in much lower concentrations than usually found in
vivo. In biological systems there are several molecules helping newly synthesized proteins to fold.
Molecular chaperones and foldases seem to prevent proteins from incorrect folding and aggregation
and increase the rate of productive folding. One important function of chaperones is to reduce the
concentration of misfolded and unfolded proteins in the cell and thereby decrease the aggregation rate
(Hartl & Martin, 1995, Nilsson & Anderson, 1991). Some proteins are initially synthesized as
precursors with prosequences that are removed after folding. BPTI (Weissman & Kim, 1992),
subtilisin (Eder et al., 1993) and α-lytic protease (Baker et al., 1992) are examples of such proteins.
Prosequences have been demonstrated to affect folding at the kinetic level.

Although the presence of thiol/disulfide redox buffers significantly increases the rate of oxidative
folding in vitro (Saxena & Wetlaufer, 1970), it still takes place on a time-scale ranging from minutes
to hours (Gilbert, 1994). If proteins are to fold faster in vivo the reaction must be catalyzed. There are
a number of characterized proteins that catalyze disulfide formation in vivo. One of those is Protein
Disulfide Isomerase (PDI) (Freedman, 1989, Noiva, 1994, Noiva & Lennarz, 1992). PDI is resident
in the lumen of the endoplasmic reticulum (ER). It has two disulfide active sites, one near the N-
terminus and the other near the C-terminus. PDI catalyzes thiol-disulfide exchange by oxidation and
reduction and thereby assists in rearranging protein disulfides. These proteins that catalyze disulfide
formation are thought not to alter the pathway, but accelerate it. PDI is relatively non-specific, but
has slightly higher specificity for cysteine containing stretches. In E. coli, several proteins involved in
the formation of disulfide bonds have recently been discovered (Freedman, 1995). The periplasmic
protein DsbA, discovered in 1991 by Bardwell et al. (Bardwell et al., 1991), is assumed to serve as
an oxidant of secreted proteins (Wunderlich etal., 1993). The inner membrane protein DsbB is
thought to transfer oxidizing equivalents from the cytoplasm to DsbA (Creighton et al., 1995,
Missiakas et al., 1993). A more efficient catalyst of disulphide rearrangement than DsbA is DsbC, a
soluble protein found in the periplasm (Missiakas et al., 1994, Zapun et al., 1995). Also, a fourth
disulphide isomerase-like protein in E. coli has been identified as an inner membrane protein
suggested to supply the periplasm with reducing equivalents (Missiakas et al., 1995).The
isomerization of the proline imide bonds is often a rate-limiting step in protein folding. (Schmidt et
al., 1990). Proteins with prolyl peptide isomerase activity have been found in most organisms and in
different cellular compartments (Gething & Sambrook, 1992). In vitro, they have been shown to
catalyze several slow folding reactions.

The high concentration of unfolded and partly folded proteins in the cell should without the
presence of molecular chaperones result in aggregation and loss of a large fraction of proteins.
Molecular chaperones protect against aggregation by binding and releasing proteins along their
pathway to the native structure (reviewed by Hartl and Martin, 1995). They are found in all cell types
and are divided into several families of proteins that are structurally unrelated. At first, they were
denoted stress or heat shock proteins, since several of them were induced under heat or harsh
conditions, although they function also under normal conditions. Molecular chaperones important
to protein folding can at present be divided into two main families; the hsp70 family which binds to
the nascent polypeptide chain to prevent premature folding, and the hsp60 family or chaperonins
which at a later stages promotes the correct folding of the protein. Several investigations have been
made to estimate the fraction of proteins that need chaperonins to fold. A genetic study indicated
that a minimum of 30% of the soluble proteins in E.coli requires chaperonins to reach the native state
(Horwich et al., 1993). Two other investigations base their calculations on the in vitro rate of
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GroEL action and the rate of protein synthesis in E. coli, and reach values of 5% (Lorimer, 1996)
and 7.5% (Ellis & Hartl, 1996). It is however questionable to what degree data from in vitro
experiments can be used when describing the in vivo action of chaperonins (Frydman & Hartl,
1996). 

Inclusion Bodies

Since prokaryotic organisms do not have the necessary machinery for complete processing and
folding of eukaryotic proteins, production of eukaryotic proteins in prokaryotic organisms often
results in formation of inactive proteins. One consequence of the genetic modification of
microorganisms in order to produce recombinant proteins, is accumulation of insoluble intracellular
aggregates, inclusion bodies (Marston, 1986). The aggregation of foreign recombinant proteins has
been observed in most cases but high level expression of wild-type protein will under certain
circumstances also lead to inclusion body formation. Several factors influence the tendency of
recombinant proteins to misfold or aggregate. The recombinant protein use to be produced in a
heterologous host or expressed in levels that by far exceed the normally expressed amounts in the
organism. Therefore, the environment is often significantly different in both chemical properties and
in the availability of “helping proteins” e.g. foldases and chaperones. The formation of inclusion
bodies is determined by the rates of two parallel competing reactions, the first order folding and the
second order aggregation. Hence, the rate of aggregation is dependent on the rate of translation
within the cell and also on the rate of folding for the protein of interest. The insolubility results from
the formation of incorrectly or partly folded proteins. Attempts have been made to elucidate if there
are particular properties of a protein that are connected with the inclusion body formation, but
mostly without success (Wilkinson & Harrison, 1991). Neither the propensity to form precipitate,
the size of the expressed protein nor the hydrophobicity are shown to be correlated to the inclusion
body formation. Experiences suggest that the host cell physiology is the most important factor in
inducing inclusion body formation. Hence, under different fermentation conditions the same protein
might be able to form inclusion bodies or stay in the solution (Schein, 1991, Schein, 1989,
Strandberg & Enfors, 1991). Analysis of how amino acid substitutions affects the inclusion body
formation indicates that the folding pathway is more important than the stability of the fully folded
protein itself (King et al., 1996, Mitraki & King, 1989, Mitraki & King, 1992). The effect of other
physical conditions, such as temperature and pH, may also be due to an alteration of the folding
pathway. There are however, different methods to influence the inclusion body formation. One way
is to make point mutations in the particular protein, to increase the solubility during folding
(Mitraki & King, 1992, Murby et al., 1995). Large deletions or insertions can also affect the
propensity to form inclusion bodies. Solubilizing linkers can affect the inclusion body formation, as
shown for thioredoxin by LaVallie and co-workers (1993). Alternatively, one can over express
chaperones or other proteins that can help in folding and thereby increase the solubility of the target
protein (Roman et al., 1995, Yasukawa et al., 1995). To obtain active proteins from intracellular
aggregates, they are to be resolved and renaturated (Figure 1).

How to obtain functional protein in adequate quantities for research or commercial purposes is a
main issue in both industry and academia. Here, the problems are often related to the production of
functional proteins in a foreign host or, if this is not possible, how to perform in vitro refolding
successfully. The main challenge is to overcome aggregation of unfolded or partially folded
intermediates, which compete with the correct folding pathway. Since aggregation is a second-order
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process and correct folding the result of first order reactions, the concentration of  the protein to

Figure 1 Strategy for production and recovery of proteins that form inclusion bodies. 1) The extent of inclusion
body formation is dependent on the conditions during fermentation, such as temperature and chemical
environment. Also the rate of protein synthesis is affecting the solubility of the proteins within the cell. 2)
Isolation of the inclusion bodies starts by disrupting the cell membrane by high pressure homogenization or
sonication. In order to get rid of the membrane proteins, washing with a low concentration of denaturing
chemicals and thereafter centrifugation is recommendable. 3) To solubilize the inclusion bodies, high
concentration of denaturing agents are usually needed. When the target protein contains cysteines, a reducing
agent has to be added to prevent non-native disulfide formation.4) The renaturation step is normally performed
using stepwise dilution or dialysation. Composition of the solution used during renaturation is dependent on the
protein of interest and the conditions have to be experimentally determined for each product. If native disulfides
have to form, a low concentration of a reducing agent, such as β-mercaptoethanol, can make the refolding
process more efficient 
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fold is a critical factor (Kiefhaber et al., 1991). To obtain a functional protein one can either refold
the protein produced as inclusion bodies in vitro or avoid the formation of inclusion bodies. Some
proteins are very sensitive to degradation or deleterious to the host, and therefore it might be an
advantage to produce them as inclusion bodies (Kane & Hartley, 1988, Kitano et al., 1987). Fusion
to the E.coli TrpE protein can for example increase the propensity of a protein to form inclusion
bodies (Yansura & Henner, 1990). Other proteins are very hard to refold in vitro into an active
form and are therefore preferably produced as soluble and native in the host cell.

Isolation and Solubilization of Inclusion Bodies

Since the inclusion bodies are intracellular or periplasmic structures, cells have to be fractured
(Figure 1). The cells can be disrupted through high pressure homogenization or sonication and the
inclusion bodies can be isolated (Babbitt etal., 1990, Fischer et al., 1993). As the membranes contain
a number of proteolytic enzymes it is of importance to extract these contaminants or inhibit their
activity. The most generally applicable method for selective extraction is washing the inclusion
bodies with a buffer containing a chelating agent (EDTA), a neutral detergent (Triton X-100) and a
chaotrop (Urea) (Babbitt et al., 1990).

When the inclusion bodies are isolated they are to be solubilized (Figure 1). The forces involved in
inclusion body formation are mainly non covalent (McCaman, 1989) and the presence of disulfides
do not play any major role, even though disulfides in inclusion bodies have been reported
(Schoemaker et al., 1985). Solubilization, in most cases, involves total denaturation of the protein. If
the protein has substantial amount of native conformation in the inclusion bodies it is possible to
choose a weaker solubilizing buffer that do not disrupt the already formed structure. The most
commonly used solubilizing agents are chaotropic salts or detergents (Rudolph, 1995). Once
solubilized, the thiols are able to form intraor intermolecular disulfides. Therefore, its essential to
include a reducing agent in the solubilizing mixture, in order to keep the thiols in the reduced state,
or protect them by forming S-derivatives as have been used in the production of insulin (Frank et
al., 1981, Nilsson et al., 1996).

Renaturation

Thereafter, the protein has to be refolded in vitro (Figure 1). In some cases it is necessary to purify
the protein before the renaturation step. DNA and host proteins might interfere with the refolding
step by interaction with partly folded molecules. If purification in denaturating conditions is needed,
gene fusion technology is useful. By fusing the protein of interest with an affinity tag that is usable
under nonnative conditions, the purification step can be both easy and selective. Affinity handles
that are frequent used are the poly-histidine tails (Flaschel & Friehs, 1993). The charged histidines
residues are used because of their ability to bind to metal ions. It has been shown that using six
histidines in the tail makes it possible to purify in denaturating conditions (6M guanidine
hydrochloride). However, the purification method requires the imidazole residues in the non-
protonated state (Hochuli, 1990, Hochuli et al., 1988). Poly-arginine tails have also been shown to
be usable in denaturating conditions since their ability to bind to anionic residues are independent
of the three dimensional structure (Stempfer et al., 1996).

One of the main issues in refolding proteins is to inhibit aggregation. The low solubility of
unfolded proteins necessitates very dilute protein solutions in the refolding step. An alternative in
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order to reduce the reaggregation is dialysis or step wise dilution of the protein mixture (Rudolph &
Lilie, 1996). The staged dilution approach is critically dependent on the particular protein.
Therefore the conditions have to be optimized carefully by experimentation for each protein. It is
also possible to increase the solubility of a protein by chemical modification. This strategy could be
used either to prevent covalent aggregation by disulfide formation (Frank et al., 1981, Nilsson et al.,
1996) or to change the net-charge of the protein by modifying the amides (Light, 1985). Buffer
additives which reduces the aggregation are also usable (Fischer et al., 1993, Rozema & Gellman,
1996, Schein, 1990), especially when the particular protein needs a cofactor or a metal ion to
achieve the native state. Other frequently used additives are polyethylene glycol (Cleland et al., 1992,
Cleland & Wang, 1990), lauryl maltoside (Tandon & Horowitz, 1986, Zardeneta & Horowitz,
1992) and arginine (Buchner et al., 1992b, Winkler & Blaber, 1986). Proteins can also be rendered
either less or more soluble by gene fusion technology. There are several protein fusions that have
proven to increase the solubility of the product. One example of a fusion protein that can affect the
solubility is glutathione-S-transferase (Ray, 1993). Also, by using the highly soluble protein A
domain (Z) (Nilsson et al., 1987) as a solubilizer of misfolded and multimeric IGF-I, Samuelsson et
al. (1994, 1991) were able to show that high yields of native protein could be recovered. The
aggregation and precipitation of misfolded material was reduced. Since the refolding could be
performed in high concentrations without any expensive chemical, the approach is well suited for
large scale refolding. This method has also been utilized for IGF-II with success (Forsberg et al.,
1992).

Creating micelles with the unfolded protein inside has also been tried in order to avoid
aggregation (Hagen et al., 1990, Zardeneta & Horowitz, 1992). Another way to prevent
aggregation in the refolding step has been elegantly shown by Rudolph and co-workers (Stempfer et
al., 1996). They have fused a-glucosidase to a hexa-arginine polypeptide. This construction allows
them to attach the fusion protein to a solid support containing polyanionic groups. Upon removal
of the denaturant, α-glucosidase are able to refold without aggregation.

Disulfide Formation

Since many of the proteins of interest in biotechnology are extracellular and use disulfides for
stabilization, disulfide formation is of great importance. These problems have motivated many
researchers to study the periplasmic space of E.coli with the regard to disulfide formation (Missiakas
& Raina, 1997, Wulfing & Pluchthun, 1994). Formation of a disulfide is a two electron oxidation
reaction and requires an oxidant, for example oxygen with metal ions, oxidized DTT or oxidized ß-
mercaptoethanol. The most abundant disulfide exchange agent in most cells is glutathione (Gilbert,
1990, Hwang et al., 1992). The reaction starts with an attack of a nucleophilic thiolate ion on the
disulfide bond. This reaction gives rise to a symmetrical transition state, with the charge uniformly
distributed on the two sulfurs. The rate of disulfide formation is high with a basic attacking group,
and a more acidic leaving group. The leaving group will be protonated. Therefore, increasing the pH
will increase the rate of disulfide formation until the attacking group is mainly in the thiolate ion
form (Gilbert, 1990, Gilbert, 1994). Disulfide formation can proceed by one of two chemical
processes, as shown in Figure 2. The cheapest option for disulfide formation is air oxidation
catalysed by metal ions (Saxena & Wetlaufer, 1970) (Figure 2a). The reaction is irreversible and
therefore most effective when the protein can adopt the native conformation before the disulfides
have formed. If the protein is unable to form such stable intermediates, some of the molecules may
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get kinetically trapped with thermodynamically unstable, mispaired disulfides. Therefore, air
oxidation may be more successful if small amounts of a reduced thiol compound, such as β-
mercaptoethanol is present (Epstein & Goldberg, 1963). In vivo disulfide formation of a protein is a
reversible process (Figure 2b) in the ER with glutathione as a redox buffer (Hwang et al., 1992).
The thermodynamic stability for protein disulfides varies greatly, and is dependent on the structure
of the protein and the number of amino acids between the cysteines. According to Zhang et al.
(Zhang & Snyder, 1989) odd numbers of intervening amino acids unfavour disulfides compared to
even numbers. To form a disulfide between two adjacent cysteines a significant amount of energy is
needed. If there are long stretches with amino acids between the cysteines, the disulfide formation is
more dependent on the 3D-structure of the protein and is therefore more unpredictable. Charges
around the cysteines can also affect the disulfide formation. Positive charges stabilize the reduced
state, consequently retaining free cysteines. Negative charges around the cysteines stabilize the
oxidized state, promoting disulfides formation. pKa for a cysteine is approximately 8.5 (Stryer,
1995) but varies in different proteins, depending on the three-dimensional environment.

Figure 2 a) Disulfide formation with oxygen as the oxidant. This is an irreversible reaction and therefore
molecules might get kinetically trapped with nonnative disulfides. If disulfide formation with oxygen as the
oxidation agent is going to be successful, the protein must be able to form the native structure without having
the native disulfides. One way to solve this problem, is to add small amounts of a reducing agent in to the
refolding buffer b) A disulfide exchange reaction with glutathione. Since this reaction is reversible, mispaired
disulfides can be reduced and new disulfides are able to form. Here the protein is able to break and reform
disulfides until the thermodynamically most stable ones are formed
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ENGINEERING TO ASSIST IN PROTEIN FOLDING

Attempts to get a more efficient refolding have been made by adding chaperones and foldases to the
folding mixture. Since aggregation during the refolding step is due to a slow folding pathway, it
might be successful to add foldases to the refolding mixture. Such experiments have been tried with
both disulfide and prolyl isomerases. Lilie et al. have shown that refolding is accelerated when
prolyl isomerase is used in the refolding of an antibody. Although the isomerase is shown to act as a
true catalyst it does not affect the aggregation since prolyl isomerization is a late step in the folding
process (Lilie et al., 1993). On the other hand, when using PDI as a catalyst for disulfide formation,
researchers have been able to improve the yields of native protein remarkably (Buchner et al., 1992a,
Ryabova et al., 1997). Because of the high amounts of “helping proteins” needed it is not yet
feasible to use them in υitro (Mendoza et al., 1991). Another approach to favour correct folding is
to alter the environment in host cell by co-expression of mammalian chaperones and catalysts
(Bardwell & Beckwith, 1993, Goloubinoff et al., 1989, Knappik et al., 1993, Roman et al., 1995,
Yasukawa et al., 1995). However, the results are unpredictable and the effects often minor, as in the
antibody fragments expressed in E. coli (Knappik et al., 1993).

The use of selective binders for assisted folding, when the particular protein lacks the necessary
conformational information to fold completely, has been successfully tried. Monoclonal antibodies
have been used for in vitro refolding of protein S (Carlson & Yarmush, 1992), immobilized trypsin
for refolding of Bowman-Birk type proteinase inhibitors (Flecker, 1989) and also simultaneous
expression of two receptor partners that are able to form a heterodimer (Chuan et al., 1997).
Samuelsson and co-workers showed that co-expression of a specific binding protein in Escherichia
coli can significantly improve the relative yields of correctly folded human insulin growth factor I
(IGF-I) (Samuelsson et al., 1996) (Figure 3a). The molecule has been shown to possess a
thermodynamic folding problem and is unable to quantitatively form the native disulfides (Hober et
al., 1992, Hober et al., 1997, Miller et al., 1993). Instead, all attempts to produce IGF-I in
heterologous hosts have resulted in misfolded species (Elliott et al., 1990, Forsberg et al., 1990,
Meng et al., 1988). Yet, when the protein was allowed to fold in the presence of its binding protein
(IGFBP-1) it was able to quantitatively attain the native conformation (Hober et al., 1994).
Therefore, IGF-I turned out to be an interesting molecule for affinity-assisted folding. Since both the
binding protein and IGF-I were produced as fusion proteins with affinity handles, the purification
process was also greatly facilitated (Figure 3b). A requirement for this concept to succeed is that the
disulfides of the produced proteins are allowed to break and reform (Saxena & Wetlaufer, 1970,
Wetlaufer, 1984). Therefore a redox buffer was added to the cultivation media. In contrast to earlier
attempts  to co-express “helping proteins” this system has shown to result in quantitative yields of
correctly folded IGF-I.

ENGINEERING PROTEINS TO FACILITATE RECOVERY

Recombinant DNA techniques allow fusion of genes or fragments thereof to alter the properties of
recombinant proteins. The most widespread use of this strategy is to enable affinity purification of
the product. It is possible to fuse the protein of interest to different extensions, proteins or peptides,
in order to facilitate the purification procedure (Nygren et al., 1994, Uhlen et al., 1992).
Furthermore, by using DNA-technology it is possible to affect both the amount and the localization
of the product. Effective systems for secretion of the protein to the medium or to the periplasm, give
us the opportunity of achieving an initial purification step. The expression level of recombinant
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Figure 3 a) Affinity assisted in vivo folding by co-expression in Escherichia coli. The binding protein (IGFBP1)
and native IGF-I form a complex and thereby lower the apparent concentration of the native conformation.
The equilibrium between misfolded and native IGF-I is shifted towards the native form, b) Co-purification of
IGF-I and IGFBP-1. By using different affinity tags on the target proteins, two separate and sequentially used
affinity columns are able allow enrichment of the correctly folded fullength material 
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proteins has in several cases been increased by fusion (Stahl et al., 1997) and the number of other
useful applications is constantly increasing. Gene fusions offer means to improve the proteolytic
stability of sensitive recombinant proteins. Ubiquitin, well known for its resistance to proteases, can
stabilize proteins in E. coli (Butt et al., 1989). Fusion to the IgG-binding tail ZZ has allowed
recovery of full-length proinsulin and IGF-I (Nilsson et al., 1996, Samuelsson et al., 1991). Also, a
region consisting of several hydrophilic amino acids, fused to the C-terminus has been shown to
stabilize a labile form of the phage represser protein P22 Arc in the E.coli cytoplasm (Bowie &
Sauer, 1989). To enable specific recovery of full length protein, a dual affinity system also has been
developed by Hammarberg et al. (Hammarberg et al., 1989). The protein of interest is fused with
two different affinity tags that separately can be used in affinity chromatography. This system has
also proven to further stabilize the protein compared to single affinity fusion (Murby et al., 1991).
By what mechanism a protein fusion inhibits proteolysis remains unclear in many cases. Suggested
mechanisms include (i) protected N- or C-terminus, (ii) sterical hindrance from proteases and (iii)
improved folding.

A variety of different gene fusion systems in order to use affinity chromatography have been
developed since the first example was presented (Flaschel & Friehs, 1993, LaVallie & McCoy,
1995, Nygren et al., 1994, Uhlen et al., 1983). Different proteins show very divergent
characteristics, regarding stability, solubility, size and secretability. Therefore, proteins need
individual treatment and no ideal fusion system exists that is applicable on all proteins.

Fusion protein purification systems can be based on several kinds of interactions. Examples of
interactions are protein-protein interactions, enzyme-substrate interactions, protein-carbohydrate
interactions and protein-metal interactions. Some of the most frequently used fusion protein systems
for affinity purification are glutathione-S-transferase (GST) (Smith & Johnson, 1988), protein A
(SPA) (Ståhl & Nygren, 1997), maltose binding protein (MBP) (Di Guan et al., 1988) and
thioredoxin (TR) (LaVallie et al., 1993) (Table 1). There are also a number of short peptides used
for selective purification, such as poly-histidine (Hochuli, 1990, Hochuli et al., 1988), poly-arginine
(Sassenfeld & Brewer, 1984), and tryptophan tags (Köhler et al., 1991) (Table 1). When choosing a
system for affinity purification there are several factors to consider. The choice of system will
influence the conditions for purification and elution. Also the size and stability of the fusion
partner, the stability and regeneration possibility of the affinity matrix and the cost of the affinity
matrix has to be considered. Recently developed fusion partners tend to be smaller in size to
improve the ratio target protein/fusion partner, and more attention is being paid to mild elution
conditions. Important is also whether the fusion partner has to be removed or not. In many cases
this is crucial and there are several cleavage methods, chemical and enzymatic, available.  
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INTRODUCTION

Since the early days of protein chemistry the specific detection and the purification to homogeneity
were the two critical problems that needed to be solved before the biochemical investigation of a
protein could be commenced. Traditionally, a long series of precipitation, adsorption/desorption,
and column chromatography steps had to be carried out in order to obtain a pure protein. Although
the advent of affinity chromatography made it possible to shorten the laborious procedure, a
suitable combination of ligand, matrix, and elution conditions has first to be optimized in each case.

Working out an appropriate purification scheme was not only a common pursuit in classical
biotechnology, i.e., when proteins had to be isolated from their natural sources. It remained a
challenge after the development of recombinant DNA techniques, even though the problem was
often made easier, due to the possible over-production of the protein of interest. Nevertheless, it is
often necessary to specifically detect the foreign polypeptide in the course of heterologous protein
production in order to optimize expression and subsequent purification yields. Unfortunately, as
long as the desired biomolecule is not an enzyme, which can be quantified according to its catalytic
activity, or a protein that had been isolated before, so that antibodies could have been obtained by
immunization, this is a difficult task.

Fortunately, the concept of affinity tags was invented. The initial idea was to take a short
sequence of amino acids that is recognized as an epitope by a monoclonal antibody and to append it
to a recombinant protein on the genetic level. Thus, the molecular recognition property of the
peptide is transferred to the new protein context and, given the proper choice of the amino acid



sequence, it is likely not to interfere with the protein’s biological activity. An 11 residue sequence
from the c-mγcproto-oncogene product, which had been fused to GRP78 (Munro and Pelham, 1986)
and utilized for studying its intra-cellular targeting by means of the cognate antibody 9E10 (Evan et
al., 1985), was probably the prototypic example for this approach. Thus, the so-called myc tag was
created, which served since then for the detection of numerous heterologous proteins and gained
particular popularity in the field of antibody engineering (for references see Schiweck et al., 1997).

A number of other epitope peptides were, together with their corresponding monoclonal
antibodies, subsequently used as affinity tags for over-produced proteins. Some prominent examples
are summarized in Table 1. Although these systems clearly facilitate recombinant protein detection,
most of them suffer from the disadvantage that they cannot be readily employed for the purification
of the same protein since harsh conditions must be applied for elution of the tagged protein from a
column with the immobilized antibody. Furthermore, the monoclonal antibodies are difficult to
produce and not available as bulk reagents so that their use is restricted to the analytical scale.  

In order to circumvent these problems we set out to develop a new affinity tag, termed Strep-teg,
by inverting the methodological approach. That is, we first selected a target protein that is
biochemically well characterized and commercially available from different sources and we then
developed an artificial peptide sequence that specifically binds to it with sufficient affinity. Our
choice fell on the protein reagent streptavidin, whose properties are briefly described in the next
chapter. The idea was to use competition with biotin, a natural ligand of streptavidin, for the
disruption of the binding interaction with the peptide under very gentle conditions so that the
structure of the purified recombinant protein remained undisturbed. The engineering of the Strep-teg
sequence by molecular repertoire techniques and the step-wise improvement of the system under
practical aspects are described in the following sections. Finally, the currently available vectors for
the production of Strep-teg fusion proteins are explained and some applications are reviewed.

Table 1 Common affinity tags other than the Strep-tag
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CHOICE OF STREPTAVIDIN AS A TARGET

Because of its extraordinary affinity for the small ligand biotin (Green, 1975) streptavidin has
become a widespread reagent for detection and separation purposes in almost all areas of modern
biochemistry (cf. Bayer and Wilchek, 1990). The ligand, also known as vitamin H, can be
chemically coupled to a variety of biomolecules in an easy manner. Streptavidin is naturally secreted
by Streptomyces avidinii as a complex with a small antibiotic molecule (Chaiet and Wolf, 1964). Its
three-dimensional structure was first solved for the apo-protein as well as for the biotin complex
(Weber et al., 1989). Streptavidin is a homotetramer of 159 amino acids per subunit (cf. Figure 1),
which possesses four independent biotin binding sites with Kd values as low as 10−14 M (Green,
1990; Weber et al., 1992b).

Contrasting with the structurally and functionally related avidin from hen egg white (Green, 1975),
streptavidin is not glycosylated, devoid of sulphur-containing amino acids, and slightly acidic (pI=5–
6), which minimizes non-specific adsorption to nucleic acids and negatively charged cell membranes.
Therefore, it causes a significantly lower background in many bioanalytical applications and its use
is often preferred. A large number of reagents derived from streptavidin are commercially available,
including the immobilized protein and its conjugates with different reporter enzymes. It is a further
advantage in this respect that streptavidin is extremely stable against proteases (Bayer et al., 1989),
detergents, chaotropic salts, and elevated temperature (Bayer et al., 1990).

Figure 1 Crystal structure of the complex between streptavidin and the Strep-tag (Schmidt et al., 1996). View is
along one of the two-fold symmetry axes of the tetramer. Two of the four ligand binding sites can be seen at
the front with the bound Strep-tag (C: black; N: grey; O: white). The peptides bound to the two other pockets
at the back of the tetramer are omitted for clarity. The ribbon representation was generated with the program
MolScript (Kraulis, 1991).

 

PROTEIN ENGINEERING FOR AFFINITY PURIFICATION: THE STREP-TAG 41



Consequently, streptavidin appeared to be a promising target for the engineering of an artificial
peptide ligand that binds to it without being itself biotmylated. Instead, it was tempting to search
for an amino acid sequence that would bind competitively with the natural ligand so that biotin
could be used for the mild displacement of a corresponding fusion protein from a streptavidin
column.

Soon after the development of the Strep-tag sequence (see next chapter) it turned however out
that the practical situation was more complicated. Several commercial preparations consist of
streptavidin which is proteolytically truncated at both termini of its polypeptide chain. This
modification to the primary structure is partially caused by endogenous proteases of the bacterial
host cell and brought to completion by a rigorous proteolytic treatment according to undisclosed
protocols. As result, so-called core streptavidin is produced, starting with Ala 13 or Glu 14 (Pähler et
al., 1987; Bayer et al., 1989) of the mature polypeptide sequence and ending with Ser 139 (Bayer et
al., 1989), Ala 138 (Pähler et al., 1987), or even with Ser 136 (Chait, 1994), depending on the
commercial source. This shortened version of streptavidin has a higher solubility and is less prone to
oligomerization. Most importantly, its binding activity for conjugates of biotin is significantly
enhanced, probably due to better sterical accessibility of the ligand pocket (Bayer et al., 1989).

Streptavidin is usually sold for the binding of biotinylated molecules, rather than for the
complexation of a new peptide ligand, and details of the product composition were not available
from the manufacturers. Only after testing several different brands we found out that the capability
of binding the Strep-tag varied considerably, at least during the purification of a recombinant
protein (see below). In addition, it turned out that some of the preparations were contaminated with
residual proteolytic activity, probably resulting from the production process (Schmidt and Skerra,
1994b). In order to obtain a material with homogeneous amino and carboxy termini, without the
necessity for protease treatment, an E. coli expression system was established that yielded directly
functional core streptavidin (Schmidt and Skerra, 1994b).

For this purpose, the structural gene comprising residues 14 to 139 was amplified from S. avidinii
chromosomal DNA, equipped with a methionine initiation codon, and placed under transcriptional
control of the T7 promoter (Studier et al., 1990). Thus the recombinant streptavidin was produced
in large amounts as inclusion bodies. After disruption of the cells these were isolated, solubilized in
Gdn/HCl, and the protein was refolded upon quick dilution into phosphate-buffered saline.
Following a final purification by fractionated ammonium sulphate precipitation, pure and fully
functional recombinant core streptavidin was routinely obtained in yields up to 160 mg per liter E.
coli culture (Schmidt and Skerra, 1994b).

ENGINEERING OF THE STREP-TAG PEPTIDE

Earlier random mutagenesis experiments had shown that peptides with streptavidin-binding activity
could be found by means of phage display (Devlin et al., 1990) or via chemical synthesis on plastic
beads (Lam et al., 1991). In these studies a His-Pro-Gln consensus sequence was identified and
considered as critical for binding. However, those peptides were not directly suited as affinity tags
because their affinities were too low (Weber et al., 1992a). Therefore, further engineering was
needed in order to make such sequences amenable to practical use.

Our criteria for an ideal affinity tag were as follows. It should i) display an easily controllable
binding behaviour with sufficient affinity, allowing high purification yields; ii) not interfere with the
folding or bioactivity of a recombinant protein; iii) not influence its expression yield; and iv) be
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useful for detection assays. In order to screen for a streptavidin-binding peptide sequence that
possesses most of these features we established a plasmid library which encoded random peptides
with a conserved His-Pro-Gln triplet at the centre. These peptides were displayed at the carboxy
terminus of the VH domain of the lysozyme-binding antibody D1.3, which was functionally
expressed in E. coli as part of an Fv fragment (Schmidt and Skerra, 1993). A filter sandwich colony
screening assay was then carried out.

After transformation of E. coli with the plasmid library, up to 10 000 cells were plated on a
nitrocellulose filter membrane on top of an agar plate and the cells were grown under antibiotic
selection. Meanwhile, a second filter membrane was coated with lysozyme, the antigen of the Fv
fragment. The first membrane was placed on this second membrane with the E. coli colonies on top
and the whole stack was incubated on another agar plate in the presence of an inducer for gene
expression. Synthesis of the Fv fragment effected partial leakage of the E. coli outer membrane
during this stage and the released protein diffused to the second membrane with the antigen. There
the different Fv fragment-peptide fusions became functionally captured and formed a replica of the
still viable E. coli colonies from which they originated.

Finally, both membranes were separated and the one with the E. coli colonies was placed on a
fresh agar plate for later recovery of the clones. The second membrane was probed for streptavidin-
binding activity of the peptides with a streptavidin-alkaline phosphatase conjugate, followed by
chromogenic staining. Colonies which gave rise to coloured spots were propagated and their
plasmid DNA was sequenced so that the peptide composition could be deduced.

The first random library comprised the sequence Xaa-Xaa-His-Pro-Gln-Xaa-Xaa-Xaa-COOH,
which was displayed after residue Ser 116 of the VH domain of the D1.3 Fv fragment. 145 000
clones were screened via the filter sandwich assay. Out of these merely nine clones gave rise to a
detectable binding signal for streptavidin. Their subsequent characterization revealed that just one
peptide was suitable for the detection in a Western blot and exhibited sufficient affinity for the
purification of the Fv fragment on immobilized streptavidin (Schmidt and Skerra, 1993). However,
this peptide sequence (-Cys-Trp-His-Pro-Gln-Ala-Gly-Cys-COOH) caused a lytic effect on the E.
coli cells and a decreased expression yield for the recombinant Fv fragment. This behaviour was
probably due to the additional disulfide bond in the hybrid protein, which arose from the two Cys
residues in the peptide, and undesirable for general use. In contrast, two rather hydrophilic
sequences (Arg-Thr-His-Pro-Gln-Phe-Glu-Arg-COOH and Lys-Thr-His-Pro-Gln-Phe-Glu-Arg-
COOH) did not influence E. coli viability or expression yields. These peptides did even better
perform on the Western blot although their streptavidin-binding activities were too low for efficient
protein purification.

Sequence analysis of the nine peptides revealed preference for an amino acid with a bulky
hydrophobic side chain—Phe in six cases, Val in two cases—at the position immediately following
the His-Pro-Gln moiety. Consequently, another library was constructed with the sequence Xaa-Xaa-
Xaa-His-Pro-Gln-Phe-Xaa-Xaa-COOH. The spacer between Ser 116 of the D1.3 VH domain and
the conserved part was extended by an additional random codon in order to permit better sterical
accessibility. Again, 145 000 clones were screened for streptavidin binding using the filter sandwich
assay as above (Schmidt and Skerra, 1993). In this case a much larger fraction of colonies (ca. 5 %)
gave rise to a signal. Altogether 52 clones with the most intense spots were isolated and subjected to
another filter sandwich assay for mutual comparison. As result, 15 clones were further characterized
in applications like Western blotting, ELISA, and affinity purification experiments on immobilized
streptavidin. Finally, two sequences were identified which exhibited an optimal behaviour in the
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light of the criteria given above. Their sequences were quite similar: Ala-Trp-Arg-His-Pro-Gln-Phe-
Gly-Gly-COOH and Gln-Trp-Leu-His-Pro-Gln-Phe-Gly-Gly-COOH. The more hydrophilic first
sequence showed a slightly better signal on the Western blot and in the ELISA. It was therefore
chosen for practical use and termed the “Strep-tag”.

THE STREP-TAG II, A VARIANT WITH IMPROVED VERSATILITY

Although the Strep-tag proved to be useful for the detection and purification of a variety of
recombinant proteins when attached to their carboxy-terminal end (see below), its affinity for
streptavidin was substantially diminished when placed at the amino terminus or in between two
protein domains. The key to overcome this restriction came from a comparison of the peptide
sequences that were identified in our first random screening experiment. Some of the not yet
optimal peptides carried a glutamate residue at the penultimate position, followed by Arg or Lys.
The glutamate side chain was assumed to functionally substitute the Gly-Gly-COOH moiety of the
Strep-tag as a negatively charged group. However, the introduction of this glutamate into the Strep-
tag sequence necessitated re-optimization of the terminal residue (Gly) and of the residue preceding
the His-Pro-Gln triplet (Arg), as it became apparent from a careful analysis of the sequences that
had been identified so far (cf. Schmidt and Skerra, 1993).

In order to engineer the Strep-tag sequence in a systematic manner, a subset of 400 peptides,
acetyl-Ser-Asn-Trp-Xaa1-His-Pro-Gln-Phe-Glu-Xaa2-, comprising all possible amino acid
combinations at the two positions Xaa1 and Xaa2, was generated on a paper filter by the “spot
synthesis” technique (Frank, 1992). As part of this approach a chemical neighbourhood as within a
polypeptide chain was mimicked for the peptides by covalently coupling their carboxy termini via a
spacer to the filter support and by acetylating their free amino groups.

The streptavidin-binding activity of the different peptides in the array was probed with
streptavidin-alkaline phosphatase conjugate under competitive conditions, i.e., in the presence of 1
mM diaminobiotin or 1 mM of the synthetic Strep-tag peptide (Schmidt et al., 1996). The result was
the same in both cases. A clear preference for Lys emerged at position Xaa2 whereas the preference
for the amino acid at Xaa1 was not so pronounced. Densitometric analysis revealed however that
the peptide with a Ser at position Xaa1, together with Lys at position Xaa2, gave rise to the most
intense staining. The signal was by the factor 13 stronger than that of the original Strep-tag
sequence, which had been spotted on the same filter for comparison. The corresponding peptide,
Ser-Asn-Trp-Ser-His-Pro-Gln-Phe-Glu-Lys, was thus named Strep-tag II (Schmidt et al., 1996).

CRYSTALLOGRAPHIC ANALYSIS OF THE STREPTAVIDIN/STREP-TAG
COMPLEXES

The structural mechanism of the interaction between the Strep-tag as well as the Strep-tag II and
streptavidin was elucidated by X-ray crystallography (Schmidt et al., 1996). Suitable crystals were
prepared from recombinant core streptavidin in the presence of the synthesized peptides at
physiological pH with ammonium sulphate as the precipitant. The two crystal structures were both
refined at a resolution of 1.7 Ǻ. One streptavidin subunit occupied the asymmetric unit so that the
streptavidin tetramer emerged as part of the crystal lattice (Figure 1).

The streptavidin monomer exhibited the typical eight-stranded antiparallel β-barrel with the
ligand pocket at one of its ends (Figure 2), similar as in the previously described crystal structures of
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apo-streptavidin and of its biotin complex (Weber et al., 1989). Most part of the polypeptide chain
was virtually superimposable between the different structures. However, there was a striking
exception regarding residues 44 to 53, which formed an exposed loop. This loop segment was
previously described to be flexible and to act as a mobile lid that is structurally disordered in the
absence of biotin but shuts down on the pocket upon complexation of this ligand (Weber et al.,
1989). However, in the complex with the Strep-tag peptides the same loop exhibited a defined but
open conformation. Compared with the biotin complex, the loop had flipped into an almost
perpendicular orientation, giving access to the pocket for the much bigger peptide ligand (Figure 2).

The actual binding cleft for biotin was obviously too narrow to accomodate the entire peptide, but
two of its side chains could penetrate deep enough, occupying at least part of the cavity. Thus, a
certain molecular mimicry was observed between the artificial peptide ligands and biotin. The
carboxamide group of the Gln side chain was in the approximate position of the biotin sulphur atom
and the imidazole group of the His residue replaced the valeryl carboxylate. The latter finding
explained why the Strep-tag lost its affinity under acidic conditions, when the His side chain was
protonated and adopted a positive charge. Interestingly, the space of the biotin imidazolidinone
ring, which is responsible for most of the hydrogen bond and Van der Waals interactions in the
tight complex between biotin and streptavidin, was not approached by peptidic groups and just
occupied by a structurally ordered water molecule (Schmidt et al., 1996).

Most of the observed interactions between the Strep-tag or the Strep-tag II and streptavidin were
of a polar nature. Some of them were mediated by structural water molecules, which also seemed to
play an important role in fixing the peculiar loop conformation described above. An exceptional
feature in the structure of the Strep-tag complex was a salt bridge between the terminal carboxylate
group of the peptide and the side chain of streptavidin residue Arg 84. This electrostatic interaction
was possible because of the characteristic conformational flexibility of the two Gly residues at the
end of the Strep-tag. Thus, this structural finding explained not only the repeated occurrence of the
Gly-Gly-COOH motif during the screening for the Strep-tag but also why the Strep-tag had
diminished affinity when it was placed at the amino terminus or amidst a recombinant polypeptide
so that the free carboxylate group was not present.

In the complex of the Strep-tag II a similar salt bridge was formed in a different manner. In this
case the side chain of the penultimate Glu residue provided the negative charge. Its carboxylate
group was almost situated in the same location as the peptide carboxylate group of the Strep-tag.
Consequently, a free carboxy terminus was no longer necessary. Apart from the two carboxy-
terminal amino acids in the Strep-tag and in the Strep-tag II the three-dimensional structures of their
complexes with streptavidin were very similar. The central part of the peptide adopted the
conformation of a 310-helix. The Ser residue which had replaced an Arg in front of the His residue
in the Strep-tag II exerted its specific structural role by forming  a hydrogen bond with one of the
carboxylate oxygens of the Glu side chain. In this way, the conformation of the bound peptide
became stabilized. This observation was in agreement with the preference for Ser and also for Thr at
this position, which had been seen in the screening for the Strep-tag II.

ENGINEERING OF STREPTAVIDIN

Based on the knowledge about the molecular interaction between streptavidin and the Strep-tag
peptides it appeared possible to introduce changes into streptavidin itself in order to achieve higher
affinity for the artificial ligands (Voss and Skerra, 1997). Emphasis was laid on the Strep-tag II in
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Figure 2 Complexation of the Strep-teg II and of biotin by streptavidin and structural properties of the flexible
loop. Only one streptavidin subunit from the tetramer is shown (cf. Figure 1). (A) Ribbon representation of the
streptavidin complex with the Strep-teg II (Schmidt et al., 1996). The side chains of the four amino acids in the
flexible loop of streptavidin that were subjected to random mutagenesis are displayed in grey. They are located
in close proximity to the carboxy-terminus of the peptide, whose amino-terminal Trp residue can be seen at the
top. (B) Superposition between the crystal structure of the streptavidin complex with biotin (Weber et al.,
1989) and the streptavidin structure shown in (A). The bound biotin ligand is displayed. The flexible loop in
the corresponding holo-streptavidin structure is coloured black. 
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this study because its use was not restricted to a particular location in the recombinant protein.
Furthermore, the affinity between the Strep-tag II and streptavidin was slightly lower compared with
the original Strep-tag (Schmidt et al., 1996) so that a gain in binding strength was of special
advantage for the application of this peptide.

A mutagenesis of the amino acids 44 to 47 in the flexible loop of streptavidin, which were in close
spatial proximity to the carboxy-terminal amino acids of the peptide (Figure 2A), appeared to be
promising for two reasons. First, side chain exchanges within this exposed region of streptavidin
could influence the binding of the peptide without affecting the structure of the cavity for biotin so
that further use of it as a competitor could be made. Second, contrasting with the structurally
optimized and rigid β-barrel that constitutes most part of the streptavidin monomer, the flexible
loop appeared likely to be more tolerant to amino acid substitutions without loss of protein stability
or folding efficiency.

In order to search for streptavidin mutants with enhanced binding activity for the Strep-tag II
these four amino acid positions were subjected to a targeted random mutagenesis, and then the filter
sandwich colony screening assay was applied. For this purpose a secretory expression system for
streptavidin was established. The structural gene for core strepavidin was fused with the coding
region for the OmpA signal sequence and placed under the tight transcriptional control of the
chemically inducible tet promoter (Skerra, 1994). Consequently, the polypeptide was translocated
into the periplasm of E. coli, where, after processing, it could fold and assemble into the functional
core streptavidin tetramer.

The colony screening assay was in principle performed as described above in the context of the
screening for the Strep-tag sequence. In the present case the lower membrane was coated with an
anti-streptavidin immunoglobulin from rabbits. Thus, the streptavidin mutants that became secreted
from the E.coli colonies on the upper membrane were functionally captured. In order to probe for
tight peptide binding a reporter reagent was produced which consisted of bacterial alkaline
phosphatase and the Strep-tag II that was fused to its carboxy terminus. The membrane with the
immobilized streptavidin mutants was incubated with the PhoA/ Strep-tag II enzyme, followed by
staining with chromogenic reagents. Already after the first thousand colonies had been screened,
two of them gave rise to unambiguous signals. In contrast, neither the recombinant wild-type
streptavidin, which was subjected to the same screening assay, nor any other colonies caused
coloured spots.

The two colonies were propagated and the plasmid DNA was isolated and sequenced. The
deduced amino acid sequences of the mutagenized loop segment 44 to 47 were quite similar: Val-
Thr-Ala-Arg and Ile-Gly-Ala-Arg (cf. the wild-type sequence: Glu-Ser-Ala-Val). In order to further
characterize the biochemical properties of the streptavidin mutants their genes were subcloned into
the plasmid for cytoplasmic expression and produced by refolding from inclusion bodies, in the
same manner as the recombinant wild-type core streptavidin (see above). The mutants were
investigated in ELISA experiments with the PhoA/Strep-tag II enzyme and subjected to fluorescence
titration with the synthetic peptide, which had been coupled with a chromophoric group. In both
experiments their affinities were found to be approximately 1 µM and, therefore, higher by more
than one order of magnitude compared with wild-type streptavidin (Voss and Skerra, 1997). The Kd
values of the mutants for the original Strep-tag were very similar (Voss and Skerra, unpublished).

The improved binding activity led to significant advantages under practical circumstances. First,
the binding interaction was now tight enough to permit the immobilization of a recombinant protein
carrying the Strep-tag II to an ELISA plate that had been coated with the streptavidin variant. Thus,
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new sandwich assay formats for the detection and quantification of proteins, e.g. in competition
assays, can now be developed. Second, regarding purification purposes, especially the first of the
two mutants clearly revealed a better performance than wild-type streptavidin (Voss and Skerra,
1997). Recombinant proteins, either fused with the Strep-tag or with the Strep-tag II, get more
tightly bound to the streptavidin affinity column. This is particularly helpful in critical cases, when
sticky components in a cell extract necessitate extended washing, or where the affinity tag is
partially obscured by some moiety of the recombinant polypeptide chain.

VECTOR SYSTEMS FOR THE PRODUCTION OF STREP-TAG FUSION
PROTEINS

The first generic vector that had been constructed for the production of recombinant proteins fused
with the Strep-tag was pASKGO-Strep (Schmidt and Skerra, 1993). This plasmid carried the IPTG-
inducible lac promoter, followed by a tandem ribosomal binding site and an expression cassette.
This cassette encoded the OmpA signal sequence and the Strep-tag, with a multiple cloning site in
between. After proper insertion of a foreign structural gene a polypeptide was thus produced that
carried the Strep-tag at its carboxy terminus and was secreted to the periplasmic space of E. coli.
This strategy was successfully employed for the functional production of a number of proteins that
possess structural disulfide bonds (Schmidt and Skerra, 1994b; see also next chapter).

Although the lac represser gene had been cloned on pASK60-Strep the lac promoter/operator
appeared to be somewhat leaky in the absence of the inducer. This behaviour of the lac system,
which had also been noted by others, was undesirable because heterologous proteins are often toxic
to E. coli, especially when they are secreted. This problem was solved by recruiting the tet promoter
for bacterial expression from the vector pASK75 (Skerra, 1994). In this system the tetA promoter is
tightly shut off by its cognate represser until low concentrations of a tetracycline derivative are
applied for chemical induction (e.g. anhydrotetracycline at 200 µg/ 1 E. coli culture). A further
advantage is that tet promoter-based expression plasmids are independent of the genotypic
background of E. coli (there are normally no additional copies of the tet represser gene) and the
metabolic state (the tetp/o is not subject to catabolite repression). Thus, their use for bacterial
fermentation at higher cell densities is significantly facilitated (Schiweck and Skerra, 1995).

A series of such vectors was constructed for differing purposes in conjunction with the Strep-tag
method. pASK75, the original tetp/o plasmid, had the same expression cassette as pASK60-Strep so
that its use for the periplasmic expression of Strep-tag fusion proteins was similarly possible (Skerra,
1994). In another variant, pASK75CA, the signal sequence was deleted in order to facilitate direct
cytoplasmic expression. An enhanced set of unique restriction sites in the multiple cloning region is
present on the corresponding plasmids pASK-IBAl and pASK-IBAICA (Figure 3). The recognition
sites of two type Ha endonucleases (BsaI and BsmFI), which generate sticky ends with arbitrary
nucleotide overhangs remote from their recognition sequences, were introduced at both sides of the
polylinker. Thus, given the proper cloning strategy, a foreign structural gene can be directly fused
with the OmpA signal sequence and with the Strep-tag in a single step. The use of these restriction
enzymes has further the advantage that cloning avoids the introduction of extraneous amino acids
into the recombinant protein and is independent of the particular gene sequence. In addition, just
one restriction enzyme is sufficient for a wide range of cloning purposes, especially when the
polymerase chain reaction (PCR) is employed.
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Finally, a special set of vectors was developed for the production of recombinant antibody
fragments that carry the Strep-tag (Table 2). These plasmids provide standardized restriction sites
for the cloning of immunoglobulin variable regions by PCR and permit their bacterial secretion and
subsequent streptavidin affinity purification in the form of either Fv, scFv, or Fab fragments (Skerra,
1993).

APPLICATIONS FOR THE STREP-TAG

The Strep-tag has been successfully used both for the detection and for the purification of
recombinant proteins in a variety of examples (Table 3). Detection of recombinant antibody
fragments on a Western blot by means of a streptavidin-alkaline phosphatase conjugate (Schmidt
and Skerra, 1993; Tsiotis et al., 1995) was employed for guiding the optimization of expression and
purification yields. After its fusion to an antibody fragment the Strep-tag was also utilized for the
indirect detection of the cognate antigen, either in an ELISA with streptavidin-alkaline phosphatase
conjugate (Schmidt and Skerra, 1993), by electron microscopy with gold-labelled streptavidin
(Kleymann et al., 1995a,b; Tsiotis et al., 1995), or by fluorescence microscopy with fluorescein-
labelled streptavidin (Ribrioux et al., 1996). Possible cross reactions in these assays, due to the
presence of biotinylated host proteins, were avoided by adding egg-white avidin, which does not
recognize the Strep-tag but masks the biotin groups (Schmidt and Skerra, 1993).

The oriented immobilization of Strep-tag fusion proteins on microtitre plates became possible
with the development of the streptavidin mutants that exhibit enhanced affinity for the Strep-tag
(Voss and Skerra, 1997). Thus, the Strep-tag/ streptavidin interaction permits the development of
modular setups for the selective capture of recombinant antigens, followed by their quantification
with an antibody, which should be advantageous for diagnostic ELISAs in the future (Bouche et al.,
in preparation). 

The main application of the Strep-tag was so far in the purification of functionally produced
recombinant proteins. The fact that the streptavidin affinity chromatography can be performed
under gentle physiological conditions is a particular advantage of this method. The cell extract that
contains the Strep-tag fusion protein is usually prepared in a mild buffer (e. g., phosphate-buffered
saline) and applied to the column with the immobilized streptavidin (Schmidt and Skerra, 1994b). Due
to the low non-specific binding of streptavidin, host cell proteins and other components are rapidly
removed after short washing (Figure 4). Selective elution of the Strep-tag fusion protein is then
achieved with a low concentration of biotin or, for repeated use of the column, some derivatives of
it in the washing buffer. Thus, the method benefits from two steps which confer specificity. This
explains the high purification efficiency, permitting in most cases the isolation of a homogeneous
protein in a single step.  

When working with crude extracts of E. coli the biotin carboxyl carrier protein (Sutton et al.,
1977) is the only other protein that might be bound to the column, but this step is irreversible owing
to the tight interaction between its prosthetic group and streptavidin. This complex formation can
however be avoided by incubating the lysate with a small amount of egg-white avidin, which masks
both protein-bound and free biotin (the biotin content in an E. coli cell extract, which is prepared
from a culture in 1 1 LB-medium with OD550=1, is in the range of 1 nmol).

A point of practical relevance which should be considered is the choice of the elution reagent.
When purification is performed with wild-type streptavidin a solution of 2.5 or 5 mM
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Figure 3 The generic tet promoter vectors pASK-IBAl for periplasmic secretion in E.coli and pASK-IBAICA for
cytosolic expression. A schematic plasmid map of pASK-IBAl is shown (A) together with the sequence of the
corresponding expression cassette (B). The sequence of the expression cassette of pASK-IBAICA, wherein the
ompA signal sequence was replaced by an ATG start codon and one of the Ncol sites was substituted by a Sadl
site, is shown as well (C). Both plasmids are based on pASK75, which has been described before (Skerra,
1994), and carry the following elements: CoZEI origin of plasmid replication (on), f1 intergenic region for the
preparation of single-stranded DNA (f1-IG), the β-lactamase gene conferring ampicillin resistance (bla), and the
tet represser gene (tefR). Efficient initiation of translation is ensured by a tandem arrangement of ribosomal
binding sites (RBS). Singular restriction sites are shown, whereby recognition sites for endonucleases that cut
twice within the cloning region are marked bold. The secondary structure of the lipoprotein transcription

distant from their recognition sequences. They were placed such that different 5′-overhangs are generated at
each end of the cloning region (GGCC and GCGC, respectively, in the case of pASK-IBAl and AATG and
GCGC, respectively, in the case of pASK-IBAlGA; see the underlined stretch in the sequence). For cloning of a
foreign gene, compatible protruding ends can be produced for example via PCR by incorporating the
corresponding restriction sites into the primers. When the recognition sites are placed at the outward end in
respect to the cleavage sites they will be removed in the course of the restriction digest. Thus, no limitations are
imposed on the sequence of the structural gene itself. Of course, compatible ends can also be generated with
conventional endonucleases, depending on the flanking regions, or a gene can be inserted using one of the
several other restriction sites within the cloning region. 
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diaminobiotin has proven to be advantageous over the use of other biotin derivatives that bind to
streptavidin in a reversible manner, like iminobiotin or lipoic acid (Schmidt and Skerra, 1993;
1994b). Alternatively, 1 mM dimethyl-hydroxyazobenzoic acid (DMHABA, Weber et al., 1995), a
red coloured organic dye, can be used (Figure 4), which makes it possible that both the elution step
and the regeneration can be visually followed. 

In the case of the streptavidin mutants the competitive strength of diaminobiotin is not sufficient
for a quick release of the bound Strep-tag fusion protein so that desthiobiotin (2.5 mM), which has
a higher affinity for streptavidin (Green, 1975), is preferentially used (Voss and Skerra, 1997). This
behaviour reflects the tighter interaction between the peptides and the engineered versions of
streptavidin. In comparison with diaminobiotin, desthiobiotin has the additional advantage that it is
less expensive and chemically more stable so that its use adds to the safe and facile application of
the Strep-tag protein purification technique (Figure 5).

CONCLUSIONS

In summary, the engineering of the Strep-tag and the step-wise improvement of the other necessary
components has provided a method which is of general assistance in recombinant protein chemistry.
The specific adsorption/desorption events during affinity chromatography, together with the almost
ideal biochemical properties of streptavidin, have enabled the efficient purification of many
recombinant proteins from crude extracts. Neither high salt concentrations, nor extreme pH, elution
gradients, chelator compounds, or a reducing milieu are required. The gentle conditions permit even
the purification of non-covalently associated protein complexes which have the Strep-tag attached to
one of their subunits only. This was first shown for bacterially produced Fv fragments of antibodies
(Schmidt and Skerra, 1993, 1994b; Kleymann et al., 1995a,b,c; Ostermeier et al., 1995a,b; Tsiotis
et al., 1995). It was also demonstrated for the urease from Helicobacter pylorii, which is similarly
composed of two different polypeptide chains (Figure 6). Furthermore, Fv fragments fused with the
Strep-tag were successfully employed for antigen capture and purification of the entire complex
(Schmidt and Skerra, 1993). This strategy was particularly useful in the rapid isolation of solubilized
membrane proteins (Kleymann et al., 1995c; Tsiotis et al., 1995). Membrane proteins which are
directly fused with the Strep-tag can be purified as well (Loferer et al., 1997). Thus, the Strep-tag
saves time and effort even in areas where protein purification has traditionally been regarded a
laborious business. It is probably just a matter of a few years until the Strep-tag methodology will be

Table 2 tetp/o expression vectors for the bacterial production of antibody fragments which carry the Strep-tag

aOmpA and PhoA denote the bacterial signal sequences, whereas Strep and myc represent the affinity tags.
Most of the vectors have the variable domain genes of the anti-lysozyme antibody D1.3 inserted, which can be
replaced by those from another antibody via standardized restriction sites (cf. for example Schiweck and Skerra,
1995; Schiweck et al., 1997). In the case of the generic vector pASK90 just the cloning sites are present.
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Table 3 Applications for the Strep-tag
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extended to applications beyond the research laboratory, possibly even to the production of
commercially valuable proteins at an industrial scale.
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Figure 5 Schematic illustration of the purification of a Strep-tag fusion protein with one of the new streptavidin
mutants. Desthiobiotin is used for quick competitive elution of the bound recombinant protein. Regeneration
of the column can be shortened by using the commercially available dye hydroxyazobenzoic acid (HABA). At
pH 8.0 a 1 mM solution of HABA is coloured yellow. Upon binding to streptavidin the colour shifts to red,
due to the formation of the hydrazone isomer. Thus, the presence of HABA in the regeneration buffer provides
a visual indicator of the column status and HABA competes with desthiobiotin for free binding sites at the
same time so that the removal of desthiobiotin is accelerated. Finally, HABA itself is displaced in a brief
washing step and the column is ready for next use. 
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INTRODUCTION

The family of lipase enzymes (CRLs) synthesized by the imperfect fungus Candidarugosa provides
issues of interest for protein engineers because of a few unique features. First of all, C. rugosa
lipases are members of a large set of proteins closely related in both sequence and function. In an
evolutionary perspective, one can consider CRL proteins as the result of a successful process of
mutagenesis where a defined group of amino acid changes have been positively selected since they
gave rise to functional variants. The study of lipase sequences therefore may provide a good starting
point towards the design of functional mutants. On the other hand, C. rugosa belongs to a subgroup
of Candida species which, using a non-conventional decoding of one serine codon, requires the
development of novel approaches for the heterologous expression of its genes. Information arising
may therefore be of interest for researchers using non conventional expression systems.

Lipases are hydrolytic enzymes of growing potential in industrial processes, especially because of
their unique versatility in the use of substrates and in the reactions performed. They are classified as
acyl glycerol ester hydrolases (EC 3.1.1.3) their main activity being the hydrolysis of ester bonds in a
variety of insoluble lipid substrates. In low water conditions lipases are effective catalysts of
synthetic reactions. These properties make them suitable for use in both hydrolysis of fats and
triglycerides and in reactions of transesterification were fatty acid chains may be exchanged giving
rise to new combinations. Lipases are often employed for asymmetric synthesis based on prochiral
or racemic substrates since they are catalytically active in water, in mixtures of water and organic
solvents and in organic solvents. Present and potential applications of lipase-based



biotransformations have been extensively reviewed elsewhere (Vulfson, 1994; Methods in
Enzymology, Vol 286, 1998).

Most lipases have molecular masses of about 30–40 kDa, but some microbial enzymes are larger,
with Mr up to 60 kDa. Microbial lipases are single domain enzymes, whereas lipases from animals
may be more complex in structure related to their interaction with other proteins/substances/cofactors
within the source organism (van Tilbeurgh et al., 1992). Despite a somehow surprising variability in
their amino acid sequences, all known lipases have a similar molecular architecture consisting of a
central hydrophobic β-sheet packed between amphiphilic α-helices. The active site is composed of a
triad of serine, histidine and a carboxylic acid (aspartic or glutammic acid), reminiscent of those
found in serine proteases but with a different orientation (Ollis et al., 1992). To display their full
activity, most lipases require the presence of an oil-water interface, a phenomenon known as
“interfacial activation”. Accordingly, in most lipases the catalytic centre is accommodated in a
crevice or in a depression and is sheltered from the solvent by a “lid” formed by surface helices or
loops. In such cases lipase activation has been ascribed to conformational changes in the enzymes
upon their adsorption to the interface. Due to the discovery of lipases which are not subjected to
interfacial activation, or have water accessible active sites or do not show any clear correlation
between these two features, neither substrate-mediated activation nor the presence of the lid are
longer considered as appropriate criteria to define lipases, that are now generally referred to as
carboxylesterases specific for long chain substrates (Verger, 1997).

Several parameters related to the physicochemical state of the lipid substrate such as surface
pressure and “interfacial quality”, are known to affect the catalytic behavior of lipases in terms of
both activity and selectivity (Rogalska et al., 1993). This flexibility modulated by the reaction
environment, together with the already mentioned variability observed in lipase proteins, provide
researchers with a large—and to a considerable extent still unexploited—pool of candidate
biocatalysts. As a consequence, a big deal of research is being devoted to the development of lipase-
based reactions (see as a reference K.Drauz and H.Waldman, 1995). Some dozen of lipases are now
commercially available; nevertheless those employed in large-scale industrial processes and products
are still limited to a few cases, mainly due to the high price/low availability or non-optimal
operational features of the naturally available enzymes. Therefore, perspectives in the use of lipases
as industrial catalysts strongly rely on the production of recombinant enzymes with biochemical and
catalytic features improved by protein engineering methods.

FUNGAL LIPASES

The search for novel biocatalysts led in recent years to the purification and characterization of
dozens of lipases from the most diverse origin including animals, plants, bacteria and fungi. These
enzymes are namely widespread in nature were they are involved in the hydrolysis of neutral lipids
to generate metabolic energy, whereas in pathogenic bacteria lipases are primary factors of virulence
(Jaeger et al., 1994). A special attention has been paid to enzymes of easy and stable working
conditions that possibly should be also easily purified from the natural source. In this spirit, the
extracellular lipases secreted by several fungi are considered to be good candidates for use in
biotransformation. Several out of them are secreted by Ascomycetes and Zygomycetes fungi and
have been thoroughly characterized and eventually produced through recombinant DNA
technologies. Some three-dimensional structures are also available (Table 1).
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Taken as a whole, lipases produced by fungi are not related more closely to each other than to
other lipases from completely different origin and this variability concerns biochemical properties,
aminoacid sequence and catalytic specificity. Attempts to group lipases in families have been
proposed basing on both sequence or structural similarities. A structure-based classification (SCOP,
Murzin et al., 1995) divides fungal lipases into two groups, carboxylesterases enclosing the C.rugosa
(CRLs) and G.candidum (GCLs) lipases and triacylglycerol lipases enclosing the enzymes produced
by Mucorales and similar fungi. Recently, novel sequences become available in databases allowing
to implement the accuracy of this classification (Figure 1). One subfamily encloses the enzymes from
the Hemiascomycetes C. rugosa and Geotrichum candidum (GCL) both secreting lipase isoforms
which have been shown by Cygler and colleagues (1993) to belong to a family of lipases, esterases
and other related proteins distinct from the other known lipases. Recently, another lipase isolated
from the yeast Yarrowia lipolytica (YARLIP) has been proposed to belong to this group, based on a
30% identity with both CRL and GCL (F.Gonzales and A.Dominguez, manuscript in preparation).
Another two enzymes synthesized by other species of Candida can be now taken into consideration.
C. antarctica produces a lipase of 342 residues (CANAR) that has been already industrially
developed as a recombinant enzyme for detergent formulation (Uppenberg et al., 1994). Even the
pathogen C. albicans has been recently found to possess an endogenous lipase built up of 351
aminoacids (CALB). Since this enzyme has been cloned by functional complementation and never
purified from the producing strain, its cellular localization is not clear, although a stretch of
hydrophobic amino acids at its amino terminus is consistent with the presence of a signal for
secretion (Fu et al., 1997). Surprisingly, the two latter proteins are only very distantly related to
both the previous group and to each other, neither significant homology to other lipolytic enzymes
is evidenced by algorithms for sequence similarity search such as FASTA and BLAST (Pearson and
Lipman, 1988; Altschul et al., 1990). Nevertheless, local similarities relating CALB and CANAR can
be detected using the MACAW program (Schuler et al., 1991). A more detailed analysis of multiple
alignments within this family is reported in the following paragraph.  

Lipases from the budding yeast Saccharomyces cerevisiae (Hemyascomycetes) and the fission
yeast Schizosaccharomyces pombe (Archiascomycetes) share 50% identity in 362 residues overlap
and in addition display an astonishing homology (33–34%) to three mammalian lipases: a
lysosomal acid human lipase, a gastric human lipase and a gastric lipase from rat. This similarity
excludes the C-terminal part of the yeast protein that seems to build an additional domain. Short
stretches of aminoacids can be aligned with the corresponding regions of CRL and CANAR, as
reported below.

A remarkable homology in both sequence and structure relates also a fourth group of fungal
lipases composed by enzymes from Rhizopus, Rhizomucor, Humicola,Penidllium, Aspergillus with
pairwise identities up to 35–55% (Derewenda et al., 1994). To this family a further enzyme
synthesized by Fusarium heterosporum can be added, with 40% aminoacid identity to the
Penidllium and Aspergillus enzymes (Table 1).

In conclusion, despite in some cases it is possible to relate sequence homology with phylogeny, the
availability of more and more sequences obtained from direct cloning or from the genome
sequencing projects, is ruling out a simple equation between evolutionary relationships and fungal
lipase sequences. Clear examples of this are the lipases from Candida species or from S. cerevisiae,
which displays a more remarkable similarity to mammalian lipases than to most fungal enzymes.
Thus the pattern followed by lipase sequences during evolution still need to be unraveled and even
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close evolutionary relations cannot be used in the absence of other information, as an analytical
tool, for example, in designing primers for gene cloning.

A Closer Look: Sequence Analysis of CRLs and Related Lipases

The family of lipases composed by CRLs, GCLs and the Yarrowia lipase at present encloses at least
15 sequences. Available CRL sequences correspond to isoenzymes all derived from the strain
ATCC14830, whereas GCLs are produced by different strains each of them can synthesize 1 or 2
protein isoforms. Whether Yarrowia does also produce multiple lipases has been not yet
investigated. Identity is very high among homogeneous groups of isoenzymes (70–90%), about 40%

Table 1 Examples of fungal lipases characterized at the molecular and structural level

1 Devlin K. and Churcher, C.M., unpublished 2 Kawaguchi et al., 1989; Longhi et al., 1992; Lotti et al., 1993;
Grochulski et al., 1993 and 1994. 3Uppenberg et al., 1994. 4Fu et al., 1997. 5Gonzales and Dominguez, in
preparation. 6Shimada et al., 1989 and 1990; Bertolini et al., 1994; Phillips et al., 1995; Schrag et al., 1991.
7Abraham et al., 1992. 8 Yamaguchi et al., 1991. 9Tsuchiya et al., 1996. 10 Brown et al., 1996. 11 Nagao et al.,
1994. 12Derewenda et al., 1994. 13Boel et al., 1988. 14Haas et al., 1991
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Figure 1 Homology blocks in fungal lipases families. Sequences available in databases were first aligned by
CLUSTALW (Higgins et al., 1994) and divided in four classes according to sequence similarity. Stretches of
residues conserved within each subfamily were extracted by MACAW (Schuler et al., 1991) Class I: CRLs
represents the consensus sequence for five C. rugosa isoenzymes (AC: P20261; P32946; P32947; P32948;
P32942); GCLs the consensus sequence for 9 lipases from Geotrichum strains (AB000260; S41096; S41095;
S41093; S41092; S41091; S41090; P22394; P17573); YARLI is the Yarrowia lipolytica lipase (Q99156). Lines
marked with a, b and c, represent regions of homology to the S. cerevisiae lipase whose aminoacids 96–109 (a),
130–152 (b); and 194–204 (c) can be aligned with the corresponding regions of CRLs. Line d is a region of
homology between CRLs and the C. albicans lipase (residues 381–400 and 304–320, respectively). Class II
CALB=C. albicans lipase (U34807); CANAR= Cantarctica lipase B (P41365). Class III: S. cer=S. cerevisiae
lipase (P34163); S. pombe=putative lipase from Schizosaccharomyces pombe (Z98887); LIPGhum represents
the consensus of 3 mammalian lipases: human gastric lipase (P07098), rat gastric lipase (P04634) and human
lysosomal lipase (P38571). Class IV: F. het=Fusarium heterosporum (Q02351); P. cam=Penicillium
camembertii (P25234); R. oryzae=Rhizopus oryzae (P21811); R. miehei=Rhizomucar miehei lipase (P19515);
A.oryzae=Aspergillus oryzae (P78583). Boxes enclosing the catalytic serine are marked by a star. 
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between CRLs and GCLs and about 30% between the Yarrowia and the other two fungal lipases. A
detailed comparison between CRLs, GCLs and other related esterases has been reported previously
(Cygler et al., 1993). This work pointed out to a high degree of homology in the N-terminal half of
this family of proteins. In the following, we will extend sequence analysis to lipases characterized in
the subsequent years but excluding non-lipase enzyme. 

Alignment of all available CRLs and GCLs detects high identity through the whole length of the
sequences indicating a very close relationship (Figure 1). Introducing the Yarrowia lipase lowers the
overall similarity which become restricted to a highly conserved core encompassing the central to N-
terminal regions of the sequences. Taking as the reference the CRLs numbering, this region extends
from Leu6 to Arg 324. Compact blocks of conservation can be identified in the stretch 23–44 which
is also one of the few regions of homology to the Saccharomyces cerevisiae enzyme. Conservation is
lower in the correspondence of the lid regions with the exception of the pattern CxQxxP and the N-
terminal edge of this loop (60–65). A large deletion is observed in this part of the Yarrowia
sequence. A very high sequence conservation encompasses the large block extending from E95 to
S214, where the aminoacids from 114 to 142 can be aligned also with the corresponding region of
the S. cerevisiae lipase and, what can be more surprising, of the human hormone-sensitive lipase.
This latter homology among unrelated enzymes could be recently detected by a methodology based
on the alignment of 2D structure elements (Contreras et al., 1996). Attempts to locate blocks
conserved also in the other two Candida lipases failed with the notable exceptions of the aminoacids
surrounding the active serine and of the region from Ala 380 to Thr 400 which is maintained in
CRLs, GCLs, and the C. antarctica lipases but is completely missing in the Yarrowia sequence.
Interestingly the two enzymes from C. antarctica and C. albicans, which appeared to be unrelated in
the previous analysis, when scanned for local homologies reveal the presence of regions of
conservation as shown in Figure 1.

REDUNDANCY OF LIPASE PROTEINS IN C. RUGOSA

C. rugosa is a major source of a commercial lipase produced by several enzyme companies and
classified as non-specific with respect to the position of the fatty acid chain released from the
glycerol molecule. CRL has a molecular mass of ca. 60 kDa being composed of 534 amino acids and
moderately glycosylated. In recent years it was discovered that apparent inconsistencies in the
catalytic properties described in different laboratories were due to the fact that CRL contains
different lipase proteins whose composition and ratio may be different in preparations distributed
by different producers, possibly depending on the strain or the composition of the growth medium
(Chang et al., 1994). Multiple lipase isoenzymes have been proposed to differ in biochemical
properties and in some cases in substrate specificity (Rua et al., 1993; Hernaiz et al., 1995; Linko
and Wu, 1996). The production of lipase isoforms is common also to other fungi, as it is the case of
the mold G. candidum with two separate lipase genes (Shimada et al., 1989 and 1990; Bertolini et
al., 1994). Interestingly, the lipase isoforms from G. candidum ATCC34614 have 86% identical
primary structure and yet they differ as catalysts, being only isoform I specific for cis (D-9)
unsaturated fatty acyl moieties in the ester substrates (Sidebottom et al., 1991). What is exceptional
in C. rugosa is the number of the encoding genes. In fact we cloned from strain ATCC 14830, 7 lipase
sequences, five of which as whole coding sequences (Longhi et al., 1992; Lotti et al., 1993; Brocca et
al., 1995). Recently, Fu and colleagues reported about the presence in C. albicans of a family of
lipase genes, one of them was cloned and characterized in detail and others were identified by
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Southern hybridization (Fu et al., 1997). In a way the existence of very large gene families seems to
be a recurrent feature within the genus Candida. Thus seven genes encoding secreted aspartic
proteinases have been found in C. albicans (Monod etal., 1994) whereas seven and nine genes
respectively code for cytochromes P450 in C. tropicalis (Seghezzi et al., 1992) and C. maltosa
(Ohkuma et al., 1991). Whatever their origin and physiological significance, the secretion by C.
rugosa of multiple lipase enzymes is of interest for their application in biocatalysis, particularly in the
case CRL proteins should turn out to possess slightly different catalytic properties, as it has been
suggested by several authors working on subsets of CRL isoenzymes separated from the total pool
by chromatographic approaches (Rua et al., 1993; Hernaiz et al., 1996; Linko and Wu, 1996). The
uniqueness of CRL among lipases lies just in the availability of several similar but not identical
enzymes. While initially at least some members of the gene family were thought to be silent
(pseudogenes), it is now generally accepted that all lipase-encoding genes may be expressed by the
fungus. Whether all enzymes are expressed at the same levels and are therefore equally represented
in the CRL is not clear. We recently obtained indication that CRL-encoding genes are subjected to
regulation at the level of transcription depending on the composition of the culture medium and on
the physiology of culture growth (unpublished). This observation may add a further element of
interest to the study of this complex family of enzymes that apparently provide Candida cells with a
large and versatile pool of catalysts to be produced and used according to the composition of the
environment. However, the significance of lipases for Candida rugosa growth is still far to be
understood.

THE UNUSUAL GENETIC CODE IN CANDIDA: ENGINEERING CRL
TOWARDS EXPRESSION IN YEAST CELLS

The heterologous expression of cloned genes in host cells is particularly desirable in the case of
CRLs not only because of the well known advantages in making available large amounts of purified
enzyme but also because this seems to be the only feasible approach to obtain pure CRL isoforms
without making use of very sophisticated purification techniques as required to separate proteins
which are extremely similar in their features.

For this reason, extensive work was devoted to the development of appropriate expression
systems able to by-pass the hurdles posed by genes cloned from the so-called “CUG-serine
Candidas” (Table 2). In fact C. rugosa belongs to a group of Candida species, recently identified as
using the universal leucine codon CUG as the seventh triplet for serine (Kawaguchi et al., 1989;
Ohama et al., 1993). The reassignment of CUG from leucine to serine in Candida sp. is so far the only
known change concerning an aminoacid codon, whereas several instances of reassignment of stop
codons have been reported both in mithocondral and nuclear genes (Osawa, 1995). This
phenomenon may be disregarded during heterologous expression of most genes cloned from
Candida sp. and in fact a number of genes isolated from C. albicans and from C. maltosa have been
produced in a functional form in Saccharomyces as well as in other conventional expression systems
(Mauersberger etal., 1996; Kawachi et al., 1996; Kargel et al., 1996; Fu et al., 1997; Smolenski et
al., 1997). This is possible due to the very low occurrence of the unusual codon in most Candidas-
where it accounts only for 1–2% of all serine codons and is often completely neglected in highly
expressed genes (Pesole et al., 1995). The introduction of a few wrong residues in the protein
sequence may be tolerated if substitutions do not occur at positions essential for the function or
correct folding of the proteins. When this is not the case, expression is hindered to different extents.
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As an example, the expression of C. maltosa cytochrome P450 genes in S. cerevisiae resulted in the
production of active but unstable enzymes, unless CUG triplets were replaced by other serine codons
(Zimmer and Schunck, 1995).  

Candida rugosa is unique in the group of CUG-ser Candidas for its extreme bias for this codon. In
the five genes coding for lipase, CUG is the major codon for serine and it is used for about 40% of all
serine residues, in good agreement with the presence in the genome of multiple copies of seryl-
tRNACAG genes instead of the single copy found in the genomes of other CUG-Candidas (Suzuki et
al., 1994). Not only the frequency but also the positioning of serine coded by the anomalous codon
at locations of crucial importance for the structure and function of lipase proteins—as for example
their catalytic Ser209—might suggest that C. rugosa was subjected to some kind of positive selection
for the use of CUG that did not act on other species belonging to the same group (Alberghina and
Lotti, 1997). Serine is inserted at 13 conserved CUG sites in the CRL proteins and at another few
positions that differ from an isoenzyme to the other; thus it can be hardly imagined that expression
in a universal-code host would not affect lipase function. How this dramatic change in codon usage
may be tolerated and of which kind of advantage it provided C. rugosa cells, is still matter of
speculation.

Expression in Saccharomyces cerevisiae of a CRL-encoding gene was attempted relying on the site
directed mutagenesis of CTGs with universal codons for serine. In preliminary studies, the natural
LIP1 gene was expressed under the control of the strong inducible GAL1-GAL10 promoter.
Interestingly, we were not able to obtain any recombinant protein, unless the leader sequence for
secretion was replaced with a yeast signal peptide, in spite of an effective synthesis of specific mRNA
in both kind of constructs (Fusetti et al., 1996). This provided evidence about the role of the signal
sequence in the expression and stabilization of foreign proteins within the host cells. It is very likely
that this effect become dramatically evident because of an intrisinc instability of the recombinant
protein due to the many leucine residues erroneously inserted by the expression system. In fact, a
codon-optimized LIP1 gene preceded by its own signal could be expressed, although in low

Table 2 Candida species decoding CUG as serine
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amounts in Pichia pastoris cells (Brocca et al., 1997). Since the LIP1 gene contains 20 anomalous
codons, 13 of which are conserved in the five CRL genes, we tried to define a hierarchy of the
functionally and structurally most important Ser residues to be mutated. Based on the alignment
with other homologous enzymes and on the analysis of the three-dimensional structure, we selected
a first set of 8 triplets located at the most important structural positions. Replacement of the target
codons to TCC codons resulted in high level of a recombinant inactive protein accumulated within
the yeast cells, as we already observed during expression of the non-mutated gene. Defects in the
secretion as well as the results of native electrophoresis suggested a misfolding of the recombinant
peptide and revealed the existence of unpredicted constraints on the folding of this lipase (Fusetti et
al., 1996, Brocca et al., 1997).

DESIGN OF A CRL SYNTHETIC GENE

In a completely different approach, a synthetic LIP1 gene was obtained by the method of mutually
priming long overlapping oligonucleotides (Ausubel et al., 1994). Four segments of 400bps were
sythesized separately as to replace all CTGs with universal serine codons and to optimize codon
usage for expression in yeasts (Brocca et al., 1997). The importance of taking into account also the
codon bias of cells used as the host, can be better appreciated if one considers that the C. rugosa
genome has an exceptional high content in G+C (63%) and is therefore expected to prefer codons
carrying a purine at the third codon position. This strong bias may cause a shortage of the
correspondent tRNAs in the host cells, hampering therefore heterologous expression. The synthetic
gene was fused with the appropriate leader sequences for secretion and expressed in both S.
cerevisiae and Pichia pastoris cells. Though an active recombinant protein was secreted in the
culture medium by both organisms, Pichia pastoris was found to support a higher expression with
the synthetic gene cloned under the control of the strong alcohol oxidase promoter. The recombinant
protein was glycosylated, according to the presence of three potential N-glycosylation sites in the
LIP1 sequence. When compared with the commercial lipase preparation, the recombinant LIP1
showed a comparable activity towards triacylglycerides different in acyl group chain length and
various methyl esters differing in acyl group chain length (Brocca et al., 1997).

Having available a CRL-encoding gene amenable of high level expression in conventional hosts
provides us with a functional scaffold where to study the effect of amino acid changes on both the
folding and the function of lipase enzymes. In a previous study, differences among CRL isoenzymes
where identified which are localized in regions of interaction with the substrate molecules (Lotti et
al., 1994). Thus information generated from the comparative analysis of lipase isoforms provides
the basis for trying to gain some insight in the patterns of lipase evolution and for the production by
mutagenesis of functional mutants. 
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Cutinases are enzymes of 22–26 KDa which are able to hydrolyse ester bonds in the cutin polymer
(Kolattukudy, 1984). Cutinases are produced by several phytopathogenic fungi and pollen (Ettinger
et al., 1987). For many years, Cutinases have been thought to play a crucial role in the fungal
invasion of host plants: the hydrolysis of cutin, an insoluble monocarboxylic acid polyester
representing the main component of the plant cuticle, has been thought to enable the penetration of
the fungus in the plant. However, interpretations of recent data on fungal cutinase activity and
pathogenicity are contradictory, and range from cutinase having little or no influence at all on
pathogenicity, to it enhancing adhesion of fungal spores to the plant surface (Schäfer, 1993). In
addition to cutin polymer degradation, cutinases are also able to hydrolyse a large variety of
synthetic esters and show activity on short and long chains of emulsified triacylglycerols as
efficiently as pancreatic lipases (Table 1a). Contrary to lipases, the activity of which is greatly
enhanced in the presence of a lipid/water interface, cutinases do not display, or display little,
interfacial activation, being active on both soluble and emulsified triglycerides (Sarda & Desnuelle,
1958; Verger & de Haas, 1976) (Table 1b).

Cutinase from the fungus Fusarium solani is a 22 KDa enzyme which has been extensively
investigated from both biochemical (Kolattukudy, 1984; Lauwereys et al. 1991, Mannesse et al.,
1995 a,b; Mannesse, 1997; Mannesse et al., 1997) and structural standpoints. Since its 3D structure
was solved at 1.6 Å (R-factor 15.4%) (Martinez et al., 1992 & 1993), considerable efforts have
been devoted to the elucidation of the catalytic mechanism and of the involvement of specific
residues in substrate binding and catalysis, as well as to the rational design of mutants endowed
with a better catalytic performance.



During the last six years, the structures of 35 cutinase variants, including covalently inhibited
complexes (Martinez et al., 1994; Longhi et al., 1997a), as well as rationally designed point mutants
(Nicolas et al., 1996; Longhi et al., 1996), have been determined, and the resolution of native cutinase
was extended to 1.15 Å (R-factor 16.7%) (Nicolas, 1996). During all these investigations, striking
evidences on the stability of cutinase were obtained, thus making this enzyme an excellent candidate
to collect data on high energy X-ray sources. Accordingly, monochromatic (Longhi et al., 1997b;
Prangé et al., 1998) and Laue data (Bourgeois et al., 1997) were collected on different synchrotron
sources.

In this review we describe the most relevant information arising from this considerable body of
structural information.

THREE-DIMENSIONAL STRUCTURE OF NATIVE CUTINASE

The Overall Structure

Crystals of recombinant Fusarium solani native cutinase (Lauwereys et al., 1991) crystallize in space
group P21 (Abergel et al., 1990). No density could be observed for 16 amino acids at the N
terminus and two at the C terminus. Residues 1 to 15 are part of a propeptide which is not present
in the natural mature enzyme, which could explain their high extent of disorder. Cutinase is a
compact one domain molecule (45 30 30 Ǻ3) consisting of 197 residues. It has a central β-sheet
consisting of 5 parallel β-strands covered by 2 α-helices on each of the two sides of the sheet
(Figure 1a). The active site—consisting of the catalytic triad Ser120, Asp 175 and His188—is
reminiscent of that found in serine pro teases, but with an opposite handedness. Unlike RmL (Brady
et al., 1990), hpL (Winkler et al., 1990; van Tilbeurgh et al., 1992) and GcL (Schrag et al., 1991),

Table 1 (a) Specific activity of cutinase, hpL and RmL as a function of the chain length of the substrate, (b)
Specific activity of cutinase and of RmL on tributyrin below and beyond the CMC (compiled in martinez, 1992;
Verger, personal communication)

 

* Corresponding author. Architecture et Fonction des Macromolécules Biologiques, UPR 9039, CNRS, IFR1,
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the catalytic serine is not buried under an amphipathic loop but is accessible to the solvent: it is
located at one extremity of the protein ellipsoid at the bottom of a crevice delimited by the loops 80–
87 and 180–188 (Figure 1a) (Martinez et al., 1992 & 1993). These loops, which bear hydrophobic
amino acids, constitute the lipid binding site (LBS) of cutinase. The extended active site crevice is
partly covered by two thin bridges formed by the side  chains of residues Leu 81 and Val 184, and Leu
182 and Asn 84, respectively (Figure 1a). The presence of a catalytic site directly exposed to the solvent
may provide a structural explanation for the absence of interracial activation. The side chains of the
hydrophobic amino acids belonging to the LBS display B-factor values higher than the average
(Martinez et al., 1992 & 1993). This may be an indication that these side chains are mobile and could
move upon interface binding. Based on the 3D structure of the native, uncomplexed enzyme it was
postulated that the binding of cutinase to the interface would not require major main chain
rearrangements but only the re-orientation of a few lipolytic side chains that would play the role of
a mini-lid. The accessibility of the catalytic serine would provide a structural explanation for the
esterase activity on short triglycerides (tributyrin, C4) at substrate concentration below the critical
micellar concentration (CMC) (see Table 1b).

Besides the two loops delimiting the catalytic crevice, the loop 25–32, which is located far away
and opposite to the LBS (Figure 1a), was found to diplay the highest temperature factors. This
region does not participate in the crystal packing and is located in front of the largest solvent
channel. The first N-terminal residue and the last two C-terminal residues are disordered. Atoms in
the central β-sheet show the lowest temperature B-factors. A small number of residues, which are
characterized by high B-values, are all located on the surface of the molecule. Two disulfide bonds
are present in cutinase. The first, Cys31-Cys109, links the N-terminal end to a β-turn and
participates to the stabilization of the global molecular folding (Figure 1b). The second disulfide
bridge, Cys171-Cys178, can be assumed to play an important role in the stabilization of the two
consecutive β-turns on which is located the catalytic Asp175 (Figure 1b). The two disulfide bonds
adopts a right-handed hook conformation (Ridchardson, 1981).

The Tertiary Fold

Cutinase is the smallest lipase/esterase structure solved so far (Brady et al., 1990; Winkler et al.,
1990; van Tilbeurgh et al., 1992; Sussmann et al. 1991; Schrag et al., 1991; Schrag & Cygler 1993;
Grochulsky et al., 1993 & 1994b; Bourne et al., 1993; Bott, 1993; Noble et al., 1994; Uppenberg et
al., 1994; Derewenda et al., 1994a, b,c; Lang et al., 1994 & 1996; Ghosh et al., 1995; Hermoso et
al., 1996). Like all the lipolytic enzymes investigated so far, cutinase belongs to the class of serine
esterases and to the superfamily of the α/β hydrolases (Ollis et al., 1992). According to Ollis et al.
(1992), the members belonging to this protein family share the following structural features: i) their
core consists of a non-barrel α/β sheet ii) their active site is composed of a catalytic triad iii) the triad
residues, nucleophile-histidine-acid, are located on loops which are the best conserved structural
elements of the overall fold; iv) the nucleophile is invariably located at the center of an extremely
sharp turn between a β-strand and an α-helix. The sharpness of the turn results in ø and ψ angles which
lie in a very unfavourable region of the plot of Ramachandran (ε conformation). The occurrence of
an α/β hydrolase fold and of a catalytic machinery composed by a nucleophile, an acid and an
histidine, seems to be a common feature to all the esterases described so far, with the only exception
represented by Streptomycesscabiaes esterase (Wei et al., 1995).
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Cutinase, which is the smallest member of the α/β hydrolase superfamily (Table 2), is an α/β

Figure 1 (a) Ribbon representation of cutinase. α-helices (red), β-strands (blue) and coils (yellow) are shown.
The residues of the catalytic triad (Ser120, His188, Asp175), as well as the residues constituting the two thin
bridges over the catalytic crevice (Leu 81, Val 184, Leu 182 and Asn 84) are represented in balls and sticks
(atom type colouring). The loops delimiting the catalytic crevice (residues 80–88 and 180–188) as well as the
loop 25–32 are highlighted, (b) Topology representation of cutinase. Disulfide bridges are represented by
dashed lines, strands by arrows and helices by cylinders. The catalytic residues are represented by diamonds 

 

74 S.LONGHI ET AL.



protein with an hydrophobic core comprising a slightly twisted five-parallel-stranded β-sheet,
surrounded by four α-helices (Figure 1b). The catalytic serine (Ser120) is located at the top of a very
sharp γ-like turn between the strand β5 and the helix αC (Figure 1b). The sharpness of this turn,
which is a type II′ turn, results in the energetically unfavourable ε conformation of Ser 120 (ø=59°,
ψ=−122°) typical of the nucleophilic residue of all the members of the a/β hydrolase fold (Ollis et al.,
1992).  

Secondary Structure

The topology of the molecule is shown schematically in Figure 1b. The secondary structure elements
based on the definition of Kabsch & Sander (1983) have been numbered to emphasize the similarity
in the secondary structures of the α/β hydrolase fold family. The five β-strands of the central β-sheet
represent 15% of the total residues. 23 out of the 25 residues of the β-sheet, are hydrophobic and
contribute to mantain a central water-excluded environment in the core of the protein. 6 out of the
12 residues located on the concave side of the β-sheet are aromatic or long side chain amino acids.
On the convex side, there are 13 residues with shorter side chains. In the central β-sheet, the
hydrogen bond pattern typical of parallel strands is observed, all the 17 hydrogen bonds occur
between backbone atoms and fall within the expected range (Baker & Hubbart, 1984). There is no
internal β-turn in the cutinase model.

The four crossover connections between the parallel strands are either of the common right-
handed β/α/β or β/loop/β type (Richardson, 1981). In the proximity of the active site region, 57
residues form five α/β loops. The loop connecting the strand β-7 and the helix α F (residues 171–190)
contains the catalytic Asp 175 and His 188 residues. On the opposite side of the active site, 31
residues form four α/β loops.

The four helices of the α/β core represent 31 % of the total residues. Their length ranges from 11
to 21 residues. The four helices have the same orientation and are located on the surface of the
molecule on each side of the central β-sheet. Helices α A and α F pack against the concave side of the
β-sheet. They are parallel to strand β-3 and β-7, respectively. Helices α B and α C pack against the
convex side of the β-sheet. The packing of the four α-helices against the β-sheet is mediated by a
network of hydrophobic interactions involving 14 aromatic residues. No hydrogen bonds between
either the β-sheet and the α-helices or two α-helices are observed.

Helices α A (11 residues), α B (17 residues), and α C (12 residues) are classical right-handed 3.
613α-helices. The 3.613 helix α F (21 residues) presents a pronounced kink with a distorted α-helix
hydrogen bond pattern, caused by the occurence of an additional residue. As a result, this helix
accepts three proline residues. Prol93 is in the turn preceeding the N-terminal part of the kink, while
Pro 198 and Pro200 are distributed in the two first turns following the C-terminal of the kink. As a
result, the α-helix hydrogen bond pattern is not classical, with the Asp194 backbone oxygen atom
of the kink being hydrogen bonded with the (n+5)th residue amide group. The four residues (194–
197) of the kink resemble to a type III turn except for the turn hydrogen bond. As Asp 194 O is
involved in the α-helix hydrogen bonding, its hydrogen bond with Gly197 NH is in an unvafourable
conformation and very weak (3.42 Å). The backbone oxygens of Ala195 and Arg196 do not
participate in the α-helix hydrogen bonding pattern. 

Among the three one-turn helices external to the α/β core, the helices α A (4 residues) and α C (6
residues) are 3.613 or-helices, while the helix α B (5 residues) is the only 310 helix of the molecule.
The helix α A, located on the surface of the molecule, belongs to the N-terminal loop preceeding the
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Table 2 Structures of the α/β hydrolase fold family members

Are reported all the uncomplexed forms of the α/β hydrolase fold members and one of their complexed forms.
*, $: atomic co-ordinates used in the structural comparison of the open and closed forms, respectively, n.d.:
atomic co-ordinates are not deposited with the Brookhaven Protein Data Bank.
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first strand (β-3) of the central β-sheet. The helix α B connects the strand β-4 and the helix α B. The
helix α C, located in the loop region opposite side to the active site, connects the helix α C and the
strand β-7.

Hydrogen Bonds and Salt Bridges

In Table 3 are listed the side chain to side chain hydrogen bonds and salt-bridge interactions
between polar and charged residues. All these interactions are found on the surface of the protein,
except the hydrogen bond cluster of the active cavity. The 7 salt bridges form three clusters of ionic
interactions, namely Arg20 with Glu60, Arg78 with Asp83, and Arg88 with Asp132 and Glu131.
Contrary to the RmL (Brady et al., 1990) and hpL (Winkler et al., 1990; van Tilbeurgh et al.,
1992), cutinase has no internal charged residues. There are 183 main chain to main chain hydrogen

Table 3 Ionic interactions and side chain to side chain hydrogen bonds in cutinase

The upper and lower part of the table list the salt-bridges and the side chain hydrogen bonds, respectively. *
indicates active site residues, including the three catalytic residues and the residues involved in the stabilization
of the substrate oxyanion.
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bonds. None of the 253 solvent molecules present in the 1.15 A model establish contact with the
central β-sheet. Most of them are located on the protein surface near α-helices. The active site cavity
contains two water molecules. There are five internal water molecules stabilized by hydrogen bonds
with carboxyl and amide main chain groups of hydrophobic residues.

The Catalytic Triad

The active site of cutinase is formed by the catalytic triad (Ser 120, Asp 175 and His 188), which is
reminiscent of that found in serine proteases. However, in the α/β hydrolase fold enzymes, the twist
of the β-sheet imposes a handedness on the catalytic triad which is approximately a mirror-image of
that observed in the serine proteases (Ollis et al., 1992). The amino acid sequence encompassing Ser
120 (Gly-Tyr-Ser-Gln-Gly) matches the consensus sequence Gly-His(Tyr)-Ser-X-Gly commonly
present in lipase sequences. The catalytic residues are in the same sequence order observed in all the
members of the α/β hydrolase fold family (Ollis et al., 1992). These residues are located in turns
(Figure 1b) that project their side chain away from the polypeptide backbone into accessible
positions. Cutinase Ser 120 is located in a tight turn, classified as type II′, between the C-terminal
end of the strand β-5 and the helix α C. The sharpness of the turn forces the side chain od Ser 120 to
point into the active site cavity. Asp 175 and His 188 are very close in sequence and are located on
the same loop between the strand β-7 and the helix α F. His 188 is located at position 4 of a type I β-
turn. As usually observed in this type of reverse turns, the residue preceeding the histidine is a proline.
Asp 175 is located at position 1 of a type I turn. The carboxylate of Asp 175 is stabilized by means
of two hydrogen bonds to the backbone nitrogens of the residues Cys 178 and Val 177. All
hydrogen bonds identified in the active site are characteristic of the serine proteases: Ser 12 Oγ is
bonded to His 188 Nε2 (2.76 Ǻ) while Nδl of the imidazole ring is hydrogen bonded to Asp 175
Oδ2 (3.14 Ǻ) and Oδl (2.86 Ǻ).

STRUCTURAL COMPARISON BETWEEN CUTINASE AND THE OTHER α/β
HYDROLASE FOLD MEMBERS

Even if the members of the α/β hydrolases fold family vary widely in their sizes, amino acid
sequences, substrates and physical properties, they present an appreciable structural similarity. As
already mentioned, among the common features defining the α/β hydrolase fold, the key points are
the central β-sheet, the presence of a catalytic triad and the location of the nucleophile active site
residue in a β-hairpin. Despite these common features, the α/β hydrolase fold members present
significant differences.The differences include variations of i) the number of strands in the central β-
sheet, ii) the nucleophilic and acidic residue type of the catalytic triad, and iii) the number of
external central core motifs.

Figure 2 shows the topology of the 21 α/β hydrolase fold structures known so far (Nicolas, 1996).
The secondary structure labels have been chosen to emphasize the similarity in the secondary
structures of the different members of the α/β hydrolase fold family. The structural elements of the
central core have been used to define eleven topological groups. The groups are classified based on
the number of α/β hydrolase motifs; the group I is the smallest member of the family with five
strands and four helices while the group XI is the largest one with eleven strands and six helices.
Five groups (VII to XI) contain the central eight stranded motif defined by Ollis et al. (1992). H1L,
PcL, RdL, and RmL which belong to a same enzymatic family are distributed into the topological
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Figure 2 The eleven topologic groups of the α/β hydrolase fold proteins. The percentages of the residues
belonging to the consensus α/β hydrolase fold (out of the total residues) are shown in brackets. The α6/β6
consensus motif is contoured. Consensus and extra loops are shown in thin and in thick, respectively. Extra β-
strands or α-helices are represented as two small circles. Catalytic residues are represented by empty diamonds,
except for the acidic member of groups IX and XI which are represented by a solid diamond. The second
oxyanion group (main chain) is represented by an empty diamond. A solid diamond is added when the residue
serves also as the third component of the oxyanion hole (side chain) 
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groups II and IV. The consensus topology (Richardson, 1981) of the central β-sheet is: −1x, +2x,
+1x, +1x, +1x. The groups V, VI, VII, VIII, IX,and XI show a complete agreement with this
consensus topology, while the groups I, II, III, IV, and V present small differences in the external
part of the central core. The best representant of the consensus α/β hydrolase fold topology is the
group VII which does not present extra motifs. Ollis et al. (1992) have defined it as the prototypic
fold of the α/β hydrolase fold family. Cutinase matches the consensus fold even if it has the smallest
number of secondary elements of the family; the missing elements, with respect to the consensus
fold, are the strand β-8, and the helices α D and α E. The helix α D is replaced by two β-turns and the
motif from the helix α E to the strand β-8 is replaced by a disulfide bond. Consequently, the strand
β-6 is directly connected to the strand β-7 which is in its turn directly connected to the helix α F.

The strands β-3, β-4, β-5, β-6, and β-7, and the helices α B and α C are always presents and the
motif from strand β-5 to helix α C is the only one which is conserved among all the groups. The
superimposition of the β-sheets of all the α/β hydrolase fold members is shown in Figure 3a.

The six loops of the consensus topology play an important role in enzymatic activity. The loops
L5C, L7E, and L8F contains the nucleophilic, acidic, and histidine residues, respectively. The loops
L4B and L6D are involved in the binding of the substrate. The loop L3A contains the second
oxyanion hole group. The first oxyanion group is provided by the amide of the residue following the
nucleophile. In all the α/β hydrolase fold groups the nucleophilic and histidine residues occur always
at the same topological location, whereas location of acidic residue accepts one exception (hpL) as
compared to the consensus fold.

The β-5—L5C—α C motif, called the nucleophile elbow, is highly conserved in the family
(Figure 3b). The position 2 in the loop L5C is invariably occupied by the nucleophile with its typical
ε conformation (Derewenda & Derewenda, 1991). In all α/β hydrolase fold proteins, the
nucleophilic residue is a serine except in the case of HAL and of dienelactone hydrolase in which it
is replaced by an aspartic and a cysteine, respectively.

The acidic residue is located in the loop L7E, except for the the group IX in which it has a
different topological origin, being located in the loop L6D. In all groups, the acidic residue is an
aspartic, with the only exception being provided by the group XI in which it is replaced by a
glutamic. The best conserved catalytic residue is the histidine which is conserved in all the members
and which is invariably located in the loop L8F.

Cutinase is presently the smallest α/β hydrolase member, with only five strands in the central β-
sheet surrounded by four helices. The “minimal topology” of cutinase suggests that the essential
structural requirements for enzymatic activity are provided by six loops located on the active side of
the molecule, two of which serve for the binding of the substrate, one for the stabilization of the
tetraedral intermediate and three for the catalytic activity. 

THE COVALENTLY INHIBITED COMPLEXES AND THE OXYANIONE
HOLE

Based on the comparison between the native and the complexed structures of RmL (Brozozowski et
al., 1991, Derewenda et al., 1992) and of hpL (van Tilbeurgh et al., 1993; Egloff et al., 1995), it has
been suggested that interfacial activation, can be explained by an essential structural rearrangement
when lipases bind to a lipid-water interface (see also Smith et al., 1992; Lawson et al., 1992;
Cambillau & van Tilbeurgh, 1993; Cambillau et al., 1996). In solution, the active site of lipases was
shown to be covered by an amphypatic “lid”. The opening of this lid upon interaction with an

80 S.LONGHI ET AL.



hydrophobic interface, renders the catalytic site accessible to the substrate and increases the rate of
hydrolysis. The conformational change in the lid is thought to be closely related to the interfacial
activation phenomenon. The rearrangement of the lid results in a large increase in the lipolytic
surface, stabilized by interactions with the interface. The exposure to solvent of these wide
hydrophobic surfaces would probably be thermodynamically unfavourable in the absence of a lipid-
water interface. Open forms in the absence of a bound inhibitor could be obtained in the case of
Pseudomonas cepacia lipase (Kim et al., 1997; Schrag et al., 1997) and CrL (Grochulski et al,
1993), however, owing to the rather high hydrophobic nature of the solutions used in crystallization.

Figure 3 Superimposition (Cα tracing) of (a) the β-sheet and of (b) the nucleophile elbow of all the α/β
hydrolase fold members
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In some lipases, a second consequence of the movement of the lid is the formation of the oxyanion
hole (Brozozowski et al., 1991; Derewenda et al., 1992; van Tilbeurgh et al., 1993; Egloff et al.,
1995). As in serine proteases (Kraut et al., 1977), the lipase oxyanion hole provides an electrophilic
environment that stabilizes the negative charge generated during the nucleophilic attack on the
sissile bond of the substrate. The tetrahedral intermediate is hydrogen bonded to two main chain
nitrogens and possibly stabilized by further determinants. The role played by the amide nitrogen of
the active site serine in the serine proteases is played by the amide nitrogen of the residue following
the nucleophile in the α/β hydrolase superfamily. The relative position of the oxyanion hole residues
is highly conserved in the α/β hydrolase superfamily (Figure 2): whereas the histidine and the acidic
member of the catalytic triad are located on one side of the nucleophile (ser), the residues forming
the oxyanion hole lie on the other side.

Phosphorylating agents, which block the serine protease reaction at the acylation step via the
formation of a tetrahedral intermediate (Kraut, 1977), provide a powerful tool to study one of the
activated states of lipases/esterases and to characterise their oxyanion hole. Covalent complexes with
organophosphate and organophosphonate inhibitors of four lipases (Brzozowski et al., 1991;
Derewenda et al., 1992; Grochulski et al., 1994a; Cygler et al., 1994; Egloff et al., 1995; Uppenberg
et al., 1995) and of cutinase (Martinez et al., 1994, Longhi et al., 1997a) were obtained and their
structures were solved. These structures allowed to identify precisely the residues of the oxyanion
binding site and in addition they suggested a relation between the position of the lid and interfacial
activation. In most cases, the optimal oxyanion hole geometry is achieved only upon the
conformational change which takes place after adsorption to the interface.

The cut-E600 Complex

The comparison between the structures of native enzyme and of a covalently inhibited complex with
n diethyl-p-nitrophenyl phosphate (E600) (1.9 Ǻ) (Martinez et al., 1994) revealed that cutinase has
a preformed oxyanion hole. The overall structure of the cut-E600 complex (crystallizing in a
different space group) is very similar to that of the native enzyme (Figure 4a). The only significant
differences concern the loop 25–32 which is located opposite to the active site (Figure 4a) and which
displays the highest B-factor values even in the native structure (Martinez et al., 1992 & 1993;
Nicolas, 1996; Longhi et al., 1996 & 1997a,b). The Ramachandran plots of native and complexed
cutinase are almost identical indicating that no conformational changes occur upon inhibitor
binding, contrary to what has been observed in the case of RmL (Brzozowski et al., 1991;
Derewenda et al., 1992) and hpL (van Tilbeurgh et al., 1993; Egloff et al., 1995). The E600
accomodation in the  active site crevice takes place with only minor changes in the backbone and
side chain positions of the loops 80–88 and 180–188 delimiting the active site crevice. The active
site contains a water molecule which is bound with three main chain nitrogens (Leu 176 N, Ala 185
N and Ile 183 N) and to the catalytic Asp 175 Oδl atom, thus maintainig this residue in the proper
orientation. The structure of the catalytic triad is basically the same in the native and inhibited
enzyme, except for a water molecule, located in front of Ser 120 in the native structure, which has
been replaced by the inhibitor (Figure 4b). After the central β-sheets of RmL, hpL, and native and
complexed cutinase were superimposed, the catalytic triads of these three enzymes have been found
to almost overlap, expecially the atoms involved in the catalytic process (Ser 120 Oγ, His 188 Nε2,
Asp 175 Oδ1). The analysis of the environment of the phosphate oxygen in the cut-E600 structure
allows to identify the oxyanion hole. The main chain nitrogens of Ser 42 and Gln 121, the residue
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following the catalytic serine, are within hydrogen bonding distance of the E600 O3 atom

Figure 4(a) Stereoview of the Cα tracing of cut-E600 (thick) superimposed on that of native cutinase (thin). The
catalytic triad and the inhibitor are shown in balls and sticks. The loop 25–32 is highlighted, (b) Stereoview of
the catalytic triad of cut-E600 (thick) superimposed on that of native cutinae (thin). The inhibitor, as well as
the triad bound water molecule are shown 
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Figure 5(a)  Stereoview of the oxyanion hole of cut-E600 (thick) superimposed on that of native cutinase (thin).
The E600 inhibitor as well as the hydrogen bonds involved in the oxyanion hole stabilization are shown, (b, c,
d). Stereoview of the oxyanion hole of the inhibited RmL (b) (thick), that of the inhibited hpL (c) (thick) and that
of the CaBL (d) (thick) superimposed on that of cut-E600 (thin). The residues involved in the oxyanion hole
formation are shown 
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(Figure 5a). The Ser 42 Oγatom is located at 2.68 Ǻ. The position of the Ser 42 side chain is further
stabilized by hydrogen bonds with Asn 84 Nδ2 and Gln 121 Nε2 (Figure 5a). In the case of RmL
(Brzozowski et al., 1991; Derewenda et al., 1992) the two main chain nitrogen stabilizing the
oxyanion come from the residues Leu 145 and Ser 82 (Figure 5b). The Ser 82 Oγ, which the
equivalent of Ser 42 Oγ of cutinase, may also be hydrogen bonded to the phosphate oxygen and
may therefore contribute to the oxyanion stabilization. The Ser 82 Oγ atom is stabilized by only one
interaction with Asp 81 (Figure 5b). The role of the RmL Ser 82 Oγ in the stabilization of the
oxyanion hole is further supported by the results obtained with mutants RdL Thr 83 (Joerger &
Haas, 1994) and mutants PcL Ser 84 (Yamaguchi et al., 1992) since these residues are homologous
to RmL Ser 82 (Derewenda et al., 1994a). Winkler et al. (1990) hypothesized that the oxyanion hole
in hpL may be formed by the main chain nitrogens of Phe 77 and Leu 153 (the residue following the
catalytic Ser 152). This was confirmed by the analysis of ternary lipase-colipase-phospholipid
complex (van Tilbeurgh et al., 1993). In this case however, the first member of the oxyanion hole
would fail to provide an additional stabilization by means of its side chain (Figure 5c). The position
of the cutinase Ser 42 side chain is also conserved in CaBL with Thr 40 Oγ1 (see Figure 5d)
(Uppenberg et al., 1995).

The atoms involved in the oxyanion hole of cutinase do not undergo conformational changes
upon inhibitor binding (see Figure 5a), contrary to what has been observed in the case of RmL
(Brzozowski et al., 1991; Derewenda et al., 1992) and of hpL (van Tilbeurgh et al., 1993; Egloff et
al., 1995), thus indicating that in cutinase a preformed oxyanion hole is present.

The Oxyanion Hole Mutants

Based on the structure of the cut-E600 complex (Martinez et al., 1994), it has been suggested that
the cutinase oxyanion hole may consist not only of two main chain nitrogen atoms (Ser 42 N and
Gln 121N) but also of the Ser 42 Oγ side chain. Moreover, Asn 84 Nδ2 and Gln 121 Nε2 maintain
Ser 42 Oγ in the proper orientation for the hydrogen bonding of the oxyanion to occur. Point
mutants that selectively disrupt each of these interactions were designed in order to assess the
potential function of the Ser42 side chain as part of the cutinase oxyanion hole (Nicolas et al.,
1996). To evaluate the extent of the tetrahedral intermediate stabilization provided by Ser 42 Oγ,
Ser 42 has been mutated into alanine. Since the proper orientation of Ser 42 Oγ is directed by Asn
84, the mutants Asn 84 to Ala, Leu, Asp and Trp, respectively, were produced to investigate the
importance of this indirect interaction in the stabilization of the oxyanion hole. Biochemical
modifications of cutinase mutants have been evaluated with regard to their ability to hydrolyze para-
nitrophenyl-butyrate (pnp-butyrate) in solution, since cutinase is able to hydrolyze this soluble
substrate (Table 4). Any secondary effects originating from interfacial activation can therefore be
dissociated from the primary effects on the integrity of the oxyanion hole.  

The S42A mutation resulted in a drastic decrease in the activity (450 fold, see Table 4) without
significantly perturbing the three dimensional structure and the active site geometry (Figure 6a).
Mutations N84W, N84L and N84A disrupt the hydrogen bond stabilization of Asn84 Nδ2 with Ser
42 Oγ and modify the steric environment in the active site pocket. The activity is reduced to 0.11%
in the Trp mutant and remains at 3% and 26.5% with Leu and Ala mutants, respectively (see
Table 4). As the result of these three mutations with non polar residues, the catalytic triad and the
oxyanion hole geometry remain unchanged (Figure 6b,c,d). The introduction of a net negative
charge into the oxyanion hole pocket resulting from the N84D mutation modifies the hydrogen
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bonding network in the catalytic triad and the oxyanion hole (Figure 6e) and the activity is reduced
to 0.13% (see Table 4). Although Asn84 appears to play a significant role in the electrostatic
stabilization of the active site pocket, it does not seem to be absolutely essential, since mutants
Asn84Leu and Asn84Ala retain some esterase activity. Our kinetic experiments and structural
analysis of these cutinase mutants provide new evidence supporting the idea that Ser42 Oγ is an
extra component of the cutinase oxyanion hole, acting in combination with the two main chain
nitrogen atoms of residues Ser 42 and Gln 121. However, the reason (s) why cutinase and some
lipases need three hydrogen bonds to stabilize the oxyanion, and subtilisin and other lipases need only
two (Table 5), still remains to be elucidated.

The cut-TC4 Complex

Although studies based on the use of small organophosphate and organophosphonate inhibitors
have widely contributed to the elucidation of the catalytic mechanism of lipases, these compounds
bear little resemblance to a natural triglyceride substrate. 

In this context, the resolution of RmL (Brzozowski et al., 1991; Derewenda et al., 1992)
complexed to a C6-phosphonate (n-hexyl o-ethyl chloro phosphonate, EECP), of CrL complexed
with long alkyl sulfonyl chains (Grochulski et al., 1994a) and of a human pancreatic lipase-colipase
complex covalently inhibited by a long (C11) alkyl chain phosphonate (Egloff et al., 1995) represent
important attempts to mimic more closely and more realistically tetrahedral intermediates.

Taking into account the marked preference of cutinase for short chain (C4) triglycerides (Verger,
personal communication; Mannesse et al., 1995a), a four carbon phosphonate inhibitor (TC4) that
mimics l-2-trihexanoyl-3-pentanoyl glycerol (Mannesse et al., 1995b) has been selected for co-
crystallization experiments. The structure of cutinase covalently inhibited by (R)-l,2-dibutyl-
carbamoylglycero-3-O-p-nitrophenylbutyl-phosphonate (TC4) provides the first reported case of a
complex with a triglyceride analogue (Longhi et al., 1997a). Besides the obvious difference
concerning the presence of a phosphorous atom as target of the nucleophilic attack, this inhibitor
differs from a triglyceride in that the ester bonds have been replaced by the non-hydrolysable
carbamates.  

The cut-TC4 complex crystallises in space group P21, with two protein molecules (Mol A and Mol
B) in the asymmetric unit. The overall structure of both molecules of the cut-TC4 complex is very
similar to that of the native enzyme (Figure 7a). As in the case of the cut-E600 complex (Martinez et
al., 1994), the central β-sheet is the best conserved part and the most important Cα deviations occur
in the C-terminus and in the loop 25–32 opposite to the substrate binding site (Figure 7a). As

Table 4 Steady state kinetic parameters of native and mutants cutinase during the hydrolysis of pnp-butyrate
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already observed with the cut-E600 complex (Martinez et al., 1994), only minor differences could
be observed between the lipid binding sites of both molecules and that of the native cutinase. The
absence of large conformational changes in the substrate binding region upon binding to a non-
hydrolysable analogue, represents to date a feature unique to cutinase (Martinez et al., 1994;
Longhi et al., 1997a), contrary to the large movements that have been reported for covalently
inhibited  complexes of other lipases (Brzozowski et al., 1991; Derewenda et al., 1992; van
Tilbeurgh et al., 1993; Grochulski et al., 1994a; Cygler et al., 1994; Egloff et al., 1995; Hermoso et
al., 1996).

The two protein molecules of the asymmetric unit are oriented head-to-head, with their substrate
binding sites facing and interacting each other (Figure 7b). This structural arrangement allows the

Figure 6 Stereoview of the oxyanion hole of E600 inhibited cutinase (thin) superimposed on that (thick) of
S42A (a), and those of mutants N84A (b), N84L (c), N84W (d), and N84D (e)
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large hydrophobic surface, formed by the substrate binding region itself and by the inhibitor
molecule, to be shielded from the solvent. The burying of hydrophobic surfaces in the crystal lattice
by means of dimerization has been also observed in other lipase/esterase complexes (van Tilbeurgh et
al., 1993; Ghosh et al., 1995) as well as in an open form of CrL (Grochulski et al., 1993).

Only the SP enantiomer of the inhibitor could be fitted into the electron density map of both sites.
This observation suggests that only one enantiomer at phosphorous of the TC4 inhibitor had
reacted, in agreement with the kinetic data showing that one of the stereoisomers at phosphorous
reacts 60-fold faster than the other one. In both molecules, the overall shape of the inhibitor is that
of a fork: the two dibutyl-carbamoyl chains point toward the surface of the protein (Figure 7c),
while the butyl chain, linked to the phosphorus atom, is roughly perpendicular to the two dibutyl-
carbamoyl chains. The butyl chain is embedded in a buried position at the bottom of the active site
crevice, while the dibutyl-carbamoyl chains occupy a more exposed position (Figure 7c). The whole
inhibibitor molecule is almost entirely embedded in the active site crevice, with only the C10, C11,
C16 and C17 atoms protruding from the surface of the protein (Figure 7c).

The presence of a rather small pocket which accomodates the butyl chain, provides a structural
explanation for the preference of cutinase for substrates with short acyl chains in the sn-3 position

Table 5 Examples of oxyanion stabilization components
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Figure 7(a) Stereo view of the super-imposition of the Cα tracing of Mol B (yellow) on the native structure
(cyan). The TC4 B molecule is also shown (atom type colouring), (b) Secondary structure ribbon representation
of the cut-TC4 complex, showing the two molecules in the asymmetric unit (Mol A and Mol B). The two
inhibitor molecules are shown in CPK. (c) The lipid binding site region of Mol B. The solvent accessible surface
(blue), the inhibitor (cpk), the loops 80–87 and 180–188 surrounding the catalytic crevice (yellow), the central
β-sheet (blue) and the α-helices (red) are shown, (d) Stereo view of the catalytic triad of Mol B (atom type
colouring) superimposed on that of the native enzyme (blue). The TC4 B (atom type colouring) and the E600
(magenta) inhibitors are displayed. The triad bound water molecule of the TC4 inhibited cutinase (red) and of
the native enzyme (blue), together with the hydrogen bond network are also shown, (e) Stereo view of the
oxyanion hole of Mol B (atom type colouring) superimposed on that of the native enzyme (blue). The TC4
inhibitor (atom type colouring) as well as the hydrogen bonds involved in the oxyanion hole stabilization are
also shown 
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(Mannesse et al., 1995a). The limited number of atoms which can be embedded in this pocket
would be responsible for the drop in the activity when using longer ester chain substrates.
Conversely, no structural explanation can be found for the different chain-length selectivity of
cutinase for position sn-l and sn-2 (Mannesse et al., 1995a). The drop in the activity observed when
increasing the sn-l chain length would suggest the existence in the structure of a site specific for the
sn-l chain and able to accomodate only short acyl chain substrates. Actually, both the dibutyl-
carbamoyl chains point away from the catalytic crevice and no such a site is found. It should be
noticed however, that the actual inhibitor conformation may be the result of the packing constraints:
the crystal lattice contacts may stabilise the inhibitor in an extended conformation which might be
unfavourable in solution. On the other hand, the intermolecular contacts between the inhibitor and
the hydrophobic region from the facing molecule in the crystal lattice (see Figure 7b), mimic the
interactions of a natural substrate with the lipidic matrix. Accordingly, the observed conformation
might indeed occur in physiological conditions, with the C11 and C17 atoms of the inhibitor
contacting the interface. This model, although possibly able to explain a general preference for short
chain fatty acid esters, fails to account for the drop in the cutinase activity observed when increasing
the length of the only sn-l chain.

The total contact surface between the inhibitor and the protein is about 300 Ǻ2 in both molecules
of the asymmetric unit. Most of the contribution is provided by the hydrophobic residues Val 184
and Leu 189 of the lipid binding site, followed by Thr 43, Ser 42 and Leu 81. Further residues in
contact are Asn 84, Tyr 119, and most of the residues of the loop 180–188. In both molecules of the
asymmetric unit, there are very few contacts between the residues of the substrate binding site and
the region of the inhibitor mimicking the diacyl-glycerol moiety of a natural substrate. As already
discussed, this lack of interactions may be related to the crystal lattice constraints which select an
extended conformation of the inhibitor. As a result, the inhibitor points away from the active site
cleft and establishes contacts with the facing hydrophobic surface. This interaction might
nevertheless be reminiscent of the physiological interaction with the lipidic interface.

The structure of the catalytic triad (Figure 7d) and of the oxyanione hole (Figure 7e) of the cut-
TC4 complex is basically unchanged with respect to that of the native enzyme. As in the case of the
cut-E600 complex (Martinez et al., 1994) a water molecule located close to Ser 120 in the native
enzyme, is replaced by the inhibitor. The active site water molecule which favours the proper
position of the Oδ2 atom of Asp 175 in the catalytic network, is conserved in spatially equivalent
positions in the native and in both TC4 inhibited molecules (Figure 7d). In both molecules of the
asymmetric unit, the His 188 Nε2 atom is located 3.3 Ǻ away from the O2 atom of the inhibitor,
that is the proper spatial position which would allow the release of the alcohol and the formation of
the acyl-enzyme for a natural substrate (Figure 7d). The super-imposition of the cut-TC4 (Mol B)
structure onto that of the cut-E600 complex shows that the overall position of the two inhibitors in
the active site is the same (Figure 7d), thus suggesting the existence of a well-determined and
favoured mode of interaction and accomodation in the active site.

The crystal structure of the cut-TC4 complex, although hardly explaining the different sn-1 and
sn-2 chain length stereoselectivity of cutinase, provides a possible structural interpretation for its
preference for short chain fatty acid esters. While cutinase activity on tributyrin is 40% of that of
human pancreatic or RmL, on long chain triglycerides (triolein) the activity drops to 15% of the
activities observed for these two lipases (Table 1a) (Kolattukudy, 1984; Lauwereys et al., 1991). The
TC4 inhibitor is almost completely embedded in the active site crevice, as would be also a tributyrin
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molecule. Conversely, the human pancreatic lipase, which has a high activity on triolein, can
accomodate a C11 mono-alkyl phosphonate inhibitor (Egloff et al., 1995).

Cutinase activity on soluble tributyrin (below the CMC) is accounted for by the accessibility of its
active site and by the deep embedding of the substrate in the hydrophobic catalytic crevice. This
embedding reduces the unfavourable interactions between the acyl chains of the substrate and the
surrounding bulk water. At concentrations exceeding the CMC, the binding of the substrate at the
lipid/water interface and its burying in the active site cleft would result in an almost complete
removal of the tributyrin from the lipidic phase. Conversely, a triolein molecule, which would
protrude from the cutinase active site crevice, would still continue interacting with the lipidic phase.
Which situation is the most favourable? Cutinase has a lower penetrating power than pancreatic
lipase or RmL in lipidic phases, as evaluated by monolayer studies (Rogalska et al., 1995). We can
assume that its ability to extract, even partially, long triglycerides from the lipidic phase is therefore
reduced, thus leading to a lower activity. This would not be the case with true lipases which have
deep and broad active sites formed upon interaction with the lipid/ water interface. It is therefore
tempting to establish a correlation between the selectivity of lipases for triglycerides of certain length
and the depth of their active site. 

DYNAMICS OF CUTINASE AND PACKING FORCES

During the past few years, an increasing interest has been payed to protein dynamics as the result of
the elucidation of its crucial role in protein function and enzyme catalysis. X-ray 3D structure
determinations give an accurate but rather static description of crystalline proteins. Motion is deeply
implicated in biological function, and the crystal structure of a protein constitutes only an average
conformation. In addition, when comparing proteins in solution and in a crystalline environment,
significant local differences have been found to occur, which suggests that packing forces may affect
the dynamics of proteins. Crystal packing provides a stabilising environment which prevents the
protein from undergoing substantial conformational changes. The X-ray resolution of various crystal
forms folded in different ways makes it possible to describe protein motion by combining several static
pictures (Vonrhein et al., 1995). Large conformational changes have been described in this way in
several protein families, such as the hexokinase (Bennett & Steitz, 1980), the T4 lysozyme (Dixon et
al., 1992; Zhang et al., 1995), the transferrins (Anderson et al., 1990) and the lipases (Brzozowski
et al. 1991; Derewenda et al., 1992; van Tilbeurgh et al., 1993; Egloff et al., 1995; Grochulski et
al., 1994a,b).

Although in the case of cutinase it has been demonstrated that the binding of a non sissile
substrate analogue does not induce any significant structural rearrangements (Martinez et al., 1994;
Longhi et al., 1997a), minor motions can nevertheless be expected to occur in the substrate-binding
region during the interaction with the substrate. No evidence in this regard can be provided by the
analysis of the native and complexed forms, which constitute only the starting and final points of
the interaction. The availability of several cutinase variant structures in different crystal forms
(Table 6) makes cutinase an ideal system for studying protein dynamics by means of a structural
comparison among several closely related proteins in different crystal-packing environments.
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Structural Comparison Among Different Crystal Forms of its Variants

A comparative structural analysis among several cutinase variants crystallising into 8 different
crystal forms, has been carried out (Longhi et al., 1996). Cutinase variants crystallise either in the
wild-type form (type I, which is the most represented one with 26 variants) or in a form that is
characteristic of the particular variant (see Table 6). Accordingly, two separate structural
comparative analyses have been carried out, which included either the type I variants (isomorphous
analysis), or one variant for each crystal form (heteromorphous analysis). For each set, the RMSD
of the Cα distances (Cα RMSD) from the average structure was computed for each Cα position. The
residue-by-residue plots of the Cα fluctuations are shown in Figure 8a,b. In both sets, the possibility
that the observed Cα fluctuations might be related either to differences in the quality of the model, or
to eventual local distortions introduced by the mutation (s) or by the accomodation of the inhibitor,
was checked and ruled out. Despite the overall weak flexibility detected within the set of
isomorphous cutinase variants, a few discrete regions displaying a significantly higher flexibility
were identified (Figure 8a). The comparison between the results of the heteromorphous analysis
(Figure 8b) with those of the isomorphous one (Figure 8a), points out a much greater overall
flexibility in the former case. When comparing different crystal environments, the Cα fluctuations turn
out to be amplified and a few additional peaks become detectable. The stretches 24–30, 64–66, 81–
87, 173–176, 180–187 and 208–211 were identified as flexible domains (Figure 8b). Asn 27 and Ser
30 map on an exposed loop (residues 25–32) that is located far from and opposite to the substrate-
binding region (Figure 8c,d). Arg 211, the second RMSD peak, corresponds to the C-terminal
residue (Figure 8c,d), whereas Leu 81 and Val 184 fall into the two loops (residues 80–88 and 180–
188) that delimit the active site crevice (Figure 8c,d) The identification of these two stretches of
residues as flexible domains provides the first direct structural evidence of the expected dynamic
behavior of the surface loops surrounding the catalytic crevice. This mobility had been previously
suggested and predicted to occur in order to allow a productive interaction with the substrate
(Martinez et al., 1992). The occurrence of an appreciable flexibility in the case of Thr45 (Figure 8b),
which maps on an exposed loop in the proximity of the catalytic crevice (Figure 8c,d), further
confirms that the structural elements that belong to the substrate-binding region have a greater
mobility. As regards the location in the secondary structure elements, not surprisingly, all the
flexible points fall into loops (Figure 8c,d), thus indicating that the structural elements building up
the protein scaffold are endowed with a greater rigidity. 

In both sets, the flexibility has been shown to correlate with thermal motion. In order to evaluate
whether residue mobility is affected by crystal packing, the involvement of the residues in
intermolecular interactions has been analysed. When considering the same crystal packing
environment, a reduced flexibility is observed in the case of residues/regions greately involved in
packing contacts, and υice υersa. However, when different crystal packing environments are
concerned, a greater degree of participation in crystal packing contacts may even result in a greater
flexibility. Let us assume, as an example, that a given loop displaying high B-factor values and
which is not involved in crystal packing contacts in crystal form I, becomes involved in
intermolecular interactions in a different crystal form. The setting up of these packing contacts may
stabilise the loop in a different conformation, thus resulting in large deviations with respect to
crystal form I. An increased participation in crystal packing contacts would therefore be correlated
with greater positional fluctuations. In the same way, a reduced participation in packing contacts
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Table 6 List of solved cutintase variant structures

* not included in the structural comparison; EECP: n-hexyl o-ethyl chloro phosphonate; MUCP: n-uncedyl o-
methyl chloro phosphonate; DFP: di-isopropyl fluoro phosphate; E600: ndiethyl-p-nitrophenyl phosphate ;
TC4: (R)-l,2-dibutyl-carbamoylglycero-3-O-p-nitrophenylbutyl-phosphonate
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may cause a given loop to occur in a different spatial position. When several crystal forms are
concerned, a qualitative difference in the environment surrounding a certain loop would therefore

Figure 8(a, b) Cα RMSD (Å) as a function of residue number, as obtained by including in the structural
comparison (a) the 23 isomorphous variants belonging to crystal form I (isomorphous set) or (b) a single
variant for each crystal form (heteromorphous set), (c, d) Secondary structure ribbon model of the Cα trace of
cutinase in two different orientations. The most flexible regions detected upon heteromorphous structural
analysis are highlighted, (e)Cα RMSD (Ǻ) from the original native structure, as obtained from an 800 ps MD
simulation trajectory (solid line) and as observed within the heteromorphous crystallographic data set (dotted
line) 
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result in appreciable flexibility. The availability of several crystal forms makes it possible to detect
different conformations with similar energy in each crystal form, thus allowing to identify motions
which would have remained unidentified if only a single crystal form had been available.

By combining several static pictures in different crystal environments, the dynamics of the protein
can therefore be inferred and described much more realistically than what can be achieved on the basis
of static pictures alone. A crystallographic approach is therefore a quite suitable tool for investigating
protein dynamics, providing that crystal polymorphism is available.

Molecular Dynamics Simulation

The application of such a crystallographic approach for studying protein dynamics is still limited by
the rather small number of suitable protein families. The fundamental prerequisite, that is, the
availability of 3D structures of a set of closely related proteins, is still the “rate-limiting step” in this
approach. In most cases, no such information is available, which makes molecular dynamics (MD)
simulation the most frequently used method of analysing protein motion as a function of time and
obtaining a physical description of protein behavior. The abundance of experimental
crystallographic data on cutinase provides an excellent means of testing the reliability of MD
simulation approaches.

Accordingly, the information about protein motion deduced from the comparative structural
analysis have been compared with that obtained by subjecting native cutinase to a MD simulation
(Longhi et al., 1996). The Cα fluctuations calculated from the MD simulation of cutinase have been
compared to the experimental mobilities observed within the heteromorphous crystallographic data
set (Figure 8e). Even if an overall greater flexibility is observed upon MD simulation (as a result of
the much greater degree of freedom of a protein in water rather than in a crystal environment), a
fairly good agreement has been found between the experimental data (Figure 8e, dotted line) and the
MD simulation (Figure 8e, solid line). The quite good correlation observed between the
crystallographic mobilities and those inferred from a MD simulation approach is particularly
relevant, since it confirms the validity of the latter approach as a means of describing protein
motion.

Packing Forces

At present, much still remains to be elucidated about the underlying mechanism driving protein-
protein interactions in the crystallization process. Only a few studies have focused on the
relationships between the crystal growth conditions, the packing and the diffraction power of
individual crystals. Mittl et al. (1994) have examined the effect of enlarging the packing contacts of
crystals of glutathione reductase. They mutated two residues and thus introduced an additional
crystal contact, consisting of two intermolecular hydrogen bonds. The mutations had no effect on
the diffraction power or on the stability of the crystal, but the nucleation process was greatly
accelerated and the crystallization time reduced. Similarly the intermolecular cross-linking of the T4
lysozyme resulted in a more rapid crystallization of the protein (Heinz & Mathews, 1994). Crosio et
al. (1992) analysed the molecular packing of six crystal forms of bovine pancreatic ribonuclease A
obtained from different crystallization conditions. They found that the six packings differ in the
number of molecules in contact and in the size of pairwise interfaces. However, they found no
systematic differences in either the total area of the protein surface buried in crystal contacts or the
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total number of polar interactions. The protein-protein interactions in the crystal lattice turned out
to be non-specific and to involve essentially all regions of the protein surface (Crosio et al., 1992).

In the case of cutinase, most of the various crystal forms have been obtained under crystallization
conditions similar to those used with the native enzyme (Abergel et al., 1990; Longhi et al., 1996).
The availability of various crystal forms (Longhi et al., 1996 & 1997a), resulting from either
mutation(s) or complexation with inhibitors, provides a powerful tool to get insights into the nature
of the packing forces as well as on the effect of various mutations on the crystal packing.
Accordingly, the lattice contacts in the 9 different crystal forms of cutinase have been analyzed. The
relationships between hydrophobicity and accessibility from one hand, and propensity to participate
in crystal packing contacts on the other hand, have been investigated. With a view of determining the
nature of the crystal lattice contacts, the hydrophobicities/polarities of surfaces in mutual contact
have been analyzed as well (Jelsch et al., 1998).

Protein mutants with a different charge distribution form new intermolecular salt bridges or long
range electrostatic interactions which are accompanied by a change in the crystal packing. The
introduction or the modification of charged residues at the protein surface leads to a change in the
crystal packing, so that the protein molecules become oriented in such a way as to compensate for
their opposite charges. Likewise, increasing the hydrophobicity at the protein surface by means of
amino acid substitutions or by complexation with hydrophobic ligands result in the establishment of
new crystal packings (see Table 6).

The whole protein surface is involved in packing contacts and the hydrophobicities of the protein
surfaces in mutual contact have been shown to be non-correlated, which indicates that the packing
interactions are essentially non specific. In the case of the hydrophobic variants however, the
packing contacts exhibit a certain degree of specificity, as the protein in the crystal tends to form
either crystallographic or non-crystallographic dimers, which shield the hydrophobic surface from
the solvent.

The likelyhood of surface atoms to be involved in a crystal contact is the same for both polar and
non-polar atoms. However, when considering areas in the 200– 600 Ǻ2 range instead of individual
atoms, the surface regions either highly hydrophobic or highly polar have been found to have an
increased probability to establish crystal lattice contacts. The protein surface surrounding the active
site crevice of cutinase constitutes a large hydrophobic area which is involved in packing contacts in
all the various crystalline contexts.

One of the most relevant implications arising from this study, is the possibility of using site-
directed mutagenesis for “crystal engineering” purposes. The introduction of either charged or
hydrophobic residues at the protein surface, seems to be a very promising tool to crystallize a given
protein in a new form. Such an approach has been already successfully used in the case of the
human H ferritin (Lawson et al., 1991) and apoferritin (Takeda et al., 1995).

THE ATOMIC STRUCTURE (1.0 A) OF NATIVE CUTINASE

Implications for Protein Sterochemistry

One of the most relevant implications of atomic resolution is the possibility of a better definition of
the stereochemical parameter dictionaries. To date, even though about 50% of the crystal protein
structures in the Protein Data Bank (Bernstein et al., 1977) are quoted as high resolution, only few of
them have been solved at truly atomic resolution. Moreover, despite the increasing number of
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proteins for which data have been recorded at atomic resolution (for a comprehensive review see
Dauter et al., 1995), the available data in the literature are still scarce. In most cases, small protein
molecules (Mr<10 KDa) are concerned. Although, in the next future the number of proteins at
atomic resolution is expected to exponentially increase, at present the resolution at 1.0 Ǻ of cutinase,
a 22 KDa protein, represents the largest structure ever refined to such an extent of resolution
(Longhi et al., 1997b). The data were collected on the EMBL beamline XI1 at the DORIS strorage
ring, DESY, Hamburg. The structure has been refined anisotropically to a final R-factor of 9.4%.
The overall accuracy of the final model is very high due to an observation to parameter ratio of 5.5.
The mean coordinate error for protein atoms is 0.013 A.

The availability of an accurate cutinase structure at atomic resolution allowed us to carry out an
extensive analysis of several stereochemical parameters, such as peptide planarity, main chain and
some side chain bond distances. The results support a need for revision of some well-established
parameters in protein stereochemistry (Engh & Huber, 1991). Some of the interatomic distances in
existing libraries are not accurate enough and significant discrepancies from planarity were found for
the ω angles. The reliability of the observed deviations is validated by means of the associated
estimated error. Large size of the proteins provides larger sample and thus more reliable estimates.
The atomic structure of cutinase provides a further example which will contribute to the challenge of
finding new and more appropriate parameters for protein stereochemistry.

Beyond this aspect, which is of quite general interest for structural biologists, the atomic
resolution of cutinase provided insights in the catalytic mechanism and in the dynamics of this
enzyme.

The Active Site Region

The X-ray data allowed the identification of most hydrogen atoms in the electron density.
Accordingly, a precise and detailed description of the network of hydrogen bonds in the catalytic
site has been provided. Unambiguous evidences on the protonation state of the catalytic histidine
have been obtained. When an omit map was computed with the His 188 Hδ1 atom removed from
the model, a difference Fourier peak (σ=3) close to the Nδl atom could be observed (Figure 9a). The
possibility of identifying His hydrogens in the electron density has a relevant implication concerning
the catalytic mechanism of cutinase: even though the occurrence of the Hδl atom with the
concomitant absence of the Hε2 one on the catalytic histidine, had been postulated for a long time,
our data represent the first direct structural evidence on the protonation state of the catalytic His of
cutinase.

In the 1.0 Ǻ structure, the Ser 120 Oγ as well as the Asn 84 Cβ, Cγ, Nδ2 and Oδl atoms are in
double conformation. The more and less occupied components of the Ser 120 Oγ are located at 2.71
A and at 3.71 A from the His 188 Nε2 atom, respectively (Figure 9b). The less occupied position,
being located too far away from the catalytic histidine, is not likely to play a relevant role in
catalysis. The active site water molecule has been modelled as two sites, in which the occupancy of
the less occupied member was tied to that of the less occupied member of the Ser 120 Oγ. The two Ser
120 side chain conformations are hydrogen bonded to the two components of the solvent molecule
in double conformation in an arrangement scheme in which the less occupied member of the solvent
molecule faces the more occupied Ser 120 Oγ conformation (Figure 9b). The third component of the
oxyanion hole, i.e. the Ser 42 Oγ atom, is stabilised by two hydrogen bonds with the Gln 121 Nε2
atom (3.15 Ǻ) and with the more occupied Nδ2 site of the Asn 84 side chain (3.06 Ǻ) (Figure 9c).
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The less occupied Asn 84 Nδ2 site, occurring at 3.96 Ǻ from the Ser 42 Oγ, does not seem to
contribute to the stabilisation of the Ser 42 hydroxyl group position. The less occupied alternate
conformation of Asn 84 is stabilised by the solvent site in double conformation (Figure 9c). The Ser
42 side chain displays an appreciable extent of flexibility, as indicated by the electron density map
which points out a high extent of anisotropy (Figure 9c).

The atomic resolution allowed to detect an appreciable extent of flexibility in the active site of
cutinase. Although the less occupied alternate conformations do not seem to play a role in catalysis,
they clearly indicated that the active site is less rigid than suggested by previous crystallographic
studies (Martinez et al., 1992 & 1993; Nicolas et al., 1996, Nicolas, 1996; Longhi et al. 1996).
These results are in agreement with those recently obtained by an NMR study of cutinase which
showed that the residues in, or near, the active site display functional motions in the ms-ms time
scale (Prompers et al., 1996). The biological relevance of this flexibility might reside in a possible
adaptation to different substrates which might be amplified in the course of evolution.

The Analysis of the Anisotropy

The refinement of cutinase at atomic resolution, beyond the possibility of detecting more sensibly
atomic motions, provided information into their anisotropic nature. In order to get some
quantitative insights into the distribution of anisotropy within the protein, the anisotropy (A) of
each atom was expressed as

where λ1, λ2 and λ3 are the principle components of the Uij matrix, <λi> and σ (λ1) are the mean and
the standard deviation of λi, respectively. The computation method chosen has the advantage of
rendering A independent from thermal motion, thus providing a convenient measure of the
“ellipsoidicity”. The average anisotropy of each residue has been computed. A few highly
anisotropic regions (25–31, 62–67 and 134–136) and residues can be observed (Figure 9d). The
region exhibiting the greatest anisotropy is the loop 24–31 (Figure 9d). As already mentioned, this
loop, which is exposed to the solvent and opposite to the substrate binding site, displays a
significantly greater extent of thermal motion in all the different crystal forms of cutinase variants
solved so far (Martinez et al., 1994; Nicolas et al., 1996; Longhi et al., 1996 & 1997a). Besides this
disordered loop, the loops 80–88 and 180– 188 exhibit an extent of anisotropy greater than the
average (Figure 9d). In Figure 9e are shown the 25% thermal ellipsoids of the loop 80–88 which,
together with the loop 180–188, builds up the catalytic crevice. Based on the visual inspection, a
main coherent direction for motion can be identified which runs from the left bottom to the right
top corner of the figure. This motion, bringing the loop 80– 88 close to the facing loop 180–188,
produces a sort of breath-like movement in the substrate binding region. The high extent of thermal
motion and of anisotropy of this loop is an agreement with what expected for an efficient substrate
binding region, which should display a certain flexibility in order to allow productive interaction
with the substrate. The analysis of the anisotropic motions confirms the indications previously
obtained (Longhi et al., 1996) on the dynamic behaviour of the substrate binding site of cutinase.

CONCLUSIONS AND PERSPECTIVES

The availability of an atomic model of cutinase and of the 3D structure of several cutinase mutants
and covalently inhibited complexes, have greatly contributed to elucidate the structure-function

STRUCTURE-FUNCTION STUDIES ON CUTINASE 101



102 S.LONGHI ET AL.



relationships of cutinase. Despite this enormous body of information, the precise behaviour of
cutinase during the interaction with the substrate, i.e. the mode of approach to the interface, and the
release of the substrate still remain to be elucidated. The structure of cutinase covalently complexed
with an analogue of triglyceride has revealed that the acyl moiety of the ligand establish very few
interactions with the substrate binding region, thus failing to provide a convenient explanation for
the stereoselectivity of cutinase. Some elucidations in this regard are likely to be provided by time-

Figure 9 (a) Stereo view of the omit map around His 188 as obtained after removal of the His 188 Hδ1 atom.
The 3Fo-2Fc (lσ) and Fo-Fc (3σ) electron density maps are shown in blue and in red, respectively, (b, c) Stereo
view of the electron density 3Fo-2Fc (lσ) around (b) the catalytic triad and (c) the oxyanion hole. The less
occupied conformations of the split positions are shown in thin. The solvent site in double conformation
coupled to Ser 120 Oγ is also shown. The relevant hydrogen bonds are displayed, (d) Stereo view of the Cα
tracing (ribbon representation) of cutinase. Colours are according to anisotropy, ranging from blue to red with
increasing anisotropy. (e) TURBO-FRODO stereo view of the 20% thermal ellipsoids of the loop 80–88
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resolved crystallographic approaches, which would allow to follow the release of the substrate. In this
frameship, the accuracy of structural information obtained from very rapid Laue data collection (X-
ray pulses of 150 psec and total exposure time shorter than 10 nsec) on native cutinase, assumes a
particular relevance and is very encouraging (Bourgeois et al., 1997). Since tertiary structural
changes in proteins generally occur in the msec to nsec timescale at physiological temperatures, new
opportunities are opened in the field of time resolved crystallography. Short laser pulses could be
used to trigger a photoreaction in cutinase crystals by using suitable caged compounds. The
structural modifications intervening during the release of the substrate could be probed at various
time delays (in the msec to nsec time scale) by recording Laue data from single X-ray flashes.

From an applicative standpoint, the identification of the structural determinants responsible for
the specificity and stereoselectivity of cutinase may open the way to the rational design of point
mutants endowed with a different substrate preference. New variant forms could therefore be
obtained by site directed mutagenesis approaches, thus allowing the use of cutinase in the catalysis of
new substrates. Cutinase variants with an increased resistence to detergents and high temperatures
have been already obtained and are presently used in the detergent industry.
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INTRODUCTION

Fungi of the genus Mucorales are well-established producers of useful enzymes, notably proteases
and lipases. Some of these enzymes have found important commercial applications, e.g. the protease
from Rhizomucor miehei which is used as a microbial rennet in milk clotting. The lipase from
Rhizomucor miehei, which is commercially available in immobilized form as LIPOZYME™, has
also been studied in a wide range of technical applications. Compared to this commercial success,
lipases of the genus Rhizopus have been less successful, though they are also commercially available.
For instance, the Japanese enzyme producer Amano Co. in Nagoya provides lipase N, D and J
which are derived from R. niυeus, R. delemar andR. jaυanicus, respectively. Lipases from
Rhizomucor miehei and Rhizopus show 1, 3-regiospecificity toward triacylglycerols but exhibit
slightly different stereoselectivity and chain length specificity (Rogalska, 1993). A recent
reclassification of these fungi had R. niυeus, R. delemar and R. jaυanicus all renamed as Rhizopus
oryzae (Schipper, 1984, review: Haas and Joerger, 1995) and, consistent with this taxonomic
evaluation, the lipases isolated from R. elemar (RDL), R.jaυanicus (RJL) and R.niυeus (RNL) were
found to have identical amino acid sequences; the lipase from R, oryzae (ROL) differs by only two
conservative substitutions (His134 is Asn and Ile234 is Leu in ROL). Thus, the different properties
of these lipases observed in commercial preparations may be due to proteolytic cleavage of the same
prolipase, which contains extra amino acid residues to guide folding and secretion, at different
amino acid residues (Uyttenbroeck et al., 1993).



The structure and function of both Rhizomucor miehei lipase and several Rhizopus lipases has
been investigated on a molecular basis using x-ray crystallography, computer-modelling, site-
directed mutagenesis and kinetic experiments with monolayers and pseudosubstrates. In the
framework of these and other studies, these enzymes have been cloned, expressed in heterologous
hosts and genetically modified. As a result, Rhizopus lipases today are a class of enzymes whose
function is reasonably well understood. As they were found already to have a strong potential in a wide
range of reactions relevant to industry (as summarized in the final paragraph of this review), the
better understanding of their structure and function now achieved should be considered as a
promising step towards their improvement via protein engineering and their wide application in
industrial enzyme technology. 

BIOCHEMICAL PROPERTIES

The regio- and stereoselectivity of pure Rhizopus lipases, their pH- and temperature optimum are
summarized in Table 1 and compared to the lipase from Rhizomucormiehei. All enzymes are highly
1,3-specific in the hydrolysis or esterification of glycerides. They are most active at neutral or
slightly basic pH and at 30°C and exhibit a moderate pH- and temperature stability. If immobilized,
the lipase of RML became stable up to 70°C (product sheet, Novo Nordisk).

The native enzymes are only moderately glycosylated, e.g. 11% carbohydrate content of native
RML (Boel et al., 1988; Haas et al., 1991). As fully active recombinant lipases can be obtained from
heterologous expression in E. coli, glycosylation does not seem to be necessary for lipase activity.

Table 1 Some properties of Mucorales lipases

1) Beer et al. (1997), 2) deduced from amino acid sequence, 3) Salah et al. (1994), 4) Haas et al. (1991), 5)
Joerger and Haas (1993), 6) Kohno et al. (1994), 7) Uyttenbroeck et al. (1993), 8) Huge-Jensen et al. (1987),
9) product sheet, Novo Nordisk; *under different assay conditions
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MOLECULAR GENETICS

Cloning and Nucleotide Sequence

Up to now, the genes of four Mucorales lipases have been cloned, and three have been overexpressed
and purified (Table 1). Lipase genes from Rhizopus delemar ATCC34612 (RDL) (Haas et al.,
1991), Rhizopus niυeus TFO 9759 (RNL) (Kugimiya et al., 1992), Rhizopus oryzae ATCC 853
(ROL) (Beer et al., 1998) and Rhizomucormiehei (RML) (Boel et al., 1988) were cloned from cDNA
libraries screened either by probes derived from the amino acid sequences or by detecting lipase-
producing E. coli transformants on tributyrin plates. Analysis of the nucleotide sequence and
comparison with the N-terminal sequences derived from the native lipase revealed that all
Mucorales lipases studied so far are organized as preproenzymes (Figure 1). From the amino acid
sequence, a molecular weight of 42 kDa and 39.5 kDa for the lipase precursors of ROL and RML
was deduced, and 29.5 kDa for the mature ROL and RML lipases.

At the amino acid level, RNL and RDL are identical, whereas ROL differs in two amino acids in
the mature lipase and in six of the prepropeptide. The amino acid sequence of RML, if compared to
ROL, shows 54% identity of the mature lipases and 29% identity of the prepropeptides. While
Rhizopus delemar and Rhizopus niυeus have been reclassified as Rhizopus oryzae (Schipper, 1984),
comparison of the nucleotide sequence of the three lipases genes indicates, that RDL and RNL are
identical, but differ slightly from ROL (see below).

Overexpression and Purification

cDNA-derived clones of E. coli expressing RML, RNL and ROL showed low lipolytic activity on
tributyrin plates. Under the control of the lac-promotor on the pUC8– 2.14 cloning vector, a low-
level expression of RDL in E. coli was achieved (Haas et al., 1991). Visualization of the expressed
lipase on SDS-gels by immunoblotting resulted in bands with sizes of 45 and 39 kDa, corresponding
to the prepro- and proenzyme, respectively. Similar results were found for recombinant ROL (Beer et
al., 1998), indicating that E. coli is unable to fully process the preproenzyme to its mature product.

The genes encoding the ROL and RDL were therefore cloned into high-level expression vectors, in
order to allow for the production of larger amounts of recombinant lipase in E. coli. It turned out,

Figure 1 Organization of the lipases from Rhizopus oryzae (ROL) and Rhizomucor miehei (RML) as
preproenzymes. The signal sequence (white box) is followed by the propeptide (gray box) and the mature lipase
(black box). The numbers on top display the cleavage sites and the total size of the protein. Numbers in
brackets indicate an alternative cleavage site observed with the native lipase of Rhizopus niυeus (Kugimiya et
al., 1992)
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however, that the expression of even low amounts of active mature lipase upon translocation into
the periplasmic space is toxic for the E. coli cells. Expression of mature lipase was possible only if a
tightly controlled promoter was used, or cytoplasmically, which resulted in expression of mature
inactive lipase as inclusion bodies (Joerger and Haas, 1993). However, expression of the active
prolipase into the periplasm was not toxic for E. coli. Using a pET-vector (Studier et al., 1990), both
the mature lipase and prolipase of Rhizopusdelemar were cytoplasmatically expressed in E. coli
under the control of the T7-promotor at a level of 15–20% as inactive inclusion bodies (Joerger and
Haas, 1993).

Instead of the less tightly controlled pET-vector system, in our group the E. coli expression vector
pCYTEXPl (Belev et al., 1991) for the expression of ROL under the control of the strictly regulated
1 PRPL promoter was chosen. Both mature and precursor lipase were fused to an ompA-leader
sequence, which directs the expression of the lipase into the periplasm. Using this system, expression
levels of 20–30% and 10–20% were obtained for the mature and prolipase, respectively. The
mature lipase, which was expressed to a higher level, formed inactive inclusion bodies in the
periplasm, whereas the prolipase was partly active.

For the inclusion bodies containing mature and precursor ROL and RDL, a refolding and
purification protocol was established, leading to specific activities of 10000 U/mg (ROL) and 5094
U/mg (RDL) for the mature lipases, and of 12800 U/mg (ROL) and 5800 U/mg (RML) for the
prolipases (Joerger and Haas, 1993). Thus, the specific activity obtained with the recombinant
mature ROL was almost twice as high compared to the recombinant RDL, and 20% higher
compared to the native lipase of Rhizopus delemar (Haas et al., 1991), but similar to that of the
native ROL (Salah et al., 1994). Recently, expression of functional ROL in high yield and purity
could be achieved using Pichia pastoris (Minning et al., 1998) or Saccharomycescerevisiae
(Takahashi et al., 1998) as a host. RML could be functionally expressed at high level by cloning the
gene encoding for the lipase precursor under the control of the α-amylase promoter of Aspergillus
oryzae and transforming Aspergillus oryzae with the resulting plasmid. The secreted lipase was
correctly processed in Aspergillusoryzae, and purification led to a recombinant lipase with a specific
activity of 8810 U/mg as compared to 7500 U/mg of the native lipase (Huge-Jensen et al., 1989). It
thus appears that fungal expression systems are better suited than E. coli to express functional
lipases of the genus Mucorales at a high level.

The Function of the ROL Prosequence

All Mucorales lipases investigated so far have a prosequence, which is unusual for microbial lipases.
Genetic studies on the role of this 97 amino acids prosequence suggest at least two functions. First,
it allows secretion of ROL without damaging the cells. Thus, expression studies of ROL and
ProROL in E. coli showed that even low levels of actively expressed ROL in the periplasm of E. coli
is toxic for the cells, whereas ProROL is not. The main reason for the toxicity might be the fact,
that ROL, in contrast to ProROL, possesses phospholipase activity. Thus, the function of the
prosequence is analogous to that of other zymogen sequences (Beer et al., 1996a).

Secondly, it seems to play an important role in the folding of the lipase, particulary in the correct
formation of disulphide bridges. Both ProROL and ROL could be refolded and purified to a similar
specific activity of 12800 and 10000 U/mg, respectively, demonstrating that ProROL is fully active
and thus does not behave like a typical zymogen. However, the enzymatic properties of both lipase
forms differed markedly. ROL had a significantly broader and higher pH optimum (pH 8.5) in

LIPASES FROM RHIZOPUS SPECIES 113



comparison to ProROL (pH 7.5). Additionally, ProROL was thermostable up to 50°C, whereas
ROL was stable only up to 30°C (Figure 2). A difference between ROL and ProROL was also
observed in terms of substrate affinity, suggesting that structural elements other than the lid are
involved in interfacial activation. By systematic mutation analysis of the prosequence and
comparison of the in υitro folding behaviour of the resulting ProROL and ROL mutants under
different conditions, it was shown that the prosequence facilitates folding via a pathway including
Cys-68 as the key residue, acting as an intramolecular thiodisulphide reagent during folding (Beer et
al., 1996a). Furthermore, it was shown that residues in the neighborhood of Cys-68 play an
important structural role, in particular Arg-69 which enhances the leaving group character of
Cys-68. At low temperatures, native ROL and ProROL fold with similar kinetics, but already at
temperatures around 25°C, correct folding of ROL and ProROL mutants is significantly reduced if
compared to native ProROL.

STRUCTURE

Primary Structure

Lipases of Rhizopus delemar, Rhizopus sp., R. niυeus, R. jaυanicus and R. arrhizus are identical and
differ from R. oryzae lipase (Beer et al., 1996b) by two conservative mutations (H134N, I254L) (for
a review: Haas and Joerger, 1995). Rhizopus lipases are highly homologous to the lipase from
Rhizomucor miehei (54% identity) and moderately homologous to lipases from Humicola
lanuginosa, Penidllium camembertii and Aspergillus oryzae (Figure 3).

Figure 2 Activity of ROL, ProROL and PreProROL as a function of temperature
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Secondary and Tertiary Structure

For four Mucorales lipases the structure has been determined in closed and open form including two
complexes with substrate analogous inhibitors (Table 2). Lipases are members of the α/β hydrolase
fold family (Ollis et al., 1992): a central hydrophobic eight-stranded mixed β-pleated sheet with the
β-strands connected by loops and amphiphilic α-helices (Figure 4). Secondary structure is well
conserved among the mucorales group and homologous lipases, but is slightly mediated by
crystallization conditions. Upon opening of the lid, the helix (I85-D91 in R. miehei) increases in
length (Figure 3).  

In the lipases of the Mucorales group, the tertiary structure is further stabilized by three disulfide
bridges. The catalytic triad is placed on top of a β-sheet, with the catalytic serine and aspartic acid in
two separate loops between a β-strand and an α-helix and the catalytic histidine in a short α-helix
near the C-terminus of the lipases (Figure 3). The position of these residues and the oxyanion hole
are highly conserved. As in most lipases, a mobile lid covers the catalytic site in the catalytically
inactive state. In Mucorales lipases, the lid consists of a short a-helix (4–8 amino acids) linked to the
body of the lipase by flexible structure elements. In the open,  active form of the lipase, the lid
moves away and renders the substrate binding site accessible (Figure 4). It has been suggested,
however, that lid opening in Mucorales lipases does not follow a simple two-state model, but more
conformations are possible, some of whom have been observed depending on the crystallization
conditions (Derewenda et al., 1994b).

The hydrolytic reaction pathway of lipases is similar to that of serine proteases and consists of 5
subsequent steps (Beer et al., 1996b): i) the ester substrate binds, ii) a first tetrahedral intermediate is
formed by nucleophilic attack of the catalytic serine, with the oxyanion stabilized by two or three
hydrogen bonds, the so-called oxyanion hole, iii) the ester bond is cleaved, and the alcohol moiety
leaves the enzyme, iv) water adds to the acyl enzyme forming a second tetrahedral intermediate, v)
the acyl enzyme is cleaved.

Binding of phosphate and phosphonate inhibitors mimicks the first tetrahedral intermediate state
of substrates. From the x-ray structure of complexes of R. miehei lipase with diethylphosphate and
hexylphosphonate ethylester, the binding sites for the alcohol and the fatty acid moiety were
identified. Like in other lipases, the alcohol binding site consists of two binding pockets for the large
and the medium-sized substituent of a secondary alcohol (Kazlauskas, 1994), which mediate
stereoselectivity towards esters of secondary alcohols (Cygler et al., 1994). The residues which
mediate binding of the scissile fatty acids can be extracted from the experimentally determined
structure. The fatty acid binding site is formed by a hydrophobic crevice, which extends beyond the
inhibitor (Norin et al., 1994, Holzwarth et al., 1997). The crevice is long enough to allow binding
of fatty acids up to a length of C18. While the scissile fatty acid binding site is easily identified, no x-
ray structure is available where the binding site of the second and third fatty acid of a triglyceride
substrate is indicated. From an analysis of surface hydrophobicity a second, shallow hydrophobic
binding site was postulated (Lawson et al., 1994, Holzwarth et al., 1997) which might be able to
bind a fatty acid. Modelling of substrate binding to these binding sites has been used to understand
fatty acid chain length (Haas et al., 1996, Klein et al., 1997) and stereoselectivity towards
triglycerides and analogs (Holzwarth et al., 1997, Haalck et al., 1997).

Although the five lipases described here have only moderate overall homology, most of the amino
acids involved in catalysis are conserved, with two exceptions:
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(1) in Rhizopus lipases, the oxyanion hole is formed by Thr83, and by serine in the other lipases,
and the binding pocket for medium-sized substituent of secondary alcohol, Leu258 of R.
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delemar lipase which is conserved in the lipases of R. miehei and H. lanuginosa, and Ile and Val
in P. camembertii and A. oryzae lipases, respectively;

(2) the sequence of the lid helix differs considerably.

The residues mediating substrate specificity differ to a bigger extent. It has been suggested to relate
these differences to the different biochemical properties of these lipases concerning their activity,

Figure 3 Sequence alignment of lipases from R. delemar (LIP_RHIDL in Swiss-Prot (Bairoch and Boeckmann,
1991)), R. miehei (LIP_RHIMI in Swiss-Prot), Rcamembertii (MDLA_PENCA in Swiss-Prot), H. lanuginosa
(1TIB in Protein Data Bank (Bernstein et al., 1977)) and A. oryzae (D85895 in GenBank (Bilofsky et al.,
1986)).The start of the mature lipase is indicated by a vertical bar (signal and propeptide left of the bar). R.
oryzae lipase is nearly identical to R. delemar lipase (H134N and I254L). In bold: catalytic triad, oxyanion
hole, mutation sites (in lower case letters); the lid helix is I85-D91 in RML; secondary structure analysis by
DSSP (Kabsch and Sander, 1983), alignment by CLUSTAL W (Thompson et al., 1994), visualization by
BOXSHADE (shareware program by Ray Hofmann, Lausanne) 
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stereoselectivity, stability and substrate specificity (Menge et al., 1995). Lipases from R.delemar,
R.miehei and H.lanuginosa are triacylglycerol hydrolases, A.oryzae lipase is a diacylglycerol
hydrolase and P.camembertii lipases is a mono- and diacylglycerol hydrolase. 

PROTEIN ENGINEERING OF RHIZOPUS UPASES

Site-directed mutagenesis has been applied to identify the function of individual amino acids in
Rhizopus lipases. Modelling of substrate binding and enzymatic catalysis helped to understand their
function and to predict mutants with defined properties. Two groups of mutants have been
predicted and characterized: mutants related to the enzymatic function (Table 3) and mutants with
altered substrate specificity (Table 4).

In addition to the catalytic triad, a network of other amino acids near the active site are necessary
to maintain the proper orientation of catalytic residues (Beer etal. 1996) in R.oryzae lipase.
Furthermore, mutation of Thr83 to Ser, Ala and Val indicated that the side chain of this residue is
involved in stabilization of the oxyanion, and that formation of the acyl enzyme is the rate limiting
step in ester hydrolysis.

Table 2Mucorales lipase structures published in Protein Data Bank (PDB) or modelled by homology

Figure 4 Secondary structure of R. miehei lipase in closed (left) and open (right) form 
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Numerous experiments have been performed to probe the fatty acid binding site and to change
fatty acid specificity both near and far away from the active site (Table 4). The effect of these latter
mutations can be easily understood: increasing the size or the polarity of side chains lining the
scissile binding site prevents long-chain fatty acid chains reaching the mutated site from binding,
while binding of shorter fatty acid chains is unimpaired. The observed role of the side chain of
Thr83, forming the oxyanion hole, for fatty acid chain length specificity is, however, not fully
understood. 

APPLICATIONS

Lipid Modification

The natural substrates of lipases are triacylglycerols and, as a consequence, most applications of
lipases deal with the modification of lipids. The low reaction enthalpy of lipase hydrolysis allows to
use these enzymes for hydrolysis as well as for the synthesis or interesterification of triacylglycerols.
Taking advantage of the mild reaction conditions (permitting the use of labile fatty acids as

Table 3 Mutants of functionally relevant amino acids

aChange of activity relative to wild-type
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substrates), lipase regioselectivity, chain-length and fatty acid specificity, the production of
structured lipids with a defined distribution of fatty acids along the glycerol backbone (e.g cocoa-

Table 4 Mutants which change fatty acid specificity
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butter equivalent, Betapol™) and the synthesis of emulsifiers like mono- or diglycerides (MAG or
DAG) were extensively investigated.

As shown by Berger and Schneider (1991) and Waldinger and Schneider (1996), lipases from
Rhizopus sp. have a strict 1,3-regioselectivity in nonpolar organic solvents where acyl migration is
slow. The highly 1,3-selective RDL (Amano D) reacted at the primary position 76 times faster than
at the secondary position, while the moderately selective CVL and RML reacted 26 and 11 times
faster, respectively.

Interesterification between triglycerides

RDL was used to produce a cocoa-butter like fat by interesterification between olive oil and stearic
acid in hexane. The highest activity was found for RDL adsorbed on Celite followed by entrapment
with photo-crosslinkable resin prepolymer resulting in up to 40% incorporation of stearic acid
(Yokozeki et al., 1982). In similar experiments, Shimada et al. (1996) used RDL immobilized on a
ceramic carrier to produce structured lipids of the type MLM (Figure 5) by interesterification of
safflower or linseed oil with caprylic acid. Confirming the strict 1,3-regiospecifity of RDL, MLM’s
were the only product after three repeated batch reactions.

A pilot-scale interesterification between shea oleine and stearic acid or shea oil and myristic acid
in hexane catalyzed by RAL immobilized on Hyflo Super Cel was performed in a column reactor.
Up to 100% conversion of fatty acid was observed and the enzyme lost almost no activity even after
166 h of operation (Wisdom et al., 1987). The interesterification of palm oil midfraction with
stearic acid using Celite-RAL in a lecithin-based micellar system in a gas-lift reactor resulted in a 2.8
fold higher productivity and reduced reaction times, if compared to shake flask experiments
(Mojovic et al., 1994).

Butter fat was investigated as another suitable starting material for interesterification. Using RNL
in a cosurfactant free microemulsion system made up from Span 60, Tween 60 or lecithin, a high
proportion of C18:l at the sn2-position was found (Kermasha et al., 1995). ROL immobilized on
controlled pore glass was used in the esterification of milk fat with oleic acid in isooctane resulting
in a lowered concentration of palmitic acid in milk fat and, consequently, in a lower transition
temperature (Oba and Witholt, 1994).

Figure 5 Production of structured lipids by direct interesterification (1) or a combination of alcoholysis and
esterification (2) (Soumanou et al., 1997, 1998)  
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In order to increase the activity of the lipase in the presence of an organic solvent, the enzyme was
coated with a lipid or surfactant. For example, a water-insoluble complex containing approximately
10 wt% of protein formed upon mixing aqueous solutions of lipases from RDL or RNL and a
nonionic amphiphile (didodecyl N-D-glucono-L-glutamate (Okahata and Ijiro, 1988, 1992). The
modified lipase was soluble in most organic solvents and was >100 times more active than
suspended enzyme in the synthesis of di- and triglycerides from lauric acid and monolaurin in
benzene. Similar observations were made by Goto et al. (1994), who coated a lipase from Rhizopus
sp. with the nonionic surfactant glutamic acid dioleyl ester ribitol amide and investigated the
interesterification between lauric acid and benzyl alcohol in organic solvents.

RJL was coated with sorbitan monostearate and the lipid-coated enzyme was employed in a
hollow fiber membrane reactor and the interesterification between tripalmitin and stearic acid in
hexane was investigated. After reaching steady state (4 h), no loss in enzyme activity was observed
within 76 h, and PPS and SPS were the major products (Basheer et al., 1995, see also Mogi and
Nakajima, 1996).

Recently, structured lipids containing essential fatty acids, especially polyunsaturated fatty acids
(PUFA) like docosahexaenoic or eicosapentaenoic acid, have been targets of lipase research. Fish oils
contain up to 30% PUFA, mainly in the form of triacylglycerols, and are sensitive to elevated
temperatures, extreme pH etc. resulting in side reactions such as oxidation, cis-trans isomerization or
double-bond migrations. Yadwad et al. (1991) described the RNL-catalyzed glycerolysis of cod liver
oil (9.6% PUFA) to yield l(3)-monoacylglycerides with 29% PUFA. Shimada et al. (1996)
interesterified tuna oil with caprylic acid with RDL, immobilized on a ceramic carrier, and found
that after 2 d at 30°C approx. 65% of the fatty acids at 1- and 3-position in tuna oil were replaced
by caprylic acid. Moreover, the enzyme could be reused 14 times without significant loss of activity.

Recently, we described the synthesis of highly pure triglycerides of the MLM type, which are
important in nutrition (e.g. for patients with pancreatic insufficiency). Initially, we investigated the
direct interesterification between a triglyceride bearing long-chain fatty acids (e.g. triolein) with a
short-chain triglyceride (e.g tricaprylin) in n-hexane (Figure 5, eq. 1). RML was found most
suitable, but the highest yield of MLM was only 31% (Soumanou et al., 1997). Significantly higher
yields and purities were obtained by a combination of alcoholysis and esterification (Figure 5). In
the first step, a triglyceride (e.g. triolein, peanut oil) is subjected to alcoholysis with ethanol at
controlled water activity in methyl-t-butyl ether yielding 2-monoglycerides (2-MAG). RDL was
found most suitable and after crystallization up to 72% yield of 2-MAG were achieved. The
subsequent esterification of this 2-MAG with caprylic acid in an organic solvent catalyzed by RDL
gave a highly pure MLM-triglyceride, which contained more than 90% caprylic acid in snl- and sr&-
position and 98.5% unsaturated fatty acids in sn2-position (Soumanou et al., 1998). Beside RDL,
RJL was also suitable in this reaction.  

Rhizopus sp. lipase were also found active in supercritical carbon dioxide, as shown by
Nakamura et al. (1986) for the RDL-catalyzed interesterification of triolein and stearic acid.

Preparation of MAG or DAG

Monoacylglycerides (MAG) as well as diacylglycerides (DAG) are widely used emulsifiers in the
food and pharmaceutical area. Although numerous articles are dealing with the lipase-catalyzed
synthesis of these compounds, most MAG and DAG are still chemically produced. Examples for the
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lipase-catalyzed synthesis of MAG have recently been reviewed (Bornscheuer, 1995), and in several
cases lipases from Rhizopus species have been used (Table 5). 

DAG have been synthesized in high yields (up to 80%) by esterifications between glycerol and
fatty acids (or their derivatives) using lipases from Rhizopus delemar,arrhizus or javanicus, and 1,3-
DAG was the major product. For example, Berger et al. (1992) adsorbed glycerol onto silica gel to
create a large surface area. RML-catalyzed esterification with fatty acid methyl esters or RDL-
catalyzed esterification with fatty acid vinyl esters provided 1,3-DAG in good yields (>70%) and
high regioisomeric purity (>98%). Vinyl ester reacted faster, but are also more expensive. Although
RDL was more regioselective, RML was preferred because it was more active. Several unsaturated
or hydroxy fatty acids were also converted to MAG or DAG in high yields with RNL using the same
method (Waldinger and Schneider, 1996).

MAG were prepared by lipase hydrolysis of oil in reverse micelles or buffer, but yields were not
satisfactory, mainly due to rapid acyl migration from 2-MAG to 1-or 3-MAG, which is further
hydrolyzed by the lipase. This problem was overcome by performing an alcoholysis of triglycerides
at controlled water activity (Millqvist-Fureby et al., 1996b). Thus, the reaction between tripalmitin
with ethanol using a lipase from Rhizopus arrhizus immobilized on Celite under optimized
conditions gave 97% yield of 2-MAG (Millqvist et al., 1994). Alternatively, esterification between

Table 5 Synthesis of di- or monoacylglycerides using lipase from Rhizopus species

1: hydrolysis or alcoholysis of triacylglycerides to 2-MAG’s, 2: glycerolysis of triacylglycerides yielding mixtures
of 1 (3)-MAG’s and 2-MAG’s, 3: esterification or transesterification of glycerol with fatty acids or esters
yielding l(3)-MAG’s; amethyl t-butyl ether; bl,3:1,3-DAG; coverall yields of MAG relative to glycerolysis (per
mol TAG), hydrolysis (per mol TAG) or esterification (per mol glycerol) are given in brackets; d2-MAG
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glycerol and fatty acid in various reaction systems with Rhizopus lipase was studied by several
groups (Table 5). Hayes and Gulari (1991) employed a 1,3-specific lipase from Rhizopus delemar,
but mainly 1 (3)-MAG was formed, which again was related to acyl migration. Conversion reached
50 to 60%, and the reaction rate decreased in the order oleic acid > caprylic acid > myristic
acid=lauric acid > stearic acid = palmitic acid. A third general approach is based on the glycerolysis
of fats or oils. Gancet (1990) developed a two fixed-bed segment for the continuous glycerolysis of
beef tallow. At a residence time of 75 min, a yield of 38.8 g MAG per 100 g beef tallow was
reported. The reactor system was run for several months with good operational stability of the
mycelial lipase from Rhizopus arrhizus.

Triacylglycerol hydrolysis

A comparison of several lipases in the hydrolysis of crambe oil (rich in erucic acid) in reverse micelles
revealed that most lipases followed Michaelis-Menten kinetics, and RJL was found to be the most
active enzyme (Derksen and Cuperus, 1992). A similar system was studied by Kirn and Chung
(1989) using RAL and palm kernel olein in AOT/isooctane reversed micelles. In another study it was
found that a cationic surfactant (CTAB) decreased the maximal rate of a RDL-catalyzed hydrolysis
of triolein by a factor of 50, if compared to AOT (Valis et al., 1992).

Organic Synthesis

Most lipases exhibit high stability in organic solvents, and their ability to discriminate between
stereoisomers has lead to a large number of applications for the resolution of a wide variety of
chiral alcohols or acids. For these investigations, mainly lipases from Pseudomonas sp., Candida
sp., Rhizomucor sp. and from Porcine pancreas were used. Only a few examples deal with lipases
from Rhizopus sp.—despite the fact that these lipases accept vinyl acetate as an irreversible acylating
agent and are stable toward the acetaldehyde concomitandy formed (Weber et al., 1995). 

Goto et al. (1996) studied the kinetic resolution of ibuprofen using surfactant-coated lipases. They
found that surfactant-coated RJL catalyzed efficiently the acylation of (S)-ibuprofen with
hexadecanol in isooctane, and up to 70%ee were achieved. Moreover, the coated lipase was
approx. 100 times more active than the powdered enzyme.

In another example, RJL was used to prepare a key precursor in the synthesis of tautomycin
(Nagumo et al., 1996). RJL allowed for high conversion and reaction rates in the acylation of a
meso-triol with vinyl acetate (53%ee, 1 d) or the hydrolysis of the corresponding triester (93%ee, 10
d).

Excellent optical purities (>95%ee) and good yields (64–95%) were reported in the RDL-
catalyzed hydrolysis of meso-diacetates employed in the synthesis of the antiviral carbocyclic
nucleosides (-)-carbovir and (-)-BCA (Tanaka et al., 1996). Here, RDL was superior to lipases from
Pseudomonas sp. or Porcine pancreas.

RJL was used in the resolution of cis-3-acetyloxy-4-phenyl-2-azetidinone, a compound important
in the semi-synthesis of taxol. Optical purities were excellent (98.5%ee), but yields were lower
compared to other lipases (Patel et al., 1996).

Lipases can be used to deprotect carboxyl groups in peptides. Braun et al. (1991, 1992) cleaved
the heptyl ester carboxyl protective group from a wide range of dipeptides using RNL (Amano N).
This lipase did not cleave the amino protective groups Cbz, Boc, Aloe, or Fmoc and the heptyl
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protective group survived conditions used to remove these amino protective groups (hydrogenation,
HCl/ether, or Pd(0)/C-nucleophile). Although the crude lipase (Amano N) also hydrolyzed the
peptide link, pretreatment with PMSF, a serine protease inhibitor, eliminated this side reaction.
Hydrolysis of the heptyl group slowed and sometimes did not proceed when the peptide was
hindered and/or hydrophobic.

OUTLOOK

Lipases obtained from the genus Mucorales have been explored in a wide range of synthetic reactions
in oleochemistry and organic synthesis. Rhizopus lipases have found somewhat less applications,
than the lipase from Rhizomucor miehei which is used, in immobilized form, in some oleochemical
biotransformations. However, Mucorales lipases can be heterologously expressed in active form,
without the need to apply cumbersome refolding procedures. In combination with the better
understanding of the structure and function of these lipases, the way is open to taylor these stable
and active enzymes to the needs of the organic chemist, and the applications given above already
show that Rhizopus lipases are versatile catalyists. It is to be expected that Rhizopus lipases may be
among those enzymes who will find increasing applications in industrial enzyme technology.
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INTRODUCTION

Lipases, beside their use as drugs in disorders of the digestive system (Gargouri etal., 1997), have
proved to be useful catalysts in biotechnology.

In the last years lipases of different sources have been recognised as valuable catalysts for organic
transformations both on the laboratory and on the industrial scale (Zacks et al., 1984; Dordick,
1991). While bulk application already enjoyed a long standing tradition in areas of food processing
and detergent formulations, new examples of the beneficial use of lipases have now emerged in the
production of fine chemicals. In particular the stereoselectivity of lipases has been employed to
manufacture enantiomerically pure pharmaceuticals, agrochemicals and food additives.

Their broad synthetic potential is largely due to the fact that lipases can accommodate a wide
range of substrates other than triglycerides, such as, esters, thioesters and amides.

The stability in non-aqueous organic solvents, expanding the synthetic potential of lipases, can be
applied to hydrolysis, ester synthesis and transesterifications.



LIPASES APPLICATIONS

Flavour and Feed Industry

The majority of flavours and fragrances used in foods and perfumery are esters, some of which are
fatty acid esters. Many of the naturally occurring esters are now synthesised, and lipase biocatalysis
could be advantageous due to specific and mild reactions. Although many flavour esters are
composed of acids and alcohols very different from fatty acids and glycerol (branched, cyclic,
aromatic, very short chain) lipases may still accept these. Synthesis of terpene alcohol esters by
various lipases has been reported, as well as the continuous synthesis of ethyl butyrate (pineapple/
banana flavour) by immobilised Candida rugosa lipase. A number of other flavour esters were made.
Biochemical production of butter flavour can be made by alcoholysis of butter fat and ethanol, e.g.
with Candida rugosa lipase. This type of reaction provides a mixture of fatty acid ethyl esters, which
may be combined with natural components in foods, e.g. margarine and cookies (Harwood et at.,
1989). The oil industry is widely interested in the application of lipase to the neutralisation of oil
acidity. The acidity of tropical oils is due to the presence of free fatty acids. The content of these
acids can be depressed by partial esterifications by lipases (Graille et al., 1988). The Soya-bean oil
changes its flavour during storage and during the frying process giving rise to a typical fish smell.
The Soya-bean oil flavour instability is due to the linoleic acid. At low temperature Rhyzomucor
miehei lipase has shown specificity towards polyinsaturated fatty acid. It is possible to decrease the
linoleic acid to 3% content by biocatalised transesterification at 10°C (Karmal et al., 1988). Otherwise
γ-linoleic acid has an high dietetic and commercial value. It is in the prostaglandin path-synthesis
and it is rare in edible oils. At the moment the natural source of this fatty acid is evening primrose
seeds. In order to obtain a fraction with an higher content of γ-linoleic acid, from evening primrose
oil as starter, turnip lipase was employed (Hills et al., 1989). Using similar techniques it is possible
to get hypocaloric products enriching oil with short and medium chain-length fatty acids. The
properties of fat depend on the fatty acids content and the commercial value of one fat compared to
another is based on its fatty acid structure. Traditionally, fat and oil processors have changed the
fatty acid structure of their materials by blending different triglyceride mixtures, by chemical
modification of the fatty acids or by re-arrangement of the fatty acids on the glyceride backbone of
the fat (interesterification) (Harwood et al., 1989). Specific enzyme catalysts may be used for
interesterification. In this field, another example of lipase application in the cookies industry is
cocoa butter production. This lipid contains an high amount of stearic acid and is composed of l-
palmitoyl-2-oleyl-3-stearoyl glycerol. An alternative source of it at cheaper cost is palm oil. In fact-
palm oil is composed of 1,3-dipalmitoyl-2-oleyl glycerol. The 1,3 regioselective transesterification,
catalized by Rhyzomucor miehei lipase, of palm oil yields cocoa butter (Macrae et al., 1985).
Rhizopus delemar lipase shows the same regioselectivity, it is able to biotransform olive oil into l,3-
distearyl-2-oleyl glycerol. In the same way the immobilised lipase from Humicola lanuginosa, a
thermostable enzyme, catalyses the transesterification of olive oil into l,3-distearyl-2-oleyl glycerol
at 50°C in 30 h with 65% yield in stearic acid (Omar et al., 1988).

Flavour development of cheeses is to a great extent due to the ability of lipases to modify milk fat
by partial hydrolysis. Specific free fatty acid profiles are generated by naturally occurring microbial
lipases or enzymes added for flavour enhancement. In the first case, moulds involved in the ripening
of certain varieties of cheeses, e.g. Penicillium sp., produce lipases. Penicillium roqueforti lipases
have a short-chain fatty acid specificity and the liberation of a suitable balance of mainly short-
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chain, volatile fatty acids seems to be the general effect behind a characteristic flavour. Probably
some of the fatty acids may be released as ethyl- or other alcohol esters with flavour potential, by
lipase catalysed alcoholysis or esterification. Pre-gastric esterases are used in the manufacture of
Italian cheeses to produce the characteristic piquant flavour.

Flavour development is usually the result of a very small degree of lipid hydrolysis (few percent)
whereas a higher degree may lead also to a change in the physical properties of the fat. Such partial
hydrolysis of oils and fats can improve the palatability and digestibility of the lipid component in
feeds and pet foods. Hard fats may be softened due to mono- and di-glycerides and more energy
supplied to the animals if the lipid is “pre-digested”.

The production of emulsifiers is another important aspect of the food industry. At the present
lecithin, monoglycerides and sugar esterified with fatty acids are employed as emulsifiers in foods.
Lecithin is a by-product of seed oil refining. Enzymes are used to produce lyso-lecithin which has
better emulsifying properties than normal lecithin. Lyso-lecithin is used in margarine and cosmetics,
for instance.

Detergent industry

Fatty acids and oil soiling are difficult to remove from fabrics at low washing temperatures. Spillage
of lipid containing foods and accumulation of sebum from skin are common problems. Therefore,
intensive research efforts have been directed towards development not only of new detergent
compounds and surfactants but also toward enzymes which could facilitate removal of this type of
soiling under wash conditions (Newmark, 1988). Hydrolysis of triglycerides and other fatty esters
does not increase the water solubility of the lipids as readily as in the case of protein and starch
hydrolysis. It has been shown that a mixture with partial glycerides and free fatty acids is more
effectively removed from the fabric than free fatty acids alone are, so that a non-specific lipase is not
necessary or even preferable in washing. A detergent lipases require an high alkaline stability (common
powder detergents pH is 9–10), are thermostable enzymes, stable in the presence of protease and
compatible with common detergents. The first detergent lipase on the market was Lipolase™,
introduced early in 1988 by Novo. It was also the first industrial enzyme produced by recombinant
technology.

Pulp and Paper

Enzyme treatments, including the hydrolytic application of lipases, have recently been taken up by
the paper and pulp industry. Although lipids constitute a very small part of wood, they may have
important effects. In spruce, about 2% resin is found. The resin is a mixture of triglycerides, free
fatty acids and other components. The resin content is reduced to about 0.5% or less in existing
pulping processes. However a more complete resin removal is possible by the addition of lipase in
the process, with improved water absorption characteristics of cellulose fibres as the result. The
resin content may also influence other properties, e.g. paper strength or colour and result in paper
making processes (the formation of suspension of wood fibres). A lipase preparation, Resinase™A is
produced by Novo and used in pulping processes. Printed paper can be treated by lipase in order to
facilitate removal of colour from the printing ink, containing vegetable oil base. This application can
be useful for the improvement of return paper.
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Chiral Switch

There is an increasing trend towards the use of optically pure stereoisomers with pharmaceutical
activity, which are more target-specific and show fewer side-effects than racemic mixtures of
isomers. This leads to an increasing demand for efficient processes for the industrial-scale synthesis
of optically active compounds and to an increased research and production of chiral drugs via, for
instance, lipases or esterases employment (Iriuchijma et al., 1982) The biocatalytic strategy to the
resolution of racemic mixture can be applied to compounds containing alcohols, esters and acid
moieties. If chiral or prochiral substrates are being used, it is usually just one enantiomer which
undergoes reaction, thus leading to the chiral resolution of racemates (Sonomoto and Tanaka,
1988).

DIFFERENT APPROACHES TO THE IMPROVEMENT OF LIPASE
CATALYTIC ACTIVITY AND SELECTIVITY

In organic solvents, lipases catalyse the transfer of acyl groups from suitable donors to a wide array
of acceptors other than water. Depending on the type of acyl donors and acceptors, lipase-catalysed
reactions include esterifications, transesterifications, amidations, peptide synthesis and macrocyclic
lactone formations.

As well known, the quantification of enzyme selectivity can be determined using the so-called
“Enantiomeric Ratio”, or E-value (Shih et al., 1982), and it serves this purpose as it summarises the
enantioselectivity of an enzyme in a single number. The E-value has found its way both as a process
parameter for the enzyme-catalysed kinetic resolutions, as well as for the evaluation of the intrinsic
structure-function relations underlying enzymatic performance.

The presence of competing enzymes in the crude lipase preparations should also be considered. In
general, lipases from microbial sources are produced extracellularly and are virtually homogeneous
in terms of lipolytic activity. In contrast, crude mammalian, fungal and plant lipases preparations
can contain several other interfering enzymes, including proteases and esterases, which may possess
opposite or poor streoselectivity as compared with the lipases. As a consequence, low optical yields
or unreproducible results are often encountered in using these crude lipases, depending on the state
of the enzyme preparations. Therefore, to enhance the optical yield, a number of precautions can be
taken. These include treatment of the crude enzyme preparation with chemical reagents (e.g. serine
pro tease inhibitors) to inactivate interfering enzymes; treatment of the crude enzyme preparation by
physical means (e.g. partial protein purification; lyophilization) to remove or selectively inactivate
competing enzymes; selection of a suitable acyl donor which serves as a poorer substrate for
interfering enzymes and/or as a more efficient substrate for the target enzymes.

Although the great potentials of many lipases in stereoselective transformations, their
performance under conditions prevailing in e.g. industrial reactors, in general, is far from
optimisation; in only a few cases this potential is reflected in an industrial patent ownership. It is
therefore important to improve the properties, stability and selectivity, of lipases by using different
strategies such as, for example site-directed mutagenesis or protein engineering, or trying to
modulate enzyme selectivity and activity employing as reaction media non conventional solvents
such as organic solvents or supercritical fluids (Mc Hugh and Krukonis, 1985; Ikushima et al., 1992;
Chi et al., 1986).

Within the past ten years, lipase-encoding mutated genes from several organisms have been
cloned. Some of these have been expressed in their new genetic background and recently X-ray
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diffraction studies have produced models of the three dimensional structure of several lipases. Also
within this frame, biochemical and molecular genetic data have been gathered that allow the
identification, in some lipases, of those amino acids that play a crucial role in the enzyme activity.
These areas of research have converged to the extent that a co-ordinated approach, using computer-
assisted molecular modelling and recombinant DNA technology, to examine structure-function
relationships in these enzymes is now possible.

As far as the “solvent approach” has been concerned during the last decade, the interest for
enzymatic reactions in organic media has been intense (Wescott and Klibanow, 1984; Cygler et al,
1994). Many fundamental studies have been carried out and a few industrial processes have been
developed. The composition of the reaction medium is decisive with respect to the equilibrium
position and substrate specificity. The degree of hydration of the medium and the biocatalyst is
acknowledged to be of extreme importance. The thermodynamic water activity (aw) is used to
describe the hydration level of these enzymatic systems. Minute amounts of water are necessary for
the enzyme to maintain an active conformation. Any further increase of water, results in the
enhancement of protein flexibility thus affecting enzyme stability. Recent studies (Hirata et al., 1990)
have elucidated some effects of the hydration level on both activity and stability of enzymes in
dehydrated environments. The interaction between a protein molecule and the surrounding water
leads to a greater conformational mobility of enzymes. Consequently the hydration level is a critical
parameter to take into account in order to optimise nonaqueous enzymatic processes (Halling,
1990).

As well known, lipases have proven to be versatile and selective catalysts for the hydrolysis of a
large range of interesting esters. In organic media, they catalyse the reverse reaction leading to
various combinations of chiral alcohols and/or chiral acids.

The effect of solvent choice has been addressed as “medium engineering” since this might afford a
relatively simple way for the fine tuning of enzyme activity, chemioselectivity, regioselectivity and
enantioselectivity. The possibility to vary the activity and the selectivity of the lipase biocatalysed
reactions, by changing the nature of the reaction medium, can be considered a useful tool to modulate
the chemical interactions between enzyme, substrate and reaction media with different physico-
chemical properties.

Very recently, the use of microbial lipases in non conventional solvents, such as supercritical
fluids, has been proposed as a means of improving the activity and utility of such enzymes in
anhydrous environments.

The potential use of supercritical fluids (SCFs) in chemical separation processes has been of
considerable research interest for the past decade (McHugh and Krukonis, 1985). The fundamentals
of SCF extraction technology and a number of potential applications have been described in several
review papers (Ikushima et al., 1992). One very interesting and, as yet, not fully tested offshoot of
SCF extraction technology is the use of an SCF solvent as a reaction medium in which an SCF either
actively participates in the reaction or functions only as the solvent medium for reactants, or
catalysts and/or products (Chi et al., 1986).

By exploiting the unique solvent properties of SCFs (wide variations in density and viscosity are
possible with small changes in pressure and/or temperature; Table 1), it may be possible to enhance
reaction rates while maintaining or improving selectivity. Also, separating products from reactants
can be greatly facilitated by the ease with which the solvent power of the SCF can be adjusted.

The present work reports some recent results and some general observations on parameters which
can enhance the reactivity and the stereoselectivity in raw and recombinant lipase catalysed
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transesterifications of some model compounds, e.g. 1-phenylethanol, and some acyl donors, e.g.
vinylacetate, in organic solvents and supercritical carbon dioxide.  

ENZYME ACTIVITY IN CONVENTIONAL ORGANIC SOLVENTS AND
SUPERCRITICAL FLUIDS

Before optimising the environment of an enzyme, we screened a number of wild-type and
recombinant lipases for the ability to catalyse the transesterification reactions between a secondary
alcohol and vinylacetate, Figure 1, in some organic solvents (heptane, toluene and tert-buthylether)
and supercritical carbon dioxide with the aim to describe the effect of the solvent on lipase activity.

We have chosen commercial lipases: four wild-type and recombinant from fungal source, and two
recombinant from thermiphile microorganisms. These enzymes are usually employed as catalysts in
organic synthesis and, in the case of RML even cheese manufactor. The 3D structures are available
for only 3 of them (CRL, CAL A, CAL B, RML) in open and closed lid form. While CRL and RML
show the “interfacial activation” phenomenon when employed in water systems for hydrolysis
reactions, CAL B is active even with the substrate at lower concentration than CMC (Critical
Micellar Concentration). The enzymes have different regioselectivity toward sn-position in
triglyceride hydrolysis.

The isoform composition of the employed enzymes was first checked by gel electrophoresis in non
denaturing conditions (Braimi-Horn et al., 1990). The results pointed out the presence of several
isoforms with esterasic activity in wild-type enzyme preparations and in recombinant ones.

In our recent research work we studied esterification reactions of model substrates (phenylethanol
derivatives) with acetic anhydride catalysed by a bacterial lipase    from Pseudomonas cepacia
(Cernia et al, 1996). The results pointed out the percentage of conversion and enatioselectivity
dramatically depend on the utilised solvent, while the use of differently activated substrates did not
substantially improve the reaction rates in the employed conditions, Table 2. Products were analysed
by gas chromatography (Fisons 5300) using two serial capillary columns: OV1:25m×0.32 mm ID

Table 1 Physical properties of supercritical fluids

Gas Like:
High Diffusivity (mass transport in complex matrices)
Low Viscosity (favourable flow characteristics)
Liquid Like:
High Solvatating Power (dependent on density)

Figure 1 General scheme of transesterification reactions of secondary alchohols and vinylacetate biocatalyzed
by lipase 
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and DMePeβCDX, Mega 25m×0.25mm ID. Data proved that there is a correlation between solvent
hydrophobicity, expressed in terms of logPow values, and percentage of conversion, Figure 2.
Moreover the results obtained in supercritical fluids showed an higher extent of conversion and
enantiomeric excess values compared to those obtained in organic solvents. The apparatus employed
to carry out the reactions in supercritical medium (SFE 30 Fison Instruments) has been specially
designed to investigate various enzymatic reactions in supercritical carbon dioxide in a reactor cell
of 0.9 mL, Figure 3. After sealing, pressurisation is achieved by pumping liquid carbon dioxide to the
desired final pressure (20 MPa), and the reactor is thermostated at 40°C and 70°C. During the
reaction time a 6-way valve (Rheodyne 7125) permits the withdrawal of samples for analysis
without depressurisation.

On this basis, we carried out alcoholysis reactions with a broad number of recombinant and wild-
type lipases as catalysts in some organic solvents and supercritical fluids.

As expected, the use of hydrophylic organic solvents (tert-butylether and toluene) decrease the
percent of conversion in comparison with the hydrophobic one (heptane). In some cases (wild-type

Figure 2 Esterification reactions of 1-phenylethanol and acetic anhydride catalyzed by Pseudomonas cepacea
lipase in organic solvents. Conversion (%) versus solvent characteristics expressed as logPow. (DMF:
dimethylformamide, THF: tetrahydrofuran, NEt3: triethylamine, CC14: carbon tetrachloride, CH2C12:
dichlorometane, CHC13: chloroform, CH3CN, acetonitrile)
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and recombinant RML), Table 3, there is no detectable reaction product, showing remarkably
different suitability of the substrate for the biocatalysts. As far as enzyme selectivity, the reaction
product was proved to be the R(+) 1-phenylethyl acetate in all the reaction medium employed (e.e.
100%) unless in the case of recombinant CAL A, carried out in heptane, in which an opposite
stereopreference was achieved, Table 4. In fact as far as the recombinant CAL A the reaction
medium is able to modulate not only the extent of conversion but even the enzyme stereoselectivity.

The use of recombinant thermostable lipases derived from thermophiles are likely to be more
thermally robust and more stable in organic solvents than their mesophilic counter parts currently
used in organic synthesis. In our experiments the recombinant thermostable lipase ESL-OOl-01 and
ESL-OOl-02, supplied in partially purified form (60–95% pure) by Recombinant Biocatalysis Inc.,

Figure 3 Schematic diagram of supercritical fluid biorecator

Table 3 Transesterification reactions of (±) 1-phenylethanol with vinyl acetate employng wild-type and
recombinant Rhyzomucor miehei lipases

Reaction conditions: Phenylethanol=ImM, vinylacetate=lOmM, reaction volume=ImL, T=40°C, enzyme=5 mg,
24 h reaction time
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showed in heptane a conversion value, after 24 hours reaction time, from 5 to 40% about, but a
very poor selectivity. In tert-buthylether very low conversion product was achieved, Table 5.

On this basis the relationship between enzyme activity and solvent physical properties cannot be a
simple correlation, and much will be learned from future experiments.

Carbon dioxide is the most commonly used supercritical fluid, and as such, we started our
investigations of the lipase-catalysed reactions in supercritical fluids in this solvent. Given the results
in Table 4 and 5 we can observe that only with recombinant termostable ESL–001–01 and ESL–
001–02 lipases the percent of reaction product and the selectivity of biocatalytic reactions in
supercritical fluids is higher than in conventional organic solvents. These are the first data reported
for biocatalysed reactions in SCCO2 employing recombinant lipases.

As far the results obtained, the solvent hydrophobicity (carbon dioxide is almost non polar as
hexane), the unusually high density (0.754g/cm3) and the high diffu-sivity of supercritical fluid
(enzymes suspended in these media are subject to less internal diffusion limitations than those in
conventional solvents) are probably the main reasons for the improvement of ester production. 

CONCLUSIONS

The use of enzymes in organic solvents is now commonplace, and analysis of the dependence of
enzyme activity as a function of solvent will enhance our understanding of protein-environment
interactions.

Table 4 Transesterification reactions of (±) 1-phenylethanol with vinyl acetate employng recombinant
Aspergillus oryzae, Candida antartica form A and B lipases and wild-type Candidarugosa lipase 

Reaction conditions: Phenylethanol=ImM, vinylacetate=lOmM, reaction volume=ImL, T=40°C, enzyme=5 mg,
24 h reaction time
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Supercritical fluids can be considered just as another nonaqueous media in which to attempt
biocatalytic reactions. Since the physical properties of supercritical fluids are determined by
temperature and pressure, these dispersants offer a very real opportunity to investigate the effect of
solvent physical properties on an enzyme reaction in a controlled manner.

The work presented in this chapter was performed as first approach to investigate on supercritical
fluid and conventional organic solvents suitability as reaction medium in transesterification
reactions employing recombinant lipases of different sources.

Although the experimental data do not supply a predictive model, because solvent-enzyme
interactions can be different according to the different substrates used, this approach could give rise
to a wide range of industrial applications through a careful optimisation of the reaction conditions
and screening of more suitable enzymes. Moreover all recombinant enzymes used show an higher
activity than wild-type ones. These data could be useful to protein engineering in order to optimise
the enzyme performance through side-direct mutagenesis.
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INTRODUCTION

One of the major problems encountered in enzyme technology is the tendency of enzymes to get
inactivated when exposed to non-physiological conditions. In particular, the fact that generally
enzymes denature rapidly at temperatures above 50°C prevents them from being used in many
industrial applications.

In the attempt to solve the problem of thermal inactivation of enzymes the industrial research is
following two lines of activity. Firstly the search for thermostable enzymes from both thermophilic
and hyperthermophilic bacteria has become a very popular and fruitful approach. Indeed, extremely
robust enzymes able to survive at temperatures well above 70°C have already found their way to
industrial processes. The second approach consists in the application of powerful protein
engineering techniques which allow selective substitutions of amino acid residues that are crucial for
thermostability. This approach, which is widely utilized nowadays, is well applicable when the 3-D
structure of the protein to be stabilized is known. However, although the number of proteins studied
at structural level is rapidly increasing, the structures of many industrially useful enzymes remain to
be elucidated.

Can enzymes be stabilized by using novel molecular biology and protein engineering approaches
even when their 3-D structure is unknown?

In the attempt to answer this question, three industrial enzymes, the Bacillussubtilis neutral
protease, the Pseudomonas isoamylase and carbamylase from Agrobacterium radiobacterwere taken
as model systems and were subjected to protein engineering following two different experimental



strategies. From our data, as well as from the data of other laboratories, it appears that protein
engineering can indeed become the strategy of choice whenever the stabilization of a protein is
required.

STABILIZATION OF THE BACILLUS SUBTILIS NEUTRAL PROTEASE

The Bacillus subtilis neutral protease is a zinc metalloendopeptidase extensively studied at both
biochemical and genetic levels (Yang et al., 1984; Toma et al., 1986; Signer et al., 1990). Although
its structure is not known, the enzyme belongs to a highly homologous family of proteases, three of
which, the enzymes from B.thermoproteolyticus (Holmes et al., 1982), B. cereus (Paupit et al.,
1988) and Pseudomonasaeruginosa (Holland et al., 1992), have been crystallized and structurally
characterized. The knowledge of the structures of these three enzymes prompted us to use computer-
assisted techniques to model a 3-D structure of the B. subtilis neutral protease (Signor et al., 1990).
The model was then carefully scanned to localize possible residues which, if properly replaced,
might contribute to enzyme stabilization. The rationale behind the selection of the residues to be
replaced and the nature of the replacing amino acids is based on the well-known criteria of protein
stabilization listed in Table 1. According to such criteria, any protein can be stabilized whenever site-
directed mutations are created which 1) improve the hydrophobic interactions, 2) improve salt
bridges, 3) stabilize α-helices by dipole capping, 4) decrease the entropy of unfolding and 5) create
metal ion binding sites.

Our experimental approach was to produce a series of mutant enzymes, each carrying a mutation
designed to satisfy one of the criteria listed in Table 1 (those indicated by the arrows). Therefore, a
multiple mutant was obtained in which all the stabilizing mutations were added one after the other.

We started our stabilizing work from a neutral protease mutant selected in our laboratories which
presents a Phenylalanine in a region (position 63) exposed to the solvent. We hypothesized that the
replacement of the surrounding residues Ser9, Thr11, Thr17 and Thr61 with amino acids whose
side chains could create a hydrophobic pocket around the aromatic ring of Phe63 would have
stabilized the enzyme. The replacing amino acids were Val for Ser9, Arg for Thr11 and Gln for
Thr17 and Thr61. The computer analysis predicted that the methylene groups of the side chains of
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Table 1 Rational approach to protein stabilization
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the new residues would establish favourable hydrophobic interactions with Phe63. An additional
mutation (Arg68>Leu) was added to remove the destabilizing electrostatic interaction between the
guanidinium groups of Arg68 and Arg11. The stabilizing effect of the hydrophobic pocket modelled
around Phe63 is given in Table 2 which shows that the T50 (the temperature at which 50% of the
activity is lost after 30-minute incubation) of the (Phe63) neutral protease is enhanced by 3°C after
the replacement of the five amino acids.

It has been demonstrated that the interactions between the extremities of the α-helix dipole and
point charges favourably contribute to the entalpy of the protein folded state. After scanning the
seven or-helices of the neutral protease we found that the most C-terminal one, extending from
residue 305 to residue 315, has a destabilizing positive charge at its N-terminus (Lys305). The
replacement of Lys305 with Asp increases the T50 of the wild type enzyme by about 0.5°C
(Table 2).  

One of the mechanisms by which proteins can be stabilized is by decreasing their entropy of
unfolding. According to the thermodinamic principles, a folded protein (F) finds itself in equilibrium
with its unfolded state (U).

The thermodynamic equation which governs such equilibrium is:
(1)

or:
(2)

Equation (2) shows that any mutation able to decrease the entropy of the unfolded state (Su) makes
the ∆G value more negative and therefore stabilizes the protein in its folded conformation.

One way to decrease the entropy of unfolding is to replace amino acids having flexible backbones
(e.g. glycine) with more rigid residues, provided that the substitutions do not create an unfavourable
strain within the molecule.

With this in mind we selected three substitutions, Ala4>Thr, Glyl47>Ala and Glyl89>Ala, which
turned out to increase the T50 of the wild type neutral protease by 0.5, 2 and 1°C, respectively
(Margarit et al., 1992).

In the B. subtilis neutral protease, the residues from 188 to 194 constitute a seven amino acid
loop located in proximity of the catalytic site. In thermolysin, the highly stable enzyme belonging to
the same protease family, the corresponding region is occupied by a 10-amino acid loop which defines
a calcium coordination site (Toma et al., 1991).

Table 2 Analysis of the neutral protease mutants
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After the replacement of the native 7-amino acid loop by the thermolysin loop, we have been able
to prove that the mutant neutral protease acquires the ability to bind a third calcium ion (two
calcium atoms are naturally bound to the enzyme and turn out to be essential for enzyme stability).
The binding energy enhances the T50 value of the mutant enzyme with respect to the wild type by
about 3°C, when the protein is exposed to calcium containing buffers. 

Table 2 also shows the stabilizing effect of all mutations described above accumulated in a single
mutant (Figure 1). Interestingly, a cumulative effect can be observed which results in a net increase
in thermostability of the multiple mutant with respect to the (Phe63) neutral protease by about 10°C.

In conclusion, the data described above indicate that 1) a reliable 3-D protein structure can be
predicted by computer-assisted molecular modeling whenever a homologous protein, the structure

Figure 1 3-D model structure of the multiple mutant of B. subtilis neutral protease obtained by side-directed
mutagenesis. Indicated are the zinc atom essential for catalytic activity (fuchsia), the two calcium atoms
required for stability (violet) and the third calcium atom (blue) bound to the mutant molecule after loop
replacement (shown in yellow). The side chains of all amino acids which have been replaced are also shown in
yellow color
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of which is known, does exist. 2) The computer-derived model can be used to select specific amino
acid substitutions able to enhance the protein stability on the basis of well defined general rules. 3)
Once single stabilizing substitutions have been identified, multiple mutants can be created in which a
cumulative stabilizing effect is generally obtained. 

STABILIZATION OF THE PSEUDOMONAS ISOAMYLASE

Isoamylases, enzymes which hydrolyse the α-1,6 glucosidic inter-chain linkages present in starch, are
used industrially for the production of amylose and maltose. In the industrial production of
maltose, the starch solution is first partially hydrolysed at high temperatures and thereafter the
hydrolysis is brought to near completion by adding thermostable amylases. Finally, 97–98%
conversion of starch into maltose is achieved by further addition of pullulanase and/or isoamylase.

Among the different isoamylases isolated so far, one of the best characterized both at biochemical
and genetic levels is the isoamylase from Pseudomonasamyloderamosa (Harada et al., 1972;
Tognoni et al., 1989). This enzyme is currently used by the starch industry but it has the
disadvantage of being thermolabile and also of having a optimum pH for stability around 4. This
implies that for the enzyme to be used in the industrial process the temperature of the reactor has to
be cooled down considerably and the pH of the solution has to be adjusted (in the maltose
production process amylases operate at pH 5.5–6). Therefore, for the improvement of the process,
the availablity of a thermostable isoamylase with an optimum of pH for stability around 6 would be
particularly useful.

Since neither the structure of the enzyme is known nor a homologous enzyme the structure of
which has been resolved is available, in order to isolate a pH-dependent thermostable isoamylase
mutant we adopted a random-site-directed mutagenesis strategy. Briefly, the experimental approach
consists of the following steps: 1) PCR amplification of the isoamylase gene under conditions in
which the polymerase makes an average of 1–2 errors per 100–200 nucleotide elongation, 2)
preparation of a “library” of recombinant E. subtilis clones, each expressing a different isoamylase
mutant, 3) screening of the library to identify the clones that produce isoamylase mutants with
higher thermostability at pH 6. The library screening was carried out growing the recombinant
clones on plates buffered at pH 6 and exposing the colonies to iodine vapours after their incubation
for sixteen hours at temperatures between 37 to 45°C. Only the colonies producing thermostable
isoamylase mutants were surrounded by blue halos when incubated at temperatures higher than 37°
C.

To facilitate the subsequent characterization of the mutants, the isoamylase gene was first
mutagenized to create unique restriction sites without changing the protein sequence, allowing the
splitting of the gene into 5 restriction fragments. Therefore the PCR-mediated mutation was carried
out on each fragment so as to restrict the region to be sequenced for identifying the stabilizing
mutation (Figure 2). Table 3 summarizes the results of the screening procedure. One mutant of
fragment 2 out of 85,000 analyzed carried a thermostable mutation at position 355 (Thr>Ser)
whereas 30 independent fragment 4 mutants were selected. The latter carried, together with
different silent mutations, the stabilizing substitutions of Ile367 with either Thr or Ser. Asp507>Val
was the relevant mutation present in the 9 mutants of fragment 4 identified by the screening of 90,
000 clones. Finally, no thermostable mutant was selected out of 300,000 fragment 1 mutants and
out of 12,000 fragment 5 mutants analyzed. To verify whether or not the stabilizing effect of each
mutant was additive, double and triple mutants were obtained by site-directed mutagenesis and the
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thermostability of the purified enzymes was compared with respect to the wild type enzyme. As
shown in Figure 3, the triple mutant Ile367>Thr/Asp507>Val/ Thr355>Ser turned out to be the
most stable enzyme, the double mutants Ile367>Thr/ Asp507>Val and Thr355>Ser/Ile367>Thr
being more stable than the wild type but less stable than the triple mutant. Interestingly, when the
stability assay was carried out at pH 4, no difference in thermostability between the mutants and the
wild type was observed (data not shown).

In conclusion, the random site-directed mutagenesis approach appears to be a powerful general
strategy to isolate stability and/or activity mutants of any enzyme, provided that a rapid and reliable
screening procedure is available. As in the case of neutral protease, the isoamylase stabilizing
mutations turned out to exert a cumulative effect, the double mutants being more stable than both
the wild type enzyme and the single mutants but less stable than the triple mutant.

Figure 2 Functional and restriction map of plasmid pSM604. Pnpr: promoter of the B. subtilis neutral protease
gene under which the isoamylase gene is expressed. LS: leader sequence for secretion of subtilisin. The
fragments of the isoamylase gene which have been mutagenized by PCR are indicated. For details see text

Table 3 Screening of the isoamylase mutants
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STABILIZATION OF CARBAMYLASE FROM AGROBACTERIUM
RADIOBACTER

The D-amino acids D-phenylglycine and D-p-hydroxyphenylglycine are among the most important
optically active compounds for their use in the production of semisynthetic penicillins and
cephalosporins (Runser et al., 1990).

These amino acids are currently synthesized in a two-step reaction process using as substrates D,L-5
monosubstituted hydantoins (Olivieri et al., 1981). According to this two-step process, the substrate
is first hydrolysed to the D-carbamyl derivative by a D-specific hydantoinase and then further
converted into the corresponding D-amino acid by an N-carbamyl-D-amino acid amidohydrolase
(hereinafter carbamylase). Since several micro-organims expressing both hydantoinase and
carbamylase have been isolated, the D-amino acid production process simply involves the
incubation, in an oxygen-free environment, of the bacterial biomass with the substrate for a period
long enough to allow the quantitative conversion of the D,L hydantoin into the corresponding D-
amino acid.

Figure 3 Thermal stability of isoamylase mutants. Residual activity was measured after 3-hour incubation at
different temperatures 
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Despite its semplicity, the process has margins for further optimization. In particular, carbamylase
is sensitive to thermal inactivation (Ogawa et al., 1994), thus limiting the life span of the
biocatalyst. 

In the attempt to select thermostable carbamylase mutants, we developed a random site-directed
mutagenesis approach similar to the one described for the isoamylase.

The carbamylase gene was divided into two fragments and each fragment was amplified by PCR
under conditions which favoured approximately 1–2 errors per 100 base pairs. Each amplified
reaction was then ligated to plasmid pSM7l6 (Figure 4) and the two ligation mixtures used to
transform E. coli cells. Two libraries were generated, each carrying random mutations at the 5′
portion and at the 3′ portion of the carbamylase gene, respectively.

The two libraries were replicated on nitrocellulose filters and after lysis of the colonies by freeze-
thawing, the filters were incubated at 48°C for 16 hours, conditions that inactivate the wild type
carbamylase. When the filters were laid on a medium containing the substrate N-carbamyl-D-
phelylglycine and the pH indicator Phenol Red, violet-red halos appeared around a few colonies,
suggesting the presence of thermostable carbamylase mutants which, having survived the
temperature treatment, converted the substrate to D-phenyl glycine and ammonia (Figure 5).

Two colonies were selected for further study. The sequence analysis of the carbamylase gene from
these colonies revealed that a single point mutation had occurred in each mutant, both leading to
the replacement of threonine with alanine one at position 212 and the other at position 262. 

The carbamylase mutants were purified from E. coli cells as already described (Grifantini et al.,
1996) and the ∆T50 values determined using the purified proteins (T50 is the temperature at which
the enzyme loses 50% of its activity after 30-minute incubation and ∆T50 is the difference between
the T50 value of the mutant and the T50 value of wild type enzyme). As shown in Table 4, the

Figure 4 Functional and restriction map of plasmid pSM716. P: costitutive promoter under which the
carbamylase gene is expressed. 6 His: histidine tail added to the carboxy-terminal of the protein. The fragments
of the carbamylase gene mutagenized by PCR are indicated. For details see text
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Thr212>Ala mutant was 3.3°C more stable than the wild type carbamylase whereas Thr262>Ala
mutant had a ∆T50 value of 2.3. When the ∆T50 value was measured on the Thr212>Ala/
Thr262>Ala double mutant, an increased thermal stability of 7.1°C was found indicating that, as in

Figure 5 Scheme of the procedure used for the random mutagenesis of the carbamylase gene and for the
screening of the mutant expression libraries. For details see text. 
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the case of neutral protease and isoamylase, stabilizing mutations have a cumulative effect when
present on the same molecule.

REFERENCES

Grifantini, R., Pratesi, C., Galli, G. and Grandi, G. (1996) Topological mapping of cysteine residues of N-
carbamyl-D-amino-acid amidohydrolase and their role in enzymatic activity. J. Biol. Chem., 271,
9326–9371.

Harada, T., Misaki, A., Akai, M., Yokobayashi, K. and Sugimoto, K. (1972) Characterization of Pseudomonas
isoamylase by its action on amylopectin and glycogen: comparison with aerogenes. Biochim. Biophys.Acta,
268, 497–505.

Holland, D.R., Tronrud, D.E., Pley, M.W., Flaherty, K.M., Stark, W., Jansonius, D.B., McKay, D.B. and
Matthews, B.W. (1992) Structural comparison suggests that thermolysin and related neutral proteases
undergo hinge-bending motion during catalysis. Biochemistry, 31, 11310–11316.

Holmes, M.A. and Matthews, B.W. (1982) Structure of thermolysin refined at 1.6 A resolution. J. Mol.Biol.,
160, 623–639.

Margarit, I., Campagnoli, S., Frigerio, F., Grandi, G., De Filippis, V. and Fontana, A. (1992) Cumulative
stabilizing effects of glycine to alanine substitutions in Bacillus subtilis neutral protease. Protein Eng., 5,
543–550.

Ogawa, J., Ching-Ming Chung, M., Hida, S., Yamada, H. and Shimizu, S. (1994) J. Biotechnol., 38, 11– 19.
Olivieri, R., Fascetti, E., Angelini, L. and Degen, L. (1981) Microbial transformation of racemic hydantoins to

D-amino acids. Biotechnol. Bioeng., 23, 2173–2183.
Paupit, R.A., Karlsson, R., Picot, D.,Jenkins,J.A., Niklaus-Reimer A.-S. and Jansonius, J.N. (1988) Crystal

structure of neutral protease from B.cereus refined at 3 A resolution and comparison with the homologous
and more thermostable enzyme thermolysin. J. Mol. Biol., 199, 525–537.

Runser, S., Chinski, N. and Ohleyer, E. (1990) D-p-hdroxyphenylglycine production from DL-5-p-
hydroxyphenylhydantoin by Agrobacterium sp. Appl Microbiol. Biotechnol., 33, 382–388.

Signer, G., Vita, C., Fontana, A., Frigerio, F., Bolognesi, M., Toma, S., Gianna, R., De Gregoriis, E. and
Grandi, G. (1990) Structural features of neutral protease from B.subtilis deduced from model-building and
limited proteolysis experiments. Eur. J. Biochem., 189, 221–227.

Tognoni, A., Carrera, P., Galli, G., Lucchese, G., Camerini, B. and Grandi, G. (1989) Cloning and nucleotide
sequence of the isoamylase gene for a strain of Pseudomonas sp. J. Gen. Microbiol., 135, 37–45. 

Toma, S., Del Bue, M., Pirola, A. and Grandi, G. (1986) nprRl and nprR2 regulatory regions for neutral
protease expression in B. subtilis.J. Bacterial.,163,824–831.

Toma, S., Campagnoli, S., Margarit, I., Gianna, R., Grandi, G., Bolognesi, M., De Filippis, V. and Fontana, A.
(1991) Grafting of a calcium-binding loop of thermolysin to Bacillus subtilis neutral protease. Biochemistry,
30, 97–106.

Yang, M.V., Ferrari, E. and Henner, D. (1984) Cloning of neutral protease gene of B. subtilis and the use of
the cloned gene to create an in vitro derived deletion mutation. J. Bacteriol., 160, 15–21. 

Table 4 Thermal stability of carbamylase mutants

 

STABILIZATION OF INDUSTRIAL ENZYMES BY PROTEIN ENGINEERING 151



152



9.
DESIGN OF BIOTECHNOLOGICALLYAPPLICABLE
YEAST CARBOXYPEPTIDASE YMUTANTS WITH

INCREASED PREFERENCE FORCHARGED
P1RESIDUESZ†

KJELD OLESEN and KLAUS BREDDAM*

Department of Chemistry, Carlsberg Laboratory, Gamle Carlsberg Vej

10,DK-2500 Copenhagen Valby, Denmark

CONSTRUCTION AND CHARACTERISATION OF CPD-Y MUTANTS

An inherent property of serine carboxypeptidases is that they specifically act on the C-terminal
peptide bond of their substrate. Thus, as opposed to endopeptidases only one position of a peptide
sequence may act as a substrate at a time. This makes serine carboxypeptidases useful tools for a
number of applications, such as C-terminal sequencing (Breddam and Ottesen, 1987), and C-
terminal modification of peptides (Breddam et al., 1981a, 1981b; Stennicke et al., 1997) and for
stereo specific synthesis of peptide and peptide derivatives (Breddam and Johansen, 1984).
However, due to substrate side chain preferences of any serine carboxypeptidase not all peptides
will function equally well as substrate precursors in such reactions. Serine carboxypeptidases display
the most pronounced substrate preference with respect to P1. Among the described enzymes only a
few catalyse the hydrolysis of substrates with a basic P1 residue, i.e. CPD-S1, KEX1, and CPD-WII
(Breddam et al., 1981; Latchiniak-Sadek and Thomas, 1994; Olesen and Breddam, 1995), while no
enzymes have been found that efficiently catalyse hydrolysis of substrates with an acidic P1 residue.
Thus, it was of interest to produce variants of CPD-Y that efficiently hydrolyse substrates having
basic or acidic P1 residues, also because this enzyme is readily purified in gram quantities.

The process of creating CPD-Y mutants with increased activity toward substrates with charged P1
residues has gone through three phases. In phase one the tertiary structure of the enzyme was not
known but some information on the structure of the enzyme could be gained from the tertiary
structure of the homologous enzyme CPD-WII from wheat (Liao and Remington, 1990; Liao et al.,
1992). Based on the structure of this enzyme and an alignment of 4 serine carboxypeptidases



(Sørensen et al., 1987) the S1 pocket of CPD-Y was predicted to be comprised of residues Tyr147,
Leu178, Glu215, Arg216, Ile340, and Cys341 (Olesen and Kielland-Brandt,  1993). These residues
were chosen as targets for degenerated oligonucleotide directed mutagenesis using a mutagenesis
strategy that eliminates any unmutagenized wild type background (Olesen and Kielland-Brandt,
1993). Eight pools of mutant plasmid DNA were produced targeting from only one to all of the
selected residues. The mutant pools of DNA were then introduced into a yeast strain lacking the
PRC1 gene producing more than 105 independent yeast transformants. These were screened by a
chromogenic overlay assay (modified from Jones, 1977) to differentiate colonies expressing active
CPD-Y from those expressing inactive CPD-Y Depending on how many residues had been targeted
the number of colonies expressing active CPD-Y varied from 0 to 50%. Then, the P1 substrate
preference of the CPD-Y expressed by these colonies for Trp, Phe, Gly, Pro, Ser, Glu, His and Lys
was estimated using a semiquantitative chromogenic microtiter dish assay. This assay, involving L-
amino acid oxidase, peroxidase and o-dianisidine, has previously been used to monitor
carboxypeptidase S activity (modified from Lewis and Harris, 1967). Nine mutant enzymes were
found that exhibited from 3 to 10-fold increased activity with Lys in P1 in this particular assay.
Plasmid DNA was then recovered from these colonies and sequenced to determine which amino
acids had been substituted. All nine mutants contained substitutions of Leul78 while six contained
substitutions at position 215 and 216. The two mutants displaying the highest activity in the
microtiter assay, L178S and L178S+E215A+R216P, were purified by affinity chromatography and
kinetically characterised using CBZ-Xaa-Leu-OH substrates with Phe, Ala, Ser, Lys, and Glu at the
P1 position. The kcat/KM values for the hydrolysis of CBZ-Lys-Leu-OH and CBZ-Glu-Leu-OH with
L178S was found to have increased 150 and 2-fold relative to wild type CPD-Y, respectively. The
activities with the triple mutant enzyme were about 50% that of L178S with all substrates. This,
together with results from the semiquantitative assay, indicated that it was the substitution of
Leul78 rather than those at positions 215+216 that was responsible for the increased activity with
basic P1 residues. Thus, to further investigate the influence of residue 178 on the P1 substrate
preference another 6 mutants were produced by site directed mutagenesis, such that Leul78 had
been substituted by Trp, Phe, Ala, Ser, Cys, Asn, Asp, and Lys. These enzymes were kinetically
characterised using FA-Xaa-Ala-OH substrates with Phe, Leu, Val, Ala, Ser, Glu, Arg, and Lys in
the P1 position (Olesen et al., 1994). Except for LI 78K all of these enzymes exhibited increased
activity with basic P1 residues. L178S was the most active enzyme with Arg in P1 (increased 40-fold)
while with Lys in P1 the most active enzyme was L178D (increased 85-fold) (Table 1). Only 3
enzymes were found to exhibit increased activity with Glu in P1, i.e. with L178A, L178C and L178K
kcat/KM had increased 2.3, 1.9, and 1.5-fold, respectively (Table 2).

In the next phase the crystal structure of CPD-Y had also been determined (Endrizzi et al., 1994).
Comparing this to that of CPD-WII revealed that structural differences exist between the two enzymes
giving rise to errors in the alignment of primary structures used to predict the constitution of the S1
subsite of CPD-Y. Thus, the S1 pocket of CPD-Y turned out not to be constituted of residues

†This work was supported by funds from BioNebraska Inc., Lincoln, NE., USA.
*Corresponding author. Abbreviations: CPD, carboxypeptidase; CBZ, carbobenzoxyl, benzyloxycarbonyl; FA,
3-(2-furylacryloyl). Mutant enzyme names, e.g. L178S, indicate that residue 178 has been changed from Leu to
Ser. The binding site notation is that of Schechter and Berger (1967). Accordingly, the C-terminal amino acid
of the substrate is denoted P1′ and those in the amino terminal direction from the scissile bond are denoted P1,
P2, ...,Pn. In analogy, binding sites are denoted S1′ and S1, S2, ...,Sn. 
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Tyr147, Leu178, Glu215, Arg216, Ile340, and Cys341 as predicted but rather of the residues
Tyrl47, Leu178, Tyr185, Tyr188, Trp312, Ile340, and Cys341 (Figure 1). Thus, using the two
structures as a guide a new and improved alignment of 30 primary sequences of serine
carboxypeptidases was constructed (Olesen and Breddam, 1995). Comparing this to the substrate
preferences of kinetically characterised enzymes it was found that all enzymes with low activity with
basic P1 residues possessed a Trp at position 312 while those with high activity toward such
substrates possessed smaller residues like Asn, Ile, and Gly. Furthermore, most of these enzymes
possessed substitutions of Tyr185, e.g. to Glu as in CPD-S1 (Figure 2).  

Thus, residues 185, 188, and 312 were selected as targets for degenerated oligonucleotide directed
mutagenesis followed by activity and specificity screens as outlined for position 178. As expected,
no position 188 mutants with pronounced changes in substrate preference were found. Likewise, no
position 185 mutants were found, while mutants were selected that had Trp312 substituted for
either Asp or Glu. Thus, position 312 was selected for a thorough investigation and mutants
replacing Trp312 for Phe, Leu, Ala, Ser, Asn, Asp, Glu, or Lys were produced while for position 185
only the Tyr to Glu substitution was produced to investigate the importance of this residue for the
substrate preference of CPD-S1. Following purification by affinity chromatography these enzymes
were kinetically characterised using FA-Xaa-Ala-OH substrates with Phe, Leu, Val, Ala, Ser, Glu,
Arg, or Lys in the P1 position (Olesen and Breddam, 1995).

With Y185E only small alterations in activity with substrates containing charged P1 residues were
observed, i.e. a 2-fold and 6-fold increase in activity with Arg and Lys in P1, respectively, while kcat/
KM with FA-Glu-Ala-OH decreased 4-fold. Much larger effects on activity were observed with the

Table 1 Enzymes engineered for activity with basic P1 residues

nd: not determined due to high KM. The standard deviation of values marked by a is ±0 to 10% while b

indicates a deviation of ±10 to 20% and c indicates ±20 to 30%.
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Trp312 mutants. All of these enzymes exhibited slightly increased activity with Glu in P1 from 2-
fold with W312S and W312N to 7-fold with W312K (Table 2). The largest effects of the Trp312
substitutions were observed with basic P1 residues. With such substrates decreased activity was
observed only with W312K while all other mutations increased activity from 2.5-fold to 1150-fold.
The largest activity with Arg in P1 was observed with W312D (increased 60-fold) while with Lys in
P1 the highest activity was observed with W312E (increased 1150-fold) (Table 1). It was
demonstrated that the beneficial effects of these mutations on the activity with basic P1 residues
were entirely on kcat. Three double mutants, L178S+W312N, L178D+W312N, and L178D+W312D,
were also produced to investigate the interplay between these residues. The enzyme L178D+W312D
exhibited a 700-fold decrease in activity with Leu in P1 (similar to L178D) and a 550-fold increase
in activity with Lys in P1 (similar to W312D). Thus, the P1 substrate preference of this enzyme for Leu
versus Lys had changed 3.8 x 105-fold relative to wild type CPD-Y (Table 1).

In phase 3 the binding of charged P1 residues to the S1 pocket of serine carboxypeptidases was
reevaluated. Although the activity of the W312X mutants with basic P1 residues had increased
significantly relative to wild type CPD-Y the activity was still not comparable to that of enzymes
like CPD-S1, especially with Arg in P1. It was speculated that in an enzyme with a small residue at
position 312, interactions between P1 and residues 241 and 245, residing in S3 in an α-helix above
S1 in CPD-Y, might be facilitated (Olesen and Breddam, 1997). In enzymes with a large residue at
position 312, like CPD-Y, these residues would be part of S3 and not of S1, while in enzymes with a
small residue at position 312, like CPD-S1, these residues would be part of S1 as well as S3 (see
Figure 1) To investigate this, 35 enzymes were produced that incorporated a charge at either of

Table 2 Enzymes engineered for activity with acidic P1 residues

nd: not determined due to high KM- The standard deviation of values marked by a is ±0 to 10% while b

indicates a deviation of ±10 to 20% and c indicates ±20 to 30%.
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positions 241 and 245, optionally in combination with a reduction in size of residue 312. The
purified enzymes were kinetically characterised using FA-Xaa-Ala-OH substrates with either Leu,
Arg, and Lys or Leu, Glu, and Asp in the P1 position (Olesen and Breddam, 1997).

All of these mutant enzymes exhibited increased activity with substrates containing P1 residues of
the opposite charge. With basic P1 residues it was possible to increase activity with Lys as well as

Figure 1 Structure of the S1 binding pocket and catalytic triad (Serl46-His397-Asp338) of CPD-Y seen from the
direction of the catalytic essential Ser146 

Figure 2 Partial alignment of amino acids comprising the S1 binding pocket of serine carboxypeptidases, that
based on their primary sequence are predicted to be single chained and share the CPD-Y like structure.
Numbers refer to residue positions of mature CPD-Y In enzymes having Trp at position 312 interactions
between a P1 side chain and residues 241 and 245 are probably hindered. *New entries relative to alignment of
Olesen and Breddam, 1995. Complete alignment, now containing 42 sequences including two chained
enzymes, is available on request or at ftp://ftp.crc.dk/pub/carboxypeptidase/Alignmnt.htm
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Arg in P1 up to about 900-fold. Thus, with Lys in P1 the best effects were about equal to those
obtained with the Trp312 mutants while the best effects with Arg in P1 were about 15 times higher
(Table 1). The kcat/KM value for the hydrolysis of FA-Arg-Ala-OH with N241D+W312L was 13000
min-1mM-1 which is comparable to the activity of CPD-S1. With acidic P1 residues these enzymes
exhibited up to 170-fold increased activity, both with Glu and Asp in P1. This value is about 25
times higher than the highest obtained with Leul78 and Trp312 mutants (Table 2).

The two enzymes with the highest activity with basic or acidic P1 residues, N241D+W312L and
L245R+W312S respectively, were chosen for further kinetic characterisation with respect to
dependency of ionic strength, pH, and P1 substrate preference. It was found that the activity of both
enzymes with charged substrates was essentially independent of ionic strength. Thus, the high
activity with such substrates is probably not dependent on the formation of salt bridges between the
charged residues involved.

The pH profile of kcat for the hydrolysis of FA-Lys-Leu-OH with N241D+W312L deviated from
that observed with wild type CPD-Y This parameter was found to fit the dissociation of a single
residue with a pKJ value of 5.7 with low kcat at low pH. Thus, as the dissociating group must be
assigned to Asp241 the pKa of this residue is perturbed about 1.8 pH units relative to the free form
of aspartic acid. As a consequence of this altered pH dependency, the P1 substrate preference of
N241D+W312L for hydrophobic versus basic residues varies with pH. At pH 6 to 7 the enzyme
was found to display a 2-fold preference for Lys relative to Ala while at pH 4.0 this preference was
reversed to a 10-fold preference for Ala.

The P1 substrate preference of both enzymes were further characterised using FA-Xaa-Ala-OH
substrates with Phe, Leu, Val, Ala, Ser, Glu, Asp, Arg, or Lys in the P1 position. It was observed that
the activity of L245R+W312S with FA-Arg-Ala-OH had decreased 14-fold while the activity of
N241D+W312L with acidic P1 residues was only slightly affected. Thus, as the activity of the two
enzymes with FA-Arg-Ala-OH and FA-Asp-Ala-OH differs 13000-fold and 190-fold, respectively,
their P1 substrate preference for Arg versus Asp varies 2.5×106-fold.

CONCLUDING REMARKS

Mutational Effects

It is noteworthy that it has been possible to increase the activity of CPD-Y with basic P1 residues by
mutational substitutions at several positions in the S1 binding pocket, i.e. positions 178, 185, 241,
245, and 312. The reason for this may be that the S1 pocket of CPD-Y has been designed for low
activity with basic P1 residues. However, the over expression of mutant forms of CPD-Y, like N241D
+W312L, in both vpll and VPL1 strains of yeast does not seem to affect the growth of the cells.
Alternatively, activity with basic P1 residues may have been sacrificed in the evolutionary design for
optimal activity with hydrophobic P1 residues.

Attempts to co-crystallise CPD-Y with peptide derivatives to evaluate the effects of these
mutations have not been successful but we assume that the mutations at different positions within
the S1 pocket affect activity with basic P1 residues in different ways. A reduction in size of residue
312 presumably assist catalysis of such substrates by relieving steric constraints against large P1 side
chains like Trp, Phe, Lys, and Arg and perhaps also by increasing accessibility of the distal charge of
the P1 side chain to solvent water. The beneficial effects of mutations at position 178 are likely
mediated in an indirect manner by inducing a more favourable steric conformation of the
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neighbouring Trp312. Thus, the beneficial effects of the above mutations is to remove the inherent
discrimination of the S1 pocket against basic P1 residues. However, the additional introduction of
negatively charged residues at position 241 or 245 (or 312 in the case of Lys in P1) constitutes the
positive selection for basic P1 residues, presumably by increasing the hydrophilic character in the
vicinity of the charge of the P1 side chain and long range charge-charge interactions. The optimal
composition of the S1 pocket of CPD-Y for high activity with basic P1 residues thus closely
resembles the composition in enzymes like CPD-S1.

In the case of acidic P1 residues the only successful design to significantly increase activity was the
introduction of basic residues at either of positions 241 or 245 in combination with the substitution
of Trp312 for a smaller polar residue. The beneficial effect of this design is probably also achieved
through an increase in the hydrophilic character of the S1 pocket in combination with long range
charge-charge interactions that requires that position 312 is not a large Trp. Importantly, no
naturally occurring serine carboxypeptidase has been found to display such an activity or to have a
primary sequence indicative of such activity.

Applicability of the Enzymes

The applicability of a serine carboxypeptidase for a particular enzymatic application, e.g. C-
terminal sequencing or C-terminal modification, is governed by its activity and/or substrate
preference. With respect to C-terminal sequencing it is desirable that individual peptide bonds of the
substrate are not hydrolysed at very different rates. Thus, it is desirable that the applied enzyme
exhibits low substrate preference which can be achieved by increasing poor activities and/or by
decreasing good activities. During this investigation of the S1 pocket of CPD-Y examples of both
types of substrate preference relaxation have been observed. However, it has not been possible to
develop enzymes completely lacking substrate preference. Even so, enzymes like L178S, which has a
P1 substrate preference about 100-fold lower than CPD-Y, have been shown to be superior relative
to wild type CPD-Y for the O terminal sequencing of peptides containing basic residues like the S6
phosphate receptor peptide (Olesen et al., 1994).

Perhaps the most important application of serine carboxypeptidases is in C-terminal modification
of peptides. In this stereo specific reaction peptide precursors can be C-terminally amidated
(Breddam et al., 198la), thus converting them into stable bioactive messengers (Breddam et al.,
1981b), or C-terminally labelled with affinity or fluorescent compounds, such as lysine amide
derivatized at the e-amino group with biotin or anthraniloyl, which may facilitate purification or
tracking of labelled peptide fragments (Stennicke et al., in press). Obviously, if the substrate
preference of the applied enzyme match the sequence of the precursor peptide the catalytic turnover
can be increased and problems with secondary degradation and side reactions decreased. The
applicability of mutant forms of CPD-Y with increased activity with basic or acidic P1 residues is
currently being investigated. 
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INTRODUCTION

b-glycoside hydrolases include b-glycosidases, which hydrolyse b-glycosides and, in some instances,
b-linked oligosaccharides, and β-l,4-glycanases, which hydrolyse β-1,4-linked polysaccharides such
as chitin, cellulose, xylan and mannan. Most β-1,4-glycanases exhibit some measure of activity
against oligosaccharides. β-1,4-glycanases are used in the detergent, textile food processing and
paper industries.

The enzymes fall into two large groups: retaining enzymes use a double-displacement mechanism
involving a covalent enzyme-substrate intermediate (White et al., 1996) to hydrolyse glycosidic
bonds with retention of configuration at the anomeric centre; inverting enzymes use a concerted
mechanism to hydrolyse glycosidic bonds with inversion of configuration at the anomeric centre.
Retaining but not inverting enzymes can transglycosylate (Figure 1). The enzymes exhibit varying
degrees of specificity for the glycone moiety of the bond being hydrolysed; they are classified as β-
glucosidases, β-xylosidases, chitinases, cellulases, mannanases, and so on, but the specificity is rarely,
if ever, absolute other than requiring a β-1 glycosidic bond. Nonetheless, the activity is usually
greatest against a particular glycone. In general, the specificity for the aglycone moiety of the
substrate is looser, so aryl β-glycosides and aryl β-oligosaccharides can be used as substrates for the
quantification of enzyme activity.

The β-1,4-glycanases exhibit either an endo- or an exoglycanolytic action on their polysaccharide
substrates. This distinction is not absolute and it is probably more accurate to say that an enzyme
has predominantly endo- or exoglycanolytic activity.



The activities of β-l,4-glycanases that hydrolyse chitin, cellulose, mannan and other insoluble
polycaccharides are dictated by the insolubility and aggregated nature of their substrates. Although
quite efficient as glycoside hydrolases, the activities against the insoluble substrates are determined
by the efficiency with which the enzymes can sequester single molecules of substrate into their active
sites.

MODULES AND FAMILIES

Domains are independently folding, spatially distinct structural units in proteins. The sequence need
not be contiguous. Modules are a subset of domains that are contiguous in sequence and that are
used repeatedly as domains in functionally diverse proteins (Bork et al., 1996). Many of the β-
glycoside hydrolases, especially the β-1,4-glycanases, are modular proteins, comprising two or more
discrete domains that retain their functions when separated by proteolysis or by manipulation of the
DNA sequences encoding them (Gilkes et al., 1991; Tomme et al., 1995b). As with other modular
proteins (Bork et al., 1996), the modules appear to have been spread amongst β-glycoside
hydrolases by genetic shuffling.

All of the enzymes have at least a catalytic domain (CD) or module. The commonest ancillary
module is a substrate-binding domain. Where present, the substrate-binding domain is often a
cellulose-binding domain (CBD). CBDs are components of hydrolases attacking the polysaccharides
in plant cell walls, such as cellulases, mannanases and xylanases. Some chitinases have chitin-
binding domains that are related to CBDs; many CBDs can bind to chitin. Therefore, CBD is used
here to designate substrate-binding domain in general.

Glycoside hydrolases are classified into families of related amino acid sequences, using the
sequences of the CDs only (Henrissat, 1991; Henrissat and Bairoch, 1993). Where analysed, all of
the CDs in a family have similar three-dimensional structures and exhibit the same sterospecificity
of hydrolysis (Tomme et al., 1995b; Warren, 1996). Similarities in the amino acid sequences of
enzymes in families 1, 5 and 10 prompted the prediction that the enzymes in these families are
structurally related (Liebl et al., 1994). Structure determinations subsequently confirmed the
prediction: at least nine families of retaining β-glycoside hydrolases, including families 1, 5 and 10,
form a superfamily of 4/7 (β/α)8 barrel structures (Jenkins et al., 1995; Dominguez et al., 1995;
Ducros et al., 1995; Henrissat et al., 1995). All of the enzymes in the superfamily are retaining
enzymes in which the nucleophilic and acid/base catalytic glutamate residues are at the carboxyl
termini of β-strands 4 and 7.

Although the enzymes in a family have similar structures and the same stereospecificity, hence the
same mechanism of glycoside hydrolysis, they may have different specificities and modes of action.
Family 5 of the retaining enzymes contains cellulases, mannanases, xylanases and β-1,3-glucanases;
family 2 of retaining enzymes contains β-galactosidases and β-glucosidases; family 6 of inverting
enzymes contains endoglucanases and enzymes that act predominantly as exoglucanases (Tomme et
al., 1995b; Henrissat, 1991; Henrissat and Bairoch, 1993). The substrate specificities and modes of
action of β-glycoside hydrolases are determined by the fine structures of their active sites rather than
by their global folds (Davies and Henrissat, 1995).

CBDs are also classified into families of related amino acid sequences (Tomme et al., 1995c).
Some β-glycoside hydrolases contain modules in addition to a CBD and a CD. The additional

modules can include a second CD and/or a second CBD, fibronectin type III modules, and thermal-
stabilizing domains (Tomme et al., 1995b; Warren, 1996; Fontes et al., 1995; Clarke et al., 1996).
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The modules may be connected by linkers of different lengths (Gilkes et al., 1991; Tomme et al.,
1995b).

ENGINEERING b-GLYCOSIDE HYDROLASES

β-glycoside hydrolases can be engineered either by altering the CD or by moving modules. Potential
changes to a CD include changing the thermal stability, changing the pH optimum, increasing the
catalytic activity, altering the substrate specificity, changing the stereospecificity, and, for a retaining
enzyme, increasing or decreasing the transglycosylating activity. Modules can be interchanged to
give new combinations of CDs and CBDs, and CBDs can be fused to virtually any protein to serve
as affinity tags. Many of these manipulations prove to be of little more than academic interest, but
some do have applications.

Figure 1 Mechanisms of β-glycosyl hydrolases. Note that the cartoons are not accurate representations of the
spatial relationships of the catalytic carboxyl groups.
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ENGINEERING CATALYTIC DOMAINS

Changing Thermal Stability

The thermal stability of an enzyme can be altered in two ways: its thermal denaturation temperature
or Tm can be raised; and its half-life at an inactivating temperature can be lengthened. This may be
achieved by either random or site-directed mutation. Sites can be selected for directed mutation on
the basis of the three-dimensional structure of an enzyme, on the basis of comparison of its amino
acid sequence with that of a more thermostable enzyme from the same family, or on both structure
and sequence relatedness, depending on the information available. It should be borne in mind,
however, that site-directed mutations based on the three-dimensional structure may produce
unexpected, and perhaps unwanted, effects, and that single mutations rarely increased Tm
significantly (Cowan, 1996). Site-directed mutation based on sequence is not straightforward. A
mesophilic and a thermophilic enzyme in the same family may have amino acid sequences that are
35–85% similar, superimposable three-dimensional structures, and identical mechanisms (Vieille
and Zeikus, 1996). The difference in thermostability between the enzymes may be the consequence
of the thermophilic enzyme containing only a few additional H-bonds, salt bridges or hydrophobic
interactions, but it is difficult to predict which are crucial by comparing the sequences (Vieille and
Zeikus, 1996). Each thermophilic enzyme is stabilized by a unique combination of bonds and
interactions (Vieille and Zeikus, 1996). There is no strong evidence that any particular interaction is
more important than others in determining thermostability, or that the structures of very stable
enzymes are systematically different from those of less stable proteins (Daniel et al., 1996).
Nonetheless, the Tms of at least two β-glycoside hydrolases have been raised by random or site-
directed mutations, although the increases were not striking (Arase et al., 1993; Wakarchuk et al.,
1994).

Chimaeras of a mesophilic and a thermophilic enzyme from the same family can have thermal
stabilities between those of the parent enzymes (Singh et al., 1995; Singh and Hayashi, 1995; Welfle
et al., 1996). Such chimaeras, however, are no more useful than the parent enzymes, since they have
similar catalytic activities. They are useful for assessing global determinants of stability and folding
(Hahn et al., 1994; Hahn et al., 1995; Heinemann et al., 1996).

Overall, random mutation seems to be the best approach to raising the thermal stability of an
enzyme. Error-prone PCR, sexual PCR, and combinations of these are currently the most powerful
methods for generating the mutants (Stemmer, 1994a; Stemmer, 1994b). However, the availability
of highly thermal tolerant enzymes from extremophiles makes it unnecessary to raise the thermal
stability of enzymes for particular applications. It is likely that for every enzyme currently used
commercially, a more stable version is produced by an extremophile (Adams et al., 1995).
β-glycoside hydrolases are produced by thermophiles and hyperthermophiles (Bauer et al., 1996).

The enzymes retain their characteristics when produced in a mesophile, such as Escherichia coli. The
great majority of such enzymes characterized to date can be assigned to known families of β-
glycoside hydrolases. They include β-glucosidases (Liebl et al., 1994; Love et al., 1988; Fischer et
al., 1996; Voorhorst et al., 1995; Morana et al., 1995), cellulases (Ruttersmith and Daniel, 1991;
Hreggvidsson et al., 1996; Liebl et al., 1996), xylanases (Winterhalter et al., 1995), a mannosidase
and a mannanase (Duffaud et al., 1997). Initially, such enzymes were characterized from cultivable
extremophiles, but these are a very small fraction of the organisms in such environments
(Hugenholtz and Pace, 1996). A more useful approach than attempting to cultivate further organisms
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from such environments is to isolate the genes encoding potentially useful enzymes directly from those
environments, using PCR-based methods (Hugenholtz and Pace, 1996; Bergquist et al., 1996;
Brennan, 1996).

Two approaches can be taken. Genes can be amplified from DNA isolated from the environment
using primers based on highly conserved sequences in a family of enzymes. This will yield further
members of that family. Such enzymes may have different specificities and modes of action to those
of the previous enzymes in the family. An alternative approach is to amplify the DNA at random,
clone the fragments, then screen the clones for a particular activity. This may yield enzymes from an
as yet unidentified family.

Given the rate at which thermostable β-glycoside hydrolases are being reported, raising the Tms of
mesophilic enzymes is of little practical value. It has been pointed out that increasing the half-lives
of themophilic enzymes rather than raising the Tms of mesophilic enzymes will be a more useful
exercise (Vieille and Zeikus, 1996).

Changing the Optimum pH

The great majority of β-glycoside hydrolases have two catalytic carboxyl groups in their active sites.
In retaining enzymes, one functions as a nucleophile, the other as an acid/base catalyst. In inverting
enzymes, one functions as a base catalyst, the other as an acid catalyst. The two carboxyls have
different pKaS, determined by their environments within the enzyme active-site (McCarter and
Withers, 1994). The pKa of the acid/base catalyst may change by as much as 3.5 pH units during
the reaction (McIntosh et al., 1996). There is no nucleophile in a retaining chitinase and a retaining
chitobiase because substrate-assisted catalysis is used in the first step of the reaction (Terwisscha van
Scheltinga et al., 1995; Tews et al., 1996). If the pH optimum of an enzyme is to be changed, the
ionization states of the catalytic carboxyls must be the same at the new optimum as they are at the
original optimum. This will require significant changes in the environments of the carboxyls
(Krengel and Dijkstra, 1996). Comparison of the sequences of related enzymes with significantly
different pH optima does not indicate which amino acids are responsible for the difference.
Although chimaeric enzymes can offer clues (Nakamura et al., 1991), it is probably easier to isolate
enzymes from organisms that grow at extremes of pH than it is to change a pH optimum
significantly by mutation (Ingledew, 1990; Kroll, 1990). If mutation is attempted, it should be
random rather than site-directed.

Increasing the Catalytic Activity

The catalytic carboxyls in β-glycoside hydrolases are identified by a combination of methods,
including biochemistry, X-ray crystallography and site-directed mutation (McCarter and Withers,
1994; Svensson and Søgaard, 1993; Withers and Aebersold, 1995; Bray et al., 1996a). Mutation of
the catalytic carboxyl amino acids should decrease activity at least several orders of magnitude
(Tomme et al., 1995b; Svensson and Søgaard, 1993; Withers and Aebersold, 1995; Bray et al.,
1996a; Stahlberg et al., 1996; MacKenzie et al., 1997). In general, the catalytic carboxyls are about
5 A apart in retaining and about 10 Ǻ apart in inverting enzymes (McCarter and Withers, 1994), but
this is not invariant. The catalytic carboxyls in endoglucanase CelC from Clostridium
thermocellum, a retaining enzyme, are 10 Ǻ apart. Hydrolysis by the enzyme proceeds via an
induced fit to the substrate: the loop carrying the acid/ base catalyst reorients to move the carboxyl
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to within 5 Ǻ of the nucleophile (Dominguez et al., 1996). In other enzymes for which induced fit
has not been reported, and in which the catalytic carboxyls are about 5 Ǻ apart, changing the distance
between the carboxyls by site-directed mutation and/or chemical modification reduces the catalytic
efficiency severely (Withers et al., 1992; Yuan et al., 1994; Lawson et al., 1996; MacLeod et al.,
1996). In endoglucanase EGV from Humicola insolvens, there is a large conformational change on
binding substrate; although the distance between the catalytic carboxyls does not change, a loop
closes over the acid catalyst, thereby increasing the hydrophobicity of its environment (Davies et al.,
1993; Davies et al., 1995). In retaining endoglucanase I (EGI) from Fusarium oxysporum completed
with a non-hydrolyzable thio-oligosaccharide substrate, the sugar ring in the -1 site is distorted
towards a boat conformation to give a quasi-axial orientation for the glycosidic bond and leaving
aglycone (Sulzenbacher et al., 1996). A similar distortion is proposed for retaining endocellulase E1
from Acidothermus cellulolyticus (Sakon et al., 1996). The substrate is also bent at the scissile bond
in the inverting endoglucanase CelA from C. thermocellum, but the conformation of the glycosidic
residue is yet to be resolved (Alzari et al., 1995). Finally, the catalytic sites of β-l ,4-glycanases
comprise more than two sugar-binding sites (Dominguez et al., 1995; Ducros et al., 1995;
Sulzenbacher et al., 1996; Sakon et al., 1996; Alzari et al., 1995; Rouvinen et al., 1990; Juy et al.,
1992; Spezio et al., 1993; Varghese et al., 1994; Divne et al., 1994; Derewenda et al., 1994; White
et al., 1994; Harris et al., 1994). The amino acids conserved within families and superfamilies are
generally within the sugar-binding sites. The eight conserved residues in the enzymes of family 5, for
example, are involved in recognition of the sugar in the -1 site (Sakon et al., 1996).

All of this suggests that increasing the catalytic efficiency of a β-glycoside hydrolase by mutation
will be difficult. Can it be done by site-directed mutation? The amino acids to be mutated can be
chosen on the basis of the three-dimensional structure of the enzyme, or they can be conserved
amino acids in the enzymes of a particular family. Mutation of any of the conserved residues in an
endoglucanase from family 5 decreases catalytic activity (Bortoli-German et al., 1995), whereas
mutation of ‘conserved residues in two xylanases from family 10 increases activity 25–50 per cent in
some instances, reduces activity in others, or has little effect on activity (Moreau et al., 1994b;
Dupont et al., 1996; Charnock et al., 1997). Even with methods such as overlap extension PCR for
the simultaneous introduction of multiple site-directed mutations (Ge and Rudolph, 1997), the
outcome of constructing strains with multiple mutations is unpredictable.

Random mutation of an inactive or sluggish mutant of an enzyme is an alternative approach to
isolating potentially enhancing mutations, as demonstrated elegantly with triose phosphate
isomerase. Six random, second-site suppressor mutations in a sluggish mutant of this enzyme
increase the activity of the mutant between 1.3 and 19-fold. The suppressor mutations are scattered
throughout the amino acid sequence of the enzyme but each is close to the active site. Combinations
of pairs of the mutations are additive or subtractive, but not synergistic. Although none of the
mutations increases the activity of the wild-type enzyme because the reaction is diffusion controlled,
the mutations do show that at least in this instance mutations can improve an enzyme incrementally
(Hermes et al., 1989; Hermes et al., 1990; Blacklow et al., 1991). Such experiments suggest that the
catalytic efficiency of an enzyme might be enhanced significantly by random mutation of the wild-
type enzyme by sexual and/or error-prone PCR. Although some of the mutations in such multiply
mutated proteins may confer undesirable characteristics on the enzyme, they can be eliminated by
back-crossing to the wild-type (Stemmer, 1994a; Stemmer, 1994b). Screening for enhanced activity
may be the limiting factor here. One approach is to screen for enhanced growth, but this will work
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best if a crippled mutant is the starting point and if a suitable substrate is available (Venekei et al.,
1996).

Changing the Specificity

Determination of the three-dimensional structure of an enzyme complexed with a substrate or an
inhibitor will reveal the hydrogen-bonding and other interactions between enzyme and substrate
(White et al., 1996; Dominguez et al., 1996; Davies et al., 1995; Sulzenbacher et al., 1996; Sakon et
al., 1996; Alzari et al., 1995; Rouvinen et al., 1990; Juy et al., 1992; Spezio et al., 1993; Varghese et
al., 1994; Divne et al., 1994; Derewenda et al., 1994; White et al., 1994; Harris et al., 1994). In
theory, this should allow rational alteration of the specificity by site-directed mutation. In practice,
random mutation is more likely to succeed, providing a suitable screen or selection is available. In
other words, knowledge of the structure may be unnecessary to effect such changes in an enzyme. It
should be borne in mind that the specificity of glycoside hydrolases for the glycone is often not
absolute, and for the aglycone may be quite loose. Given the enormous number of such enzymes
identified to date, and the range of specifities they have collectively, changing the specificity of an
enzyme may be unnecessary. The mutated enzyme may be inferior to enzymes with natural
specificity for the substrate.

Mutants of LacZ, the β-galactosidase from Escherichia coli can be selected for growth on
lactobionate; some of them are heat-labile. In one such mutant, the only mutation is G794D. The
mutation increases k2, the rate constant for glycoside bond cleavage in lactose some 25-fold, but
decreases k3, the rate constant for hydrolysis of the enzyme-substrate covalent intermediate, some 4-
fold. Since k2 is rate-limiting, the kcat for lactose hydrolysis is increased some 6-fold. The Km for
lactose is increased (Martinez-Bilbao et al., 1991). In this instance, the specificity for the aglycone is
changed; it illustrates the difficulty of predicting the effects of such mutations.

Changing the Stereospecificity

The Stereospecificity of an enzyme might be changed in either of two senses: changing the anomeric
configuration of the glycosidic bond hydrolysed; or changing the anomeric configuration of the
glycone produced. There are numerous α-glycoside and β-glycoside hydrolases, so attempting to
change the specificity in this sense is largely of academic interest. Changing an inverting to a
retaining enzyme, or vice versa, may have practical applications. Retaining enzymes transglycosylate,
and there is great interest in using the enzymes for glycoside synthesis rather than hydrolysis.
Changing the Stereospecificity of an inverting enzyme with the desired substrate specificity may
allow its use as a synthase. Conversely, a retaining enzyme used for hydrolysis may form unwanted
products by transglycosylation, and changing it to an inverting enzyme may eliminate their
formation.

Hydrolysis of glycosyl fluorides of the “wrong” anomeric configuration is characteristic of
inverting but not of retaining glycoside hydrolases. Abg, a retaining β-glucosidase from
Agrobacterium, does not hydrolyse α-glucosyl fluoride; the nucleophile mutant, E358A, of Abg
hydrolyses it rapidly. The reaction occurs at the active site of the enzyme because it is inhibited by 1-
deoxynojirimycin (Wang et al., 1994). The kcat for the enzyme on 2,4-dinitrophenyl-β-D-glucoside is
decreased 107-fold by the mutation; the kcat of the mutant on this substrate is increased 105-fold in
the presence of azide or formate, and the product is α-glucosyl azide or formate. Larger nucleophiles
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do not increase kcat. Azide and formate do not affect wild-type Abg. In the mutant, these
nucleophiles can occupy the space filled by the nucleophilic glutamate in wild-type Abg, and, by
substitution for it, allow the mutant to act as an inverting enzyme (Wang et al., 1994). The
nucleophile mutant, E233A, of Cex, a retaining xylanase from Cellulomonas fimi, also acts as an
inverting enzyme in the presence of azide and formate, producing α-cellobiosyl azide and formate
with 2,4-dinitrophenyl-β-D cellobioside as substrate (MacLeod et al., 1996).

T4L, the bacteriophage T4 lysozyme, is an inverting enzyme, releasing the α-anomer from a
bacterial cell-wall fragment. The mutant T26H releases the β-anomer (Kuroki et al., 1993). In T4L,
a water molecule is H-bonded between D20 and T26, well-positioned to attack the substrate from
the α-side. In the T26H mutant, the water molecule is absent; its position is occupied by the Nε of
the histidine, which is positioned to act as a nucleophile in the retaining mechanism exhibited by the
mutant (Kuroki et al., 1993; Kuroki et al., 1995).

This suggests a general approach for converting retaining to inverting glycosidases, and vice versa
(Kuroki et al., 1995). In a retaining enzyme, the nucleophile should be replaced with a smaller
amino acid such as serine, alanine or glycine, so that water can attack from the α-side. In an
inverting enzyme, the replacement should block attack of water from the α-side while providing an
appropriate group, such as an imidazole or carboxylate, as an alternative nucleophile, as seen in the
T26H mutant of T4L (Kuroki et al., 1993; Kuroki et al., 1995).

Nucleophiles such as azide and formate can also substitute for the acid/base catalyst in the
deglycosylation of the covalent enzyme-substrate complex formed during glycoside hydrolysis by
retaining enzymes (MacLeod et al., 1994; Wang et al., 1995). The product, however, is the β-
glycosyl azide or formate.

Changing the Action

Cellobiohydrolases remove cellobiose units processively from either the reducing or the non-
reducing ends of cellulose molecules (Bray et al., 1996; Vranská and Biely, 1992; Barr et al., 1996;
Gilkes et al., 1997). Endoglucanases cleave cellulose molecules at random, releasing fragments of
varying length (Tomme et al., 1995b; Warren, 1996). Cellobiohydrolases may have endoglucanase
activity (Stahlberg et al., 1993; Shen et al., 1995), but the predominant action is exoglycanolytic
(Irwin et al., 1993). Amongst enzymes for which the three-dimensional structures are known, the
active-sites of endoglucanases are clefts (Davies et al., 1993; Davies et al., 1995; Sulzenbacher et al.,
1996; Sakon et al., 1996; Alzari et al., 1995; Juy et al., 1992; Spezio et al., 1993), those of
Cellobiohydrolases are tunnels (Rouvinen et al., 1990; Divne et al., 1994). It is proposed that
cellulose molecules can enter the tunnels only by being threaded in from one end (Rouvinen et al.,
1990; Divne et al., 1994). This implies some flexibility in the tunnel if the enzyme is to be processive,
and the enzyme may exhibit low endoglucanase activity if cellulose molecules can enter the active
site through the roof of the tunnel. Cellobiohydrolase CbhA from C. fimi has detectable
endoglucanolytic activity (Shen et al., 1995); deletion of a loop forming part of the roof of the
tunnel enhances the endoglucanolytic activity but the overall activity of the enzyme is greatly
reduced (Meinke et al., 1995). The converse experiment has not been reported.

Cellobiohydrolases CbhI and CbhII from Humicola insolens hydrolyse a bifunctionalized
tetrasaccharide carrying non-carbohydrate constituents at each end (Armand et al., 1997). This
suggests that initially the enzymes are not recognizing the ends of the model substrate but acting
endoglucanolytically and that the loops forming the tunnel are flexible. Endoglucanase CenC from
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C. fimi behaves as a processive endoglucanase, acting as a cellobiohydrolase after making an initial
cut within a cellulose molecule (Tomme et al., 1996b).

Loops may be inserted into or deleted from proteins without affecting stability significantly; they
may allow structural modifications that are inaccessible using substitutions alone (Shortle and
Sondek, 1995). Although the most striking differences between endoglucanases and
Cellobiohydrolases are extra loops covering the active-sites of the latter, interconverting the two
types of enzyme is of little practical significance. It could, however, help to explain their different
actions.

Changing the Transglycosylating Activities of Retaining Enzymes

A retaining glycoside hydrolase may yield products from an oligosaccharide that are not expected
from hydrolysis of the substrate. Such products are a consequence of transglycosylation. If they are
undesirable, it may be possible to reduce the transglycosylating activity of the enzyme. Xylanase
XlnA from Streptomyces lividans produces significant quantities of xylohexa-, -hepta- and -octaose
from high concentrations of xylopentaose. The mutant N173D produces only small amounts of
hepta- and octaose from this substrate (Moreau et al., 1994a).

However, increasing the transglycosylating activities of retaining enzymes is of much greater
utility than decreasing them. The chemical synthesis of glycosides is difficult and time-consuming.
The need for defined oligosaccharides has turned attention towards enzymatic synthesis. Two types
of enzyme can be used: sugar transferases; and retaining glycoside hydrolases. Both have
disadvantages: transferees use expensive sugar nucleotides; hydrolases degrade the desired product.

An approach to using retaining glycoside hydrolases for synthesis is to adjust the reaction
conditions to enhance transglycosylation (Rastall et al., 1992; Baker et al., 1994; Thiem, 1995;
Monsan and Paul, 1995), and to immobilize the enzyme (Ravet et al., 1993; Ljunger et al., 1994).
Although significant yields of the desired product can be obtained, product is still lost by hydrolysis.
Transglycosylation may be enhanced by mutations in the active-site that increase the hydrophobicity
around the attacking water molecule in bond hydrolysis (Kuriki et al., 1996).

ENGINEERING CELLULOSE-BINDING DOMAINS

Properties of CBDs

CBDs enhance the activities of CDs on insoluble substrates (Gilkes et al., 1988; Hall et al., 1995;
Black et al., 1996; Maglione et al., 1992; Karita et al., 1996), probably by increasing the effective
concentration of a CD on the substrate. The CBD can also influence the activity of a CD on
different forms of cellulose (Coutinho et al., 1993). 

All CBDs characterized to date are anti-parallel β-strand potypeptides. The most understood
families are I, II, III and IV. Family I contains only CBDs from fungal enzymes; they are ~36 amino
acids long, with 3 β-strands (Kraulis et al., 1989). Except for CBDs from a slime mold and a crab in
family II, all other CBDs are from bacterial enzymes or structural proteins. Family II CBDs are ~110
amino acids long with 9 β-strands (Xu et al., 1995). Family III CBDs are ~150 amino acids long
with 12 β-strands (Tormo et al., 1996). Family IV CBDs are ~150 amino acids long with 10 β-
strands (Johnson et al., 1996a).
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The CBDs in families I, II and III bind to amorphous and to crystalline cellulose. The binding
involves conserved aromatic amino acids on one side of the folded β-sheet structures (Kraulis et al.,
1989; Xu et al., 1995; Tormo et al., 1996; Reinikainen et al., 1992; Reinikainen et al., 1995; Linder
et al., 1995a; Under et al., 1995b; Poole et al., 1993; Din et al., 1994; Bray et al., 1996b; Goldstein
and Doi, 1994). Crystalline cellulose presents an array of overlapping binding sites to the binding
faces of these CBDs (Gilkes et al., 1992). A CBD from family IV binds only to amorphous cellulose
(Coutinho et al., 1992). Unlike the CBDs in families I, II and III, it does not have a binding face but
a 5-stranded binding cleft on one side with a central strip of hydrophobic residues flanked on both
sides by polar H-bonding residues (Johnson et al., 1996a). The cleft binds single cellulase molecules
whereas the binding faces of the CBDs in families I, II and III bind to the parallel, close packed
molecules at the surface of crystalline cellulose. The family IV CBD but not those from families I, II
and III also binds soluble cellulose, such as hydroxyethylcellulose, and soluble oligosaccharides
(Tomme et al., 1996a; Johnson et al., 1996b).

Despite their differences in size, the affinities of CBDs from families I, II and III for crystalline
cellulose are very similar, with Kas in the 106 M-1 range (Gilkes et al., 1992; Lindner et al., 1996;
Goldstein et al., 1993; Tomme et al., 1995a). Fused family I CBDs bind cooperatively to cellulose
(Lindner et al., 1996). The binding for a family II CBD is entropically driven (Creagh et al., 1996).
The Kas for the binding of the family IV CBD to cellopentaose, to hydroxyethylcellulose and to
amorphous cellulose are ~104M-1 (Tomme et al., 1996a; Johnson et al., 1996b); the binding is
enthalpically driven (Tomme et al., 1996a). CBDs in families II and III bind irreversibly to cellulose
(Gilkes et al., 1992; Ong et al., 1991), some of those of family I bind reversibly (Linder and Teeri,
1996).

Family II CBDs adsorb to cellulose in 10–2 M to >1 M salt solutions, from pH 3– 8 and from 4°
C-70°C (Ong et al., 1991; Kilburn et al., 1993). The conditions required for desorption vary with the
CBD and with the polypeptide to which a CBD is fused. CBDs may be desorbed with water, with 6
M guanidinium hydrochloride or with pure ethylene glycol (Ong et al., 1991; Shen et al., 1991;
Black et al., 1996).

The properties of CBDs make them useful as affinity tags for protein purification and enzyme
immobilization. Furthermore, cellulose is inexpensive, is available in a variety of forms, and does
not have to be modified for use as an affinity matrix.

CBDs in Protein Purification

The native enzymes, the isolated CBDs and the CBDs fused to heterologous proteins all bind to
cellulose following production in a variety of host cells (Greenwood et al., 1989; Ong et al., 1989;
MacLeod et al., 1992; Assouline et al., 1993). The proteins can be purified virtually to homogeneity
from crude extracts in a single step (Ong et al., 1991; Greenwood et al., 1994; Ramirez et al.,
1993). CBDs occur naturally in extracellular proteins; when fused to other extracellular proteins,
the fusion proteins are exportable (Assouline et al., 1993; Greenwood et al., 1994; Ramirez et al.,
1993). In E. coli the proteins are exported to the periplasm. If produced in the periplasm at high
levels, the protein may leak into the medium without cell lysis, simplifying its recovery (Greenwood
et al., 1994; Ramirez et al., 1993; Ong et al., 1993; Hasenwinkle et al., 1997).  

The conditions required to desorb a CBD fusion protein from cellulose cannot be predicted; they
must be determined empirically, and may require unfolding of the protein. Nonetheless, a number
of CBD fusion proteins can be recovered in an active state (Table 1).
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A CBD can be fused to the N- or C-terminus of a target polypeptide (Table 1). If the target
polypeptide must be obtained in its native state, the CBD is fused to the N-terminus by a factor Xa
cleavage sequence. The target polypeptide can be digested with factor Xa in solution and the CBD
removed with cellulose. Alternatively, the target polypeptide can be released with factor Xa while
the fusion protein is adsorbed to cellulose (Assouline et al., 1993; Assouline et al., 1995), thereby
obviating desorption of the fusion protein. 

Enzyme Immobilization with CBDs

Immobilization of an enzyme on cellulose with a CBD has the advantage that purification and
immobilization can be accomplished in a single step. The procedure is applicable to enzymes over
the ranges of temperature and pH at which the CBD remains bound. The immobilization efficiency
is comparable to those of other methods for immobilization (Ong et al., 1991; Ong et al., 1989). If
the enzyme is stable, it can be used continuously for at least 2–3 weeks (Ong et al., 1991; Ong et al.,
1989). A factor Xa-CBD fusion is active against susceptible proteins either in solution or when it is
immobilized on cellulose (Assouline et al., 1993; Assouline et al., 1995).

A protein A-CBD fusion and a streptavidin-CBD fusion can be used to immobilize IgG and
biotinylated proteins, respectively, on cellulose (Ramirez et al., 1993; Le et al., 1994). Fusion of a

Table 1 Cellulose-binding domain fusion proteins

1CenA is endoglucanase CenA, Cex is xylanase B, CenB is endoglucanase CenB and CenC is endoglucanase
CenC, all from C. fimi.2The order indicates the position of the CBD: in CBDCenA-PhoA it is at the N-terminus
of the fusion protein; in Abg-CBDCex it is at the C-terminus.
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CBD to OmpA allows E. coli to bind to cellulose (Francisco et al., 1993). Such fusions have
potential applications in both enzyme immobilization and diagnostics.

CBDs and Mammalian Cell Culture

CBDs can be used as affinity tags for the purification of growth factors (Ong et al., 1995; Doheny et
al., 1997). A CBD fused to a peptide containing the sequence RGD promotes the attachment of
Vero cells to cellulose acetate and to cellulose-based microcarriers. The fusion protein is more
efficient than collagen in promoting attachment to the microcarriers (Wierzba et al., 1995).
Although irreversibly bound to cellulose, CBDs are mobile on the surface of the cellulose (Jervis et
al., 1997). A stem cell factor-CBD fusion protein when adsorbed to cellulose has significantly
greater biological activity than the soluble factor. The strong binding to and mobility of the fusion
protein on the cellulose surface allows effective, continuous, localized stimulation of the target cells
(Doheny et al., 1997).

CONCLUSIONS

β-Glycoside hydrolases offer two major possibilities for protein engineering. The first is to develop
them as agents for the synthesis rather than the hydrolysis of glycosides. The second is to use their
CBDs as affinity tags for a variety of applications; this goes beyond simply constructing appropriate
gene fusions; it may be necessary to modify the binding or desorption characteristics of a CBD for a
particular application. Random mutation by sexual PCR (28,29) is applicable in both cases. It may
also be possible to minimize the sizes of CBDs, as was done for an IgG-binding domain from protein
A (Braisted and Wells, 1996), for other applications.
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INTRODUCTION

Glucoamylases (GAs)1 (l,4-α-D-glucanglucohydrolase,EC3.2.1.3) constitute gtycoside hydrolase
family 15 (Henrissat, 1991; Henrissat and Bairoch, 1993) and catalyze the release of β-D-glucose
from nonreducing ends of starch and related oligo- and polysaccharides. Fungal GAs are applied in
the commercial production of high glucose and fructose syrups (Saha and Zeikus, 1989), and the
widely used Aspergillusniger GA is an obvious target for improvement of industrial properties
through protein engineering. GA, at the same active site, cleaves the α-1,4 linked with about 500 times
higher specificity than α-1,6 linked substrates (Hiromi et al., 1966; Sierks and Svensson, 1994;
Frandsen et al., 1995; Fierobe et al., 1996). One major goal is to raise the current yield of
approximately 96% glucose in industrial saccharification by eliminating the GA catalyzed
condensation reactions that lead to accummulation of α-1,6 linked oligosaccharides (Nikolov et al.,
1989). Other goals include elevated thermostability or high activity in the neutral pH-range, which
would advance application of immobilized GA and enable a single-step liquefaction,
saccharification, and isomerization process (Bhosale et al., 1996).

Protein engineering of GA from A. niger (identical to A. awamori GA) is based on structure/
function relationship investigations using site-directed mutagenesis (Sierks et al., 1989, 1990; Bakir
et al., 1993; Sierks and Svensson, 1993, 1994, 1996; Chen et al., 1994, 1995, 1996; Frandsen et al.,
1994, 1995; Natajaran et al., 1996; Stoffer et al., 1997) coupled with analysis of substrate binding
kinetics (Hiromi et al., 1983; Olsen et al., 1992, 1993; Christensen et al., 1996), inhibitor binding
thermodynamics (Sigurskjold et al., 1994; Berland et al., 1995), molecular recognition of α-1,4 and



α-1,6 linked substrate analogs (Sierks and Svensson, 1992; Sierks et al., 1992; Svensson et al., 1994;
Frandsen et al., 1996; Lemieux et al., 1996), and high-resolution structural models of free and
inhibitor complexed GA (Aleshin et al., 1992, 1994ab, 1996; Harris et al., 1993; Stoffer et al., 1995).
Thanks to efficient heterologous expression systems for GA production (Innis et al., 1985;
Christensen et al., 1988; Fierobe et al., 1997), a series of well characterized mutants provide an
excellent basis for protein engineering of GA and related enzymes.

GA from A. niger has a catalytic (aa 1–440) and a starch binding domain (aa 509– 616) which
are linked by a long and highly O-glycosylated region (Svensson et al., 1983, 1986). The catalytic
domains of GA from A. niger (B.B. Stoffer, A.E. Aleshin, M. Gajhede, B. Svensson and R.B.
Honzatko, unpublished) and of the 94% identical GA from A. awamori var. XI00 GA (Aleshin et
al., 1992) adopt an (α/α)6-fold in which six well-conserved α→α loop segments, that form the active
site, connect the outer and inner α6-barrels (Figure 1a). The starch binding domain is an eight-
stranded antiparallel open-sided β-barrel (Sorimachi et al., 1996). The three-dimen-sional structure
of the proteolytically produced catalytic domain (aa 1–471) includes the start of the O-glycosylated
linker (Figure 1a). The bound pseudomaltotetra-saccharide inhibitors, acarbose and D-gluco-
dihydroacarbose (Figure 2), highlight protein-carbohydrate interactions (Figure 1b,c; Aleshin et al.,
1994a, 1996; Stoffer et al., 1995) at four glucosyl residue binding subsites, -1, +1, +2, and +3. 

MUTATIONAL ANALYSIS OF RESIDUES AT THE SITE OF CATALYSIS

Crystal structures of GA in complex with acarbose-type inhibitors (Figure 2) and 1-
deoxynojirimycin (Harris et al., 1993; Aleshin et al., 1994a, 1996; Stoffer et al., 1995) are compatible
with Glul 79 acting as the general acid catalyst which protonates the glucosidic oxygen of the bond
to be cleaved, and Glu400 as catalytic base that activates water (Wat 500, Figure 1b) for
nucleophilic attack at C1 at subsite–1. The catalytic groups are approx. 10 A apart, which is a
typical distance observed in inverting carbohydrases making room for the water molecule (Figure 3;
for reviews see McCarter and Withers, 1994; Davies and Henrissat, 1995). The OE1 of Glu400 is
within hydrogen bond distance of OH of Tyr48. Moreover, since the phenol ring of Tyr48 is very
close to C1 and N of 1-deoxynojirimycin (O5 in the substrate), nonbonding electrons at OH of
Tyr48 may stabilize a substrate oxycarbonium intermediate. Similarly, a tyrosine in crystal structures
of viral influenza B neuraminidase (Burmeister et al., 1993) and bacterial sialidase (Crennell et al.,
1993) is suggested to stabilize an oxycarbonium intermediate, and Tyr298 in the retaining β-
glucosidase from Agrobacterium sp. assists in catalysis by orienting the nucleophile Glu358 (Gebler
et al., 1995).

The catalytic role of Glul79 is confirmed by the very low kcat values of about 0.005% and 0.08%
(relative to wild-type) in maltoheptaose hydrolysis (Table 1) by the GA mutants Glu179→Asp
(Bakir et al., 1993) and the isosteric Glu179→Gln, respectively (Sierks et al., 1990). The Glu400→Gln
(Frandsen et al., 1994) and Glu400→Cys GAs (H-P.Fierobe, A.J.Clarke, and B.Svensson,
unpublished) show 1.8% and 0.2% of wild-type kcat, and 12 and 3 fold increased Km (Table 1). The
isosteric Gln400 apparently exerts some activation of Wat 500, while Cys400 is a very poor base

* To whom correspondence should be addressed.
a Present address: BIP-CNRS, 31 Chemin Joseph Aiguier, F-13402 Marseille, France
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Figure 1 Stereoview of glucoamylase from Aspergillus awamorivar. X100 with the pseudotetra-saccharide
inhibitor acarbose bound in the active site (Aleshin et al., 1994), a. (α/α)6-barrel fold with O- and N-linked
glycosylation in blue; b. active site region as seen in the glucoamylase-acarbose crystal structure; c. loop
replacement and mutations at a distance from the site of catalysis, in loop region 5 are displayed Arg305 in
blue, Tyr306 in green, and Asp309 in pink 
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catalyst. Furthermore, pH-activity profiles of Glu400→Gln and Tyr48→Trp GAs (Figure 1b) reflect
that a catalytic group titrating with low pKa is lost in both of these mutants and support the
proposed functionally important interaction between Tyr48 and Glu400 (Frandsen et al., 1994). In
conclusion, while a retained proton donor is vital to the GA activity, considerable flexibility is allowed
for the catalytic base.

Figure 2 Structures of glucoamylase inhibitors, D-gluco-dihydroacarbose (top) and acarbose

Figure 3 Schematic representation of the catalytic mechanism proceeding, via an oxocarbonium ion
intermediate, with inversion of the anomeric configuration
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MUTATIONAL ANALYSIS OF SUBSTRATE BINDING RESIDUES

GA binds substrate in a two-step mechanism (Hiromi et al., 1983), in which an initial fast
association to ES followed by a slower conformational change to the activated complex, ES*, leads
to hydrolysis and release of products (Olsen et al., 1992). 

k1, k2, k-2, and k3 were determined for wild-type, Trp120→Phe, Glu180→Gln, and Trp317→Phe
GAs (Figure 1bc) by stopped flow kinetic analysis (Olsen et al., 1992, 1993; Christensen, 1995;
Christensen et al., 1996). The mutation of Trp317 primarily affects the first association to ES
(Christensen, 1995), while both Glu180 and Trp120 are important for the transition from ES to ES*
(Olsen et al., 1993; Christensen et al., 1996). Thus, the hydrogen bond from Glu180 to OH-2 in
maltose and the hydrophobic stacking between Trp120 and longer maltooligosaccharides stabilize
the Michaelis complex, ES*.

The binding of 1-deoxynojirimycin and acarbose to GA and several mutants is shown by isothermal
titration calorimetry to be both enthalpically and entropically favorable (Sigurskjold et al., 1994;
Berland et al., 1995). Rings a and b of the pseudomaltotetraose inhibitor are sequestered from
solvent at subsites −1 and +1 (Figure 1b,c; Aleshin et al., 1994a, 1996; Stoffer et al., 1995), whereas
rings c and d, at the reducing end, are solvent exposed. These glucosyl residues can occupy subsites
+2 and +3 in two ligand binding modes that involve hydrogen bonds to different areas of the funnel-
shaped GA active site (Figure 4; Stoffer et al., 1995; Aleshin et al., 1996). Although the stronger
protein-carbohydrate interaction clearly occurs at subsites -1 and +1, the more distant subsites can
influence events at the inner subsites (Svensson et al., 1995).

Molecular recognition of deoxygenated substrate analogs by GA has identified OH-4′, -6′, and -3
in maltose (Bock and Pedersen, 1987; Sierks and Svensson, 1992; Sierks et al., 1992; Svensson et al.,
1994) and OH-4′, -6′, and -4 in isomaltose (Frandsen et al., 1996; Lemieux et al., 1996) as so-called
key polar groups, which are needed for efficient catalysis. Mutation of Asp309 and Glu180, located
at subsites -1 and +1 (Figure 1b), enables estimation of the contribution to GA activity of their

Table 1 Enzymatic properties of mutants at the site of catalysis in Aspergillus glucoamylasea

n.d.: no detectable activity, the mutated side-chains are highlighted in Figure 1b aDetermined at 45°C in 0.05 M
sodium acetate, pH 4.5; bFrandsen et al., 1994; ‘Bakir et al., 1993 (35°C); dSierks et al., 1990 (50°C); eH-
P.Fierobe, A.J.Clarke, and B.Svensson, unpublished
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sugar-OH bonding and elucidates protein structural features implicated in α-1,4 versus α-1,6 bond-
type specificity (Sierks et al., 1990; Sierks and Svensson, 1992; Frandsen et al., 1995, 1996).

Mutational Analysis of Residues Engaged in Protein-Carbohydrate Interactionsat
Subsites -1 and +1

Insight in the significance of individual protein and substrate groups for activity is crucial for protein
engineering. In GA-inhibitor complexes NE and NH2 of Arg54 bind with OH-4′ in ring a; OD1 and
OD2 of Asp55 with OH-4′ and -6′; and Arg305 NH1 and Glu180 OE2 with OH-3 and 2 in ring b,
respectively (Figures 1b and 5; Aleshin et al., 1994a, 1996; Stoffer et al., 1995). Site-directed
mutagenesis confirms that Arg54 and Asp55 are critical for activity (Table 2). Compared to wild-
type, loss in transition-state stabilisation, ∆∆G‡ of 16–21 kJ mol–1 (Figure 5) in
maltooligosaccharide hydrolysis by Arg54→Leu/Lys GAs stemmed mainly from 1.2–1.8×103 fold
reduction in kcat (Table 2; Frandsen et al., 1995). This magnitude of ∆∆G‡ is compatible with
elimination of a charged hydrogen bond in the transition-state complex (Fersht et al., 1985).
Mutation of Asp55 (Table 2) similarly resulted in ∆∆G‡ of 15–22 kJ mol–1 (Figure 5), due to 5.5×103

and 2.5×105 fold decreases, respectively, of kcat in Asp55→Gly (Sierks and Svensson, 1993) and
Asp55→Val GAs (T.P.Frandsen, J.Lehmbeck, B.B.Stoffer and B.Svensson, unpublished). Even
though Asp55 and Glu179 are 6–7 A apart, Asp55→Gly GA that lacks a negatively charged side-
chain, has lowered the pKa assigned to Glu179 by approx. one unit. The electrostatic field at the
active site of GA has not been thoroughly analyzed, but it is known from other glycosyl hydrolases
that such forces can delicately control the pKa of catalytic groups (Baptista et al., 1995).

The thermodynamics of acarbose binding to Asp55→Val GA suggests that Asp55 has another
important role in the mechanism. This purely enthalpy-driven association has a Ka of 103 M–1

(C.R.Berland, T.P.Frandsen, B.W.Sigurskjold and B.Svensson, unpublished), which is 109 times
weaker than of the both enthalpy- and entropy-favored wild-type binding (Sigurskjold et al., 1994).

Figure 4 Stereoview of the active site of glucoamylase from Aspergillus awamori var. X100 with bound D-
gluco-dihydroacarbose (Stoffer et al., 1995; copyright permission by Elsevier) 
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Asp55 adopts two conformations in the crystal structure of free GA at both pH 4 and 6, leading to
different hydrogen bonding interactions with water (Aleshin et al., 1994b). These authors suggest
Asp55 participates in a mechanism in which bound water is expelled from the active site through a
channel that leads to the surface of the protein, upon substrate or ligand binding (Aleshin et al.,
1994b). This is consistent with water transportation to bulk, that contributes a gain in entropy in
wild-type GA, being lost in the Asp55→Val mutant.

Arg305 (Figure 1b,c) binds to ring a and b at OH-2′ and -3 (Aleshin et al., 1994, 1996; Stoffer et
al., 1995) and plays a key role in discrimination of α-1,4 and α-l,6-linked substrates (Frandsen et al.,
1995). While Arg305→Lys GA lost 22–24 and 18 kJ mol-1 in transition-state stabilization of
maltooligosaccharides and isomaltose, respectively, this mutation has very different effects on the
kinetic parameters for hydrolysis of these substrates. Most remarkably, Km is the same as of wild-
type GA for isomaltose, but increases at least 400 fold for maltose (Table 2; Frandsen et al., 1995).
A critical interaction for α-1,4 linked ligands is between Arg305 and OH-3 at subsite +1, as found in
the structure of GA-D-gluco-dihydroacarbose (Aleshin et al., 1996). Deoxygenation of maltose
OH-3 thus causes a loss in transition-state stabilization of 11 kJ mol–1 (Sierks et al., 1992). A
greater ∆∆G‡ of 22 kJ mol–1 for maltose hydrolysis by the mutant Arg305→Lys GA (Figure 5)
suggests, however, that loss of additional hydrogen bonding in the mutant reduces the
complementarity of GA and ligand as reflected also by the lack of entropy-gain in acarbose binding
(Berland et al, 1995).

Glu180, adjacent to the catalytic Glu179 in the third conserved α→α loop, binds to OH-2 of ring
b (Figures 1b and 5), and is important in substrate specificity (Sierks et al., 1990). Glul80→Gln GA
gives 34–75 and 3 fold increases in Km for maltooligosaccharides and isomaltose, respectively, and
2–7 fold decreases in kcat (Table 1). In Glul80→Gln and Glul80→Asp GAs pKa values, assigned to
the catalytic Glu400 and Glul79, are 2.2 and 4.9 and 2.4 and 6.8, respectively, compared to 2.7 and

Table 2 Enzymatic properties of mutants at the charged substrate binding residues at subsites -1 and +1 in
Aspergillus glucoamylasea

aDetermined at 45°C in 0.05 M sodium acetate, pH 4.5; bFrandsen et al., 1995; cSierks & Svensson, 1993;
dT.P.Frandsen, J.Lehmbeck, B.B.Staffer, and B.Svensson, unpublished; eBakir et al., 1993 (35°C); fSierks et al.,
1990 (50°C); gDetermined at low, unsaturating substrate concentration as the second-order rate constant (kcat/
Km). Substrate saturation of this mutant was not obtained, i.e., Km, >> [S]. The mutated side-chains are
highlighted in Figure 1b.
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5.9 in the wild-type GA-substrate complex (Sierks et al., 1990; Bakir et al., 1993). In fact,
GlulSO→Gln has the higher activity at around pH 3 as compared to pH 4.5 for wild-type GA
(Sierks et al, 1990). Although this shows the potential to shift the pH optimum, extensive
introduction of negative charges in the active site of GA failed to displace the profile towards
neutral pH optimum (Bakir et al, 1993), a property which would facilitate a single step industrial
saccharification and isomerization (Bhosale et al., 1996). Analysis of GlulSO→Gln GA using a series
of deoxygenated maltose and isomaltose analogs demonstrated transition-state stabilizing hydrogen
bonds between Glu180 and OH-2 in maltose (Figure 5; Sierks and Svensson, 1992) and OH-4 and
OH-3 in isomaltose (Frandsen et al., 1996). The action of wild-type and Glu180→Gln GAs on
conformationally biased isomaltose analogs showed that Glu180 via subsite +1 interaction induces a
conformational change of the bound substrate that optimizes transition-state stabilization by
charged hydrogen bonds to substrate OH-4′ and -6′ in subsite -1 (Frandsen et al., 1996). Key polar
group binding in one sugar ring thus has impact on utilization of key polar groups in another ring.
This example demonstrates the complexity encountered in rational protein engineering and argues in
favor of thorough analyses of the energetics of enzyme-ligand complexes.

Mutational Analysis of Residues at a Distance from the Site of Catalysis

Protein engineering of GA residues that either interact indirectly with substrate, i.e. via other
residues, or belong to subsites at a distance from the catalytic site represents an excellent route to

Figure 5 Schematic representation of protein-carbohydrate interactions showing the energetics of glucoamylase-
maltose complexation as determined by mutagenesis (∆∆G‡ in italics) and from substrate analog (∆∆G‡ in bold)
studies
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active GA variants with modified substrate specificity. Mutations at Tyr116, Ser119, Arg122,
Tyr175, Gly183, Ser184, Tyr306, Asp309, and Trp317 (Figure 1c) are examples on modulation of
i) α-1,4 versus α-1,6 bond-type specificity, ii) substrate size preference, iii) tendency to form
condensation products, and iv) thermodynamics of ligand binding.

Asp309 and Trp317 provide electrostatic and hydrophobic stabilization of Arg305 (Figure 1b),
that is crucial for recognition of α-1,4 linked substrates (Frandsen et al., 1995). While Arg305
mutants have very low activity, also for isomaltose, the Asp309→Glu and Trp3l7→Phe GAs show
for α-1,4 linked substrates essentially unaffected kcat and increased Km, but minor decreases in both
affinity and activity for isomaltose (Tables 2 and 3; Frandsen et al., 1995). The mutations affect
protein-carbohydrate interaction at subsite +1 through Arg305, as demonstrated by ∆∆G‡ values of
7 kJ mol–1 to OH-4 in hydrolysis of an isomaltoside analog catalyzed by Asp309→Glu compared to
wild-type GA (Frandsen et al., 1996). Pre-steady-state kinetic analysis of Trp317→Phe GA indicated
a 10-fold increased K1 and hence a weakened formation of the first association complex, ES, with
α-1,4 linked substrates (Christensen, 1995).

The mutants Ser119→Tyr GA (Sierks and Svensson, 1994), at subsite +3 (Figure 1c; Stoffer et al.,
1995; Aleshin et al., 1996), and Glyl83→Lys and Serl84→His at a more distant α→α loop 3
location have 2.3–3.5 fold increased selectivity for α-1,4 over α-1,6 linked disaccharides as defined
by (kcat/Km)G2/(kcat/Km)iG2 (Table 3). Because reduced formation of α-1,6 linked condensation
products would importantly advance industrial saccharification, Ser119→Tyr GA was tested, but
surprisingly found to enhance the formation of multiply branched oligosaccharides (Svensson et al.,
1995). Ser119→Tyr is the only mutant found so far that retains high affinity for acarbose with a
favorable entropy contribution which is superior to that of wild-type GA (Berland et al., 1995).
Such improved complementarity in the mutant-oligosaccharide complex probably facilitates
oligosaccharide accommodation at subsites +1 through +2, and more remote ones and thereby
elevates condensation with glucose bound at subsite -1 (Svensson et al., 1995).

For wild-type GA the specificity constant, kcat/Km, increases with the length of the oligosaccharide
substrate (Sierks et al., 1989; Fierobe et al., 1996). Among ca. 50 GA mutants, a few selectively
suppress hydrolysis of shorter substrates. Most conspicuously kcat of Tyr116→Ala (Sierks and
Svensson, 1993) and Arg122→Tyr GAs (Natarajan and Sierks, 1996) decreased 17 and 38 fold
towards maltose as opposed to 2.5 and 10.5 fold with maltoheptaose (Table 3). Tyr306→Phe GA,
in contrast, retains wild-type level activity towards maltose, but displays close to 2-fold increase in
activity for maltoheptaose. Preference for short substrates resulted from replacement of four
residues in the α→α loop 5 (see below; Fierobe et al., 1996). This mutant, L5 GA, has kcat of 36%
of wild-type for maltose, but only 5–8% for maltotriose through maltoheptaose (Table 3; Fierobe et
al., 1996) and is so far the only GA mutant with higher kcat for maltose than maltoheptaose.

In an attempt to confer A. ntgsr GA the 1.8 fold higher kcat reported for Rhizopusoryzae GA
(Ohm’shi et al., 1990), the remarkable sequence variation in Trp170-Tyr175 of α→α loop 3 has
been mimicked by singly mutating the A. niger to the corresponding Rh. oryzae residues (Stoffer et
al., 1997). Tyrl75, at subsite +3 is closest to the catalytic site and has CE2 3.46 Ǻ from C6 of ring d
in GA-D-gluco-dihydroacarbose (Stoffer et al., 1995; Aleshin et al., 1996). Tyr175→Phe GA
displays a modest 1.3 fold increase in kcat towards maltoheptaose (Table 3; Stoffer et al., 1997), and
an unusual 10 fold higher affinity for acarbose, (Berland et al., 1995), while 1-deoxynojirimycin
bound at subsite -1 (Harris et al., 1993), has 1.6 fold lower affinity. The more distant Trp170→Phe
mutation displays 1.7 fold increased activity towards maltotetraose (Stoffer et al., 1997). Thus,
minor structural changes at a distance from the catalytic site can improve the GA activity. 
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BOND-TYPE SPECIFICITY

Mutational analysis, modelling, and molecular recognition of substrate analogs clearly indicate that
certain residues in the conserved α→α loops 3 and 5 are important for bond-type specificity (Sierks
et al., 1990; Svensson et al., 1994, 1995; Frandsen et al., 1995, 1996). Because mutation at
substrate binding residues dramatically reduces the activity, a strategy based on sequence
comparison was chosen to design GA with engineered bond-type specificity. Fungal GAs generally
have 400–1000 fold lower specificity toward the α-1,6 compared to α-1,4 linked substrates
(Meagher et al., 1989; Sierks et al., 1989; Fagerstrom and Kalkkinen, 1995; Fierobe et al., 1997).
However, for GA P from Hormoconis resinae these specificities differ only 50 times (Fagerstrom,
1991). GA P shows remarkable sequence variation in the otherwise conserved α→α loops 2 (not
shown), 3, and 5 (Figure 6), and putative structural mimics have been created by replacing three and
four residues, respectively, in A. niger GA loops 3 and 5 with the GA P counterparts (Figure 1c;
Figure 6; Fierobe et al., 1996). In addition a tetrapeptide in loop 3 has been changed to a functional
motif from α-amylases which are strictiy α-1,4 specific (C. Dupont, T.P.Frandsen, J.Lehmbeck and
B.Svensson, unpublished).

The replacements in either α→α region 3 or 5 affects hydrolysis of α-1,4 more than α-l,6-linkages
resulting in 3–11 fold reduced relative specificity, (kCat/Km)G2/ (kcat/Km)iG2 (Table 4; Fierobe et al.,
1996; C.Dupont, T.P.Frandsen, J.Lehmbeck and B.Svensson, unpublished). For Val181→Ala/
Asn182→Ala/Gly183→Lys/ Ser184→His (L3A) GA the effect originates exclusively from reduced
kcat/Km for maltose hydrolysis. In the case of Val181→Thr/Asn182→Met/Gly183→Ala GA (L3)
(Table 3; Fierobe et al., 1996), hydrolysis of α-1,6 linkages is most affected and 2– 3 fold increase in
relative specificity is obtained. Finally Pro307→Ala/Thr310→Val/ Tyr312→Met/Asn313→Gly GA
(L5) has drastically reduced activity towards both substrates and retains the relative specificity. Very
surprisingly, when both loops 3 and 5 are replaced, in L3L5 GA, wild-type activity is restored
(Table 4) and a relative specificity only 3 times higher than of GA P is obtained for maltotriose over
isomaltotriose (Table 4). Apparently these two active site segments cooperate. In the structure
Arg305 NH2 (loop 5) and Glu180 OE2 (loop 3) are indeed hydrogen-bonded. The concept of
homologue loop engineering coupled with site-directed mutagenesis in GA deserves further attention.  

Figure 6 Sequence alignment of fungal GAs in α→α loops 3 and 5, modified from Fierobe et al., (1996) 
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PROTEIN ENGINEERING TO ALTER THE STABILITY OF GLUCOAMYLASE

Four different engineering strategies are reported to enhance the stability of GA; i) replacement of
glycines in α-helices (Chen et al., 1996); ii) elimination of fragile Asp-X bonds (Chen et al., 1995);
iii) substitution of asparagine in Asn-Gly sequences (Chen et al., 1994); and iv) introduction of
disulfide bonds (Fierobe et al., 1996).

The high conformational flexibility of glycine makes it an α-helix breaker that can lead to
destabilization. GA contains five glycines in helices; Gly57 (helix 2), Gly137 and Gly139 (helix 4),
Gly251 (helix 8), and Glu383 (helix 12). Only Gly137→Ala and Gly139→Ala GAs, however, show
improved stability, amounting to a modest increase in the free energy of inactivation of 2 kJ mol-1

(Table 5; Chen et al., 1996). This effect is not additive as seen for Glyl37→Ala/Glyl39→Ala GA;
moreover, other Gly→Ala mutants have lower stability than wild-type (Table 5).

The three Aspl26-Gly127, Asp257-Pro258, and Asp293-Gly294 bonds in A. awamori GA are
cleaved under mild acidic conditions and heating (Chen et al., 1995). While the Asp257→Glu and
Asp293→Glu/Gln mutants display close to wild-type activity and a small increase in free energy (∆G‡)
of thermoinactivation by 1–2 kJ mol-1, Asp126→Glu and Gly127→Ala GAs both have reduced
activity and thermostability (Table 5).  

Another source of protein destabilization is deamidation of acidic side chains which occurs
especially at Asn-Gly sequences. Two such sequences are present in GA and while Asn182→Asp GA
has a slight 1 kJ mot-1higher free energy of inactivation than wild-type, Asn395→Gln GA, in which
an Winked sugar unit was eliminated, is less thermostable, less resistant to subtilisin, and is secreted

Table 4 Engineering substrate bond-type specificity by homologue binding loop replacement in Aspergillus
glucoamylasea

a Determined at 45°C in 0.05 M sodium acetate, pH 4.5; bFrandsen et al., 1994; cFierobe et al., 1996; dC.
Dupont, T.P., Frandsen, J.Lehmbeck and B.Svensson, unpublished; eH. resinae GA P (Fagerstrōm, 1991)
The loops 3 and 5 are highlighted in Figure 1c.
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Table 5 Thermostability (Tm) and free energy (∆G‡) of thermoinactivation of selected glucoamylase mutants

Recombinant GA variants produced in aSaccharomyces cerevisiae (Innis et al., 1985; Sierks et al., 1989) or
bAspergillus niger (Christensen et al., 1988; Frandsen et al., 1994).
Tm is defined as the temperature at which 50% activity is retained after 5 min incubation
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from S.cerevisiae in reduced amounts (Chen et al., 1994). In contrast, deletion of the N-linked
carbohydrate in Asn171→Ser GA has no adverse effect on enzyme activity, thermostability, or
protease-sensitivity (Stoffer et al., 1997).

Extra disulfide bonds have increased the thermostability of a number of proteins. An impressive
raise in Tm of 23.4°C thus occurs for T4 lysozyme by introduction of three disulfide bridges
(Matsumura et al., 1989). While this approach has been developed for disulfide-free proteins and
domains below 25 kDa, GA is 82 kDa and has two domains and four disulfide bridges. The free
thiol group at Cys320 is located at the N-terminus of helix 10 of the catalytic domain and close to
Ala246, a variable residue at the N-terminus of helix 8. Ala246→Cys GA spontaneously forms the
disulfide bridge in 80% yield and the mutation is accompanied by an increase in Tm of 4°C and by
improved enzymatic performance at elevated temperatures (Fierobe et al., 1996). Thus at 66°C the
initial rate of maltose hydrolysis by wild-type and Ala246→Cys GAs is the same, but whereas the
wild-type activity declines rapidly, Ala246→Cys remains fully active for a longer period (Figure 7;
Fierobe et al., 1996). This mutant therefore has an interesting industrial potential. At the standard
assay temperature (45°C) Ala246→Cys has only 50% activity of wild-type GA, the disulfide bond
possibly impaired the dynamics of the active site.

Finally, GA with low thermostability is of interest in food and beverage industries.
Thermosensitive mutants of GA may thus be used in production of light beer, to secure their complete
inactivation during pasteurization. Random mutagenesis coupled with screening identified seven
thermosensitive mutants. Of these, Ala302→ Val and Gly396→Ser, which involves alteration of
hydrophobic subdomains, leads to dramatic decreases in free energy of thermoinactivation of 11–12

Figure 7 Thermoperformance of Ala246→Cys (● , ) and wild-type (● , ) GA at 45°C (● ,●) and 66 °C
( ,● ), modified from Fierobe et al., (1996) 
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kJ mol−1 (Table 5; Flory et al., 1994). In addition, two replacements at helix 12 (Frandsen, 1993),
His391→Trp and Glu389→Gln GAs, have reduced Tm of 3–4°C; while the charged-conserved
Glu389→Asp GA retains the wild-type thermostability (Table 5). The large ∆Tm of 10°C for
Ala392→Asp (Table 5) is perhaps elicited by the negative charge introduced in a small antiparallel β-
sheet formed by Ala392, Ala393, Gly396, and Ser397 (Frandsen, 1993).

CONCLUSION AND PROSPECTS

Major improvement of industrial properties using protein engineering has not yet been reported in
the small glycoside hydrolase family 15 that comprises only glucoamylases. However, available GA
mutants have provided a large knowledge base on the roles of individual residues and their interplay
in the extended substrate binding site including information on the energetics and structure/function
relations in the mechanism of action. In particular, deeper understanding of complementarity among
reactants and enzyme that takes into account the role of water is anticipated to be useful in design
of glucoamylase with suppressed condensation activity, which in conjunction with elevated
thermostability may advance industrial saccharification, including the use of immobilized
glucoamylase.
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OVERVIEW

Pectins are chemically heterogeneous plant cell wall polysaccharides localised in particular cell wall
domains. They are found in the middle lamella, the region of interface between two walls from
neighbouring cells, and in the primary plant cell wall as an independent but coextensive network
associated with cellulose and xyloglucan. Pectin consists of a linear homogalacturonan backbone, the
so-called ‘smooth region’, interrupted by rhamnogalacturonan which is branched and constitutes the
‘hairy region’. These pectic polysaccharides can be found as a wide range of acidic polymers, both in
composition and in distribution of the constituent blocks. Homogalacturonans, mostly homogeneous
in composition, are formed by α (l-4) linked D-galacturonic acid residues in varying degrees of
methylation, while rhamnogalacturonans are rich in rhamnose and commonly include several
neutral saccharides such as arabinans, galactans and arabinogalactans as side chains. The industrial
processing of pectic polysaccharides has been traditionally accomplished by chemical means, they
are extracted, purified and modified using inorganic acids and bases, however the increasing
availability of specific pectin modifying enzymes is already enabling a more effective and precise
treatment of these substrates. Enzymatic extraction and modification may enhance the traditional
uses of pectins as gelling and stabilising agents and extend their range of applications in both foods
and pharmaceuticals. An excellent compendium of the advances in this area has recently been
published, edited by Visser and Voragen, ‘Pectins and Pectinases’ compiles the scientific
contributions to the meeting organised by Wageningen Agricultural University in 1995. The focus of



the current paper is on the more recent structural studies of enzymes and the implications for
molecular evolution and substrate binding.

PECTINS

Pectins and the Plant Cell Wall

The composition of pectin, the structure and, by implication, its role vary among the different plant
tissues and even within the different domains of the cell wall. This diversity is also dependent on the
stage of development of the tissue. Pectin has been implicated in determining the porosity and
development of the cell wall. Loosening of the pectin network concomitant with wall expansion may
involve changes in pectin gel rheology which may influence metabolism of the cellulose/ xyloglucan
network. This fine control of the local cell wall properties is achieved by: pectin
methylesterification, calcium ion concentration and pH-variation (Steele, McCann and Roberts,
1997). In some species, the middle lamella and the cell corners, are rich in relatively unesterified
pectins which may function in cell-cell adhesion and play an important role in tissue integrity. Cell
corners may act as joists in the scaffolding function of the wall and as pathogens tend to attack
these areas, the complex mixture of pectins found there may have a role in signalling defence
mechanisms operating through the release of small pectic fragments (McCann and Roberts, 1996).

Pectic Polysaccharides

Pectins are a complex class of plant cell wall polysaccharides that comprise a family of acidic
polymers such as homogalacturonans and rhamnogalacturonans with several neutral polymers
attached, including arabinans, galactans and arabinogalactans (Schols and Voragen, 1996). Pectin
consists of a backbone, in which the ‘smooth regions’ formed by α (l-4) linked D-galacturonan are
interrupted by ramified rhamnogalacturonan regions which are highly substituted by side chains rich
in neutral sugars. The properties of the homogalacturonan polymers are profoundly influenced by
the degree of methylation or acetylation of the polymer and by the distribution of the esterification
which is usually considered to be either random or block. High methoxy pectins have a degree of
methylation above 50%. The presence of xylogalacturonans with the terminal xylose covalently
linked to the galacturonsyl backbone also occurs in the ‘smooth region’ (Schols and Voragen,
1996).

The major subgroups of the rhamnogalacturonan region of pectin are rhamno-galacturonan-I and
-II (RG-I and RG-II). The RG-I polymer consists of alternating α (l-4) linked rhamnose and D-
galacturonic acid residues with arabinofuranosyl, galactopyranosyl and minor quantities of
fucopyranosyl residues. RG-II is characterised by the presence of rare sugars such as 2-O-methyl-
fucose, apiose and 3-deoxy-D-lyxo-2-heptusaric acid next to the more common sugar residues
rhamnose, fucose, arabinose, galactose, galacturonic acid and glucuronic acid. See Rinaudo (1996)
and Axelos et al. (1996) for reviews on pectin functionality.

Chemical Stability of Homogalacturonans

In alkaline conditions, homogalalacturonans are degraded by two competing reactions: β-
elimination which cleaves the homogalacturonan backbone and creates a double bond next to a
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methoxylated galacturonic moiety and demethylation by saponification. Both β-elimination and
demethylation rates increase at higher pH with the β-elimination rate reducing before demethylation
because of the topological requirements for β-elimination. The pH-stability of pectins must be
considered in all enzymatic modification steps and the pH-activity profile of enzymes matched to
avoid unwanted chemical modification. 

Figure 1 A schematic representation of (a) demethylated pectin and (b) methylated pectin showing the bonds
cleaved by the pectin modifying enzymes: polygalacturonase, pectate lyase, pectin methylesterase and pectin
lyase.
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PECTIN MODIFYING ENZYMES

Introduction to Pectin Modifying Enzymes

Microorganisms produce an array of enzymes that can modify both the homogalacturonan backbone
and the branched rhamnogalacturonan regions of the pectin molecule. The enzymes involved in
homogalacturonan degradation include polygalacturonase, pectin lyases, pectate lyase and pectin
methylesterase (Figure 1). Highly methoxylated homogalacturonans are the substrates of pectin
lyases and pectin methylesterases. Pectin lyases cleave the glycosidic linkage adjacent to an esterified
residue by β-elimination while pectin methylesterases release methanol from the esterified carboxyl
groups and transform methylated polygalacturonan regions into polygalacturonate. This can then be
degraded by polygalacturonases and pectate lyases, both cleaving the glycosidic linkage next to a
free carboxyl group, the former by hydrolysis and the latter by β-elimination. The
rhamnogalacturonan component of pectins is modified by rhamnogalacturonases,
rhamnogalacturonan lyases and by the accessory enzymes such as rhamnogalacturonan
acetylesterase.

The production of pectin methylesterases and polygalacturonases in plants is well known and
reduction of polygalacturonase activity by anti-sense techniques has created genetically-modified
tomatoes of commercial relevance (Smith et al., 1988; Sheehy et al., 1988; Kramer and Redenbaugh,
1994). The action of pectin methylesterases from plants tend to produce blocks of demethylated
pectin and thus differ in specificity from the generally more random acting microbial enzymes. This
may be correlated with the strong product inhibition observed for the plant methylesterases. The
reversal of the inhibition on raising the concentration of calcium or other cations (Moustacas et al.,
1991; Charnay et al., 1992), allows the activity to be modulated, changing the physical properties of
the pectin and rendering it susceptible to degradation by polygalacturonase (Nari et al., 1991).
Pectin lyases have not yet been found in plants, so degradation may require pectin methylesterases.
However, DNA sequencing techniques have revealed the presence of genes in plants with sequence
similarity to the microbial pectate lyases. Recently, two of these genes have been expressed in
bacteria and shown to have activity on polygalacturonate, proving that they correspond to plant
pectate lyases (Domingo et al., 1997, Taniguchi et al., 1995). These pectic enzymes, naturally
occurring in plants, seem to play a role in physiological processes such as the abcission phenomena,
and can also produce important textural changes in fruit and vegetables during storage and
processing.

Plant Pathogenesis

Extracellular secretion of pectinolytic enzymes by microorganisms has been established to play a
major role in phytopathogenesis (Crawford and Kolattukudy, 1987; Barras et al., 1994; Collmer
and Keen, 1986). Plant pathogens produce an array of enzymes capable of attacking the plant cell wall
components, however a convincing role in virulence has only been established for those enzymes that
attack the pectic fraction. Depolimerization of the pectic components of the cell wall leads to tissue
maceration and cell death, as occurs in the soft-rotting of plant living tissue and the decay of
harvested crops. Erwinias (E. chrysanthemi, E. carotovora spp carotovora and E. carotovora spp
atroseptica) have been identified as the main pathogens in primary infection while Bacillus (E.
subtilis, B. megatherium and B. polimyxa) and pectinolytic strains of Pseudomonasseem to act in
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secondary infection. Understanding the molecular basis for substrate specificity and mode of action
of pectin modifying enzymes would aid the design of inhibitors for preventing plant disease.

STRUCTURES OF PECTIN MODIFYING ENZYMES

Known Structures of Pectin Modifying Enzymes

The recent structure determination of several pectin modifying enzymes has stimulated new interest
in the biochemistry of these enzymes. The structures of three pectate lyases have been determined by
X-ray crystallography: pectate lyase C (PelC) (Yoder et al., 1993), pectate lyase E (PelE) (Lietzke et
al., 1994) both from Erwiniachrysanthemi and pectate lyase from Bacillus subtilis (BsPel)
complexed with Ca2+ (Pickersgill et al., 1994); recently the crystal structures of
rhamnogalacturonase A (RGase A) from Aspergillus aculeatus (Petersen et al., 1997) and pectin
lyase A (PnlA) from Aspergillus niger (Mayans et al., 1997) have also been reported.

The majority of pectate and pectin lyases can be classified as part of the ‘extracellular pectate
lyase superfamily’ identified by Henrissat et al. (1995), which includes PelC, PelE, BsPel and PnlA.
The lowest pairwise sequence identity for alignment of these structures is 15% (PnlA and PelC). The
sequence motif vWiDH (val-TRP-ile-ASP-HIS with upper case: absolutely conserved residues, lower
case: conservatively substituted residues) is a characteristic of aligned sequences in this family.

Both Aspergillus niger polygalacturonase and Aspergillus aculeatus rhamnogalacturonase belong
to family 28 of the glycosyl hydrolases family (Henrissat and Bairoch, 1996). It is therefore expected
that rhamnogalacturonase will have an inverting mechanism in common with polygalacturonase
(Biely et al., 1996).

The Parallelb-helix Architecture of Pectate and Pectin Lyase

The overall architecture of these enzymes comprises a parallel β-helix domain and a major loop
region (Figure 2). The parallel β-helix domain is formed by parallel β-strands which fold into a
large, right-handed helix, dimpled in cross-section. The β-strands of consecutive turns line up to
form three parallel β-sheets called PB1, PB2 and PB3. PB1 and PB2 form an antiparallel β-sandwich,
while PB3 lies approximately perpendicular to PB2, giving the cross-section of each coil an L-shape
rather than triangular appearance (Figure 3). The β-strands are generally short, typically 3 amino
acids for PB1, 4 or 5 amino acids for PB2 and 3 to 5 for PB3 and they form eight complete turns of
parallel β-helix. In all structures, both ends of the parallel β-domain are capped, the N-terminal end
of the cylinder by a short α-helix which is structurally conserved in the structures determined to
date, and the carboxy-terminal end by a polypeptide chain in extended conformation.

The turns between β-sheets have been referred to as Tl (between PB1 and PB2), T2 (between PB2
and PB3) and T3 (between PB3 and PB1). Tl is of the β-arch type and of variable but moderate
length. The T2 turn, short and regular in conformation, introduces a change of 90° in the direction
of the polypeptide backbone and can be classified as a distorted yβE elbow turn following the
nomenclature by Wilmot and Thornton (1990). The turn is composed of two residues, Ci and Ci+1,
of which Ci is in aL conformation, typically a glycine or asparagine, and Ci+1 tend to be an
asparagine which participates in the formation of the so-called asparagine ladder described below.
The duplet Asn-Asn is characteristic of the T2 turn in pectin and pectate lyases. The secondary
structure of this T2 turn relates to the observation by Pickersgill et al. (1994) that for some of the β-
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strands, particularly at the PB2 sheet, the amino acids immediately before and after the β-strand
have backbone dihedrals angles in an αL conformation. Residues in this conformation had been
found previously preceding and terminating β-strands in protein structures, and had been classified
and termed as β-breakers by Colloc’h and Cohen (1991). The right-handed parallel β-helix of pectic
lyases is rich in β-breakers, specially BsPel which shows an unusually high number of occurrences of
these structures. 

The T3 loops are commonly lengthy and of more complex conformation, constituting the major
loop region. They protrude from the central parallel β-helix, packing against PB1 and forming the
substrate binding cleft. The T3 loop region is the area of greatest variability in these parallel β-
helices (Figure 2), it forms an independent structural domain as in BsPel, where three long
consecutive T3 loops pack against each other to form a hydrophobic core. In PnlA the region is
again dominated by a single T3 loop that protrudes prior to the first turn of the parallel β-helix
domain. The secondary structure of the T3 loops is also diverse; the BsPel loop contains a long α-
helix whilst the corresponding region in PnlA comprises an antiparallel β-sheet. Although the
parallel β-domain in these structures is very similar, all four differ in the size and conformation of the
T1 and T3 loops. Note that even within the pectate lyases there is substantial variability in the T3
loop regions.

A characteristic of the interior of the parallel β-helix domain, is that the side chains of residues at
corresponding positions in consecutive β-strands stack directly upon each other (Figure 4a). The
most significant example is the presence of a distinct asparagine ladder in the inner position of the T2
turn in the core of the helix, these asparagines form a characteristic network of hydrogen bonds
involving both side chain groups and main chain amides. The hydrogen bonding network links
consecutive coils of the parallel β-helix (Figure 4b). In the PnlA structure, this ladder is composed of
five residues, while four asparagines are present in the ladder of BsPel, six in PelC and only three in
PelE. An internal aromatic stack is also present in these structures, composed of a variable number
of residues and commonly located towards the C-terminal end of the parallel β-helix. Aliphatic
stacks can also be found within the core. Some side chains that are oriented outward into the
solvent also stack, as in the clustering of five external tyrosines in the PnlA structure.

Structural Conservation in Pectate and Pectin Lyases

Within the ‘extracellular pectic lyase superfamily’ the main functional division occurs between
pectate and pectin lyases. The sequences of the different members of the family are distant enough
so that structural alignment of the three pectate lyases and the pectin lyase determined, reveals the
fundamental structural features of the family. The superimposition of the structures reveals a
pairwise sequence identity of approximately 15%. The conserved residues are concentrated far from
the active site, along the T2 turns where the N-terminal tail packs against PB2 and including the
vWiDH sequence motif. The asparagine ladder and the aromatic stack inside and towards the
carboxy-terminal end of the parallel β-helix domain, are also relatively well conserved amongst the
members of the family. In PnlA, it is this T2 region of the experimentally determined structures that
has the lowest temperature factors and is therefore the most rigid, which may imply that this area is
critical for the stability of the structure and may be a nucleus for folding. This would account for
the reported difficulties in producing soluble folded protein from mutants of E.chrysanthemi PelC
with altered sequences in this region (Kita et al., 1996).
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The conformation of the N- and C-terminal tails is closely related in all the pectic lyase structures.
The N-terminal tail packs against PB2 while the C-terminal tail lies across PB3 comprising a highly
structurally conserved, amphipathic α-helix, which packs against the T2 turn (Figure 4a). While the
N-terminal extensions have some detectable sequence identity, the α-helix capping the end of the

Figure 2 The overall architecture of the pectate and pectin lyases. Top left: pectin lyase (PnlA), top right Bacillus
subtilis pectate lyase (BsPel), bottom left Erwinia chrysanthemi Pel C (PelC) and bottom right Erwinia
chrysanthemiPel E (PelE). In this schematic representation, produced using MOLSCRIPT (Kraulis, 1991),
arrows represent β-strands with the arrow head to the C-terminal end of the strand and coils are represented by
β-helices. Parallel β-sheet 1 (PB1) is shown in yellow, PB2 in green and PB3 in red. In BsPel the T3 loop region
(non-coloured region to the right of the parallel β-helix domain) is dominated by a 67 amino acid long loop which
comprises a long α-helix. An equivalent but much truncated α-helix is seen in the structure of PelE. The PnlA
T3 loop region is dominated by a single T3 loop that protrudes prior to the first turn of the parallel β-helix
domain. This T3 loop begins and ends with two β-strands, residues 57–63 and 91–97, which form an
antiparallel β-sheet. The middle part of the loop is markedly convoluted, its structure being maintained by two
disulphide bridges, Cys 63-Cys 82 and Cys 72-Cys 206. Three of the cysteines involved are part of this same
loop Cys 63, Cys 72 and Cys 82; while a forth, Cys 206, is situated in the fourth T3 loop. The latter, of
medium length, forms part of the bottom of the substrate binding cleft. The calcium bound to the active site of
BsPel is shown as a yellow circle. 
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parallel β-helix and the C-terminal tail are structurally conserved but have little sequence similarity.
In summary, PB2 and PB3 constitute the area of highest structural conservation, which is at a
maximum in the asparagine ladder in T2 and the vWiDH pattern in PB2. The high structural
conservation occurs in a region distant from the active site while the binding cleft and surroundings
are the most divergent part of the molecule. Hence, it could be argued that the N- and C-terminal
tails, the asparagine ladder, and the relatively well conserved sequences on PB2 contribute to folding
and stability of the parallel β-helix domain, while diversity around the active site allows variation in
substrate specificity.

SUBSTRATE RECOGNITION, CATALYSIS AND DESIGNER PECTINS

Pectate and Pectin Lyase have Different Carbohydrate Recognition Strategies

The structures of BsPel and PnlA have allowed the identification of the substrate binding site and
several putative catalytic residues and have contributed to a better understanding of the different
specificity and catalysis of the distant but related pectate and pectin lyases. Pectate lyases act
preferentially on demethylated and therefore highly charged polygalacturonate, require calcium for
catalysis and their pH optima are around 8.0. By contrast, pectin lyases show higher activity on
highly methylated, relatively hydrophobic homogalacturonans, do not require calcium for catalysis

Figure 3 Schematic view of BsPel viewed down the axis of the parallel β-helix. The substrate binding cleft contains
the essential calcium (yellow circle).

PECTIN MODIFYING ENZYMES AND DESIGNER PECTINS 207



and their pH optima are around 5.5. Prior to the structural studies, it was believed that calcium
simply cross-linked the strands of the substrate into a structure that could be recognised by the
enzyme. However, the Ca2+-BsPel complex provides direct evidence that calcium binds to the
enzyme. In this structure, calcium binds at the bottom of a pronounced cleft to three aspartates,
generating a ribbon of positive electrostatic potential complementary to the negatively charged,
polygalacturonate substrate. The affinity of BsPel for calcium has been measured at 2.3 µM by
titration calorimetry. Given that pectate lyases are inactive in the absence of calcium, the calcium
binding site is accepted to be the active site and the cleft between the long T3 loops and the parallel
sheet PB1 in which it is located, the substrate binding site.

The three pectate lyase structures determined to date present a substrate binding region rich in
charged acidic and basic residues, suggesting an electrostatic basis for substrate recognition. In sharp
contrast, the substrate binding cleft of pectin lyase A is dominated by aromatic residues, the only
charged amino acids being Asp 154, Arg 176 and Arg 236 (Figures 5a and b) which correspond to
Asp 184, Asp 223 and Arg 279 in BsPel. The aromatic residues in the substrate binding cleft are
four tryptophans: Trp 66, Trp 81, Trp 151 and Trp 212; and three tyrosines Tyr 85, Tyr 211 and
Tyr 215. They constitute the following edge-to-face pairs: Trp 81-Trp 151, Trp 66-Trp 212 and Tyr
211-Trp 212. These residues are conserved in the other Aspergillus niger pectin lyases while

Figure 4 (a) Stacking of amino acid residues in the interior of pectin lyase A (strain 4M-147) viewed from the C-
terminal end of the parallel β-helix. The view is such that consecutive T2 turns approximately superimpose and
the conserved amphipathic C-terminal α-helix is shown in cross-section, packing against the T2 turn region.
Attention is drawn to the internal asparagine ladder and the internal aromatic stack. Note also the tyrosine
stack which packs against the C-terminal α-helix. (b) Close up of the hydrogen bonding pattern of the
asparagine ladder of PnlA. The carbonyl oxygen of an asparagine side chain hydrogen bonds to both the main
chain amide and to the amino-group of the aspartate in the previous turn of parallel β-helix. Hydrogen bonds are
shown as dashed lines.
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tyrosines Tyr 85 and Tyr 215, not involved in edge-to-face pairs, are not conserved, therefore, it is
possible that the three aromatic pairs are important for the stability of the architecture of the
substrate binding cleft. Fluorescence quenching studies using the highly homologous pectin lyase D
(Van Houdenhoven, 1975) suggests that one or more of these aromatic residues are involved in
substrate binding. It is expected that the aromatics contribute to the affinity of pectin lyase A for the
methylated homogalacturonan substrate.

Alignment of the pectin lyase A structure with the pectate lyases confirms the suggestion of
Henrissat et al. (1995) that only Asp 184 and Arg 279 (BsPel numbering) are invariant in the active
site. In the Ca2+-BsPel complex, calcium binds to three aspartates: Asp 184, Asp 223 and Asp 227
(BsPel numbering); within the family of extracellular pectate lyases, Asp 184 and Asp 227 are
absolutely conserved, while Asp 223 is conservatively substituted for a glutamate. In pectin lyase A,
Asp 223 corresponds to Arg 176, and Asp 227 is equivalent to Val 180, Asp 184 (Asp 154 in pectin
lyase numbering) being the only conserved carboxylate. The only other absolutely conserved residue
in the binding cleft across the members of this family is Arg 236 (pectin lyase numbering). Assuming
that extracellular pectate and pectin lyases evolved from a common ancestral lyase, it might be
expected that the only two conserved residues, Asp 154 and Arg 236, play equivalent roles in related
mechanisms.

Pectin lyase A is rich in acidic residues, containing a total of 48 aspartates and glutamates. Its
experimental pI is 3.5 (Kusters-van Someren et al., 1991) and will therefore have an overall negative
charge at the pH of optimum catalysis, pH 6.0 (Van Houdenhoven, 1975). The study of the
surroundings of the substrate binding site, has revealed that acidic residues cluster around it in both
the parallel β-helix domain and the apex of the main T3 loop. The global effect is a significant
negative electrostatic potential, enveloping the substrate binding site (Figure 6a). By contrast, the

Figure 5 The substrate binding clefts of pectin and pectate lyase. (a) PnlA: residues Arg 154, 176 and Arg 236
are expected to play a role in catalysis and adjacent aromatics are shown in green, (b) BsPel: Calcium is shown
as a yellow sphere, note Asp 184 is equivalent to Asp 154 and Arg 279 is equivalent to Arg 236 in PnlA.
Amino acids in red are negatively charged and those in blue positively charged at the pH of catalysis. No role in
binding or catalysis is implied, the labelled side chains have been identified purely on the basis of their
proximity to the essential calcium-ion.
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electrostatic field arising in pectate lyase with calcium bound, is an elongated ribbon of positive
potential, centered at the calcium, which complements the negatively charged, polymeric substrate
(Figure 6b). The different charge distribution of these enzymes may contribute to specificity,
polygalacturonate being repelled by the negative charge on pectin lyase but attracted to the pectate
lyase cleft. Relatively high ionic strength (0.2 M NaCl) is needed for pectin lyase to express its full
activity and for optimal stability (Van Houdenhoven, 1975). In these conditions, the substantial
negative potential will be attenuated and the negative partial charges of the methylated
homogalacturonan shielded, permitting the binding of this substrate but still contributing
significantly to the repulsion of polygalacturonate. On the other hand, the pectate lyase BsPel shows
diminishing activity with increasing salt concentration, this being the effect of disrupting the long-
and short-range electrostatic interaction of binding. It can be concluded that, substrate specificity is
not only a consequence of the hydrophobicity of the binding cleft but also of long-range electrostatic
effects. 

A pH Driven Conformational Change in Pectin Lyase A

Pectin lyase A is optimally active within a limited pH range, between 5.5 and 7.0 depending on
substrate concentration and ionic strength. This sharp pH activity profile cannot be easily explained
in terms of ionisation of one or more of the putative catalytic residues: Asp 154, Arg 176 and Arg
236; the only candidates given the aromatic character of the binding cleft. Instead, the ionisation
occurs in an aspartate in a Tl loop which forms part of a lateral wall of the binding cleft. Two pectin
lyase structures have been reported, one corresponding to the enzyme at pH 6.5, at which the enzyme
is optimally active and a second structure corresponding to pH 8.5, at which the enzyme shows
reduced activity. The structure at lower pH, pH 6.5, contains two aspartates buried in the core, Asp
186 in the fourth T1 loop and Asp 221 in the consecutive turn. The distance between the OD2 atoms
is 2.7Ǻ, this would not be energetically favourable if both residues were deprotonated, instead a

Figure 6 Electrostatic potential for PnlA and BsPel. The calculation using GRASP (Nicholls, 1993) used
standard pK values and corresponds to pH 7.0. (a) Electrostatic potential surrounding PnlA contoured at +/- 12
kT/e (blue positive/red negative), (b) Electrostatic potential surrounding BsPel contoured at +/- 2 kT/e (blue
positive/red negative).
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hydrogen bond must be formed between them, suggesting that one of them is deprotonated but not
the other. The pectin lyase A structure solved at pH 8.5, shows Asp 221 still inside the core, but Asp
186 has sprung out, and is now exposed to the solvent (Figures 7a and b). It appears that residue
Asp 221 is charged, permanently inside the core, and the change observed can be attributed to the
deprotonation of residue Asp 186.

At pH 6.5, Asp 186 contributes to stabilise the charged Asp 221 in the inside of the parallel β-
helix. At pH 8.5, Asp 186 is not available for this role and the orientation of the side chains of
neighbouring residues, residues 182–187, have changed to assure the stability of Asp 221. At this
pH, Thr 183 interacts with Asp 221 to form a short, strong hydrogen bond, the involved oxygen
atoms being only 2.5 Ǻ apart. Since at both pH values residues from the same Tl loop contribute to
neutralise the inner Asp 221, structural changes mainly affect one single Tl loop. The structure of
neighbouring Tl loops is only affected to a minor extent, and although shifts occur, the relative
position of groups is maintained. At pH 8.5, a water molecule appears positioned where the
carbonyl group of Thr 183 is at pH 6.5, preserving the local hydrogen bonding pattern of the Tl
area.  

It is not clear how the structural changes caused by pH relate to the biochemical observation of
reduction in activity. The exposure of Asp 186 may cause a direct, through space effect on the
catalytic residues. However, in the active form (pH 6.5), Thr 183 is oriented towards the binding
cleft at approximately 8.9 Ǻ from the catalytic Arg 176, while at pH 8.5 that space is unoccupied
and the surrounding area is somewhat altered. Therefore, it is more likely that the effect on catalysis
is a steric effect, in which binding of the substrate is affected either directly or by perturbing the
water structure of the active site.

A pH-dependent reduction in activity has also been reported for the other pectin lyases of
Aspergillus niger (Kester and Visser, 1994) and the pectin lyase of Aspergillusjaponicus (Ishii and
Yokotsuka, 1975). It is possible that the effect is due to a similar structural trigger. 

Figure 7 The pH-driven conformation change in PnlA. (a) The fully active enzyme at pH 6.5 with two
aspartates (Asp 186 and Asp 221) buried in the core of the parallel β-helix domain (b) Reduced activity enzyme
at pH 8.5 with Asp 186 pointing out and into solvent.
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How do Pectin and Pectate Lyase Work?

In a general β-elimination reaction two ionic groups are removed from the substrate: an α-proton
commonly assisted by a base, and a leaving group (a β-nucleophile in the reverse reaction) often
assisted by an acid, this resulting in the formation of a double bond. This is illustrated for the
cleavage of the α (l-4) glycosidic linkage by pectate lyase in Figure 8. A β-elimination reaction can
occur by either a multi-step or a concerted mechanism and the protein is expected to assist catalysis
by ensuring optimal stereochemistry of the substrate (transition state), lowering the pKa of the α-
proton, providing a base and improving the leaving group by protonation. For a concerted reaction,
the rate is critically dependent on the relative orientation of the proton and the leaving group, this is
close to optimal in the most stable substrate conformation of the pectin substrate. Pectate lyase but
not pectin lyase requires calcium for catalysis, this may reflect the increased stability of the pectate
substrate towards depolymerization. In pectin, the proton at C5 is activated by the electron
withdrawing carbonyl group of the carboxymethyl at C6, however pectate contains carboxylate
anions at the C6 position, and is more stable due to the reduced electron withdrawing power of this
group. Calcium in pectate lyase could aid substrate binding by interacting with the carboxylate at
C6, increasing the electron withdrawing effect at C5 and facilitating the abstraction of the α-proton

Figure 8 Pectate lyase may accelerate the rate of cleavage of polygalacturonate by: 1. Facilitating abstraction of
the C5 proton by increasing its pKa via interaction of the carboxylate with calcium and/or arginine (the calcium
and/or arginine are labelled ‘(a)’). 2. Maintaining favourable stereochemistry for reaction which is almost
optimal for a galacturonic acid adopting the chair conformation with the carboxylate equatorial and both the
leaving group, O4, and the proton at C5 axial. 3. Providing a base for proton abstraction (B-) and 4. Providing
an acid (AH) to protonate the glycosidic oxygen. ‘R’ represents the continuing chain of galacturonsyl residues
in the polygalacturonate polymer.
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by lowering its pKa, which may explain the absolute requirement of a metal cation for the β-
elimination catalysis by pectate lyase. The guanidinium group of Arg 176 in PnlA occupies a
position close to that of the calcium-ion in pectate lyases. Thus, it could be suggested that the roles
of calcium in pectate lyase and the arginine in pectin lyase are related.

Two residues, Lys 247 and Arg 284, are conserved in all pectate lyases but not in pectin lyases
and these may have a role in binding and cleaving the pectate substrate.

Site directed mutagenesis of PelC and BsPel have given apparently inconsistent results with the
residual activity of mutants of BsPel often higher than in PelC. The results from BsPel suggest that
the three calcium binding ligands and the arginine are all important but no one is absolutely essential.
Substitution of two of the calcium ligands Asp 223 and Asp 227 by alanine reduces the activity to
approximately 0.005% and 0.05% of wild type respectively, the effect of the same substitution for
Asp 184 is less striking with 3% of wild type activity remaining. Substituting alanine for Arg 279
results in an activity of 0.2% wild type whilst the conservative substitution of lysine leaves a
residual activity of 0.8%. It is reasonable to assume that the position of both the arginine and the
calcium are important for catalysis and the surprising result is therefore that the Asp 184 Ala
mutation does not also result in an activity of less than 1%, especially as Asp 184 makes bidentate
ligands to the calcium-ion. It is unlikely that the conserved carboxylate of Asp 184 acts as the base
because of the remaining activity of the Asp 184 Ala mutant and because it is hidden from substrate
behind the calcium-ion. Thus its conserved role may be that of positioning the cation (arginine or
calcium) in pectin and pectate lyase.

For pectate, but not pectin, lyase there are three other carboxylates, Asp 223, Asp 227 and that of
a neighbouring galacturonic acid on the substrate which could act as the base. However, the first
two are less plausible nucleophiles due to binding to the calcium while involvement of another
galacturonic acid might predict a more rapid lowering of activity as the percentage of methylation
increased than is seen in BsPel at least and might not explain exo-pectate lyases. Of course, on
substrate binding Asp 223 or Asp 227 may be reoriented and be able to assist proton abstraction.
The only plausible alternative is that a water molecule or a hydroxyl anion acts as the base. This
mechanism could be conserved across the family with the water binding either calcium or Arg 176.
If the water or hydroxide position were critical, it might also account for the observation that
calcium cannot be replaced with magnesium, strontium or barium (Tardy et al., 1997). The
structure of BsPel with barium in two crystal forms shows that barium binds at the calcium site but
also shows that the water structure is altered. Other explanations for the loss of activity when
calcium is replaced by barium are that a bound galacturonic acid would be positioned further from
the cation site and displacement of Asp 223 or Asp 227 to generate the catalytic base would be less
likely.

Given the variability in the active sites of pectin and pectate lyases it is not possible to generate an
active site fingerprint to use in a search for homologous lyases. Disulfide bridges are also not
conserved within the extracellular family, leaving vWiDH as the only obvious sequence motif
defining the extracellular family. No structure has yet been determined for a bacterial pectin lyase.
Examination of the sequences suggests that the mechanism may again differ from both the pectate
lyases and from the fungal pectin lyases as Arg176 of pectin lyase A is not conserved (Henrissat et
al., 1995). Two of the three aspartates of the pectate lyase calcium site may be conserved, suggesting
that some cationic group is bound at that site although this might be a lysine or arginine from a
neighbouring loop or strand. The limited active site data suggests that the bacterial pectin lyase
diverged from pectate lyases rather than from the fungal pectin lyases.
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Rhamnogalacturonase and the Other Right Handed Parallelb-Helix Proteins

The backbone of RG-I is composed of rhamnose (Rha) and galacturonic acid (GalUA) residues
linked into a polymer which is a repeating dimer unit (l-2)-a-LRha(l-4)-a-DGalUA. The C4 position
of Rha is often decorated by arabinan, galactan or arabinogalactan (Schols et al., 1994).
Rhamnogalacturonase A (RGase A) is a hydrolase that cleaves the (1–2) linkage. The core of RGase
A is composed almost entirely of parallel β-strands, which are rather short and separated by sharp
bends. There are 13 complete turns of β-strands forming a larger parallel β-helix than those of
pectate and pectin lyases (Petersen et al., 1997). Further differences are the presence of an additional
parallel β-sheet, designated PBla, in the Tl turn and stacks of identical side chains are much less
prominent in RGase A. The active site of RGase is again formed by PB1 and the loops at both ends.
Structural alignment of RGase A with PelC aligns Asp 180 with Asp 170 of PelC (Asp 184 of
BsPel), suggesting that the cluster of carboxylates Asp 156, Asp 177, Asp 180, Asp 197 and Glu 198
is the active site of this family of enzymes, although as yet no substrate-complex structure is
available. Asp 156 and Asp 180 are predicted to be the general acid and base involved in the
inverting catalytic mechanism.

There are two other known structures, representing three families of proteins, which display the
right handed parallel β-helix fold. These are the carboxy-termmal fragment of the phage P22
tailspike protein (Steinbacher et al., 1994, Steinbacher et al., 1997) and pertactin from Bordetella
pertussis (Emsley et al., 1996). The carboxy-termmal fragment of the tailspike protein has been
shown to be an endorhamnosidase and an inverting mechanism has been suggested with Asp 392 as
general acid while Glu 359 and Asp 395 activate a catalytic water molecule as general bases. These
residues lie on two neighbouring turns near the middle of the long parallel β-helix, just before or at
the start of sheet C, which is equivalent to PBI of pectate lyases.

Petersen et al. (1997) also report that the structure of RGase A can be superposed on that of the
tailspike fragment with an rmsd of 2.04Ǻ but did not report if Asp 156, Asp 177 and Asp 180
superpose with the active site residues of tailspike Glu 359, Asp 392 and Asp 395. However, even
without the possibility of a closely similar mechanism, the distant relationship between the
hydrolases, RGase A and tailspike, seems closer than that with the lyases, because their parallel β-
helices are longer and contain almost exclusively hydrophobic residues in their interior. Stacking of
residues is also much less pronounced than in the lyases and the asparagine ladder is absent.
However, RGase A does share with the lyases an β-helix at the ammo-terminus of the parallel β-
helix.

Pertactin is a virulence factor of Bordetella pertussis and mediates adhesion to mammalian target
cells via an RGD sequence. This is the longest parallel β-helix structure yet determined with 16 turns
of helix. No enzymatic activity has yet been described nor has a polysaccharide binding been
characterised, although polysaccharide binding is frequently involved in cellular adhesion. Pertactin
seems to be a structural intermediate between the lyases and the hydrolyses as the core of the helix is
hydrophobic but there is extensive stacking of similar residues.

New Families of Pectate Lyases

In addition to the extracellular pectate lyase family, there are at least five further families of pectate
or oligogalacturonate lyases but no other known families of pectin lyases. Firstly there is the
periplasmic pectate lyase family (Manulis et al., 1988; Hinton et al., 1989), secondly enzymes from
E. chrysanthemi, PeII (Hugouvieux-Cotte-Pattat, personal communication) and E. carotivora
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(Heikinheimo et al., 1994), which are homologous to the pectate lyases from Fusarium solani
(Gonzalez-Candelas and Kolattukudy, 1992, Guo et al., 1995a, 1995b, 1996), third PelX (Brooks et
al., 1990) and PelL (Lojkowska et al., 1995) from Erwinia chrysanthemi, fourth PelZ from E.
chrysanthemi (Pissavin et al., 1996) and finally the oligogalacturonate lyases (Reverchon et al.,
1989). Despite the absence of any obvious relationship between the sequences, Lojkowska et al.
(1995) point out a string of similarities between PelL and the extracellular pectate lyase superfamily.
PelL is a pectate lyase of similar size (i.e. 400 residues compared to 399 for BsPel), requires calcium
for activity and has a similar pH optimum of 8.5, a sequence which suggests an all β-fold and has a
high content of asparagines including four pairs of consecutive asparagines and one triple. Pairs of
asparagines are common in the extracellular lyase family at the T2 turns. Thus PelL and PelX may
well have the parallel β-helix fold despite the lack of any definite evidence for the structure of PelL.
The alternative is the convergent evolution of a closely related catalytic mechanism. Similarly, the
limited data published on the mechanisms of the family of Fusarium pectate lyases (Rao et al.,
1996) (which are homologous with PeII and the enzyme from E. carotiυora) have not yet shown any
differences from those of the extracellular family. It is possible to speculate that sequences such as
VWWADVCEDA in Fusarium PelA are distantly related to HIWIDHCTFN of BsPel. However, in
other members of this family the first alanine is substituted by a glutamate, while the equivalent
residue in the extracellular family is buried.

The question of the relationship between the various families of lyases will probably not be
resolved until a three-dimensional structure is available for a member of each family. However, it is
clear that these structures are a challenge for techniques of structure prediction such as ‘threading’
(Sippl and Weitckus, 1992; Jones et al., 1992). If the enzymes such as PelL, for which crystals have
already been obtained, are not distantly homologous to the extracellular family, the convergence to
a calcium dependent mechanism would suggest that this is one of very few possible mechanisms for
such lyases, including other polysaccharide lyases.

Designer Pectins

Application of the pectin modifying enzymes rhamnogalacturonase and rhamnogalacturonan
acetylesterase from Aspergillus aculeatus have lead to the improved, if far from complete,
characterisation of rhamnogalacturonan structure (Schols et al., 1994; Beldman et al., 1996). These
enzymes can also be used to prepare homogalacturonan regions whose degree and pattern of
esterification can then be manipulated by pectin methylesterase and whose molecular weight can be
manipulated using pectin lyase, pectate lyase and polygalacturonase. The microbial pectin modifying
enzymes are believed to be far less specific than the plant enzymes. It is known, for instance that the
microbial pectin methylesterases randomly demethylate whilst the plant enzymes demethylate in
blocks. Block demethylation confers profound changes in pectin functionality via interaction with
calcium and enzymes with specific patterns of demethylation may give pectins with useful
functionalities. For instance some modified pectins have been shown to have anti-cancer activity in
mammals (Jiang et al., 1996). Engineering new specificities into the pectin modifying enzymes may
offer new routes to enhance pectin functionality.
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INTRODUCTION

The application of biotechnological processes for the treatment of effluents has a long tradition.
Activated sludge systems are used for the removal of easily degradable organics from municipal and
industrial waste water, and composting is a standard technique for the treatment of solid organic
waste. During the last 15 years, there has been an increasing interest in the development of similar
processes for the treatment of waste streams or the cleanup of sites that are contaminated with
chemicals of synthetic origin (xenobiotics). However, in many cases these chemicals appear to be
resistant to microbial degradation, a problem that was first encountered in the sixties with the
environmental persistence of organochlorine insecticides but holds as well for many other
agrochemicals, various solvents, waste products and chemical intermediates. Such chemicals are
often chlorinated, for example short-chain chloroethylenes, highly chlorinated alkanes and alkenes,
PCB’s, chlorinated dioxins and dibenzofurans, and chlorobenzenes.

Recalcitrance to biodegradation is usually caused by biochemical blocks in catabolic pathways of
microorganisms (for reviews see Janssen, 1994). This means that initial degradation or conversion
of a catabolic intermediate does not occur because one or more essential enzymes are absent or their
activity is too low for growth. The result of a block may be that a pollutant is inert, that it is
partially degraded to products which accumulate, or that toxic effects may occur due to the
reactivity of intermediates being produced. Thus, recalcitrance in such a case can be regarded as a
problem of enzyme activity, specificity and kinetics. This raises the possibility that the microbial
degradation of recalcitrant chemicals can be improved by protein engineering.



The application of engineered proteins in environmental biotechnology is, however, far less
straightforward than some other techniques described in this book. First, the chemical composition
of the substrate usually is very complex. In many cases, waste streams contain mixtures of
chemicals, and it hardly occurs that only a single compound is recalcitrant. Second, for many
xenobiotic chemicals the problem is not only a biochemical one. The physical state of a compound
greatly influences its biodegradability under practical conditions. For example, even well 
degradable chemicals such as linear alkanes can show persistent behavior if absorbed to soil
particles. Third, the technologies used in environmental biotechnology are often more similar to the
techniques of civil technology than to those of biochemical engineering. Thus, reactors will seldom
be run under aseptic conditions, mono-cultures are not used (in fact, the composition of the cultures
used is unknown), and control of process conditions is not as sophisticated as in industrial
fermentation.

Based on the above, engineered proteins or microorganisms will only find applications in some
very specific areas. This may be the removal or valorization of compounds which are formed as
major byproducts during industrial synthesis, the cleanup of contaminated groundwater or waste
gas that contains only one or very few water-soluble recalcitrant compounds, or the use of broad-
specificity enzymes for the conversion of polymeric waste materials.

We have focussed our engineering studies on enzymes catalyzing hydrolytic dehalogenation. This
reaction is important for a broad range of chlorinated compounds which are relatively soluble in
water. It is an attractive conversion since the carbon-chlorine bond is directly cleaved by water,
which causes usually a reduction or loss of toxicity. Haloalkane dehalogenase is one of the very few
enzymes that can degrade xenobiotic chemicals and for which detailed insight in the catalytic
mechanism and the kinetics has been obtained from studies on wild-type and mutant enzymes.

HALOALKANE DEHALOGENASE

Properties, Structure, and Mechanism

Haloalkane dehalogenases catalyze the hydrolytic cleavage of carbon-halogen bonds in a wide range
of halogenated alkanes. A typical reaction is the conversion of 1,2-dichloroethane to 2-chloroethanol.
The X-ray structure and catalytic mechanism of the haloalkane dehalogenase (DhlA, 310 amino
acids) from Xanthobacter autotrophicus GJ10 have been solved (Verschueren et al., 1993a,b; Pries
et al., 1994a). The enzyme belongs to a group of hydrolytic proteins called α/β-hydrolase fold enzymes
(Ollis et al., 1992, Figure 1). This group includes various other bacterial proteins involved in the
biodegradation of natural and xenobiotic compounds, i.e. muconic semi-aldehyde hydrolases, 6-
substituted 2-hydroxy-6-oxohexadienoate hydrolases, lipases, and epoxide hydrolases (Figure 2).

Catalysis in haloalkane dehalogenase proceeds via a covalent intermediate (Figure 3), which is
formed in DhlA by nucleophilic attack of a carboxylate oxygen of Asp124 on the carbon atom
which carries the halogen. The ester is cleaved by a water molecule that is activated by His289 and
Asp260. Mutation of His289 to Gln leads to an enzyme in which the covalent intermediate is
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trapped. Most α/β-hydrolase fold enzymes, such as lipases and esterases, attack an sp2-hybridized
carbonyl carbon atom in the substrate, and have a serine as the nucleophile. The presence of an
aspartate in haloalkane dehalogenase and epoxide hydrolase is explained by the fact that these
enzymes attack an sp3-hybridized carbon atom to which no carbonyl moiety is bound. In this way,
the enzyme supplies the group required for formation of a tetrahedral intermediate (Figure 2;
Verschueren et al., 1993a; Pries et al., 1994a). 

For different reasons, haloalkane dehalogenase is an interesting target for protein engineering
studies aimed at improved transformation of environmental pollutants. First, the substrate range is
broad, but does not include important chemicals such as 1,2-dichloropropane and 1,1,2-
trichloroethane. These compounds are structurally very similar to the ‘natural’ substrate 1,2-
dichloroethane. Their environmental recalcitrance may be explained by the lack of dehalogenases
that can convert these compounds. The products of hydrolysis, such as l-chloro-2-propanol, can be
utilized by various organisms, indicating that the critical step for detoxification mainly is the initial
dehalogenation. Second, haloalkane dehalogenase converts a class of compounds for which a
process technology for large scale application has been developed. The enzyme is used at full scale
for groundwater remediation in its natural host X.autotrophicus GJ10 (Stucki et al., 1995). The
bottleneck for the removal of various other chlorinated chemicals really is the availability of good
organisms, i.e. organisms producing the required enzymes. 

Transient Kinetic Studies

We have spent a lot of effort on deriving a kinetic mechanism and establishing the relevant rate
constants of conversion by haloalkane dehalogenase, since the specificity and kinetics of an enzyme-
catalyzed reaction is determined by the individual rate constants at the active site, including rates of

Figure 1 Topology of haloalkane dehalogenase. The α-helices and β-sheets are shown in boxes and arrows,
respectively, and the secondary-structure elements that form the α/β-hydrolase fold are indicated with numbers
(bottom). The cap domain is formed by helices 4–8 and connecting loops (top). The filled circles indicate catalytic
residues, which are also numbered (see Figure 3). The ‘charge relay’ carboxylate may be present at a topological
position corresponding to that of N148 or D260.
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substrate binding, chemical steps, and product dissociation (Figure 4). The kinetic studies are
facilitated by the fact that the intrinsic fluorescence of the dehalogenase is quenched by binding of
halides or substrates in the active-site cavity. Two tryptophans (Trp125 and Trp175) are involved in
halogen or halide binding due to interaction with the hydrogens bound to the indole nitrogens
(Verschueren et al., 1993b). The fluorescence quenching caused by halogen and halide binding
makes it possible to determine dissociation constants and to perform stopped-flow studies for
measuring the rates of chemical steps in the active site. In such experiments, enzyme and substrate
are mixed and the change in fluorescence is followed on a msec to sec time scale. As outlined below,
the most complex part of the kinetic mechanism is what seems to be the simplest step of the
catalytic cycle: release of the halide ion from the buried active-site cavity.

Additional kinetic studies have been carried out with rapid-quench experiments, in which the
reaction of enzyme with substrate is chemically stopped at variable times (msec-sec) after mixing.
Non-covalently bound substrate and product (alcohol) are then analyzed by gas chromatography
with a sensitivity in the micromolar range. The data are analyzed by direct numerical fitting to
reaction schemes or by finding analytical solutions of rate equations. The values of the rate
constants are optimized during the fitting process.

From these experiments, a kinetic scheme could be derived which includes all the different
reaction rate constants (Schanstra et al., 1996a). We have found these experiments to be essential
for understanding the kinetics and specificity of the wild-type enzyme and the properties of mutants.
It has allowed us to identify why some substrates are poorly converted and what should be done to
improve the activities.

Figure 2 Role of α/β-hydrolase fold enzymes in biodegradation. A, structures of xenobiotic compounds or
intermediates converted by α/β-hydrolase fold enzymes. The arrows indicate the bonds that are cleaved. B,
covalent intermediates from enzymes with a nucleophilic aspartate (left) or serine (right). The double arrow
gives the site of nucleophilic attack of water. 
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The Kinetics of Halide Export

Initial steady-state and pre-steady-state kinetic measurements indicated that halide release might be
the rate-limiting step in the overall catalytic mechanism. For example, rapid-quench experiments
performed with excess substrate over enzyme showed a significant burst of 2-bromoethanol
production before the steady-state rate is reached. Therefore, halide release was directly analyzed
using stopped-flow fluorescence (Schanstra and Janssen, 1996). The results showed that halide
release follows a complex mechanism (Figure 4). The essential features of this mechanism and its
kinetics are:

— there are two parallel routes, one of which is only kinetically significant for halide import at high
concentrations (lower route in Figure 4);

— the major route for halide export is a three-step process, starting with a slow conformational
change which is the actual rate-limiting step, and is required to allow halide to leave the active
site. After reaching an open conformation, halide rapidly diffuses out. Subsequently, there is a

Figure 3 Catalytic mechanism of haloalkane dehalogenase. A, step 2, cleavage of the C-X bond; B, step 3,
hydrolysis of the covalent intermediate.
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rapid conformational reversal to a state in which the enzyme cannot readily bind halide (upper
route in Figure 4);

— halide import at low concentration follows the reversal of the halide export route, with a slow
conformational change being required before halide can bind;

— halide export is indeed a slow process, with overall rates of 4 and 8 sec-1 for bromide and
chloride, respectively. These rates are close to the kcat of the enzyme for the corresponding
dihaloethanes and they are limited by the rate of the conformational change preceding actual
release. The kinetics of halide release also explain the similar rates (kcat) of 1,2-dibromoethane
and 1,2-dichloroethane conversion, although the rate of cleavage of the C-C1 bond is much
slower than that of the C-Br bond.

Overall Kinetic Mechanism of Haloalkane Dehalogenase

The complete kinetic mechanism of the enzyme was solved by a combination of stopped-flow
fluorescence (both single and multiple turnover experiments) of substrate conversion and halide
binding, rapid quench, and steady-state experiments (Schanstra et al., 1996a). The most important
conclusions are:

— both substrate binding and C-X cleavage are faster for bromoalkanes than for chloroalkanes.
This explains that the Km for 1,2-dibromoethane is much lower than for 1,2-dichloroethane;

— the conformational change required for halide release is the slowest step for good substrates, such
as 1,2-dichloroethane and 1,2-dibromoethane;

— cleavage of the covalent intermediate is not much faster than halide release and occurs at a
similar rate for 1,2-dichloroethane and 1,2-dibromoethane;

— long-chain chloroalkanes and polar substrates are poorly converted (low kcat and high Km,
respectively) due to poor binding and/or a low rate of carbon-halogen bond cleavage. 

Figure 4 Kinetic mechanism of haloalkane dehalogenase. Step 1, substrate binding; step 2, carbon-halogen
bond cleavage; step 3, cleavage of covalent intermediate and alcohol release; step 4, conformational change
preceding halide release.
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Mutants with Faster Conversion of 1,2-Dichloroethane and 1,2-Dibromoethane

Several mutants were constructed that have a significantly improved kcat with 1,2-dibromoethane or
1,2-dichloroethane compared to the wild type. Their properties have given some insight in the
structural correlate of the kinetically observed steps during halide release and also revealed some of
the botdenecks associated with improving the catalytic performance of the enzyme for specific
substrates.

First, a set of Phel72 mutants was studied (Schanstra et al, 1996b). Phel72 is part of the substrate
binding site, but it was not proposed to be directly involved in catalysis. A Phel72Trp mutant enzyme
was purified and subjected to kinetic and structural analysis (Table 1). The mutant was found to
have a higher kcat for 1,2-dibromoethane, which was due to a faster conformational change required
for halide release. The kcat for 1,2-dichloroethane was not increased since the higher rate of halide
export was accompanied by a lower rate of cleavage of the carbon-chlorine bond. For 1,2-
dichloroethane, C-X cleavage had become rate-limiting in the mutant enzyme. For 1,2-
dibromoethane, C-X cleavage is much faster than for 1,2-dichloroethane, and halide export
remained the slowest step in the mutant, although it occurs at a higher rate than in the wild type.

The X-ray structure of the Phel72Trp mutant was solved by I. Ridder, B.W. Dijkstra and
colleagues (University of Groningen). A small conformational difference was found in the cap
domain that shields the buried active site cavity from the bulk solvent. This might have caused
destabilization of the region around residues 170– 174 and suggests that the conformational change
required for halide export occurs in the cap domain.

Similar properties were observed for mutant Val226Ala (Schanstra et al, 1997). This mutant was
constructed because it was expected to show improved conversion of β-substituted haloalkanes,
which appeared not to be the case, however. Rather, the enzyme showed faster conversion of 1,2-
dibromoethane and 1,2-dichloroethane resulting from a higher rate of halide release (Table 1).

Table 1 Steady-state kinetic parameters and rate constants of haloalkane dehalogenase.

a k2, rate constant for carbon-halogen bond cleavage, preceeding halide release (Figure 4).
b n.a., no activity; n.d., not determined. rate constant for the conformational change
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The Nature of the Slow Confonnational Change

The structural basis of the kinetically observed conformational changes is not yet clear. Molecular
dynamics simulations carried out by T.Linssen in the group of H. Berendsen (Biophysical
Chemistry, University of Groningen) indicated significant motions in the cap domain that covers the
active-site cavity and in helix 10 of the main domain (T.Linssen et al., manuscript in preparation).
We suspected that the conformational change takes place in the helix4-loop-helix5 region of the cap
domain (Schanstra et al., 1996b). This could partially open up the active-site and allow water to
enter and solvate the halide ion. The solvated halide could then leave the active site, according to a
rapid equilibrium (Figure 4)

The identity and role of amino acids of which the position is changed during this process and the
significance of residues that could compensate the charge on the halide during its release are
currently further studied by site-directed mutagenesis and molecular dynamics simulations.

Changing the Position of the Active Site ‘Charge Relay’ Aspartate

Asp260 of haloalkane dehalogenase was proposed to play a role in stabilizing the positive charge
which develops on His289 during activation of water to hydrolyze the covalent intermediate
(Figure 3). Its role was tested by mutating it to an Asn (Krooshof et al., 1997). This mutant showed
no catalytic activity. Asp260 is probably also required for correct folding of the protein, since the
Asp260Asn mutant was unstable and formed inclusion bodies during expression, even at reduced
growth temperature.

The effect of mutating Asp260 to Asn could be compensated by replacing Asn 148 by an
aspartate or glutamate (Figure 1). In this way, the position of the residue involved in stabilizing
His289 was shifted from the end of β-strand 7 to the end of β-strand 6. These residues occupy
similar positions in the structure, and at both sites a carboxylate could interact with His289. The
double mutant showed a much higher activity for 1,2-dibromoethane than the single mutant
Asp260Asn, which was also unstable.

Pre-steady-state kinetic measurements have shown that the cleavage of the covalent intermediate
is significantly slower in this double Asp260Asn+Asn148Glu mutant enzyme than in the wild type,
as expected. Yet, the rate of C-X bond cleavage was reduced even more in the mutant, making this
the rate-limiting step. These results indicate that Asp260 is important for correct active-site
geometry, in addition to a role in cleavage of the covalent intermediate.

Molecular Modelling of Halide Ion Stabilization

Experimental determination of the 3D structure of haloalkane dehalogenase stimulated a number of
computer modelling experiments. The mechanism of the dehalogenation reaction and the role of the
catalytic residues for the reaction kinetics and thermodynamics were studied using semi-empirical
(AMI) quantum mechanics (Damborsky et al., 1997a; Kuty et al., 1997), and energetically
favourable binding sites for the halide ions were proposed from calculation of the molecular
interaction fields (Damborsky et al., 1997b). Furthermore, docking experiments were applied to
identify different binding modes for saturated and unsaturated substrates.

The quantum mechanical studies suggested that hydrolysis of the alkyl-enzyme intermediate is the
slowest chemical reaction step, which is in agreement with the kinetic measurements (Schanstra et
al., 1996b). Monitoring of the partial atomic charges on catalytic residues during the reaction
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course showed a development of positive charges on the nitrogen-bound hydrogens of the two
active-site tryptophans (Trp125 and Trp175), which confirmed that these residues contribute to
product (halide ion) stabilization, as already proposed from fluorescence quenching (Verschueren et
al., 1993b) and site-directed mutagenesis experiments (Kennes et al., 1995).

Residue Phe172 was identified as a third contributor to the stabilization of the developing halide
ion. Therefore, quantum mechanical calculations of the carbon-halogen bond cleavage reaction were
performed with simple models of all 15 mutants of Phe172 for which activities were reported
(Schanstra et al., 1996b). Changes in the charge on the stabilizing atom of residue 172 qualitatively
correlated with experimentally determined activities (Figure 5).

QSFR Analysis of Dehalogenase Mutants

Molecular modelling techniques are especially useful in cases where the 3D structure of the protein
is known. We have tested whether statistical analysis can be used to establish structure-function
relationships in mutants for which no structure is available. A quantitative structure-function
relationship (QSFR) analysis was performed with wild type and 15 dehalogenase variants point-
mutated at position 172 (Damborsky, 1997c). It was assumed that the mutant proteins are correctly
folded. Initially, the substituted amino acids were characterized by 33 indexes quantifying various
physico-chemical and structural properties, e.g. size, accessibility to solvent, hydrophobicity,
conformational preferences and electronic properties. Four indexes carrying information about the
amino acids in the mutant proteins were identified using a projection to latent structures (PLS)
analysis, and a mathematical model was constructed which relates these indexes to the activity. The
indexes fixed in the model (bulkiness, flexibility, refractivity and aromaticity) are in agreement with
mechanistic knowledge about the role of residue 172 in catalysis. These results indicate that QSFR
models can be helpful for the interpretation of results from site-directed mutagenesis experiments
and that they might be used for predictive purposes.

Comparison of Specificities and 3D Structures of Haloalkane Dehalogenases

An understanding of the structural causes of the differences in substrate specificity among various
dehalogenases can be important for efforts to broaden the specificity of from X. autotrophicus,
which is at present the only haloalkane dehalogenase for which an X-ray structure is known. The
sequences of two other haloalkane dehalogenases were recently reported: LinB from Sphingomonas
paucimobilis UT26 (Nagata et al., 1993) and DhaA from Rhodococcus rhodochrous NCIME13064
(Kulakova et al., 1997). These enzymes have related sequences: ~50% similarity and ~30% identity.

A comparison of the specificities of these and some other dehalogenases has been carried out
using statistical methods. A principal component analysis revealed clustering of the dehalogenases into
three distinct substrate-specificity classes (Damborsky et al., 1997b): (1), a group around DhlA of
X. autotrophicus and Ancylobacteraquaticus (van den Wijngaard et al., 1992); (2) a group including
DhaA and the dehalogenases from Rhodococcus HA1 (Scholtz et al., 1987), Rhodococcus
erythropolis Y2 (Sallis et al., 1990), Corynebacterium m15–3 (Yokota et al., 1987), and strain GJ70
(Janssen et al., 1987, 1988); (3), the LinB protein, involved in hexachlorohexane metabolism. The
first class differs from the others mainly by the high activity with 1,2-dichloroethane and the
inability to dehalogenate long-chain chlorinated substrates such as 1-chlorohexane.
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Homology modelling was used to construct the hypothetical 3D structures of LinB and DhaA
using the structure of DhlA as a template (Damborsky et al., 1995; 1997c; unpublished results). All
three dehalogenases share the same tertiary structure (Figure 6). They all carry a nucleophile elbow,
the extremely sharp turn which allows the catalytic nucleophile (aspartic acid) to stand proud of the
rest of the active site, suggesting the same reaction mechanism for all enzymes. Another residue of
the catalytic triad, histidine, is conserved in the dehalogenases. The third residue of the catalytic
triad (Asp260 in DhlA) is not conserved in the modelled proteins, but the most likely candidates are
Glu130 in DhaA and Glu132 in LinB (Krooshof et al., 1997).

The role of two tryptophans, Trp125 and Trp175, for the stabilization of the halide ion and
transition state of the first reaction step in DhlA has been discussed above. In LinB and DhaA there

Figure 5 Comparison of the extent of halide ion stabilization and dehalogenase activity for wild type and 15
mutants of DhlA. Only the mutant proteins with significant stabilization provided by residue 172 (∆q > 0.02
units) showed good activity (Schanstra et al., 1996b). The charge differences (∆q= |qeduct_qproduct|) refer to the
increase in charge on the hydrogen atom that was positioned nearest to the released halide ion (Damborsky,
1997).
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is no aromatic amino acid in the model at a position corresponding to that of Trp175 in DhlA. A
missing tryptophan significantly increases the energy barrier of the first reaction step, and therefore
can be the reason for the inability of these enzymes to dehalogenate 1,2-dichloroethane (Kennes et
al., 1995).

Another important structural difference among the studied dehalogenases is the entrance to and
size of the active site cavity. In DhlA, the active site is completely buried inside the protein and is
connected to the protein surface via a narrow tunnel. This may be important for degradation of small
molecules which have to be tightly bound in the hydrophobic active site during catalysis. The
models of LinB and DhaA suggest that larger molecules can be more easily bound in the active site,
in agreement with the higher activities of these enzymes for long-chain chloroalkanes. It also can be
proposed that these enzymes will have less complex reaction kinetics since no extensive
conformation change will be required for release of the halide ion from their active sites, since it is
not a buried cavity as in DhlA.

Possibilities for Further Improvement

A number of important conclusions can be drawn from the site-directed mutagenesis studies and the
kinetic analysis. First, the enzyme is evolutionary optimized for the conversion of 1,2-
dichloroethane, in the sense of maximizing kcat/Km. For enzymes which have to convert toxic

Figure 6 Comparison of the overall fold of three haloalkane dehalogenases. (A), experimentally determined
structure of DhlA from X. autotrophicus GJ10; (B) homology model of LinB from S.paudmobilis UT26; C,
idem, DhaA of Rhodococcus NCIMB13064. Cylinders represent α-helices and arrows represent β-sheets. The
secondary structure elements were assigned according to Kabsch et al. (1983). Homology models were built
using the procedure described previously (Sali et al., 1993; Damborsky et al., 1995).
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pollutants, kcat/Km is the most important kinetic parameter since the substrate conversion will be (or
should become) very low. This specificity constant is given by:

This parameter was not improved for 1,2-dichloroethane in all the mutants that we studied,
although the kcat was elevated in some of them (e.g. Val226Ala (Schanstra et al., 1997), see
Table 1). This seems to be caused by the fact that k2 (the rate of C-X cleavage) and k4 (the rate of
the conformational change that allows halide release, Figure 4) are in some way inversely correlated.
Structural or dynamic properties which increase k4 apparently always lead to a decrease of k2 for 1,
2-dichloroethane. One may see this as follows. Halide release is faster if the conformational changes
required for it occur at a higher rate, i.e. if the regions in the cap domain of the enzyme become
more flexible. On the other hand, cleavage of the carbon-halogen bond in a small substrate such as
1,2-dichloroethane probably requires a very precise positioning (or, in terms of dynamics, a high
frequency with which reactive configurations are reached) of the substrate in the active site, which
would be negatively influenced by increased flexibility. The fact that the chloroalkanes used are
small hydrophobic molecules leaves little opportunity for creating a substrate-binding site with more
specific interactions. Furthermore, the halide ion released during C-C1 bond cleavage needs to be
well stabilized for good kinetics of this chemical reaction step, which is achieved by electrostatic
interaction with partially positively charged atoms of Trp125, Trp175, and Phe172. On the other
hand, the same non-bonding interactions make release of the halide ion difficult. Any structural
change that makes electrostatic contributions of Trp125, Trp175, and Phe172 weaker will lead to
faster halide release but slower C-X cleavage. 

Another important point is that haloalkane dehalogenase is evolutionary better optimized for 1,2-
dichloroethane than for 1,2-dibromoethane, although the latter has a low Km and higher kcat/Km.
The balance between carbon-halogen bond cleavage and halide release is not as well optimized,
however, and several mutants with a higher kcat for 1,2-dibromoethane have been obtained. Again,
increased halide export is accompanied by a decrease in k2. The kcat/Km is less sensitive to this
decrease of k2 than in the case of 1,2-dichloroethane, probably because k2 is much higher for the
brominated analog. 1,2-Dibromoethane is an important soil fumigant that has been extensively used
in citrus crops. Bacterial growth on this compound has never been observed, but the wild-type and
engineered dehalogenases are capable of rapidly hydrolyzing it to 2-bromoethanol, which may
support growth.

Currently, we are investigating the possibility for improving dehalogenase activity towards
compounds which are poorly converted due to slow carbon-halogen bond cleavage. This is reflected
kinetically in a low km, a high Km, and low kcat/Km. Interesting substrates, both from a biochemical
and biotechnological point of view, are 1,1,2-trichloroethane, which is a competitive inhibitor, and
2-haloalkanes, which are optically active. The possibility of increasing the conversion of substrates
that display slow C-X cleavage has already been demonstrated by in vivo selection experiments
(Pries et al., 1994b). Mutants that show faster conversion of 1-chlorohexane were easily obtained,
and all of them appeared to carry mutations in the cap domain (6 different mutations in total). This
also shows that the cap domain is the target for adaptive mutations. In fact, we have proposed that
the short sequence repeats in the cap domain of haloalkane dehalogenase are the result of recent
mutations that are responsible for adaptation of the enzyme to industrially produced 1,2-
dichloroethane (Pries et al., 1994b).
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DISCUSSION AND FUTURE PROSPECTS

Our studies on haloalkane dehalogenase have demonstrated that the specificity of a dehalogenation
reaction may be influenced by selection for spontaneous mutations or by site-directed mutagenesis.
We obtained several mutants with increased conversion (kcat) of long-chain chloroalkanes or 1,2-
dibromoethane, but the inverse relationship between the rates of carbon-halogen bond cleavage and
halide release made it difficult to improve the enzyme for 1,2-dichloroethane and some related
environmental pollutants. Furthermore, from the nucleophilic reaction mechanism it may be
expected that haloalkane dehalogenase will never be suitable for the hydrolysis of halogens bound to
an unsaturated carbon atom, as in chloroethenes or chlorinated aromatics. This will also hold for
the L-2-chloropropionic acid dehalogenase of which the structure was recently solved by Soda and
coworkers (Hisano et al., 1996). The reaction mechanism has some similarties to that of haloalkane
dehalogenase. A conserved Asp close to the N-terminus is the nucleophile that is expected to form a
covalent intermediate.

The only hydrolytic dehalogenase that is known to convert a chloroaromatic compound is the 4-
chlorobenzoyl CoA dehalogenase from P. putida CBS3, which is involved in the degradation of 4-
chlorobenzoate to 4-hydroxybenzoate. Dehalogenation occurs after activation of the carboxyl group
to a coenzyme A derivative, which makes the aromatic ring sensitive to nucleophilic attack (Scholten
et al., 1991). From the X-ray structure, the carboxylate of Asp145 was concluded to be the
nucleophile that leads to formation of a Meisenheimer complex as the intermediate, and a histidme
was proposed to be involved in the hydrolytic cleavage of the intermediate, just as His289 of
haloalkane dehalogenase (Benning et al., 1996). No other enzymes that directly attack vinylic or
arenic halogens have been studied in detail so far.

Further studies on the conversion of small chlorinated substrates of high environmental
importance by dehalogenase mutants are being continued. In the last section of this review, we
summarize some inherent limitations of engineering better biocatalysts for the transformation of
environmental pollutants.

Specificity of Binding of Small Hydrophobic Molecules

Many important environmental pollutants, such as the chlorinated solvents, are small hydrophobic
molecules with few ‘handles’ for an enzyme to achieve specific binding. Since substrate binding is not
very precise (in contrast to the case of substrates which form hydrogen bonds), it is difficult to
predict the catalytic properties of mutants from modelling studies looking only at the
complementarity between the protein and the substrate molecules. This problem may possibly be
circumvented by:

— the use of the modelling techniques studying the dynamic and catalytic properties of the protein,
e.g., molecular dynamics and quantum mechanics;

— the use of combinatorial methods, such as PCR based mutagenesis or gene shuffling, followed by
screening on the basis of growth or enzyme activity. This encompasses the need for detailed
structure-function insight;

— the use of sequence-activity relationships, i.e. combining activities of different enzymes by splicing
different parts of homologous proteins together;

— the use of enzymes which have a very broad activity or a different reaction mechanism, e.g. by
formation of radicals, as is the case with some monooxygenases and cytochrome P450. These
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enzymes generate strong electrophiles by the activation of molecular oxygen and react
aspecifically with a wide range of chlorinated substrates.

The Use of Molecular Dynamics: Cytochrome P450

The use of molecular dynamics to serve as a basis for improving the substrate specificity of an
enzyme with a small hydrophobic substrate was demonstrated by Ornstein, Sligar, and coworkers
(Loida et al., 1995). Based on MD simulations, they constructed mutants of cytochrome P450cam
with increased coupling during the conversion of camphor, and with a modified regioselectivity. MD
trajectories were analyzed for potentially reactive configurations, and in this way the properties of a
mutant enzyme could be predicted even for a hydrophobic substrate such as camphor. Mutants with
improved reductive conversion of chloroethanes were identified and constructed using a similar
approach (Manchester and Ornstein, 1995a,b). A three-fold increase was observed in the activity of
reductive dehalogenation of pentachloroethane with a Phe to Trp mutant which increase was due to
an increased frequency of contacts between the substrate and the haem group due to the smaller
accessible space in the active site. 

Engineering on Basis of Homologous Sequences

If no information on the structure-function relationship is available, it may be attempted to engineer
better enzymes on basis of sequence-activity relationships, i.e. by combining properties which are
specified by parts of different polypeptide chains. For example, Furukawa and coworkers studied
the possibilities to enhance the activity of biphenyl dioxygenases, which are the initial enzymes in
the bacterial catabolic pathway of biphenyl and chlorobiphenyls. The activity of these enzymes
involves four polypeptides and the catalytic site is a [2Fe-2S] cluster located in the α2β2 terminal
dioxygenase. The substrate range of these enzymes mainly determines the range of polychlorinated
biphenyls that can be converted by Burkholderia cepacia LB400 and Pseudomonas
pseudoalcaligenes KF707. Although the hydroxylase components are more than 95% identical, the
LB400 enzyme has a much wider substrate range. This was recently attributed to the C-terminal
half of the large hydroxylase subunit (Kimura et al., 1997). It was shown that a single amino acid
replacement (Thr376 to Asn) accounts for most of the differences in substrate selectivity.
Introducing this mutation in the KF707 enzyme yielded an enzyme with enhanced substrate range
and the acquisition of 3,4-dioxygenase activity towards 2,5,4′-trichlorobiphenyl, a regioselectivity
and activity which is absent in the normal KF707 enzyme (Kimura et al., 1997). Similar studies were
carried out by Erickson and Mondello (1993), who replaced residues of the LB400 enzyme with
amino acids of KF707. This also led to an expansion of the substrate range. Unfortunately, no
detailed kinetic analysis or structural information is available about these enzymes.

Another interesting property of these aromatic dioxygenases is their capacity to degrade
trichloroethylene. Better activities for trichloroethylene in whole cells could be obtained using hybrid
enzymes in which the hydroxylase subunits of the Pseudomonas putida enzyme were combined with
polypeptides for electron transfer from biphenyl degraders, (Furukawa et al., 1994).

232 D.B.JANSSEN ET AL.



Conversion by Aspecific Oxidative Enzymes

Due to the nucleophilic character of the reaction mechanism, hydrolytic dehalogenases do not
usually convert chloroethenes and other low-molecular weight compounds which are not sensitive to
SN2 attack. Conversion is possible, however, by oxygenases which have a completely different
reaction mechanism, as they activate molecular oxygen. In this respect, an interesting class of
enzymes are the monooxygenases of hydrocarbon-utilizing bacteria. These enzymes have a broad
substrate range, which includes trichloroethylene, one of the most important groundwater
contaminants. The best studied examples are soluble methane monooxygenases, of which X-ray
structures are known (Rosenzweig et al., 1993; Elango et al., 1997), toluene-4-monooxygenase, and
toluene-2-monooxygenase. These enzymes are three-component oxygenases composed of an α2β2γ2
hydroxylase that contains a two-iron active site (component A), a small modifying protein that
influences hydroxylase coupling (component B), and a flavo-iron-sulfur protein that transfers
electrons from NADH to the hydroxylase (C). Based on sequence analysis, toluene-4-mono-
oxygenase, methane monooxygenase, and other phenol hydroxylases have similar overall structures,
with conserved positions of the active-site residues. 

In general, goals for engineering studies with these enzymes may be: an improved activity for
trichloroethylene (the conversion rate is rather low), a reduced toxicity of chloroethylene
degradation products, and an improved activity with other substrates, such as chloromethanes and
chloroethanes or even chloroaromatics. Trichloroethene-degrading monooxygenases are subject to
covalent modification by reactive products which leads to inactivation (Oldenhuis et al., 1991;
Newman and Wackett, 1995; 1996) and their applicability would improve if it were possible to
construct mutants with decreased inactivation.

Natural Adaptation

Perhaps the most important ‘competitor’ to the efforts of protein engineers to obtain new
biocatalysts for the degradation of xenobiotic compounds is nature itself. There may be much better
starting points for obtaining a novel or improved enzymate activity than the enzymes that are
currently used by the microbiologists that study catabolic pathways. Nature may also use shortcuts
that are not commonly included in random or site-directed mutagenesis studies, such as gene
exchange and generation of insertions or deletions. Since the acquisition of novel catabolic traits is
based on the growth-related selection of rare genetic events, it also should be noted that the size of
engineering efforts will be small relative to the magnitude of the evolutionary processes that occur in
nature, unless the targets for engineering studies are very carefully selected.
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INTRODUCTION

A keen interest has been focused on the information networks in biological systems, where
information is transduced, transfered, processed, and stored by a molecule or molecular assemblies.
The bioinformation networks may be classified into 1) gene information network, 2) intracellular
information network, 3) intercellular information network, 4) sensory information network, and 5)
brain information network. Of these bioinformation networks, both intracellular and intercellular
information networks are characterized by molecular communication in which information
molecules such as hormones, cytokines, and cAMP serve as messenger to transfer some specific
information from one site to a target. Extensive researches have been concentrated on the
mechanisms of information transduction at the target cells. It is generally recognized that molecular
information can be transduced by receptor molecular assemblies on the cellular membranes.

Various types of receptors, which are embedded in the plasma membrane of a target cell, may
recognize selectively the corresponding information molecule that is released from a specific cell, and
transduce the information into another type of information molecule within the target cell. These
receptors are the characteristic protein assemblies for the molecular information transduction across
the cellular membranes.

We have long worked on molecular assembling of receptor proteins on the solid matrix surfaces
for information transduction from molecular to electronic information (Aizawa et al., 1989a and b;
Aizawa, 1994a and b; Aizawa et al., 1995). The protein assemblies for molecular/electronic
information transduction has found a wider application in constructing biosensors, because the



design concept of biosensors has been derived from the information transduction at the
supramolecular systems of receptors embedded in biomembranes as schematically illustrated in
Figure 1. In contrast to cellular receptor proteins, enzymes and antibodies have been implemented in
biosensors primarily due to an easier transduction from molecular to electronic information on the
solid matrix.

Several enzymes have been implemented in electrochemical devices to construct biosensors that
have been commercially available and evaluated in various applications. In most enzyme sensors, an
enzyme reaction is coupled with an electrochemical reactions for information transduction. An
ordered molecular assembly of enzymes on the electrode surface is not necessarily required, if the
products of the enzyme reaction can access the electrode surface. However, for an electron transfer
type of enzyme sensor, in which enzyme molecules can communicate with the electrode surface
through electron transfer, enzyme molecules should be properly assembled on the electrode surface
so that the active site of the enzyme may be accessible to the electrode. It is extremely necessary that
enzyme molecules should be engineered to fulfill these requirements, although enzymes have been
used simply in native form for biosensor technology.

Antibodies have also been used for biosensors. Due to a lack of catalytic activity, antibody
molecules are in general assembled in an ordered manner on the solid surface to induce a change in
the physical properties after the antigen binding. Although these have been proposed so many
principles of immunosensors, only a few have been on market. Major problems remained unsolved
should be molecular engineering for modifying antibody molecules to get assembled in proper
manner on the solid surface with retaining selective binding affinity.

A rapid progress has been made in protein engineering with the support of advanced gene
engineering. It should be the next generation to obtain a totally artificially designed protein by protein

Figure 1 Schematic illustration of biosensor design principle based on the molecular information transduction at
the cellular receptor supramolecular systems
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engineering. However, protein engineering has been successful in rearranging the active center
vicinity of a functional protein with modifying the activity and fusing two different functional
proteins with retaining their native activities by synthesizing recombinant DNA.

An intensive research and development has been concentrated on implementing native enzymes
and antibodies as they are into biosensors, although these proteins suffer from poor stability and
processability. Biosensor research and development has been enforced to leap up the next generation
of perspectives through the protein engineering of biosensor material.

Protein engineering is expected to offer biosensor materials with various advantages including
enhanced resistivities against environmental conditions, superior process performances, and
designed functionality. As listed in Figure 2, some of these advantages have been realized by

Figure 2 Protein engineering targets relating with biosensor research and development
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engineering proteins such as enzymes and antibodies. An expanding application of protein
engineering will appear in biosensor research and development.

CHEMICALLY ENGINEERED ELECTRONIC PROTEINS

Potential Assisted Self-Assembly and Molecularly Wired Redox Enzymes on
theElectrode Surface

One of the key technologies required for fabricating biomolecular electronic devices concerns the
molecular assembly of electronic proteins such as redox enzymes in monolayers on electrode
surfaces. Furthermore, the molecularly assembled electronic proteins are required to be
electronically communicated with the electrode (Cardosi and Turner, 1991;Degani and Heller, 1987;

Figure 3 Molecular interfacing technology for making electronic proteins to communicate with an electrode
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Gleria and Hill, 1992; Khan et al., 1992). Individual proteins molecules on electrode surfaces should
be electronically accessed through the electrode. To fulfill these requirements, two fabrication
processes have been proposed by us. One is a potential assisted self-assembly of redox enzymes on
the electrode surface, which is followed by an electrochemical fabrication of a monolayer-scale
conducting polymer on the electrode surface for molecular interfacing. The other is a self-assembly
of mediator-modified redox enzymes on the porous gold electrode surface through the thiol-gold
interaction. These two processes are shematically illustrated in Figure 3.

The potential-assisted self-assembly is carried out in an electrolytic cell equipped with a platinum
or gold electrode (working electrode) on which a protein monomolecular layer is formed, a platinum
counter electrode, and a Ag/AgCl reference electrode. The potential of the working electrode is
precisely controlled with a potentiostat with reference to the Ag/AgCl electrode. The protein
solution should be prepared, taking into account the isoelectric point because proteins are negatively
charged in pH ranges above the isoelectric point.

Fructose dehydrogenase (FDH) is a redox enzyme which has pyrrole-quinoline quinone (PQQ) as
a prosthetic group. Upon enzymatic oxidation of D-fructose, the prosthetic group (PQQ) is reduced
to PQQH2, and an electron acceptor reoxidizes PQQH2 to PQQ with the liberation of two
electrons. FDH is a requisite element of a biosensor for fructose because it can selectively recognize
D-fructose as a result of electron transfer from the D-fructose to an electron acceptor in solution. It
is, however, difficult for FDH to make the electron transfer from fructose directly to an electrode in
place of an electron acceptor in solution due to steric hindrance. Fructose dehydrogenase is,
therefore, one of the typical redox enzymes that have demanding conditions for molecular assembly
resulting in electronic communication on the electrode surface.

A monolayer of FDH was formed on platinum or gold electrode surfaces by potential-assisted self-
assembly (Khan et al., 1992). FDH was dissolved in phosphate buffer (pH 6.0) to make it’s net
charge negative. FDH molecules instantly adsorb on the electrode surface due primarily to
electrostatic interaction. Under controlled electrode potential, FDH adsorption increased with time
and reached a steady state. In the potential range from 0 to +0.5 V, adsorption rate of FDH sharply
increased with electrode potential. FDH molecules may be self-assembled on electrode surfaces in
such a manner that the negatively charged site of the FDH molecule faces to the positively charged
surface of the electrode. Enzyme assay clearly showed that electrode-bound FDH retained its
enzyme activity without appreciable inactivation.

Adsorption isotherms were obtained at various electrode potentials for potential-assisted self-
assembly of FDH on the electrode surface. From the isotherms, the amount of self-assembled FDH
can be precisely regulated by electrode potential and potential-controlled time. One can easily obtain
a monolayer of electrode-bound protein as either full surface coverage or as less surface coverage
with its biological function.

In the next step, a molecular wire of molecular interface was prepared for the electrode-bound
FDH, and was made by potential-assisted self-assembly. Polypyrrole was used as a molecular wire
of molecular interface for the electrode-bound FDH and was synthesized by electrochemical
oxidative polymerization of pyrrole. Electrochemical oxidative polymerization of pyrrole was
performed on the FDH-adsorbed electrode in a solution containing 0.1 M pyrrole and 0.1 M KC1
under anaerobic conditions at a potential of 0.7 V. The thickness of the polypyrrole membrane was
controlled by polymerization electricity. The electrochemical polymerization was stopped when the
monolayer of FDH on the electrode surface was presumably covered by the polypyrrole membrane.
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The total electricity of electrochemical polymerization was controlled at 4 mC. The molecular
interfaced FDH was thus prepared on the electrode surface.

Electronic communication between electrode-bound FDH and an electrode has been confirmed by
differential pulse voltammetry. Differential pulse voltammetry of the molecular interfaced FDH was
conducted in a pH 4.5 buffered solution. A pair of anodic and cathodic peaks were observed for the
molecular interfaced FDH. The peaks are attributed to the electrochemical oxidation and reduction
of the PQQ, enzyme at redox potentials of 0.08 and 0.07 V vs. Ag/AgCl, respectively. In addition,
the anodic and cathodic peak shapes and peak currents of the molecular interfaced FDH were
identical, which suggests reversibility of the electron transfer process. On the other hand, FDH
exhibited no appreciable peaks in differential pulse voltammetry on the electrode surface without
the polypyrrole molecular interface. These results indicate that polypyrrole works as an effective
molecular interface for electronic communication between FDH and an electrode.

In addition to FDH, the potential-assisted self-assembly has successfully been applied to several
redox enzymes including glucose oxidase and alcohol dehydrogenase. The self-assembled redox
enzymes have also been molecularly interfaced with the electrode surface via a conducting polymer.

Self-Assembly of Mediator-Modified Redox Enzymes on the Porous GoldElectrode
Surface

In contrast to the molecular wire of molecular interfaces, electron mediators are covalently bound to
a redox enzyme in such a manner that an electron tunneling pathway is formed within the enzyme
molecule. Therefore, enzyme-bound mediators work as a molecular interface between an enzyme
and an electrode. Degani et al. proposed the intramolecular electron pathway of ferrocene molecules
were covalently bound to glucose oxidase (Degani and Heller, 1987). However, few fabrication
methods have been developed to form a monolayer of mediator-modified enzymes on such electrode
surfaces. We have succeeded in development of a novel preparation of the electron transfer system
of mediator-modified enzyme by self-assembly in a porous gold-black electrode.

Glucose oxidase (from Asperigilus niger) and ferrocene carboxyaldehyde were covalently
conjugated by the Schiff base reaction, which was followed by NaBH4 reduction. The conjugates
were dialyzed against phosphate buffer with three changes of buffer and assayed for their protein
and ion contents. Porous gold-black was electrodeposited on a micro-gold electrode by cathodic
electrolysis with chloroauric acid and lead acetate. Aminoethane thiol was self-assembled on a smooth
gold disk electrode and a gold-black electrode. Ferrocene-modified glucose oxidase was covalently
linked to either a modified plain gold or gold-black electrode by glutaraldehyde.

The ferrocene/glucose oxidase conjugates were characterized by the molar ratios of ferrocene to
enzyme in the range from 6 to 11. All the oxidase conjugates retained enzyme activity. In
cyclicvoltammograms of ferrocene-glucose oxidase in a solution on a smooth gold electrode with
and without glucose, a pair of redox peaks of a solid line indicate a reversible electron transfer of
ferrocene-modified glucose oxidase on the electrode. A dashed line indicating an increase in catalytic
current shows that the enzymatic oxidation of the conjugate is efficiently coupled with the
electrochemical oxidation of modified enzyme. Cyclicvoltammetry was also carried out for
ferrocene-glucose oxidase conjugate in self-assembled form on the smooth gold electrode. Self-
assembled ferrocene-glucose oxidase conjugate on the gold disk electrode showed reversible electron
transfer. The anodic peak currents in the cyclicvoltammograms were independent on the molar ratio
of ferrocene to enzyme in the range from 6 to 11. It is noted that the anodic peak current
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prominently increases with an increase in the molar ratio of ferrocene to glucose oxidase whilst the
amount of enzyme self-assembled on the electrode surface is fixed. This indicates that each modified
ferrocene may contribute to electron transfer between the enzyme and the electrode in the case of gold-
black electrode, the ferrocene-modified enzyme could form multi-electron transfer paths on the
porous gold-black electrode.

Substrate concentration dependence of response current of the gold-black electrode was compared
with that of gold disk electrode. The ferrocene-modified glucose oxidase which was used in this
measurement had 11 ferrocenes per glucose oxidase. The electrode potential was controlled at 0.4 V
vs. Ag/AgCl. The response current was recorded when the output reached at a steady state. The
response current was enhanced when ferrocene-modified glucose oxidase was self-assembled on a
porous gold-black electrode.

The porous matrix of gold-black electrode has enabled ferrocene-modified glucose oxidase to
perform the smooth electron transfer by means of easy access between self-assembled molecules and
electrode surface.

GENETICALLY FUSED PROTEINS

Genetic Engineering for Synthesis of Novel Functional Proteins

Bifunctional proteins, which are synthesized by fusing two different functional proteins, have found
promising applications in wider areas including biotechnological processes and clinical anaslysis. A
frequently used technique for preparation of such bifunctional proteins is covalent bonding of the
proteins with bifunctional reagents. However, covalent preparation of conjugates with bifunctional
reagents generally results in the production of complicated conjugate conglomerates, which may cause
an inactivation of the protein.

Another approach for the preparation of bifunctional proteins has been achieved by utilizing a
recent development in genetic engineering. By using this technique, bifunctional proteins have
prepared without any loss of their activity. The structural genes of two proteins are fused in frame,
and the resulting protein carries the active site of each protein. Genetically fused bifunctional
proteins have been used extensively in biotechnological processes and clinical analyses. Several
groups have demonstrated the gene fusion systems for the expression and purification of
recombinant proteins. In these systems, the structural gene of interest is connected in frame to a
gene encoding a protein which has binding affinity to a ligand. The resulting fusion protein can be
purified with high yield through the use of affinity chromatography. A specific cleavage site of
protease can be inserted at the junction region between the two proteins to facilitate generation of a
desired protein.

For the practical application of such genetically fused proteins, much attention has been focused
on the protein for enzyme immunoassay (EIA), because of the ease in stoichiometric control and site-
to-site binding of the constituent proteins. As a binding protein for EIA, staphylococcal protein A
(SpA) is ideal because of its versatile capability to bindito the Fc region of immunoglobulin of several
mammalian species. The gene for SpA has been determined completely, and the gene fusion system
of SpA has been available to purify fusion protein by binding to an IgG-resin. So far, we have
constructed a genetically fused metapyrocatechase-protein A (Kobatake et al., 1990) and firefly
luciferase-protein A (Kobatake et al., 1993), and demonstrated their applicability in EIA.
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A chimeric-binding protein which has two different binding regions has also attracted some keen
interest as a molecular designed adhesive material. A chimeric-binding protein by fusing an IgG
binding domain of protein A and antigen binding site of anti-digoxin antibody, which adhere
antibodies to biological materials containing digoxin has been constructed, and a streptavidin-
protein A chimeric protein has been designed for enzyme labeling to antibodies. Few reports,
however, have appeared on designing a chimeric-binding protein capable of adhering to a solid
matrix surface at one terminal. We attempted to construct a chimeric-binding protein as an adhesive
molecule for binding of antibody to a solid-phase matrix.

For this purpose, fusion protein between maltose-binding protein (MBP) and SpA was designed.
MBP, which is a periplasmic protein of Escherichia coli (E. coli), is an essential element in maltose
transport as well as in maltose chemotaxis. This protein binds maltose with a dissociation constant
of 1.9 mM. A gene fusion vector plasmid of MBP was constructed by Guan et al., who showed that
the fusion proteins can be isolated in a single chromatography step from a cross-linked amylose
matrix. On the other hand, SpA from Staphylococcus aureus can bind to the Fc region of the
immunoglobulin of several mammalian species as mentioned above. Therefore, the fusion protein
between MBP and SpA would be expected to be able to bind antibodies to amylose or amylose resin
without chemical coupling. The chimeric-binding protein was expressed in E. coli and evaluated its
applicability especially in EIA.

Protein A-Luciferase Fusion Protein for Bioluminescent Enzyme Immunoassay

The authors have reported sensitive chemiluminescence and bioluminescence techniques to monitor
markers in protein binding reactions. The markers were quantitated by counting the photons
emitted after the addition of suitable reagents in the peroxidase-catalyzed luminol reaction, or
hemin-catalyzed luminol reaction.

A bioluminescent immunoassay has been performed with a genetically fused protein to demonstrate
the effectiveness of specifically, stoichiometrically controlled conjugation of the binding protein and
the firefly luciferase. Firefly luciferase of photinus pyralis is one of the attractive marker enzymes
which can be detected with high sensitivity by quantitative analysis of bioluminescence.

In the luminescent reaction of firefly luciferase, trace amount of the enzyme may be determined by
luminescence measurement according to

As a binding protein for EIA, staphyrococcal protein A is an ideal protein because of its versatile
capability of binding to the Fc region of immunoglobulins of several mammalian species. Lindbladh
et al. constructed a fusion protein between protein A and b-subunit of bacterial luciferase. One
drawback of the fusion protein was the instability, which lies in the enzyme itself rather than the
fusing of the two proteins. Campbell et al. have recently clarified that a few C-terminal amino acids
are essential for the photon-generating reaction. On the other hand, several N-terminal amino acids
are not necessarily required for the luciferase reaction. 

In addition, the authors aim the development of versatile reagents which can be utilized as
universal markers in enzyme immunoassays, because the protein A moiety of the conjugate can bind
to the Fc portion of immunoglobulin. The principle of this system is schematically shown in
Figure 4.

The protein A expression vector, pMPRAl, was previously constructed in our laboratory. The
plasmid has a structural gene of Fc-binding domain of staphylococcal protein A (from pRIT5) under
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the control of tac promoter, with possessing a multicloning site after the protein A gene, the
rrnBT1T2 terminator, and b-lactamase gene. The plasmid, pT3/T7-l luc, was digested with BamHI
to separate a 1.78 kbp fragment containing a structural gene of firefly luciferase. The fragment was
further digested with NarI and then the both terminal ends were blunted by T4 DNA polymerase.
By digesting with NarI, N-terminal 12 amino acids of corresponding protein were considered to be
deleted. Despite the deletion of these amino acids, the expressed protein retained sufficient luciferase
activity. The fragment encoding the luciferase gene was ligated into the multicloning site f pMPRAl.
The resulting plasmid, protein A-luciferase fusion gene expression vector, was designated as
pMALU2 (Kobatake et al, 1993).

Figure 4 Protein A—luciferase fusion protein for bioluminescent enzyme immunoassay
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The resulting fusion protein was designed by forming a site-to-site binding in a ratio of 1:1, i.e.,
the C-terminal site of protein A was fused to the N-terminal site of the deleted luciferase.

The binding capability of the fusion protein of luciferase and protein A to IgG was confirmed by
Western blotting analysis.

The luciferase activity of the fusion protein was also confirmed.
Bioluminescent immunoassay for human IgG was performed. A series of human IgG solutions

were prepared, and each solution was incubated in a cuvette whose surface was previously coated
by F(ab)2 fragment of anti-human IgG antibody. The protein A-luciferase fusion protein was then
incubated in the cuvette to carry out a sandwich-format immunoassay. After removing unbound
fusion protein, the luciferase bound on the cuvette surface was determined by adding the solution of
substrates. Human IgG was determined in the range from 10–3 to 10–7 g/ml by the bioluminescent
immunoassay using the genetically fused protein.

In summary, he protein A-luciferase fusion protein is very useful for the determination of trace
amount of antigen or antibody in a very simplified and rapid manner using a photon-counting
device. In addition, the fusion protein can be used as a universal marker in sandwich-format
immunoassays, since the protein A moiety binds to the major subclasses of immunoglobulin.

One further point should be emphasized. This was the first example of constructing a protein A-
firefly luciferase conjugate by recombinant gene technology.

RNA Binding Protein-Luciferase Fusion Protein

Reverse transcription-polymerase chain reaction (RT-PCR) has successfully been applied and
evaluated in highly sensitive analysis of RNA with sequence specificity. The method is receiving
increasing attention in DNA/RNA analysis as an alternative to standard methods including
Northern blot analysis, nuclease protection assay, and in situ hybridization using radioisotopic
labeling probes. It is noted that this method is specifically powerful for RNA having a low copy
number. Reverse-transcription and amplification of a sample RNA using a specific primer are
effectively coupled with hybridization analysis. One hybridization analysis is based on the binding
of protein along with the labels. Avidin and antibody have been commonly used in conjunction with
the corresponding partners. In addition, it is efficient to use enzymes to enhance sensitivity and
specificity. Biotinylated or digoxigenin-labeled DNA or RNA probes are detected by alkaline
phosphatase (AP) or horseradish peroxidase (HRP) conjugated protein such as avidin or anti-
digoxigenin antibody. The specific sites of nucleotide are also detected by the anti-DNA:RNA
antibody-AP or HRP conjugate and Lac repressor-b-galactosidase fusion protein, which binds to E.
coli lac operator DNA sequence. In this work, using the RNA binding protein, we have been
developed the novel bifunctional bioanalytical reagent for detection of the specific RNA. 

Recently, several RNA binding proteins have been isolated and characterized by sequence specific
binding activity. Human heterogeneous nuclear ribonucleoprotein (hnRNP) Al protein bind tightly
to RNA containing the sequence UAGGGA/U, and hnRNP C protein to poly(U) 5 containing RNA.
Drosophila Sex-lethal (Sxl) protein recognizes the alternative spliced site of its RNA and related pre-
messenger RNA. In many viruses, such as the human immunodeficiency virus, the viral protein
shows the binding specificity to the viral genomic DNA and RNA.

We have isolated RNA binding protein from HeLa cell nuclear extract that bind specifically to
single-stranded d(TTAGGG) 4 deoxyribonucleotide oligomer and more tightly to r(UUAGGG) 4
oligoribonucleotides, rH4. The protein exhibited no binding activity to rECGF oligoribonucleotide
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which has an unrelated sequence having the same length as rH4. The cDNA for the rH4 binding
protein has been cloned and sequenced (Kajita et al., 1995). The primary structure predicted by the
cDNA sequence reveals that this protein possesses two tandemly arranged RNA binding domains
(RBDs) at its amino-terminus, and that the carboxyl-terminal region is particularly rich in glycine
which appears to contribute to RNA binding. We have constructed the full-length recombinant
protein and deleted mutant including two tandemly arranged RBDs (designated as D12H) to
investigate the molecular mechanism of the sequence discrimination. The results indicated that all of
these proteins could retain the RNA binding activity to recognize the rH4 with sequence specificity.

By fusing the structural genes of RBDs of r(UUAGGG) 4 binding protein, D12H, and firefly
luciferase, a novel bifunctional reagent has been constructed for the bioluminescent detection of rH4.
The principle of this system is schematically shown in Figure 5. The reagent could be used to detect
the membrane-immobilized rH4 rapidly and specifically. Moreover, when D12H of this protein is
replaced by another RNA binding protein, the resulted fusion protein will be effective on the specific
detection of different sequence RNAs. This work would be one approach to the rapid and non-
radioactive RNA detection of different sequences.

The fusion protein was expressed in E. coli strain BL21 (DE3) pLysS which contained a correctly
constructed plasmid pEDLS and carried a T7 RNA polymerase gene under lacUV5 control in the
host chromosome. T7 RNA polymerase was expressed by the induction of 1 mM IPTG, and the
gene of the fusion protein under the control of the T7 promoter was then transcribed.

The D12H-luciferase fusion protein was composed of three functional structures. From the amino-
terminal, they were; the 12 amino acids T7 tag, D12H, and the luciferase at the carboxyl-terminal
end. Predicted molecular mass of the fusion protein was 86 kDa, since the molecular masses of the
T7 tag, D12H and luciferase are 1 kDa, 22 kDa and 63 kDa, respectively.

Figure 5 Plasmid construction for RNA binding protein—luciferase fusion protein
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In order to investigate whether the fusion protein was expressed correctly, bioluminescent
analysis, SDS-PAGE and immunoblotting analysis of the crude extract from homogenized E. coli were
carried out. The crude lysate of E. coli harboring pEDLS exhibited the bioluminescent activity of
luciferase. This indicated that the fusion protein was translated until the carboxyl-terminal end of
luciferase in-frame. However, SDS-PAGE and immunoblotting analysis using anti-T7 tag antibody
(Novagen) showed many protein bands of smaller molecular weight. We supposed that these were
the result of degradation of the fusion protein by proteinase in the host E. coli cells. To prevent such
degradation, several steps for purification of the fusion protein, ammonium sulfate precipitation,
ion-exchange chromatography and size-exclusion chromatography, were carried out. The 86 kDa
fusion protein was eluted with 200 mM NaCl, which was confirmed by immunoblotting analysis.

In order to characterize the RNA binding property of the fusion protein, a gel retardation assay was
carried out. As described above, RNA binding domains used in this study have the sequence specific
binding activity to an oligoribonucleotide. It could bind specifically to rH4, but not to rECGF. Both
the fractionated fusion protein and purified D12H were incubated independently with the 32P-
labeled rH4 and rECGF for 10 min, then loaded onto a 10% non-denaturing polyacrylamide gel which
had been previously run. The position of the migrated complex of fusion protein extract was higher
than that of the purified D12H, because of the difference between the molecular mass of the RNA
binding protein, 86 kDa fusion protein, and 22 kDa D12H. On the other hand, in the lanes of
D12H and fusion protein with rECGF, no slowly migrating complexes were observed. These results
indicated that the produced fusion protein, as well as D12H, had the sequence specific binding
activity.

In order to evaluate the feasibility of the fusion protein for the detection of rH4 RNA, the
bioluminescent RNA detection assay was carried out. Nylon membranes were cut into 6 mm×6 mm
squares to match the size of the cell in the photon counting system. rH4 and rECGF RNA were
dropped on to separate membranes, dried in air and immobilized to the surface by UV crosslinking.
The membranes were then equilibrated in the buffer, containing 5% RNase free bovine serum
albumin, to block the free binding site for nonspecific adsorption.

Then, the unique RNA detection by the fusion protein was carried out. The nylon membranes, on
which each series of rH4 and rECGF were immobilized, were soaked in 60 µl of the fusion protein
solution for 5 min. After thoroughly washing the membrane with the binding buffer, the
bioluminescence activity on the membrane was measured. When the immobilized RNA was less
than 50 pmol, for each rH4 and rECGF, the bioluminescence was almost equal to that of the
background signal. The bioluminescence then increased by increasing of the amount of rH4
immobilized on the membrane to 100 pmol. Conversely, when rECGF was immobilized on the
membrane, increasing the immobilized RNA did not result in an increase in bioluminescence. From
these results, it was demonstrated that the D12H-luciferase fusion protein could be applied for the
rapid detection of the unique RNA sequence.

GENE ENGINEERING FOR MOLECULAR NETWORKING

Gene Expression Networking Responding Environmentally HazardousCompounds

Recent development of molecular-based detection techniques has greatly increased the possibility to
develop new materials in biosensing system. The insertion of marker genes such as the genes for
enzymes and binding protein allows tracking various substances of biological importance. Although
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these fusion proteins have enormous implications for the study of protein engineering, the main
impetus has been the potential technological benefits of genetically engineered microorganisms
capable of demonstrating novel functions such as monitoring of environmentally hazardous
substances.

The introduction of luminescent enzymes enables specific microorganisms to detect various
pollutants in situ, without extracting the marker enzymes. Bioluminescence-based techniques offer
several advantages such as nondestructive detection of marked substances in sewage water and in
soil samples. These techniques involve introduction of genes for the recognition of the marked
substances and for luminescence generation originally cloned from Pseudomonas putida and firefly,
respectively. TOL-plasmid carries a eries of genes which are required in the digestion of benzene-
derivatives. In the plasmid, the gene product of stimulated transcription of the following genes by
activating the promo tor. We have taken a strategy of fusing to firefly luciferase gene, because we
need not the induction of all the enzyme for the digestion of benzene derivative, but the induction of
the reporter enzyme.

For this purpose, we have tried to develop a novel strategy for biosensing of benzene-derivatives
in environment through the use of recombinant microorganisms harboring gene fusion plasmids
between a control region of TOL plasmid and firefly luciferase (Ikariyama et al., 1993) (Figure 6).

The TOL plasmid from Pseudomonas putida encodes a series of enzymes which degrade m-xylene
to the metabolic pathway (Nakazawa et al., 1980). The expression of these enzymes was controlled
with regulating proteins, xylR and xylS (Inouye et al., 1981; Inouye et al., 1983). The complex
between m-xylene and xylR protein activates the Ps promoter which controls the expression of xylS.
Over the past few years, some researchers have utilized a recombinant microorganism which was
introduced a luciferase gene for monitoring of environmental pollutants. King etal. reported a
recombinant microorganism which induced a light emission of bacterial luciferase when exposed to
naphthalene vapor (King et al., 1990). Selifonova et al. measured inorganic mercury in
contaminated waters through the use of a microorganism which possesses a fusion gene between
luciferase and mercury resistance operon (Selifonova et al., 1993).

In the first step of our investigation, the gene fusion plasmid, pTSN316, for biosensing of benzene
derivatives was constructed. As a reporter enzyme, the structural gene of firefly luciferase was
inserted under the control of the Ps promoter. The Escherichia coli (E. coli) cells transformed with
pTSN316 generated a luminescence in the presence of aromatic compounds. However, the E. coli cells
must be treated with EDTA in order to obtain sufficient luminescence, as the permeability of
luciferin through the E. coli membrane was extremely poor. This process was time-consuming and
troublesome for the construction of a convenient and rapid sensing system.

In the further investigation, to make a more convenient and rapid biosensing system for benzene
derivatives, pH dependence of a bioluminescence was investigated.

After induction of luciferase expression with m-xylene (0.5 mM), 200 ml of the cell suspension
was removed and mixed with 1700 ml of the series of citric buffer solutions with various pH.
Following which a luciferin solution was injected and generating bioluminescence was measured
with a photon counting system. Bioluminescence was increased with the increase of pH from 4.0 up
to 4.6, and then decreased. When the pH value was higher than 6.0 and lower than 4.0, the
luminescence was scarcely observed. On the contrary, the optimum pH for the luciferase reaction
was around pH 7.4, and no luminescence was observed when pH was lower than 5.0. These results
suggest that E. coli cells treated with acidic buffer solution may be changed in the permeability of
luciferin through the cell membrane, although the inside of the cell membrane retained neutral pH.
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Therefore, the citric buffer solution of pH 4.8 was utilized for mixing with the cell suspension
before measuring of bioluminescence. Through the use of this method, it was possible to complete
the luminescent measurement within 5 min, as the cells could be used directly after culture with an
inducer.

In order to investigate the dependence of the concentration of m-xylene on bioluminescence, m-
xylene dissolved in ethanol was dissolved in the culture medium of recombinant E. coli. m-Xylene was
dissolved in ethanol with adequate concentration, and 100 ml of this solution was added to a 10 ml
of culture medium of cells. This volume (1/100 to the culture medium) of ethanol had no effect to
the luminescence of E. coli (data not shown). The intensity of bioluminescence increases with
increase of the concentration of m-xylene dissolving in culture medium. The concentration of m-
xylene is able to be determined with high sensitivity, the detection limit of m-xylene is about 5 mM.
In this stage of experiment, the sensitivity was improved by 102 order comparing with our previous
results (detection limit was 100 mM).

Figure 6 Gene expression networking responding to environmentally hazardous chemicals
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A relative luminescence to a series of aromatic compound was studied by incubating the E. coli in
culture medium containing the corresponding chemicals. The final concentration of each benzene
derivative was 0.1 mM. The relative luminescence of every bacterial sample incubated with various
kinds of aromatic compounds was compared with that of non-induced bacteria. Not only xylene
but benzene, toluene, and other derivatives also induced the luminescence from E. coli, however,
ethyltoluene produced less luminescence. Moreover, it is obvious that meta compound is the most
effective inducer in each isomer, in the case of xylene, ethyltoluene, and chlorotoluene. These results
suggest that the structure of aromatic compounds, especially the type and location of side-chain
group, affects the affinity of these compounds to the xylR protein, which is responsible for the
activation of the Ps promoter when it binds to the respective benzene-derivative.

GENE ENGINEERING FOR PROTEIN ASSEMBLY

Self-Assembled Antibody Protein Array on Protein a Monolayer

Biosensors may be classified into two categories; biocatalytic biosensors and bioaffinity biosensors.
Biocatalytic biosensors contain a biocatalyst such as an enzyme to recognize the analyte selectively.
Bioaffinity biosensors may involve an antibody, a binding protein, or a receptor protein which a
form stable complexes with the corresponding ligand. An immunosensor, in which an antibody is
used as the receptor, may represent a bioaffinity biosensor.

Advanced biotechnology and monoclonal antibody production have provided strong support for
bioaffinity biosensors, and various new principles of electrochemical and optical immunosensors
have been proposed. Concentrated efforts have been sharply focused on the development of
homogeneous immunosensors, which are free from separation of bound form from free one.
Examples include an optical immunosensor based on surface plasmon resonance (SPR), an optical
fiber immunosensor based on fluorescence determination using an evanescent wave and an optical
fiber electrode immunosensor based on electrochemical luminescence determination. These
immunosensors are characterized by a single step of determination and high selectivity as well as
high sensitivity. The responses of these immunosensors, however, result from averaging the
physicochemical properties of the antibody-bound solid surface. We have succeeded in fabricating
an ordered array of antibody molecules on a solid surface and in quantitating individual antigen
molecules which are complexed with the antibody array.

Protein A is a cell wall protein from Staphylococcus aureus and has a molecular weight of 42 kDa.
Since protein A binds specifically to the Fc region of IgG from various animals, it has been widely
used in immunoassays and affinity chromatography. We found that protein A could be spread over
the water surface to form a monolayer membrane using LB methods (Owaku et al., 1993). On the
basis of this finding an antibody array on a solid surface can be obtained by the following two
steps. The first step is fabrication of an ordered protein A array on the solid surface by the LB
method. The second step is self-assembling of antibody molecules on the protein A array by
biospecific affinity between protein A and the Fc region of IgG.

A Fromhertz type of LB trough was used for fabrication of protein A arrays on a highly oriented
pyrolytic graphite (HOPG) plate (15×15×2 mm). Protein A was dissolved in ultrapure water to
make a 0.1×10–6 g ml–1 solution. With a micropipet, 0.2 ml of a protein A solution was dropped on
150 cm2 of the air/water interface of the compartment which contained ultrapure water as
subphase. The protein A layer was compressed at a rate of 10 mm2 s–1 with a barrier. Compression
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was stopped at a surface pressure of 11 mN m–1and the monomolecular layer of protein A was
transferred to an adjacent compartment containing 0.5% glutaraldehyde solution at a rate of 10
mm2 s–1. The protein A layer was incubated for 1 hr to be crosslinked by glutaraldehyde, which was
followed by transfer to a compartment containing ultrapure water for rinsing.

For preparation of an antibody protein array, a monolayer of protein A which was compressed at
a surface pressure of 11 mN m–1was transferred to a compartment containing anti-ferritin antibody
in 10 mM phosphate buffer (pH 7.0). The antibody molecules were self-assembled onto the protein
A layer. The protein A/antibody molecular membrane was transferred to a compartment containing
ultrapure water for rinsing, and was transferred onto the surface of a HOPG plate by the horizontal
method.

The antibody array which was self-assembled on the protein A array was also visualized in
molecular alignment by AFM. The AFM measurement was conducted at a controlled force of 1.
8×10–11 N and a scanning rate of 0.5 Hz. Molecular size of antibody was estimated as 7 nm in
diameter.

The antibody array was soaked in different concentrations of ferritin solutions for 1 hr, and was
assayed for AFM imaging in solution. The ferritin molecules, which were recognized and fixed by the
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Figure 7 Genetically engineered calmodulin self-assembled on solid matrix and coupled with PDE in solution



antibody array, were molecularly imaged by AFM. Individual ferritin molecules on the antibody
array can be selectively quantitated by AFM. 

Genetically Engineered Calmodulin Self-Assembled on Solid Matrix andCoupled
with PDE in Solution

It is of great interest that molecular information is recognized by the binding site of the receptor
protein, which may induce a conformational change of the whole receptor protein with a resulting
conformational change of the adjacent supramolecular protein. The receptor protein molecular
assembly processes molecular information through an intermolecular transfer of conformational
change within a supramolecular system. Such an information processing is realized by
supramolecular protein systems because of their flexibility in the intermolecular transfer of
conformational change.

We have sought for a methodology to construct a protein supramolecular system on solid matrix
which can make an information processing through the intermolecular transfer of conformational
change (Miwa et al., 1991a and b; Damrongchai et al., 1995). Self-assembling of protein molecules
on solid-matrix should be appropriate enough to keep the flexibility of conformational change with
retaining the activity. However, calmodulin finds it difficult to be self-assembled on solid matrix as
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native structure. Therefore, it was concluded that calmodulin should be genetically engineered to be
provided with self-assembling function. 

We prepared a recombinant calmodulin-glutathione S-transferase fusion protein for the purpose of
assembling a modulating protein on a solid-phase matrix (Kobatake et al., 1990) (Figure 7). The
recombinant calmodulin may be self-assembled on a glutathione-immobilized matrix through the
glutathione S-transferase (GST), because GST has strong affinity to matrix-bound glutathione.

The GST-calmodulin gene fusion vector, pGEX-CaM, was constructed as follows. The coding
region of human calmodulin cDNA was amplified by polymerase chain reaction using synthetic
oligonucleotides, 5′-AGGGAAGGATTTCAGCTGACCAAC TGACTGAAG and 5′-
AGGTCGACTCACTTTGCTGTCATCATTTG. The amplified fragment was digested with XmnI
and SalI, subsequently, both terminal ends were blunted with T4DNA polymerase. The isolating
gene fragment of calmodulin was ligated to the SmaI site of the pGEX-3X with T4DNA ligase. In the
resulting plasmid, the gene of calmodulin was fused to the gene of GST in frame.

The E. coli strain JM105 cells transformed with plasmid, pGEX-CaM, were cultured to produce
the fusion protein. The fusion protein was purified through the use of Glutathione-Sepharose beads.

In the fusion protein, there is a recognition site of factor Xa, which is a site-specific protease,
between GST and calmodulin. So the GST moiety and calmodulin moieties could be separated easily
from the fusion protein by cutting off with factor Xa.

The activity of PDE in the presence of Ca2+ is about 4-fold higher than the activity in the absence
of Ca2+. Moreover, the PDE activity with calmodulin (not fusing with GST) which separated from
the fusion protein by factor Xa was almost the same as the activity by the fusion protein. These
results indicate that calmodulin moiety in the fusion protein functioned as an activator of PDE
without loosing its activity by fusing with GST.

The fusion protein was self-assembled on a solid-phase matrix. The Glutathione-Sepharose beads
were used as matrix for immobilizing the fusion protein through the GST moiety. Matrix-bound
calmodulin was coupled with PDE in solution.



In the presence of calcium ion, the PDE activity was almost same as that activated by free
calmodulin. Then, the beads were washed three times with 100 mM glycilglycine buffer (pH 7.5)
containing 3 mM EGTA for chelating calcium ion. After centrifugation, the beads were resuspended
in 970 mL of the reaction buffer containing EGTA instead of CaCl2, following a solution of cAMP
was added. In this case, the PDE activity was restricted at lower level. Then the beads were washed
again with 100 mM glycilglycine buffer (pH 7.5) and suspended in a reaction buffer containing 2
mM CaCl2. The PDE activity was recovered to the initial level. These experiments were repeated
three times. Almost the same PDE activity could be obtained in each stage of the experiment.

These results suggest that the genetically engineered calmodulin self-assembled on solid matrix
could reversibly modulate the PDE activity in responding to calcium ion through inter molecular
transfer of conformational change.

Genetically Engineered lipid-Tagged Antibody

Immunoliposomes bearing antibody molecules on their surface have been used in several
biotechnological applications such as drug delivery systems transfection of cells and immunoassays.
In order to incorporate soluble antibody molecules stably on the surface of liposomes, it is necessary
to introduce hydrophobic moieties to antibody molecules, e. g. by directly coupling antibody
molecules to lipids. So far, incorporation of antibody molecules to the surface of liposomes has been
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performed by chemical coupling. In this procedure, fatty acyl groups in lipid are coupled to
appropriately exposed sulphydryl and amino groups in the protein molecule with a bifunctional
reagent. However, in such chemical coupling procedures, the conjugate often forms heterogeneous
complex in terms of number and location of lipid moieties, and as a result, this treatment may lead
to loss or decrease in antigen-binding properties.

Although various fusion proteins have successfully been synthesized by gene engineering, few
genetic methods have been applied to modify a protein molecule with lipid at a specific site. A novel
method has been developed on the basis of the specific lipid modification of proteins at the bacterial
membrane. The new method has been applied to conjugate antibody with lipid for the construction
of stable and functional immunoliposomes.

Recent techniques in bacterial expression of functional antibodies (Ward et al., 1989) have also
prompted us to use genetic engineering to convert antibodies into membrane-bound molecules for
immunoliposome applications. Recombinant Fv fragments, which are the smallest functional unit of
an antibody, have been successfully produced in Escherichia coli (Huston et al., 1988; Field et al.,
1989). For stabilization of Fv fragments, VH and VL domains have been linked together with linker
peptide, and expressed as a single-chain antibody (Bird et al., 1988; Skerra and Plückthun, 1988).
This form of antibody has many advantages for genetic modification because of its simplicity of
handling.



In order to construct a stable and functional conjugate between antibody and lipid molecules by
gene fusion, the major lipoprotein (1pp) of Escherichia coli which contains a specific lipid
modification at its aminoterminus to anchor the bacterial membrane has been exploited. The
determinants for the biosynthetic lipid modification are contained within a signal peptide of 20
amino acid residues and nine aminoterminal amino acid residues of the Ipp (Ghrayeb and Inouye,
1984). Lipid-tagged single-chain antibody has been produced by fusion of genes for a single-chain
anti 2-phenyloxazolone antibody and the essential part of Ipp of Escherichiacoli required for lipid-
modification (Laukkanen et al., 1993). The resulting lipid-tagged antibody carries a single
covalently bound glycerolipid anchor at the aminoterminal cysteinyl residue which is separated from
the variable region of the immunoglobulin heavy chain by a linker peptide as shown in Figure 8.
The genetically prepared single-chain antibody modified with lipid molecules retained its antigen
binding activity. The antibodies were expected to be incorporated stably to liposomes with high
orientation. The immunoliposome consisting of the lipid-tagged antibody which was prepared by a
detergent dialysis method could demonstrate a possibility of the application for immunoassay by
surface plasmon resonance, quartz crystal microbalance (QCM), fluoroimmunoassay, and time-
resolved fluoroimmunoassay (Laukkanen et al., 1994 and 1995).

This approach should be applicable to immunoassays for any antigen only replacing the part of
antibody. Especially, the recent technology of phage display has dramatically simplified the isolation
and modification of antibodies. Not only application to immunoassays, the use of lipid-tagged
antibody will open a new field for the development of biosensors, because oriented and high-density
assembly of protein molecules to lipid bilayer will be possible by this method. 
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INTRODUCTION

In the early twenties Glenny and Ramon discovered that if the culture supernatant of
Corynebacterium diphtheriae was treated with formaldehyde it became incapable of killing guinea
pigs and the treated animals acquired resistance to subsequent challenges with diphtheria toxin
(Glenny and Hopkins, 1923; Ramon, 1924). This observation, destined to remain one of the most
relevant in the history of vaccinology, opened the way to the large scale detoxification of bacterial
toxins, such as tetanus and diphtheria toxins, and to the introduction of mass vaccination against C.
tetanus and C. diphtheriae infections. Furthermore, the use of formaldehyde and other chemical
agents was extended to the inactivation of whole bacteria and viruses and today many vaccines are
still produced using exactly the same procedure described by Ramon and Glenny at the beginning of
the century (Woodrow, 1997). Widely used vaccines based on chemical detoxification are
diphtheria, tetanus, whole cell pertussis, polio, influenza and many others.

Although generally very efficacious and inexpensive, the chemically detoxified vaccines suffer
three major drawbacks:

1. The chemical treatment, causing covalent cross-linking among the free NH2 groups of the amino
acid side chains, inevitably perturbs the 3D structure of the vaccine components. It is therefore
necessary to identify conditions which from on the one hand fully inactivate molecules and/or
microorganisms which would otherwise be dangerous, and on the other do not completely
destroy the structural epitopes relevant for inducing protective immunity.



2. The chemical reaction may be reversible and toxicity may be restored by long term storage.
3. The production process requires handling large quantities of very dangerous material.

Protein Engineering turns out to be a very efficacious way to design vaccine components with
superior immunogenicity and none of the drawbacks of the chemically detoxified counterparts.

In the following chapter we present two examples of how protein engineering has been exploited
in our laboratories for the production of new vaccines. Two toxins, the pertussis toxin (PT) and the
E. coli heat-labile toxin (LT) have been  genetically detoxified and used as antigens of vaccine
components and as potent adjuvants for vaccines to be delivered at mucosal level.

In the following sessions the structural features of the two toxins will be briefly described together
with the strategies used for their detoxification. Finally, the immunological properties and the
clinical applications of the detoxified toxins will be presented.

PERTUSSIS, CHOLERA AND E. COLI TOXINS: ADP-
RIBOSYLTRANSFERASES WITH STRUCTURAL FEATURES IN COMMON

Pertussis toxin (PT), Cholera toxin (CT) and E. coli heat labile toxin (LT) are bacterial toxins with
an ADP-ribosylating activity (Domenighini et al., 1995). In the ADP-ribosylation reaction, the
toxins bind NAD and transfer the ADP-ribose moiety to the major target proteins. In the case of PT,
the target proteins are the GTP-binding proteins Gi and G0, both involved in signal transduction of
eukaryotic cells (Katada and Ui, 1982; Bokoch et al., 1983; West et al., 1985; Fong et al., 1988). On
the contrary, LT and CT transfer the ADP-ribose mostly to Gs, a protein that activates the adenylate
cyclase, thus inducing the synthesis of the cAMP second messenger (Van Dop et al., 1984; Iiri et al.,
1989).

The toxins are organised in two functionally different subunits: the enzymatically active A
subunit, responsible for toxicity, and the binding B subunit which interacts with the specific
receptors located on the surface of the eukaryotic cells (Rappuoli and Pizza, 1991).

The A subunits of the three toxins, having similar enzymatic activities, share similarities in size as
well as in the primary and tertiary structures. They are organised in two domains, A1 and A2. The
A1 domain carries the NAD binding sites and the catalytic site. In particular, NAD is housed in two
cavities, one binding the nicotinamide ring and the other the adenine moiety. Interestingly, in PT, a
toxin with three orders of magnitude higher affinity for NAD as compared to CT and LT, the
nicotinamide ring nicely interacts with two tyrosines, residues missing in both CT and LT.

The two amino acids essential for catalysis, a glutamic acid and an arginine, are both located in
the nicotinamide binding pocket (Domenighini et al., 1995).

As far as the A2 domain is concerned, it has the function to fix the A subunit to the B subunit and
in all three toxins it has the common feature to be organised in a long alpha helix which penetrates
into and interacts with a cavity present in the B subunit.

Reflecting the difference in target cell specificity and in the mechanism used to translocate the A
subunit into the target cell, the B subunit of CT and LT differs substantially from the B subunit of
PT. In CT and LT, the B subunit is a pentamer of five identical monomers (Sixma et al., 1991),
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whereas PT is composed of four different monomers (S2, S3, S4 and S5) present in the 1:1:2:1 ratio
(Tamura et al., 1982).

Pertussis Toxin and Anti-Pertussis Vaccine

Pertussis, or whooping cough, is a disease caused by Bordetella pertussis, a gram-negative bacterium
which adheres to the cilia of the upper respiratory tract of humans and induces local and systemic
damages by releasing a number of toxic substances, including PT (Weiss and Hewlett, 1986). The
disease is characterised by long lasting paroxysmal cough, accompanied by whoops, vomiting,
cyanosis and apnoea. The most common complications are pneumonia, seizures, encephalopathy
and death. It has been estimated that worldwide pertussis causes over 500,000 deaths each year,
with mortality being most frequent under 1 year of age when it can be as high as 1/100.

Antibiotic treatment is very effective in clearing Bordetella pertussis but has little consequence on
the disease, mostly because the disease can only be diagnosed when the bacteria have already
released the toxins that are responsible for local and systemic damages.

Vaccination is the only way to control pertussis. Mass vaccination using killed bacteria was
introduced in the 1950s and reduced the incidence of disease in infants by 99% (Farizo et al.,
1992). However, in spite of its efficacy, the inactivated, whole cell vaccine is not widely used mostly
because of the side effects which have been associated with it. Most of these are mild reactions such
as redness, swelling and fever and occur in 30 to 70% of the vaccinees. However, the vaccine has
also been associated with more severe reactions such as neurological damages and death, which
have been reported with a frequency of 1/100,000 and 1/300,000, respectively.

In 1981, Yuji and Sato developed a new pertussis vaccine composed of partially purified protein
components from B. pertussis, the most effective of which is PT (Sato et al., 1984). For PT to be
included in the vaccine, it needs to be detoxified. Sato’s group used formalin treatment to make the
toxin inactive, the same procedure developed by Ramon. However, this procedure was not entirely
satisfactory for pertussis toxin and in some cases it showed reversion to toxicity.

Our approach to detoxify PT stems from the assumption that a genetically modified toxin in
which the amino acid residues involved in catalysis are replaced, becomes fully inactive and
maintains the same immunogenicity properties as the wild type toxin. Such a genetically modified
toxin is expected to be safer than the chemically detoxified PT and superior to it in terms of
immunogenicity, thus allowing the use of a lower amount of antigen in the final vaccine formulation.

Starting from the cloning and sequencing of the 3.5 kb DNA fragment encoding the five PT subunits
(Locht and Keith, 1986; Nicosia et al., 1986), the two catalytic residues Arg9 and Glu129 of SI (A
subunit) were replaced with Lys and Gly, respectively (Figure 1). The modified SI gene was then
introduced back into B.pertussis using classical genetic approaches (Stibitz et al., 1986), thus
obtaining a genetically modified strain which produced a fully detoxified PT (Pizza et al., 1989).

Extensive studies were performed to prove that PT9K/129G was identical in structure to the wild
type molecule but had lost its original toxicity. The molecule showed identical behaviour on SDS-
PAGE and a large panel of monoclonal antibodies recognised the mutated and the wild type
molecules with identical affinities. The absence of toxicity was confirmed in vitro by the CHO cell
assay and in vivo by a number of assays such as the histamine sensitivity assay, the enhancement of
insulin secretion, the induction of lymphocytosis and the potentiation of anaphylaxis.

The ability of PT9K/129G to induce appropriate immune responses was tested in mice, guinea pigs
and rabbits. In all instances, the recombinant molecule was found to be from 10 to 20-fold more
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immunogenic than any toxin form that had been detoxified by chemical treatment (Nencioni et al.,
1991). Furthermore, and most important, the molecule induced strong protection against bacterial
infection in mice in a dose-dependent manner.  Today, PT9K/129G is the component of a trivalent
vaccine available on the Italian market against diphtheria, tetanus and pertussis (DTaP), the anti
pertussis part of the vaccine being composed of three antigens, PT9K/129G, FHA and 69K (5, 2.5
and 2.5 µg each, respectively).

The high efficacy of the Chiron DTaP vaccine has been recently demonstrated by a comparative
efficacy trial conducted in Italy (Greco et al., 1996). In this trial, the Chiron vaccine was compared
with the whole cell vaccine and with another commercially available acellular vaccine differing from
the Chiron formulation in two important aspects. Firstly, PT is inactivated by the conventional
chemical treatment, and secondly, the amount of PT, FHA and 69K is 25 µg, 25 μg and 8 µg,
respectively. The results of the study showed that the genetically detoxified PT was the most
immunogenic, inducing a superior ELISA and toxin neutralising antibody titre. Furthermore, the
Chiron formulation was the only one able to protect vaccinees starting from the first vaccination
dose and showed a longer lasting protective immunity. In addition, it showed a lower
reactogenicity. The early protection observed with the Chiron vaccine is most likely due to the superior
immunogenicity of PT, while the low reactogenicity to the low amount of antigens used.

E. coliHeat Labile Toxin (LT) and Mucosal Delivery of Vaccines

Different immune responses may be required to protect against different pathogens. Since many
pathogens enter the host through mucosal surfaces, the induction of mucosal immune response may
be of paramount importance for protection. It has been shown that one possible way to induce
mucosal immunity is to deliver antigen to the mucosal surfaces rather than systemically by injection.
Furthermore, mucosal delivery of antigens can elicit systemic immunity as well, offering a way to
activate the host immune system in a more general manner. Unfortunately, very few of the currently
licensed vaccines are suitable for mucosal delivery and these are limited to live vaccines such as Polio
and Bacille Calmette-Guèrin (anti-tuberculosis vaccine).

The key factor that makes mucosal vaccine development particularly difficult is that most pure
antigens delivered mucosally are either poor immunogens or even induce a state of immune
tolerance that inhibits subsequent responses to the same antigen delivered systemically. Needless to
say that inducing immune tolerance would be extremely dangerous for the host, in that he becomes
exposed to subsequent infection by the microorganism from which the antigen has been derived.

However, not all antigens induce tolerance. De-Aizpurua and Russell-Jones (1988) were perhaps
the first to study the ability of different proteins to elicit local and systemic antibody responses
following oral feeding. They found that the antigens that could elicit systemic antibody responses
following oral feeding were those that had the ability to bind to receptors on the host cells. For
example, bacterial toxins such as CT and LT turned out to be very potent mucosal immunogens.
Interestingly, if the toxins were inactivated using chemical denaturation or formalin treatment, they
lost their mucosal immunogenicity, in line with the involvement of cell binding in mucosal
immunogenicity (Pierce and Gowan, 1975; Pierce, 1978).

In addition to their ability to act as mucosal immunogens, both CT and LT are potent mucosal
adjuvants. In fact, administration of CT and LT to mucosal surfaces can activate immune responses
to coadministered poorly immunogenic antigens provided that they are delivered simultaneously to
the same mucosal surface (Holmgren and Czerkinsky, 1992; Walker, 1994). Therefore, the use of
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Figure 1 3D model structure of the catalytic pocket of wild-type PT (left) and PT9K/129G mutant (right).
Highlighted are the two residues, Arg9 and Glu129, which have been replaced with Lys and Gly to create a
fully detoxified molecule. 
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CT and LT in combination with any selected antigen appears to be a possible solution to the
development of effective mucosal vaccines.

However, both CT and LT are highly toxic to humans. Clinical trials in volunteers showed that
oral ingestion of a few micrograms of these toxins can induce severe diarrhoea (Levine et al., 1983).

Encouraged by the results obtained with PT, we reasoned that a detoxified LT mutant could have
maintained the mucosal adjuvanticity properties and therefore could have been safely used for
mucosal vaccine formulations.

As mentioned above, the catalytic residues Glu129 and Arg9 which were successfully replaced to
obtain a detoxified PT are strictly conserved in both CT and LT (present at position 112 and 7,
respectively). Therefore, the first substitutions attempted were Glu with Ala and Arg with His.
Indeed, these substitutions turned out to give fully inactive molecules. However, in contrast with the
finding observed with pertussis toxin, the mutant toxins were very sensitive to protease digestion
and very unstable to storage and manipulation (Burnette et al., 1991; Hase et al., 1994). Therefore,
new amino acid substitutions were designed by computer modelling using the available coordinates
of the LT structure. In particular, the Ser63>Lys substitution was selected, with the idea to fill the
catalytic pocket of the enzymatic subunit with the bulky side chain of the Lys residue (Figure 2).
LTK63 mutant was found to be enzymatically inactive, nontoxic both in vivo and in vitro, and very
stable to protease  treatment. Therefore, the molecule was purified and tested in immunogenicity
and adjuvanticity studies (Pizza et al., 1994).

Figure 2 3D model structure of the A2 domain of wild-type LT (left) and LT-K63 mutant (right). Highlighted is
the Ser63 residue which in the mutant was replaced with Lys to fill the catalytic pocket, thus preventing
substrate binding.
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When administered intranasally, the mutant was found to be as immunogenic as the wild type LT
(Figure 3). LTK63 was also used to immunise mice intranasally in combination with the poorly
immunogenic ovalbumin to test its adjuvanticity property. As shown in Figure 4, although at the
first and second dose LTK63 is less efficient than the wild type LT to induce antibody response
against ovalbumin, its adjuvanticity effect equals the wild type after the third dose.

LTK63 is currently tested in a few oral vaccine formulations. For example, we have recently shown
that the mutant protected mice against Helicobacterpylori infection when orally delivered with the
bystander antigens of H. pylori vacA and cagA. In addition, nasal delivery of LT mutants with
inactivated influenza virus fully protects mice from the challenge with the virus. Human clinical
trials with this anti-flu vaccine formulation are in progress.
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INTRODUCTION

The problem of identifying molecules with a given biological activity often coincides with that of
engineering a specific ligand for a given molecule. This can be accomplished through procedures
based on approaches utilising more or less ‘rational’ information components, mainly depending on
the amount of structural information available for the target molecule. When this type of
information is available, small molecules interacting with specific ligands (for example enzyme
inhibitors or receptor agonists and antagonists) can be developed by rational design.

But the information available is often insufficient for design, and combinatorial techniques offer a
powerful method for the production and screening of very large collections of molecules, thus
constituting a “combinatorial” approach, which complements the lack of enough structural
information to adopt a purely “rational” methodology. For example, drug discovery has
traditionally relied on the combinatorial approach, screening large numbers of organic molecules to
identify novel lead compounds.

We describe here a series of case studies of various approaches utilising different rational/
combinatorial content.

A procedure based on a combinatorial approach is a-priori more or less powerful, depending on
the diversity of the random collection, but it is also true that the greater the complexity, the more
difficult the identification of the positive molecules from the population becomes. In recent years,
the generation of large “repertoires” of chemically (Geysen et at., 1986; Fodor et al., 1991; Lam et
al., 1991; Houghten et al., 1991) or biologically (Scott et al., 1990; Devlin et al., 1990; Cwirla et



al., 1990; Felici et al., 1991) synthesised molecules has provided a novel, powerful approach to the
identification of unknown ligands or variants of already known molecules, with the addition of new
and more favourable properties. Most of these libraries readily encompass >107 different peptide
sequences, thereby creating a rich source of structural diversity. Different methods have been devised
to identify members of the library with specific binding properties; among the molecular biology tools
being used to construct ligand libraries, those exploiting filamentous bacteriophage as molecular
vectors constitute the majority and have been successfully used in many different cases (for reviews
see Felici et al., 1995; Daniels and Lane, 1996; Cortese et al., 1996).

The closely related filamentous bacteriophage M13, f1, fd (Model and Russel, 1988) are made up
of a proteic envelope formed by several copies of five different proteins, and contain a single-
stranded DNA molecule carrying the genetic information. When, through site-directed mutagenesis,
foreign sequences are inserted into the gene encoding for one of the capsid proteins, the
corresponding fusion product is displayed on the surface of the viral particle. By using appropriate
strategies it is possible to enrich phage displaying peptide sequences with the desired properties from
a very heterogeneous mixture of recombinant phage particles. Such phage clones, containing specific
peptide products physically associated with their genetic information, can be rescued and
propagated by infection of competent bacteria, and the sequence of the selected peptides can be
easily deduced from the sequence of the corresponding DNA molecule. In this way the individual

Figure 1 Schematic flowchart of the strategy to identify molecules with the desired biological activity.
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selected leads can be identified and characterised, even when only tiny amounts are recovered in the
selection procedure.

This selection strategy has been applied to many different ligand/ligate systems and has led to the
identification of new peptide sequences which do not necessarily resemble the natural ones, but
display analogous binding specificity.

It is also feasible to adopt solely rational strategies to modify and/or extend the recognition ability
of a given protein in order to enhance or modify its natural function, but this approach requires some
prior knowledge of the protein structure and the determinants of the recognition process (Figure 1).
The difficulties encountered for this approach depend on the quality of the structural information,
as will be illustrated by one of our case studies. 

SELECTION OF PEPTIDES MIMICKING SHIGELLA FLEXNERI
LIPOPOLYSACCHARIDE

In order to develop effective vaccines against several important bacterial pathogens, it would be
extremely useful to be able to mimic carbohydrate antigens, as these antigens are known to be T-cell
independent, inducing weak immune responses associated with lack of a memory response.

Until now, two approaches have been attempted to overcome these difficulties: polysaccharide-
protein conjugated vaccines and anti-idiotype vaccines. The main drawbacks presented by the former
are the purification of the polysaccharide (since it must be totally devoid of any endotoxic activity
due to residual lipid A component), and the carbohydrate moiety’s loss of immunogenicity related to
the type of coupling with the protein carrier. Carbohydrate synthesis may lessen the problems
associated with antigen purification, but remains a rather limited solution, due to the overall
difficulty found with carbohydrate chemistry. The second approach, based on the mimicry of sugar
antigens by anti-idiotype antibodies, is not a feasible alternative, since manipulation of the idiotypic
network by inducing anti-idiotype antibodies directed against a monoclonal antibody specific for a
carbohydrate structure is difficult and time-consuming, and the use of such material in humans is
still a matter of debate.

Shigella flexneri is a mucosal bacterial pathogen which is responsible for most of the endemic
forms of shigellosis, a dysenteric syndrome that causes a high mortality rate among infants,
particularly in developing countries. Secretory IgA antibodies constitute a first line of defence
against such pathogens and many experimental and clinical studies have shown that resistance to
infection correlates with specific titres of these antibodies (Mazanec et al., 1993).

Systemic and mucosal immune responses to S. flexneri infection are mainly directed against
lipopolysaccharide (LPS) and plasmid-encoded proteins. The protection provided by natural
infection is considered to be serotype-specific, pointing to the LPS as a primary target antigen for
protective immunity.

In a recent paper (Phalipon et al., 1997), two monoclonal dimeric IgA antibodies which have been
shown to be protective against infection in a mouse animal model (Phalipon et al., 1995) were used
to select specific phage-displayed peptides through affinity-selection and immunological screening.
Several different positive clones were identified, and all of these phage-displayed peptides were able
to compete in ELISA with the specific LPS for binding to the antibody, thus demonstrating that they
are effective antigenic mimics of the LPS antigen and therefore represent one of the few examples of
peptide sequences able to mimic sugars.
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The molecular basis of this mimicry is that antigen-specific antibodies, being ligates for the
antigen’s epitopes, contain implicit structural information about these epitopes. A peptide
specifically binding to the antigen-binding site of an antibody might be a positive image of the
antigen, thus mimicking part of its structural and biological properties. If this mimicry is sufficiently
accurate, the selected peptides can be suitable substitute immunogens, completely distinct from the
natural antigen.

In fact, all the nineteen clones identified using the two anti-LPS monoclonal IgA antibodies were
separately used to immunise mice and two of them were indeed able to induce a LPS-specific immune
response. Thus in this case, immunogenic mimics of protective carbohydrate epitopes were selected
by a straightforward approach using only phage-displayed peptide libraries and protective
monoclonal antibodies specific for the pathogen of interest, allowing a significant step forward in
the search for potential leads for the development of peptide-based vaccines against polysaccharides.

It is therefore clear that mimicking non-protein ligands (i.e. carbohydrates) can be achieved
through screening random peptide libraries where the specific sequences were identified using a purely
combinatorial approach, without using any structural information on the original target. This
constitutes a unique and essential feature for those projects where the nature of the ligands is either
known to contain non-protein elements which are important for ligate recognition, or unknown.

MAPPING OF A DISCONTINUOUS EPITOPE OF HUMAN H FERRITIN

Monoclonal antibodies to antigens are powerful reagents for structural and functional analysis,
particularly when the epitope recognised by them can be identified. A detailed picture of the amino
acids that comprise a given epitope (structural epitope) has been described only in a few cases,
where antigen-antibody complexes were analyzed by direct physical methods (x-ray crystallography
or NMR hydrogen-deuterium exchange), because these methods are time consuming and technically
difficult.

The utilisation of overlapping synthetic peptides matching the antigen sequence, or the
construction of random peptide libraries, constitute alternative techniques for mapping the folded
antigenic determinants of proteins. Screening a random peptide library with a monoclonal antibody
usually reveals a number of peptides that bind to the selector molecule and often display a common
consensus amino acid sequence. When this sequence shows similarity with a portion of the primary
structure of the protein antigen, the linear epitope recognised by the antibody can be mapped (for a
review see Cortese et al., 1995).

Nevertheless, all the protein structural epitopes so far reported are discontinuous (Davies et al.,
1990; MacCallum et al., 1996) so it would hence appear that the conformation recognised by the
majority of antibodies is composed of amino acids from two or more segments which are separate
from each other in the primary structure of the polypeptide chain, but brought together on the
surface during folding. In such cases, comparison between the consensus sequence of the selected
peptides and the antigen primary structure does not usually permit unequivocal matching, in the
absence of data on the 3D structure.

The first successful attempt at defining a discontinuous epitope by screening a random peptide
library was reported by Luzzago et al. in 1993. In this paper, a cysteine-constrained nonapeptide
library was screened using a monoclonal antibody (H107) raised against human H ferritin (H-Fer).
The 3D structure of the assembled molecule of H-Fer had been already solved at high resolution by
X-ray crystallography (Lawson et al., 1991) and a previous study had shown that H107 binding is
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sensitive to antigen conformational changes, as extensive alterations of three separate regions of H-
Fer can affect the binding of this antibody, but not that of other monoclonal antibodies (Arosio et
al., 1990). From the analysis of the specific phage clones selected, two consensus sequences were
derived (YDxxxxW and GSxF, in one-letter amino acid code, where x represents any amino acid
residue), neither of which were found in the sequence of H-Fer. However, a clearer picture emerged
by examining the 3D structure of the protein, and a tentative match between the identified residues
and protein regions exposed in the assembled complex was found. When the putative binding residues
were mutated, the resulting proteins no longer reacted with H107, thus confirming their involvement
in the binding to the antibody.

This study led to the identification of two distinct H-Fer regions constituting the H107 epitope.
Each of the two families of phage-displayed peptides bearing the two different consensus sequences
appear to mimic part of the antibody’s binding surface, in both cases spanning the “discontinuity”
between these two regions (Figure 2).

The above example is particularly useful to illustrate how the synergy between computational and
experimental approaches can be effective to gain a better understanding of the system in hand.

Two independent computational methods were in fact used:
In one approach the problem can be stated as follows: given the structure (or a model of the

structure) of an antigen and the structure (or a model of the structure) of an antibody raised against
the antigen, can we construct a model of the complex between the two structures in order to identify
the site of interaction? In order to answer this question a docking procedure can be used to derive a
set of possible orientations of the antigen with respect to the antibody in the complex (Helmer-
Citterich et al., 1995).

The second approach uses knowing which peptide sequences are able to mimic the surface of the
antigen. In this case the question can be formulated as follows: is it possible to identify the region of

Figure 2 A) Structure of a monomer of human H ferritin. The two darker loops contain the residues involved in
binding to MAb H107. B) Structure of the regions 40–46 and 91–96 of H ferritin. Only the side chains of
residues exposed to solvent are shown. Residues in ball and stick representation are candidates for mimicry by
the selected peptides.
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the antigen mimicked by a peptide of known sequence? A protein surface can be viewed as an ensemble
of overlapping ‘pseudo-peptides’, i.e. peptides which could assume a conformation such that their
side chains are in the same position of those exposed on the protein surface (Pizzi et al., 1995). A
peptide library can be viewed as a collection from which one or more of the mimicking peptides can
be selected. It is possible to enumerate the sequences of all ‘pseudo-peptides’ that can putatively mimic
the surface of a protein and organise them in a data base. The resulting sequence data base can then
be searched for peptides resembling those selected in the phage library screening experiment.

Both approaches were used for the case of ferritin. For the first, the hypervariable regions of the
H107 antibody genes were sequenced and a model was built and ‘docked’ to the known ferritin
structure, using PUZZLE, a docking method based on surface complementarity (Helmer-Citterich
and Tramontane, 1994). For the second, the ‘pseudo-peptide’ data base constructed on the basis of
the ferritin surface was searched using the sequences selected in the phage library experiment
described above. The conclusions reached with both approaches identify the same epitope of
ferritin, and are in perfect agreement with the experimental mutation data.

This represents an excellent example where data deriving from a “combinatorial” approach are
“rationally” analyzed utilising structural information and computing methods to design “ad hoc”
experiments (in this case site-directed mutagenesis) verifying the hypothesis.

MINIBODY

It is conceivable that complex epitopes could be more effectively mimicked by ligands which are
more composite than just short peptide sequences. Ideally, one would like to select structurally
constrained regions of a ligand analogously to what happens in the immune system, where
antibodies can recognise a wide variety of antigens using a recognition site formed by the
combination of six exposed loops mounted on a stable structural scaffold. Immunoglobulins contain
four polypeptide chains, each one built of domains with a common fold: two disulphide linked beta-
sheets packed face to face. The antigen binding site is contained in the V domains of the light (L)
and heavy (H) chains. These domains pack to form a structurally conserved framework onto which
three loops from the VL and three from the VH domains are arranged to form the antigen binding
site (Alzari et al., 1988). The loops from VL and VH are denoted L1, L2 and L3, and H1, H2 and H3
according to Chothia and Lesk (1987). The loops L1 and H1 connect strands belonging to different
sheets within VL and VH domains; L2, L3, H2 and H3 are hairpin loops connecting adjacent
strands in the same beta-sheet. Variations in length and amino acid sequence of these loops generate
differences in specificity and affinity of immunoglobulins (Kabat et al., 1991). Importantly, the
conformational determinants of antigen-binding loops of immunoglobulins have been identified and
it has been shown that they can have a discrete repertoire of conformations called “canonical
structures” (Chothia and Lesk, 1987; Chothia et al., 1989; Morea et al., 1998). These canonical
structures are stabilised by a small number of residues through packing or hydrogen bonding
interactions, or their ability to assume unusual main chain conformations. Other residues are
relatively free to vary, to modulate surface topography and charge distribution of the antigen-
binding site.

Using a complete antibody (or its variable Fv fragment) as a scaffold to expose randomised regions
in a conformationally constrained fashion has the drawback that the antibody is multimeric and the
six antigen binding loops come from two different domains. Possible solutions to this problem are
the construction of a ‘single chain’ antibody (where the VH and VL fragments are covalently linked

272 A.TRAMONTANO AND F.FELICI



using a long flexible linker) or to redesign a new protein, small, monomeric but still retaining some
of the immunoglobulin’s antigen binding loops, whose sequences can then be randomised and used
to select ligands. This second approach has indeed met with remarkable success in the case of the
Minibody (Pessi et al., 1993).

The Minibody is a designed protein of 61-residues and its predicted structure includes three beta-
strands from each of the two beta-sheets of the variable (V) heavy chain domain of the mouse
antibody McPC603 (Satow et al., 1986), along with the segments corresponding to the exposed
hypervariable HI and H2 loops of the immunoglobulin as defined by Chothia and Lesk (1987)
(Figure 3). The sequence of the beta-sheet portion of the Minibody obviously differs from that of the
McPC603 immunoglobulin, since regions that would be buried either within a domain or at the
interface with the VL domain in the complete immunoglobulin find a completely different
environment in the Minibody, so that appropriate amino acid changes had to be designed. In
principle, the Minibody loops should have the desirable property of being predictable, as is the case
for their counterparts in the complete immunoglobulin molecule (Chothia and Lesk, 1987; Chothia
et al., 1989; Tramontane et al., 1990).

Figure 3 Cartoon of the Minibody structure.
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Our understanding of the rules relating sequence to structure in proteins is still fairly
rudimentary, consequently redesigning a known protein fold as a framework for the insertion of
functional sites is extremely challenging and it is necessary to demonstrate that the desired structure
has been preserved. As a result, the Minibody was extensively characterised using a variety of
methods.

The findings obtained indicated that the design was successful. In particular, the minibody is a
compact globular monomer in solution, its secondary structure content is in excellent agreement
with the expected one and denaturation studies with urea showed that the molecule unfolds with a
co-operative transition, and its value, although lower than the values (5–15 Kcal/mol)
observed for natural proteins (Creighton, 1990), is very similar to that of the reduced
immunoglobulin CL domain. To test that the loops were in the predicted position in the designed
structure, the authors also engineered a metal binding site formed by residues belonging to both
loops (Figure 3) and demonstrated that the molecule did indeed bind metal. The design and
synthesis of an all beta-protein is a remarkable achievement because producing such a structure is
inherently more difficult than making a helical protein (Richardson and Richardson, 1989).

The minibody serves as an excellent presentation scaffold for the construction of an “all-purpose”
constrained library because of its properties. In fact, it has been possible to construct a fusion phage
and show that the minibody is effectively displayed onto the f1 phage surface when fused to the N-
terminus of pIII and to construct a library of constrained loops by randomisation of the minibody
sequence corresponding to the hypervariable regions. The recombinant phage was affinity-selected
to search for molecules with novel functions and it has indeed been possible to select from such a
library minibody mutants with high affinity for human interleukin 6 (Martin et al., 1996).

Peptide sequences and conformations generated by the phage-displayed minibody might be
conceivably utilised in the drug development process. However, peptide-based pharmaceuticals have
a number of potential disadvantages, such as poor oral activity and short circulating half-lives,
hence diminishing their appeal as drug candidates (Plattner and Norbeck, 1990). The conversion of
peptides into peptidomimetics is a challenging task, daunted by modelling difficulties, synthetic
barriers,etc. (Hruby et al., 1990). However,byconformationally-constrainingpeptide loops onto a
“presentation” framework such as the minibody, their three-dimensional conformation can then be
elucidated, or even predicted as for immunoglobulin hypervariable loops (Chothia et al., 1989) thus
making chemical synthesis of biologically active mimetics based on the affinity selected peptide
ligands practicable (Saragovi et al., 1992; Taub and Greene, 1992).

HCV PROTEASE

So far we have described combinatorial approaches, even if based on structural insights, to select
molecules able to recognise a protein. Rational approaches can be exploited when more structural
information is available, as illustrated by the case of the Hepatitis C Virus (HCV) protease. 

HCV is the major etiological agent of both parenterally-transmitted and sporadic non-A, non-B
hepatitis (NANB-H). The HCV virion has a positive-strand RNA genome of about 9.5 kilobases
which contains a single open reading frame encoding a polyprotein of about 3000 amino acids. The
polyprotein is subsequently cleaved and gives rise to the E1, E2, NS3, NS4A, NS4B, NS5A and
NS5B proteins. It has been demonstrated that the proteolytic cleavage at the NS3/NS4A, NS4A/
NS4B, NS4B/ NS5A, and NS5A/NS5B junctions is mediated by a virus-encoded serine protease,
contained within NS3. Its sequence contains the characteristic sequence pattern of the small cellular
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proteases of the trypsin superfamily (Hijikata et al., 1993; Bartenschlager et al., 1993; Grakoui et
al., 1993; Tomei et al., 1993). In addition to the NS3 serine-protease, the NS4A protein is required
for cleavage at the NS3/NS4A and NS4B/NS5A sites and it increases the efficiency of cleavage at the
NS5A/NS5B and NS4A/NS4B junctions (Bartenschlager et al., 1994; Failla et al., 1994; Lin et al.,
1994;Tanji et al., 1994).

The structure of the HCVNS3 protease was only recently solved (Love et al., 1996; Kim et al.,
1996), but well before this the need arose to understand the substrate specificity of this enzyme,
since it would be of great help in designing substrate-based inhibitors.

There is no protease of known structure sharing more than a 13% sequence identity with the
HCVNS3 protease, so that the construction of a reliable homology model is basically impossible.
Nevertheless, one can take advantage of the wealth of structural data on the serine protease protein
family to try and obtain an approximate model.

The major obstacle to constructing a model at such a low level of sequence identity is the quality
of the sequence alignment. There are, however, many known structures belonging to the same
folding family, which allow a sequence profile based on a multiple structural superposition to be
constructed, thus facilitating the alignment of the protein sequence to be modelled (target sequence)
to the profile.

There are several methods to obtain the optimal structural superposition of a family of protein
structures and their description goes beyond the scope of this chapter. Here it suffices to say that,
given some distance threshold, it is possible to obtain a list of all residues in the family which
correspond to each other in three-dimensional space within that threshold (structure based sequence
profile). Some regions will diverge structurally and no sequence profile will be derived for them.

The structure based profile will give information about which amino acids are allowed in each of
the aligned positions (all hydrophobic, only large, always charged,..) This will facilitate the
alignment of the target sequence to the other proteins of the family but, since the profile does not
include the complete sequences, the alignment will only be partial. Luckily however, the best
conserved regions of homologous proteins always include the important functional regions and the
alignment will usually include the active site region and most of the important structural and
functional features of the family.

The alignment can be used to construct a homology model of the parts corresponding to the
conserved regions. This relies on the assumption (usually correct) that regions structurally conserved
in the family will also be conserved in the target protein. The most important problem is that the
model will be as wrong as inaccurate the alignment is, i.e. if the target sequence has been aligned
incorrectly to the structure based profile in a region, the model will be wrong in that region. For
practical purposes it is usually convenient to complete the model by joining up the modelled regions
with ‘reasonable’ protein substructures, but it should be kept in mind that they are not the results of
an accurate prediction.

Following the above protocol, it was possible to construct a partial model of the NS3 protease which
could be used to predict the specificity of the protease.

In the model, the physico-chemical environment and the shape of the specificity pocket are
primarily determined by phenylalanine 213 (according to the chymotrypsin numbering scheme).
Visual inspection of the modelled pocket suggested that the P1 residue of the substrate could have
been a cysteine or a serine. In addition, the pocket appeared to be very hydrophobic and closed by
the aromatic ring of the phenylalanine. Since the sulphydryl group of cysteine has been shown to
interact favourably with the aromatic ring of phenylalanine, cysteine was considered the most
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reasonable P1 residue. This prediction was subsequently confirmed by N-terminal sequencing of the
processed NS4B, NS5A and NS5B proteins (Grakoui et al., 1993; Pizzi et al., 1993).

The success of this test was certainly encouraging, but was not sufficient to guarantee the
correctness of the alignment of the residues forming the specificity pocket of the enzyme.
Consequently, before using the modelling results as a starting point for further experiments and to
attempt the design of substrate based inhibitors, it was necessary to gain more confidence in the
model. If a model is correct, one should be able to use it to rationally modify some properties of the
protein and this should increase confidence in the model itself.

The model was thus used as a guide for site-specific mutagenesis aimed at modifying the
specificity of the protease. The rationale was to replace the residues predicted to form the specificity
pocket of NS3 with the corresponding ones of Streptomyces griseus protease B (SGPB) (Read et al.,
1983), a protease of known structure able to recognise a phenylalanine residue in the P1 position of
the substrate.

The optimal P1 residues for the substrate of SGPB are phenylalanine, tyrosine and, to a lesser
extent, leucine. The specificity pocket of this protease is formed by the side chains of alanine 190,
threonine 213, glycine 216 and threonine 226. Both proteins have a threonine in position 226,
which was consequently left unchanged. In positions 213, 216 and 190, the NS3 protease has a
phenylalanine, an alanine and a tyrosine. In the model the latter does not contribute to the
specificity of the enzyme (Pizzi et al., 1993), so only the phenylalanine and the alanine were mutated
to the corresponding residues of the SGPB sequence (threonine and glycine, respectively) (Figure 4).

The experiment was successful: the redesigned enzyme acquired, through only two mutations, the
ability to cleave the substrate recognised by Streptomyces griseus protease B, an enzyme of known
structure used as template, and this strongly supported the reliability of the model (Failla et al.,
1996).

The recent resolution of the structure of the NS3 enzyme has fully supported the model of the
specificity pocket.

This example shows that even when only limited structural information is available on a protein,
the careful analysis of a low reliability model can still single out those regions that are more likely to
be predicted correctly and these can be used to modify the properties of the target protein. 

Other examples of changes in specificity of serine proteases have been reported in the literature
(Hedstrom et al., 1992; Caputo et al., 1994), but the HCV protease example is interesting because it
illustrates that even in a case as difficult as this, it is conceivable to rationally modify the ability of a
protein to recognise its cognate molecule, thus opening up the road to a number of very interesting
experiments.

CONCLUSIONS

Although molecular recognition has been among the most studied fields in biology for the last
twenty years, our comprehension of the rules regulating the subtle and complex balance between
affinity and specificity is far from being satisfactory.

We believe that the use of large collections of random variants and the ever more elaborate and
powerful methods for selection and screening exploited in combinatorial approaches, will prove to
be an essential tool for increasing our basic understanding of the recognition processes. Components
of naturally observed complexes have evolved and co-evolved and have to satisfy far more
biological requirements than recognition alone, so that the information of interest is embedded in a
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variety of other complex phenomena. Conversely, selection from random collections of sequences

Figure 4 Schematic view of the specificity pocket of A) the model of HCV protease; B) Streptomyces Griseus
protease B and C) the mutant HCV protease that acquires the specificity of SGPB. 
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and/or structures is likely to more easily reveal the factors that are essential for binding and thus
help us understand molecular recognition.

The case studies that we have described here were chosen to represent a variety of different
approaches, ranging from those where essentially no structural information about the system is
available, to those where this information is already known, or can be gained using several different
methodologies together. However, it is clear that in all cases a combination of approaches
(combinatorial, rational, experimental, computational) can be nothing but beneficial to achieve the
desired properties of the biological system (Figure 1).

Are combinatorial approaches more powerful than rational ones? The answer we propose is that
a combination of the two is obviously the right way to go, but requires careful balancing.

To be more precise, we do not believe that ‘the best system’ exists, but rather that the system is
dictated by each specific case, according to the information already available and the goal of the
project. In some cases we may be interested in just replacing one ligand with another, as is the case
for vaccine development, and here the power of combinatorial selection strategies is enormous since
not even prior knowledge of the pathologic agent is required.

In other cases we might need to design an all-purpose system and the more we know about it in
advance the easier it will be to design optimal experiments and interpret our results. For example, an
even partial knowledge of the structural features of the natural components may help in designing
combinatorial libraries having structural constraints or utilising molecular scaffolds that would be
best suited to mimic the authentic interactions, and will also lower the diversity needed to achieve a
fairly complete representation of all the possible variants, that is often a stumbling block.

We might also need to modify the properties of our system just to gain a better understanding of
it, or a receive confirmation of our hypotheses. 

The few cases described here were not selected on the basis of their success or of the scope of their
application, but rather to provide an overview of the wide variety of possible approaches, and to
stress the great power deriving from their optimal combination.
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INTRODUCTION

For a long time, the occurrence of gastric lipolysis was attributed to contamination of the gastric
content by pancreatic lipase as the result of duodeno-gastric reflux. Volhard (1901) established,
however, that there exists a gastric enzyme capable of hydrolysing triacylglycerols in humans. In
1917, Hull and Keaton (1917) observed the presence of a dog gastric lipase under conditions
precluding contamination by pancreatic lipase. Nevertheless, the real importance of gastric lipolysis
was first understood very belatedly in studies on patients with cystic fibrosis as well as on chronic
pancreatitis, where the amount of fat absorption amounted to 70% of the total ingested lipids,
whereas the pancreatic lipase and bile salt levels were particularly low (Hamosh, 1984, Ross and
Sammons, 1955, Roulet et al., 1980). In other patients, where pancreatic lipase is completely lacking
due to a congenital deficiency, 50% of the ingested dietary fat was absorbed (Muller et al., 1975).

One particularity of all preduodenal lipases is that they are stable and hydrolyse their substrates
under acidic conditions. Acidic lipases have been screened in various species (rat, mouse, calf, sheep,
humans, rabbit, dog, cat, monkey, horse, hog, guinea pig) from the tongue to the pylorus (Moreau et
al., 1988a, De Nigris et al., 1988). Up to now, six preduodenal lipases have been purified and
characterized biochemically: rat lingual lipase (RLL, Hamosh et al., 1979, Field and Scow, 1983,
Roberts et al., 1984), human gastric lipase (HGL) (Tiruppathi and Balasubramanian, 1982), calf
pharyngeal lipase (CPL, Bernbäck et al., 1985), lamb pharyngeal lipase (LPL, de Caro et al., 1995),
dog gastric lipase (DGL, Carrière et al., 1991), rabbit gastric lipase (RGL, Moreau et al., 1988b).
These enzymes form a new family of lipases: the acidic lipases. The present review focuses on two



enzymes belonging to this family: HGL and DGL. Their biochemical properties have by now been
clearly established and HGL has been expressed in vitro in active form, using the baculovirus/ insect
cells system (Wicker-Planquart et al., 1996), 

Physiological Aspects

Gastric lipases have been purified either from gastric juice or from fundic gastric mucosae and
characterized in vitro. HGL was first purified by Tiruppathi and Balasubramanian (1982) and its
secretion was stimulated by injecting pentagastrin (Szafran et al., 1978, Moreau et al., 1988).
Nowadays, the enzyme is purified using cation-exchange (Mono S) chromatography followed by an
immunoaffinity column procedure using monoclonal antibodies. Lipase activity can be measured
potentio-metrically on short-chain (tributyroylglycerol, TC4), medium-chain (trioctanoylglycerol,
TC8) and long-chain (Intralipid™) triacylglycerols at 37°C using a pH-stat (Gargouri et al., 1986).
The maximum specific activities are 1160 units/mg at pH 6, 1110 units/mg at pH 6 and 600 units/mg
at pH 5, on TC4, TC8 and Intralipid™, respectively.

DGL (Carrière et al., 1991) was purified from the gastric juice of dogs with chronic gastric
fistulae. Little if any DGL activity was observed in basal or stimulated gastric secretion, whereas the
gastric mucosa was found to contain substantial amounts of lipolytic activity. This paradox can be
explained by the occurence of an irreversible inactivation of DGL at low pH levels, which are
present in the stomach under fasting conditions. By buffering the acidic secretion in vivo, or by
using an anti-acid secretion drug such as omeprazol during the stimulation, the effects of several
gastric secretagogues on the secretion of DGL (Carrière et al., 1992) were determined. Unlike HGL
secretion, DGL secretion was poorly stimulated by pentagastrin, while urecholine, 16, 16-dimethyl
prostaglandin E2 and secretin were potent secretagogues. DGL was extracted from soaked dog
gastric mucosa and purified after cation exchange, anion exchange and gel filtration
chromatographies. The maximum specific activities were 550 units/mg on tributyroylglycerol at pH
5.5, 750 units/mg on trioctanoylglycerol at pH 6.5 and 950 units/mg on Intralipid™ at pH 4
(Carrière et al., 1991). DGL is nearly twice as active on long chain triacylglycerol as on short chain
triacylglycerol.

HGL (Bodmer et al., 1987) and DGL (Bénicourt et al., 1993) cDNAs were synthesized by RT-
PCR amplification using stomach biopsies and reverse transcriptase was performed for 60 min at 37°
C. The HGL and DGL coding regions 1.2 kb pairs and 1.55 kb pairs, respectively, were amplified
by performing polymerase chain reaction (PCR) procedures. The cDNA coding for HGL and DGL
were ligated in a pUC 18 plasmid. The deduced amino acid sequences of HGL and DGL were those
of a 379 amino acid polypeptide, and the homology between the two proteins was about 85%.

The molecular masses of the HGL and DGL are 50 kDa. These enzymes are glycoproteins,
containing around 15% carbohydrate. Endoglycosidase F (Moreau et al., 1992) treatment of HGL
results in the appearance of three major products, which can be separated. The glycan part of HGL
consists of asparagine linked carbohydrates. HGL possesses four potential N-glycosylation sites
(asparagine 15, 80, 252 and 308) with the consensus sequence Asn-X-Ser or Asn-X-Thr, but three
of these were found to be occupied.

+ to whom correspondance should be sent 

APPLICATIONS OF RECOMBINANT GL IN BIOTECHNOLOGY 283



Several attempts at crystallising purified native preparations of HGL and DGL were unsuccessful.
The most successful crystals obtained from native DGL diffracted at a resolution of 4,5 Ǻ (Moreau
et al., 1988c). Charge homogeneity seemed to be essential to obtaining properly diffracting crystals.
These crystals contained four to eight molecules per asymmetric unit in the case of DGL. This
pattern of cristallisation in probably due to the large amounts of carbohydrates present in the
protein.

Biochemical Aspects

Acidic lipases are specifically inhibited by micellar diethyl p-nitrophenyl phosphate (E600) (Moreau
et al., 1991), which is a well-known serine esterase inhibitor. Acidic lipases show the consensus
sequence “(LIV)-X-(LIVFY)-(LIVST)-G-(HYWV)-S-X-G-(GSTAC)” (Ollis et al., 1992) located
around serine 153, characteristic of serine enzymes. In pancreatic lipases, the active serine residue
(Ser 152) is located at the hinge of the nucleophilic elbow: this residue has been found in other
lipases to participate in the charge relay system, together with a histidine and an aspartic (or
glutamic) residue. Tetrahydrolipstatin, a chemical substance derived from lipstatin produced by
Streptomyces toxitricini, inhibited pancreatic and gastric lipases in vitro (Hadvàry et al., 1988,
Borgstrom, 1988) when emulsified tributyrin (Gargouri et al., 1991) or a dicaprin monolayer
(Ransac et al., 1991) were used as substrates. This inhibitor is linked to serine 152 in the case of
pancreatic lipase (Peng et al., 1991).

Three cysteine residues are present in both HGL and DGL. Titration of HGL (Gargouri et al.,
1988) and DGL (Carrière et al., 1991) was performed by incubating the lipase with classical sulfhydryl
reagents such as dithio-nitrobenzoic acid (DTNB), lauroyl thio-nitrobenzoic acid (C12-TNB) or di
(thiopyridine) (4-PDS), and one titrable sulfhydryl group was found to exist per molecule of
enzyme. Further addition of a denaturing agent such as SDS or urea did not increase the number of
modified SH groups. As only the free sulfhydryl group was titrated, it can be concluded that gastric
lipases contain a single disulphide bridge. The modification of the sulfhydryl group was
accompanied by a concomitant loss of gastric lipase activity. It can be concluded that HGL and
DGL possess a sulfhydryl group that seems to be either directly or indirectly involved in their
catalytic activity. Using the monomolecular film technique, it was established that after the
modification of one sulfhydryl group, gastric lipase still binds to films of phosphatidylcholine or
dicaprin. The modification of the sulfhydryl group therefore seems to prevent the access of the
substrate to the catalytic site and not to interfere with the interfacial binding step.

EXPRESSION OF GASTRIC LIPASES

Expression of Gastric Lipases inE. coli

In a preliminary study, HGL cDNA was fused with the maltose binding protein cDNA and
expressed in E. coli. A soluble fusion protein of about 80 kDa was produced, which was recognized
by rabbit polyclonal antibodies, but showed no activity towards triglycerides. Other attempts to
produce soluble HGL were made (Wicker-Planquart et al., unpublished data), using pET plasmids
such as pET 22b(+) plasmid (from Novagen). This vector carries an N-terminal pel B signal
sequence for potential periplasmic localisation. It also contains the natural promoter and coding
sequence of the lac represser (lac I), oriented so that the T7 lac and lacI promoters diverge. This
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vector was used to express HGL in E coli strains: BL21 (DE3) and BL21(DE3)pLysS, which is
lysogenic for λDE3, and carries the T7 RNA polymerase gene under lac UV5 control. In the absence
of IPTG, the lac represser acts both at the lac UV5 promoter by repressing the transcription of the T7
RNA polymerase gene by the host polymerase and at the T7 lac promoter, by blocking the
transcription of the target gene by any T7 RNA polymerase which occurs. HGL expression in this
system was modulated by modifying IPTG addition as well as the E. coli cell culture temperature
during the induction phase. When E. coli cells were grown at 37°C, HGL was mostly produced in
the form of insoluble material (inclusion bodies), whereas when the induction was performed at 15
or 20°C, a soluble protein was produced, that was recognized by anti-HGL antibodies with an
apparent molecular mass of 43 kDa on SDS/PAGE gels. In all the cases tested, however, using the
pH-stat technique, the protein was inactive towards tributyroylglycerol. Similar results have been
obtained with the cDNA coding for DGL (Bénicourt et al., 1993). These data seem to indicate that
the expression of a catalytically active lipase requires glycosylation. Expression experiments were
therefore performed with HGL in eukaryotic systems, with which post transcriptional modifications
of the enzyme such as glycosylation and disulphide bond formation can be performed.

Expression of Human Gastric Lipase in Insect Cells

The baculovirus/insect cell system

Baculoviruses belong to a group of diverse large double stranded DNA viruses that infect many
different species of insects and arthropods, which are their natural hosts. Baculovirus strains are
highly species-specific and are not known to infect any vertebrate hosts. The most extensively
studied baculovirus strain so far is the Autographa californica nuclear polyhedrosis virus (AcNPV).
The baculovirus infection cycle can be divided in two phases: the early phase in which extracellular
virus particles (ECV) sprout from the cell membrane of the infected insect cells, and the later phase,
during which occluded virus particles (OV) are assembled inside the nucleus. The protein polyhedrin
is the main component of the occlusion bodies. This protein, which is expressed in large amounts, is
not essential to the baculovirus life cycle and its synthesis is directed by a strong promoter. It can
therefore be replaced by another gene, such as a gastric lipase gene, and expressed in insect cells.
The gene of interest is transferred to the baculovirus by means of a transfer vector which contains an
E. coli origin of replication as well as an ampicillin resistance gene and identical sequence stretches
to those flanking the polyhedrin gene in the wild type genome. During cotransfection of insect cells
by the baculovirus and the transferred gene, homologous recombination between these sequences
occurs, resulting in a recombinant virus containing the gene of interest (Figure 1).

Expression of recombinant HGL (r-HGL)

Construction and expression of the recombinant baculovirus in insect cells

The gene from HGL was cloned into the baculovirus transfer vector PVL 1392 downstream of the
strong polyhedrin promoter. The recombinant transfer vector was cotransfected with the DNA
baculovirus, BaculoGold virus from Pharmingen. BaculoGold™ DNA contains a lethal deletion and
does not code for viable viruses by itself, but cotransfection with the recombinant transfer vector
restores the deletion and yields a viable virus with a recombination efficiency of pratically 100%.
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The recombinant virus stock was amplified by performing several rounds of growth and a high titer
virus stock solution was harvested. For the expression of recombinant protein, BTI-TN-5B1–4 (or
High Five™) insect cells were used, which were grown in a serum-free Ex-cell™ 400 medium.

Production and purification of r-HGL in tissue culture plates

The insect cells were infected with a multiplicity of infection (MOI) of between 1 and 5. The
amount of HGL accumulated in the supernatant of the insect cells was monitored directly at various
post-infection times by measuring the lipase activity. 

The highest HGL activity, 8 units/ml of cell culture, was recorded 3 days post-infection. r-HGL
was secreted in an almost pure form in the supernatant of insect cell culture media during the first

Figure 1 Construction of HGL recombinant baculovirus
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three days post-infection. From day 3 onwards, the activity decreased slightly with time (Figure 2).
This decrease was consistent with the data available on cell lysis and the proteolytic degradation of
r-HGL. The release of insect cell lysosomal proteases from lysed cells may attributable to the
degradation of r-HGL in the culture medium.

r-HGL was purified in a single step by performing cation-exchange chromatography on SP-
Sepharose (Wicker-Planquart et al., 1996).

Production and purification of r-HGL in bioreactor

Insect cells can be grown in large-volume suspension bioreactors. The possibility of producing the
recombinant protein in a biorector is a great improvement over the use of flasks with monolayer cell
cultures, since the handling of the insect cells is facilitated and large amounts of recombinant protein
can be obtained in this way. The number of insect cells increases two-fold every 18–24 hours in
shaker cultures, as compared with the production time of 28–30 hours in the case of monolayer
cultures. Agitation can easily damage insect cells (Tramper et al., 1986) however, and the
productivity of the system depends greatly on a number of factors, including the cell line (Hink et
al., 1991), the age and condition of the cells at time of infection (Goodwin et al., 1980, Vaugn et
al., 1991), the MOI (Yang et al., 1996) and the number of passages of the virus inoculum (Kool et
al., 1991, Wickham et al., 1991). We have used High Five™ cells, which were reported to be an

Figure 2 Kinetics of the onset of r-HGL activity in the supernatant of insect cells grown in monolayer flasks
infected with HGL recombinant baculovirus. Monolayers of BTI-TN-5B 1– 4 cells were grown in serum free
medium (Ex-Cell™ 400) in 75-ml flasks prior to infection at a MOI=3.1 ml of supernatant corresponds to 5 ×
106 cells
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excellent host for the expression of recombinant proteins (Grossmann et al., 1997), and several cell
infection procedures with the MOI and the host cell density at the time of infection as variables. As
the post-infection addition of glucose can facilitate enhanced recombinant protein production
(Wang et al., 1993a, b), we kept glucose concentration at 3 mg/ml by adding a concentrated
solution every two-days. Two procedures are described below, the one based on a low MOI and a
low cell mass, with which all the viral particles become attached to the cells (which are in great
excess), and the other based on a high cell mass and a high MOI.

Insect cells obtained from Trichoplusia ni, BTI-TN-5B1–4 were grown in suspension and in serum
free medium Ex-Cell™ 400. An inoculum was produced in spinner flasks (INTEGRA Biosciences)
by infecting 600 ml of host cells (2.5 106 cells per ml) with a low viral titer solution (MOI=0.1) of
the recombinant baculovirus, and incubated for 3 hrs before being transferred to a 4-litre working
volume bioreactor (Cytoflow, INCELTECH-France). The cells were then diluted down to a density
of 6 105 cells per ml with fresh medium. In order to prevent the cells from aggregating, 0.1% (v/v)
pluronic F-68 acid (from Sigma) was added to the medium. A constant glucose concentration of 3 mg/
ml was maintained (Figure 3a). The r-HGL production was monitored on-line by measuring the
enzyme activity in 3-ml samples collected from the bulk solution. The cell density and cell viability
were determined using the tryptan blue exclusion method with a Malassez haemocytometer.
Centrifugation was performed at 5000 rpm for 10 min and cell supernatant was collected when
cellular lysis reached 60–70% (Figure 4). With the second procedure, a large cell mass was obtained
after growing the host cells in the 4-litre bioreactor for four days until a cell density of 3 106 cells/ml
was reached and then infecting the cells with a high viral titer solution (MOI=5, Figure 3b).

The recombinant protein yield differs considerably between those two procedures, since the
method which consists of using a low cell density and a low MOI is about 4 times more efficient
than that involving a large cell mass and a high MOI (Figure 4). Under the low conditions, about 8–
20 mg of recombinant HGL (depending on the runs) were harvested in 1.5 1 culture medium on day
6–7 post-infection. The two procedures actually differ not only the initial cell mass and the yield,
but also in the dynamic interactions occurring among the propagating viruses, the cell division
processes, the availability of essential nutrients, and the accumulation of waste metabolites. With
the low procedure, the cell population is doubled at least once after the infection (infected cells do
not multiply). The high productivity obtained under these conditions was directly due to the cells
being infected in a relatively early phase of growth (i.e. in an exponential phase). In addition, with
this method, the virus replication and subsequent horizontal spread of the infection take place in a
better nutritional environment. The low procedure is the more efficient of the two, probably because
in this case the recombinant protein expression is completed before the depletion of nutrients, as
observed by other authors (Caron et al., 1990, Reuveny et al., 1993). On the other hand, with the
high MOI-high cell mass protocol, the infection is performed into an already worked-out medium
(three to four days of culture at high cell density), a rapid arrest of cell growth occurs and the cell
viability decreases. Similar results have been obtained elsewhere by Yang et al. (1996): these authors
developed a serum-free cell culture process using a recombinant baculovirus to infect Trichhplusia
ni insect cells to produce human lysosomal glucocerebrosidase. They developed a model for
predicting the recombinant protein yield based on the key assumption that maximum protein
production was limited by the nutritional value of the medium. Based on this model, it
was predicted that optimum protein expression would be achieved with a 4-day batch process at a
low host cell density at the time of infection (1/10 of the maximum cell density at the end of the cell
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growth) and a MOI of 0.09. Experimental data confirmed the results obtained with this predictive
model.

One of the drawbacks of using of suspension cultures for this purpose is that a high rate of cell
lysis occurs and intracellular proteins are discharged from the insect cells into the culture medium.
During the r-HGL purification procedure, some problems arose due to the strong tendency of these

Figure 3 Growth curve of BTI-TN-5B 1–4 insect cells grown in Ex-Cell™ 400 medium using a 4-litre
bioreactor. (a) The cell culture (2.2×106 cells/ml) was infected at a MOI of 0.1 in a spinner flask for 3 hours,
transferred to a bioreactor and diluted. The cell concentration and residual glucose concentration were
quantified once a day during the bioreactor run. Glucose was added to the bioreactor culture medium on post-
infection days 2 and 4. (b) The cell culture (3×106 cells/ml) was infected at a MOI of 5 in a bioreactor. The cell
concentration and residual glucose concentration were quantified once a day during the bioreactor run.
Glucose was added to the bioreactor culture medium on post-infection days 2 and 3
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lipases to adsorb on hydrophobic surfaces. The decrease in the HGL glycosylation level in the
baculovirus/insect cells system may account for the decrease in solubility of the enzyme. We
observed in some cases that the specific activity of r-HGL decreased in the culture medium after
post-infection day 6. This result suggests that r-HGL might aggregate, since no degradation fragments
were detected in the immunoblotting experiments.

We nevertheless succeeded in purifying r-HGL by performing two chromatographic steps (SP-
Sepharose followed by an anti HGL immunoaffinity column, data not shown).

Biochemical characterization of r-HGL

Recombinant HGL was identified using the Western blotting procedure with rabbit polyclonal
antibodies. The fact that the protein migrated with an apparent molecular mass of 45 kDa under SDS-
PAGE analysis (compared with 50 kDa in the case of natural HGL) indicates that insect cells have
only a limited HGL glycosylation capacity.

The amino acid sequence of r-HGL has been found to resemble that of native HGL (Wicker-
Planquart et al., 1996). The N-terminal protein sequence (LFGKL…) determined from the r-HGL
secreted by insect cells infected with the recombinant baculovirus containing its natural signal
peptide nucleotide sequence indicates that the cleavage site occurs at the expected position, between
Gly -1 and Leu +1, as observed with native HGL. The amino acid sequence of r-HGL was

Figure 4 Production curves of rHGL in Ex-Cell™ 400 medium. The cell culture and infection conditions were
those described in the legend of Figure 3. The activity of r-HGL was measured using a pH stat method in the
supernatants of the culture media of BTI-TN-5B-1–4 cells infected with the recombinant baculovirus at a MOI
of 0.1 (● ) or 5 ( )
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determined up to residue 16. Asn 15 was detected, indicating that this residue is probably not
glycosylated. We were unable to detect any residue at position 15 of native HGL, however, which
suggests the presence of a glycan chain. Lamb pregastric lipase has also been found to be
glycosylated at that position (De Caro et al., 1995). This result confirms that heterologous
recombinant proteins are less glycosylated by insect cells than by mammal cells.

The pI pattern of r-HGL displays three isoforms, with calculated pI of 7.0 (minor band), 7.5 and
8.1. Some heterogeneity therefore existed as the result of glycosylation, although it was less marked
than in the natural form (Wicker-Planquart et al., 1996).

r-HGL was assayed on short-, medium- and long-chain triglycerides. The maximum specific
activities of the r-HGL were 434 (Intralipid™), 730 (trioctanoylglycerol) and 562
(tributyroylglycerol) units/mg (Figure 5, Wicker-Planquart et al., 1996).

POTENTIAL APPLICATIONS

Substitutive Enzyme Therapy

Exocrine pancreatic insufficiency, which occurs, for example, in cystic fibrosis (I/ 2500 children)
always gives rise to two serious problems: malnutrition and steatorrhea. These problems can be
partly solved by the administration of porcine pancreatic extracts (Bénicourt et al., 1993, Lankisch,
1993) as a replacement therapy. To reduce the malabsorption of fat, the enzymes delivered into the
duodenum must amount to 5–10% of the quantities usually present after maximum stimulation of
the pancreas (DiMagno et al., 1973). Under optimum conditions, if no inactivation of the
supplement enzymes occurs in the stomach or duodenum, approximately 30,000 IU of lipase must be
taken with each meal (DiMagno et al., 1982), which corresponds to about 5–10 g of lyophilised
pancreatic powder per day. In the past, preparations of this kind were far from satisfactory, since a
large proportion of the enzymes administered were denatured in the stomach due to the extreme
acidity of the gastric juice. Pancreatic lipase is irreversibly inactivated at pH levels downward of 4.0.
This problem can be partly solved by using enteric-coated microspheric pancreatic preparations. The
lipase activity is released from the microspheres at pH levels of around 5.5. It is necessary to bear in
mind, however, that a considerable loss of activity occurs along the gastrointestinal tract, since only
8% of the exogeneous lipase was recovered in the above study. The lipase was degraded at the
duodenal level by proteases present in the pancreatic extracts.

The use of acidic-resistant lipases should in principle yield more satisfactory results than the
pancreatic preparations currently in use. The co-administration of acidic lipases, which hydrolyse
dietary lipids under acidic conditions, should help to treat patients with various forms of pancreatic
deficiency. Physiological studies have shown that preduodenal lipases are capable of acting not only
in the stomach but also in the duodenum in synergy with a pancreatic lipase (Carrièere et al.,
1993a, 1993b). Various clinical studies have been conducted on both animals and humans to assess
the efficacy of enzymatic replacement therapies using acid-resistant lipases of bacterial origin to
treat exocrine pancreatic insufficiency (Suzuki et al., 1997). Although this treatment significantly
increased the weight and reduced the steatorrhea in dogs, the use of these enzymes is limited because
of their sensitivity to the proteolytic action of gastric pepsin, as well as by legal requirements.

Unlike acidic lipases of bacterial origin, gastric lipases are resistant to digestive enzymes.
Furthermore, they are active on long-chain triacylglycerols, which account for most of the dietary
fat in humans (specific activity of HGL and DGL on Intralipid™: 600 U/mg (Gargouri et al., 1986)
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and950U/mg (Carrière et al., 1991), respectively). r-HGL displays interesting properties, since its pH
optimum was found to be 3.5 on long-chain triglycerides and the recombinant enzyme still shows
100% activity after being incubated at pH 1 for 4 h (Wicker-Planquart et al., 1996).

Figure 5 Effects of pH on the specific activity of natural HGL (upper panel) and r-HGL (lower panel) on
tributyroylglycerol (TC4), trioctanoylglycerol (TC8) and long-chain (Intralipid™) triacylglycerols

 

292 S.CANAAN ET AL.



Acid lipases in the Dairy Industry

Preduodenal lipases are widely used in the dairy industry: crude pharyngeal extracts are able to
impart typical flavours to all sorts of cheeses and cheese-like products (Bech, 1992, Birschback,
1992), and to accelerate cheese ripening. The traditional sources of pregastric lipases are animal
tissues of young ruminants (kid, lamb, calf) which are processed to yield partially purified samples
(liquid extracts, pastes and vacuum- or freeze-dried powders). Each cheese has its own characteristic
flavor, which is mainly due to the amount of a particular type of free fatty acids that are generated
by the action of lipases on milk fat. Thus, free short-chain fatty acids (butyric acid C4:0 and caproic
acid C6:0) are responsible for a sharp, tangy flavour while free medium-chain (lauric acid C12:0 and
myristic acid C14:0) impart a soapy taste to the product. The free fatty acid profile in each cheese
depends to the source of preduodenal lipase used, which has its own particular fatty acid selectivity
(Bech, 1992, Birschback, 1992 and 1994, Ha et al., 1993). For example, lamb (de Caro et al., 1995)
and kid (Lai et al., 1997) pregastric lipase have a very marked specificity for short-chain lipids.
Using synthetic monoacid triglycerides, Lai et al. (1997) showed that the Kcat value of partially
purified goat and kid lipases decreased by at least twofold relative to the value for
tributyroylglycerol hydrolysis for each additional pair of carbon atoms in the carboxylic acid chain,
whereas the Km values for the goat and kid extracts raised by a 16-fold factor when hydrolysing a
C12:0 versus a C4:0 or C6:0 substrate (Km=0.15 mM for the short-chain substrates and 8.2 mM
for the C12:0 substrate). A similar reactivity with natural milk fat triglycerides was also observed
(Lai et al., 1997). Thus, each preduodenal lipase impart its own characteristic flavour profile: a
buttery and slighly peppery flavour (calf), a sharp “piccante” flavour (kid), a strong “pecorino”
flavour (lamb) (Bech, 1992). Kid or lamb pregastric extracts are used in manufacturing Romano,
Domiati and Feta cheeses, calf or kid pre-gastric lipases for Mozarella, Parmesan and Povolone
cheese while a combination of calf gastric lipase and goat pregastric lipase can produce Cheddar or
Provolone cheese (Chaudhari et al., 1971). Cheese flavour is also function, among other factors, on
the composition of milk fat: for example, ovine milk is richer in short- and medium- chain
triglycerides, bovine milk fat is richer in long-chain and unsaturated triglycerides, and caprine milk
fat is the richest in polyunsaturated medium-chain triglycerides (Ruiz-Sala et al., 1996). It is
nevertheless possible to use preduodenal lipases for imitation of cheese made from ewe’s or goat’s
milk. Addition of pre-gastric lipase from goat or kid to bovine milk fat leds to free fatty acid profile
for hydrolysis of the bovine milk fat by goat and kid extract very similar to the one of Parmesan
cheese (Lai et al., 1997). It should be noticed that short-chain fatty acids are available in the highest
proportions at the sn-3 position of bovine milk fat (28.4% C4:0). Goat and kid pregastric lipases
selectively hydrolyze triglycerides at this position. Positional selectivity alone cannot, however,
account for the high concentration of butyric acid observed after hydrolysis by goat and kid lipases
(40 and 42.5%, respectively). One can imagine that recombinant technologies will made available in
the future numerous acid lipases with finely tuned fatty acid specificities.
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SIGNAL TRANSDUCTION AND THERAPY OF PROLIFERATIVE DISORDERS

The correct functioning of cells and tissues relies on the fidelity and precise coordination of
signalling pathways, whose malfunctioning and lack of coordination may originate several diseases,
most notably proliferative disorders, such as cancer. This recognition has opened the way to a novel
approach to disease therapy, based on the inhibition of specific signal transduction pathways. A
potential problem of such an approach concerns its selectivity, since the signal transduction
pathways altered in a specific disease are present also in normal cells. A possible explanation for the
enhanced sensitivity of cells in pathological state has been proposed, at least in the case of cancer
cells that overexpress a specific signal transduction pathway and are often dependent on said
pathway for their survival, possibly because they have lost the redundancy in signal transduction
pathways typical of their normal counterparts.

In principle both universal and selective targets for signal transduction therapy can be envisaged:
the former are targets which are altered in most cancer types, such as protein tyrosine kinases, the
latter can be oncogenes or proto-oncogenes whose alteration is specific to a given tumor type. The
exceedingly low toxicity in animal models of drugs directed towards universal targets indicates that
these can in fact find application for therapy and deserve extensive clinical trials (reviewed in
Levitzky, 1996).

Manipulation of signal transduction pathways for disease management should not be limited to
small molecules, although so far they have been most successful. Antisense nucleotides and RNAs to
signalling molecules and ribozymes can be used as well. An intriguing, novel possibility relies on the



use of proteins able to estinguish or to attenuate signal transduction pathways and will be examined
in closer detail later. Three major types of mutant proteins may be expected in protein involved in
signal transduction pathways: loss of function mutants that are no longer able to exert their role but
do not interfere with the pathway; gain of function mutants which become hyperactivated and
dominant-negative mutants wich down regulate the pathway to which they belong by sequestering
the cognate interacting protein (s). 

Protein engineering may aid in the development of new pharmacological lead compounds, not
only by allowing the unravelling of the molecular mechanisms of pharmacologically relevant targets,
but directly providing potential lead compounds to be used in clinical trials. The major advance of
this approach is that it can be used rationally to design variant proteins with pharmacologically
useful properties: in other words, proteins can be designed—or screened—to fulfill specific needs in
order to alter a given signal transduction pathway. Thus this approach may bypass—or effectively
complement—high throuput screenings by directly providing structural scaffolds to be used as basis
to rationally design molecules interfering with the desired targets.

THE RAS CYCLE AND ITS REGULATORS

A major target for the therapy of proliferative disorders is represented by the ras proto-oncogenes
and their encoded proteins, which are small guanine nucleotide binding proteins acting as molecular
switches in cell proliferation and signal transduction (Barbacid, 1987). In humans three major ras
genes exist, H-ras, K-ras and N-ras. Each of the ras-encoded protein, which we will refer to collectively
as p21ras, can work as an oncoprotein upon mutational activation. Activated ras genes have been
found in a great variety of human tumors. The highest incidence of ras mutations can be found in
pancreas (90%), colon (50%) and lung (30%) adonocarcinomas, as well as in thyroid tumors
(50%) and myeloid leukemias. Ras proteins undergo an extensive series of post-translational
modification at their C-terminal tails which increase protein hydrophobicity and result in ras
association with the inner face of the plasma membrane. Such modifications include farnesylation of
cys186 (catalyzed by farnesyl transferase) wich is followed by proteolytic removal of three residues
downstream of cys186 and methylation of cys186 carboxyl group. These post-translational
modifications are required for ras transforming activity.

Within cells, ras proteins exist in either a GTP• or a GDP•bound form. The protein is in its “on”
state when it is bound to GTP and in its “off” state when it is bound to GDP. Analysis of the GDP•
and GTP•bound forms by X-ray cristallography and—more recently—by NMR has shown that
their conformation differs mainly in the region spanning residues 30–38 and 60–76 (switch I and
switch II regions). Ras proteins are endowed with a low intrinsic GTPase activity and like all
GTPases can go through a cycle of reactions, summarized in Figure 1. Oncogenic version of p21ras

are found mostly in the GTP•bound form either because of a reduced GTPase acivity or because of
an increased GDP/GTP exchange. The level of the active, GTP•bound form results from the balance
of the competing activity of GTPase Activating Proteins (GAP) and Guanine nucleotide Exchange
Factors (GEF) (reviewed in Bollag and McCormick, 1991; Feig, 1994; Lowy and Willumsen, 1993;
Boguski and McCormick, 1993).
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GAP

P120-GAP isolated in Xenopus oocytes and mammalian cells has been the first vertebrate protein
shown to regulate ras activation state. It is a ubiquitous, soluble polypeptide of 1047 residues
endowed with a potent catalytic activity able to stimulate ras intrinsic GTPase activity up to 5
orders of magnitude. All ras wild type isotypes are sensitive to GAP action, while some oncogenic
forms are no longer affected by GAP binding. Later, other proteins with GAP-like activities have
been isolated, such as neurofibromin (NF1), Gap1m, IQ-GAP and GAPIII. Different regulatory
mechanisms of GAP activity of these molecules, together with their different structural organization
and tissue-specificity may contribute to fine tune ras charging. All GAPs share a ca 350 aminoacid
long catalytic domain, often referred to as GRD (GAP Related Domain) whose three dimensional
structure has recently been solved by X-ray cristallography (reviewed in Wittinghofer et al., 1997).
Among GAP-like molecules NF1 is particularly interesting, since its encoding gene is inactivated in
neurofibromatosis, an autosomically dominant disease characterized by an high frequency of both
benign and malignant tumors. Cell lines derived from tumor Schwann cells and devoided of NF1
activity, display an elevated ras•GTP level despite the presence of p120-GAP, showing that NF1 acts
as an anti-oncogene and that p120-GAP alone is not enough in these cells to down-regulate ras.

GEF

The prototypes of ras-specific GEFs are the products of the yeast CDC25 gene (Martegani et al.,
1986; Camonis et al., 1986) and its close homolog SDC25 (Damack et al., 1991), the first molecule
of this class for which a GEF activity was shown (Crechet et al., 1990). In mammalian cells two ras-
specific GEF classes have been identified. One class—whose cDNA was originally isolated by

Figure 1 The ras cycle
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functional complementation of a cdc25 mutant of Saccharomyces cerevisiae—has been called
CDC25Mm and is mostly brain-specific (Martegani et al., 1992; Ferrari et al., 1994: Wei et al.,
1993). CDC25Mm homologs have also been isolated from rat (Shou et al., 1992) and man
(Schweighoffer et al., 1993; Wei et al., 1994). A second related gene has been isolated from mouse
(Fam et al., 1997). Immunological and sequence data derived from EST projects indicate that other
proteins of the same class may exist, but whose role and specificity still needs to be addressed (see for
instance Tung et al., 1997). The other class—Sos-GEF—has been isolated on the basis of homology
with the Son of Seυenless gene of Drosophila (Simon et al., 1991) and is expressed ubiquitously.
Both GEFs are large, multidomain proteins, with a widely different structural organization
(Figure 2). In the brain-specific GEF CDC25Mm, the catalytic domain is carboxy-terminal and has
been mapped to the last 256 residues (Jacquet et al., 1992; Coccetti et al., 1995), whereas the Sos
catalytic domain is located in the central part of the molecule, the tail being a proline-rich domain
(Chardin et al., 1993). The two catalytic domains are approximately 35% identical (70%
homologous). The differences in structural organization appear to reflect the involvement in different
signal transduction pathways.

THE RAS SIGNAL TRANSDUCTION CASCADE

Sos-GEF has been shown to work downstream of tyrosine kinase receptors. After ligand/receptor
interaction, Sos binds to the receptor via interaction of its carboxyl terminal proline-rich domain
with the SH3 domain of the adaptor protein grb2. Receptor binding of the grb2/Sos complex may
be direct or mediated by phosphorylated Shc (Buday and Downward, 1993; Li et al., 1993; Rozakis-
Adcock et al., 1993; Feig, 1994). Following Sos-GEF recruitment in the membrane, the Mitogen
Activated Protein (MAP) kinase cascade is activated, whose first element is raf-1 (reviewed in
Downward, 1997). The signal transduction pathway in which CDC25Mm is involved is less well
defined. Available data suggest that this GEF may interact with trimeric G proteins (Van Biesen et
al., 1995; Zippel et al., 1996). Recently it has been shown that upon stimulation of muscarinic
receptors by carbacol, phosphorylation-dependent activation of CDC25Mm takes place (Mattingly
and Macara, 1996). Both classes appear able to respond to changes in Ca++ levels (Farnsworth et
al., 1995; Buchsbaum et al., 1996; Freshney et al., 1997). A role for CDC25Mm in synaptic
transmission and long-term memory has recently been proposed on the basis of biochemical,

Figure 2 Modular structure of eukaryotic GEF
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physiological and genetic data (Sturani et al., 1997; Brambilla et al., 1997). Deregulated expression
of both GEF classes has been shown to be transforming in different experimental systems (Barlat et
al., 1993; Zippel et al., 1994; Egan et al., 1993). A simplified view of the current view of the
regulation of the ras cycle is reported in Figure 3.

THERAPEUTIC TARGETS IN THE RAS CYCLE

Ras Proteins and their Processing

So far different possible targets in the ras cycle have been explored for therapeutic intervention.
Much effort has been directed in altering correct ras subcellular localization, a mandatory
prerequisite for ras function. Different classes of farnesyl transferase inhibitors have been isolated
and are currently under different stages of pharmacological study. Although ras is not the only
important protein to undego farnesylation, some farnesyl transferase inhibitors reduce tumors in
animal models down to undetectable size, with little or any toxic side-effect even after months takes
place of treatment. Molecular evidence suggests that reversion of ras-transformed cells takes place
by a complex mechanism that involves regulation of the actin cytoskeleton, possibly interfering with
rho activity (Prendergast et al., 1994; Lebowitz et al., 1995). Interestingly it has been shown that
farnesyl transferase inhibitors are able to revert some hyperplastic phenotypes induced by NF1 loss
(Kim et al., 1997).

Figure 3 A simplified view of the Ras/MAPK signal transduction cascade and the putative point of action of
GEF-DN

 

INHIBITION OF RAS-DEPENDENT SIGNAL TRANSDUCTION 301



Prenylated proteins can be subjected to palmytoylation, COOH-terminal proteolysis and
methylation. Recent studies in yeast have shown that RAS proteins mislocalize to the interior of the
cell in strains lacking the two specific processing proteases RCE1 and AFC1 required for processing
of farnesylated RAS. Loss of proteolysis reduces but does not eliminate RAS function in the mutant
strains, which in fact remain viable. Thus these studies suggest that the prenylprotein-specific
protease and methyl transferase may be good targets for the development of anti-tumor drugs
(Boyartchuck et al., 1997).

Upstream Effectors: Grb2

As an example of upstream targets, we can mention results obtained with mutant Grb2 proteins,
adaptor molecules connecting activated tyrosine kinase receptors to Sos-GEF. A Grb2 isoform
lacking its receptor binding SH2 domain has been shown to act as a dominant negative mutant over
wild type Grb2 and, by suppressing proliferative signals, to trigger active programmed cell death
(Fath et al., 1994) while a form lacking the NH2-terminal SH3 domain has been shown to induce
reversal of the transformed phenotype caused by the point mutation-activated rat HER-2/Neu (Xie
et al., 1995).

Downstream Effectors: the rafl/MAP Kinase Cascade

A synthethic MAP kinase kinase inhibitor has recently been described (Alessi et al., 1995) which has
been shown to reverse the transformed phenotype induced by ras overexpression (Dudley et al.,
1995), as well as NGF-induced differentiation of PCI 2 cells (Pang et al., 1995).

Ras Interacting Proteins: GAP and NF1

The search for therapeutic agents able to down-modulate the ras signallling pathway has also started
to explore both upstream and downstream elements. A first series of results shows that peptides
containing consensus sequences defining a ras-binding domain within neurofibromin, a GAP-like
molecule whose encoding gene is inactivated in neurofibromatosis, an autosomically dominant disease
characterized by an high frequency of both benign and malignant tumors, are able to block ras
activity in vitro and in vivo (Clark et al., 1996).

Ras-interacting Proteins: GEF

Deletion mutants

GEF are large multidomain proteins, so that different mechanisms may be used to generate
interfering mutants. Tipically deletion mutants lacking the catalytic domain are expected to
downregulate the ras pathway by making non-productive interactions with upstream effectors.
Mutants of this kind have been described both for Sos-GEF and CDC25Mm. Sos molecules lacking
the catalyic domain have been shown to specifically inhibit insulin-induced ras activation in
mammalian fibroblasts (Sakaue et al., 1995). More recently overexpression of Sos PH domain has
been shown to have a pronounced dominant-negative effect on serum induced activation of the ras
pathway (Chen et al., 1997). In a similar way it could be shown that overexpression of a truncated
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version of CDC25Mm lacking the COOH-terminal catalytic domain was able to effectively reduce
serum- and LPA-induced ras activation, while having no effect on ras basal activity (Zippel et al.,
1996).  

Point mutations within the GEF catalytic domain

Understanding the mechanism by which GEF activates ras is of paramount importance not only for
unravelling the biochemical basis of ras-mediated signal transduction (Polakis and McCormick,
1993), but also as an aid in designing novel molecules able to interfere with ras signalling. In the
absence of any three dimensional structure for ras-specific GEF, initial mutagenic efforts of
mammalian GEF have been based either on systematic approaches, on sequence homology data or
on functional screening in the yeast S. cerevisiae.

The properties of the three major types of mutant proteins may be expected in ras-GEFs (loss of
function, gain of function and dominant negative) are summarized in Table 1. Mutants of each class
have been obtained by different groups within the catalytic domains of different ras-specific GEFs
and will be described below. Particular emphasis will be given to results obtained from our
laboratories.

Loss of function and gain of function mutants

By using alanine scanning mutagenesis on the human grf55, the human homolog of CDC25Mm,
different loss of function mutants have been isolated. On the basis of two hybrid and functional
complementation experiments of cdc25 mutants different regions of the catalytic possibly involved
in GEF function were identified (Camus et al., 1995). Other mutants have been isolated in yeast
CDC25 GEF on the basis of allele-specific suppression of mutants in the RAS protein-encoding
genes (Park et al., 1994, 1997).

Table 1 Properties of mutants in the catalytic domain of ras-specific GEF

a May be temperature sensitive
b Non catalytic
c May reduce growth rate or even abolish growth
d May inhibit basal and stimulated level of activity
e Overexpression of wild type GEF induce tumor formation (+) , which may be increased in gain of function
mutants (++) , or lost in loss of function mutants (-) . Overexpression of a dominant negative mutant in a ras-
transformed cell reduce growth rate and restores normal phenotype (– – –).
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We have so far isolated and characterized nine mutants, mapping at three different positions
within CDC25Mm catalytic domain (Vanoni et al., submitted; unpublished results from our
laboratory). Although most mutants were catalytically inactive, we could isolate both one gain of
function and one dominant negative mutant. Mutants obtained in our laboratory have been
analyzed by a combination of techniques. GEF activity was scored in vivo in both yeast—using
complementation of S.cerevisiae cdc25-lts mutants—and mammalian cells—by scoring tarns-
activation of a ras-responsive/os-luciferase reporter gene—and in vitro, by testing GEF activity using
purified mutant GEF and ras proteins, as well as interaction with ras by means of a competition
assay and biomolecular interaction analysis (BIAcore) experiments. The dominant-negative mutant
has been characterized further in terms of focus and tumor formation. Results obtained with
different assays were found to agree in most cases, although a few exceptions were found. These
differences may reflect not only different intrinsic sensitivities of each assay, but also depend on several
other factors including solubility and stability of the purified proteins, differences in expression
levels and presence of stabilizing proteins in the in vivo assays. Such differences have to be taken
into account when comparing results from different laboratories.

One of our most interesting result was finding both a loss of function and a gain of function
mutant by mutating the same amino acid position. We will refer to these mutants as CDC25Mm-LF
(for Loss of Function) and CDC25Mm-GF, (for Gain of Function) respectively. Mutant CDC25Mm-
LF was inactive in both the yeast complementation assay and in the fos-luciferase assay in
mammalian fibroblasts. Mutant CDC25Mm-GF complemented the cdc25 mutation as efficiently as
the wild type and displayed a ras-dependent fos-luciferase activity significantly higher than the wild
type molecule. When this mutation was reintroduced into the full length molecule a similar if not
stronger effect was observed. In fact both mutant and wild type proteins show the same pattern of
dose-response curves, but maximal activity of the CDC25Mm-GF mutant was obtained at lower
doses.

By using a sensitive dissociation assay using fluorescent nucleotides it could be shown that the
CDC25Mm-LF mutant was not completely inactive, but rather exceedingly thermolabile. On the
contrary mutation of the same residue in mutant CDC25Mm-GF increased the thermostability of the
mammalian GEF, since nearly full GEF activity was retained even after pre-incubation for 15 min at
40°C, conditions which almost completely inactivate the wild type protein. GEF activity in the two
mutants was affected in opposite ways: CDC25Mm-GF is approximately 2 times more active than
wyld type, which on its turn is approximately 3 times more active than CDC25Mm-LF. Biacore
experiments showed that the KD for the dissociation of the ras/GEF complex in the CDC25Mm-GF
mutant was slightly reduced (ca 30%) when compared to the wild type, while that of the CDC25Mm-
LF mutant was about 2.5– 3 times higher. Qualitatively the differences in KD of the mutant GEF/ras
complexes parallel the differences in activity seen both in vivo and in vitro. The complex catalytic
GEF cycle makes it difficult to state whether the observed alterations in KD represent the only
biochemical difference between wild type and mutant GEFs. 

Dominant negative mutants

One example of a dominant negative molecule within the GEF catalytic domain of the yeast GEF
CDC25 has been reported. The authors showed that the mutant protein showed reduction in growth
rate in yeast strain which could be reversed by RAS2 overexpression. They also showed that the
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protein could bind RAS2 in vitro but was catalytically inactive. No data are available regarding its
ability to downregulate ras signalling in mammalian cells (Park et al., 1997).

We have been able to identify a dominant negative mutant in the CDC25Mm molecule
(unpublished results from our laboratory). We will refer to this mutant as CDC25Mm-DN (for
Dominant Negative). The CDC25Mm-DN mutant was almost completely inactive in the standard
exchange and dissociation assays. When added at equimolar concentration with ras it promoted
non-catalytic dissociation of bound nucleotide, but no exchange. Once formed the binary complex
between the mutant GEF and p21ras remained completely stable and could not be displaced by a 10
fold excess of wild type GEF. Within the current view of the ras/GEF exchange cycle, this finding
implies that the mutant DN protein acts efficiently in dissociating the ras-bound nucleotide, “freezing”
ras in the nucleotide-free conformation resulting in a very stable ras/GEF binary complex, possibly
because of a higher affinity of the mutant GEF for nucleotide-free ras.

On this basis it was predicted that the CDC25Mm-DN protein could titrate out ras in vivo, thus
efficiently downregulating the ras signal. Preliminary experiments with the fas-luciferase assay were
consistent with this hypothesis, since overexpression of the full length CDC25Mm-DN mutant in
PDGF-stimulated NIH3T3 cells, reduced luciferase activity below control in a statistically
significative manner. Later experiments confirmed and extended this observation. A construct
expressing the reconstructed full length mutant CDC25Mm-DN gene was stably transfected in K-ras
transformed NIH3T3 fibroblasts. Expression of the mutant reverted the phenotype of the K-ras
transformed NIH3T3 fibroblasts back to wild type phenotype. CDC25Mm-DN expressing cells
showed in fact flat morphology and regained anchorage dependent growth. Preliminary experiments
indicated that these clones also display dramatically attenuated tumor-forming ability in a nude
mice model compared to mock-transfected k-ras transformed fibroblasts.

FUTURE DIRECTIONS

On the basis of the results summarized in the previous paragraph, the DN mutant GEF may
represent the prototype of a new class of pharmaceutical compounds specifically interfering with the
ras cascade, the rational being that the mutant GEF molecule can efficiently down-modulate the ras
cascade by sequestering intracellular ras in the inactive nucleotide-free state. The most effective
molecule so far identified is the 1260 aa-long, whole length molecule: thus gene therapy would be
the most obvious choice for delivery of the dominant negative GEF. Recently a report of gene
therapy which makes use of a dominant-negative ras allele which block the ras cascade to reduce
ballon-induced hyperplasia has benn published (Indolfi et al 1995).

The ras/GEF interfaces have not been identified yet. Mutational analysis has identified sites on ras
which define a possible interaction surface, but very few informations are yet available regarding the
complementary GEF surface. Con-ventional molecular genetic analyses, as used here and in other
reports, are starting to shed some light on the GEF residues involved. Also, powerful new genetic
tools are now available to directly select either for mutational events disrupting protein/ protein
interactions—thus highlighting residues playing major roles in the energetics of binding—or for
(macro)molecules interfering with binding (Vidal et al., 1996). It is expected that these studies may
help in designing peptides with interfering capability which, once obtained, might be used as
templates in the design of peptidomimetics with enhanced pharmacological properties, whose design
might be greatly improved by the powerful techniques of combinatorial chemistry.
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The availability of the three dimensional structure of a GEF, alone or in complex with ras, would
greatly aid in rational design of drugs interfering with the formation of the ras/GEF complex. The
ras/GEF interface is likely to be quite large. Nevertheless, it is quite likely that only a subset of
actual contacts contribute significantly to the energetics of binding, (see for instance Wells, 1996
and references within). Our own results indicate that minimal perturbation of the GEF structure
may have dramatic effects on its functionality. So in this light it should not be impossible to find
small molecules able to interfere either with ras/GEF binding or with GEF catalytic action. It is
interesting to note in this respect that antibiotics inhibiting guanine nucleotide exchange on protein
synthesis elongation factor Tu and the sensitivity of the molecule to its GEF have been reported and
characterized (Anborgh et al., 1993).
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INTRODUCTION

In the last decade, advances in molecular biology and protein engineering have greatly altered the
way pharmaceutical companies screen for new drug candidates. These new tools have allowed for
the production of large quantities of proteins to be used as targets in high-throughput screens (HTS)
of small organic molecules or of very large biologically generated peptide libraries. Target proteins
that have been traditionally of interest can be broadly classified as either enzymes or receptors. Of
these, cell surface receptors have proved to be targets that mediate the actions of many established
pharmaceuticals. Based on our interests, we have developed new protein engineering techniques to
specifically facilitate the HTS of a subset of these proteins, type I membrane and G-protein coupled
receptors.

Type I membrane proteins constitute a family of proteins that include receptors for growth
factors, cytokines, and cell adhesion molecules. These proteins contain three functional regions: (i) a
rather large N-terminal extracellular domain which is responsible for binding the natural ligand or
counter-receptor, (ii) a single transmembrane domain, and (iii) an intracellular domain which can be
important for the initiation of signal transduction subsequent to ligand activation. The natural
agonists for these receptors are large, often multi-subunit, proteins that can be either soluble or
membrane bound. These ligands recognize regions within the extracellular domain (ECD) of the
receptor and cause dimerization or other physical changes in the receptor to begin a signal
transduction cascade. Soluble forms of the ECDs of many of these receptors occur naturally or can



be produced by recombinant techniques (Rose-John and Heinrich, 1994). In many cases, these soluble
ECDs retain their ability to bind their natural ligand.

G-protein coupled receptors constitute a large family of cell surface proteins that interact with
various types of hormones and transduce a cellular signal. These receptors are also known as
serpentine or 7-transmembrane receptors (7TMRs) because they transverse the cell membrane seven
times. The N-terminal portions of these proteins are expressed on the extracellular surface of the
cell and range in lengths from several hundred to as few as seven amino acids. The types of natural
ligands that bind these receptors also range from large proteins, such as the heterodimeric
glycoprotein hormones with molecular weights of approximately 30,000 Da, to small molecules like
the biogenic amines with sizes of about 150 to 200 Da. The binding sites for these ligands can be
found on the extracellular  domain or in regions within the transmembrane domains, and after
ligand binding, intracellular portions of the receptors interact with various G-proteins to begin the
signal transduction cascade. Some members of this receptor family can be activated by substances that
are not typically thought to be receptor ligands. Specifically, changes in extracellular calcium levels
are signalled to some cells by binding of Ca++ or other polyvalent ions to the calcium-sensing
receptor (Brown et al., 1993). Other TTMRs are activated after proteolytic cleavage of their N-
termini. For example, thrombin recognizes and cleaves the first 41 amino acids of a specific 7TMR,
and the newly-formed N-terminus binds to and activates other regions within the receptor (Vu et
al., 1991). Since the biologically active regions of these receptors are found throughout the protein,
the study of TTMRs has been historically done using membrane or cell preparations from tissues or
cell lines naturally expressing these proteins. Recently, G-protein coupled receptors have also been
expressed recombinantly in heterologous host cell lines. Most often, the recombinant receptors
retain their expected pharmacology and functional activity.

We have recently developed two methods for the production of these two classes of cell surface
receptors to specifically increase the efficiency of drug discovery efforts (Whitehorn et al., 1995;
Koller et al., 1997). Both of these techniques are similar; novel expression vectors have been
designed (Figure 1) to engineer a generic antibody epitope tag into the proteins, and cells expressing
large amounts of the receptors of interest can be selected using a fluorescent-activated cell sorter
(FAGS). Because these procedures are rapid and generic, we have successfully made reagents for a
large number of receptor targets for HTS. The purpose of this chapter is to review the two methods
and illustrate their uses in drug discovery.

TYPE I MEMBRANE RECEPTORS

Soluble ECDs of type I membrane receptors are often used to study receptor-ligand interactions. In
addition, soluble receptors have decided advantages over their native counterparts for drug
discovery research. The ability to produce large amounts of homogeneous receptor reagents greatly
facilitates the development of efficient drug screening assays. In addition, information derived from
structural studies of purified soluble receptors may allow the rational design of drug candidates.
Typically, these reagents have been generated using a recombinant, genetic engineering approach by
inserting a stop codon into the receptor cDNA sequence immediately upstream from the predicted
transmembrane domain sequence. When the gene is expressed in mammalian cells, the ECD is
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secreted into the extracellular media. We have developed an alternative method of producing soluble
ECDs which employs a strategy in which DNA encoding the ECD is fused to DNA encoding a
signal sequence of a protein which is normally found on the cell surface in phospha-tidylinositol
glycan (PI-G) linked form (Lin et al., 1990; Whitehorn et al., 1995). The signal sequence directs the
expression of the ECD to the cell surface where it is found linked through a PI-G moiety. The ECD
can then be released in soluble form by treatment of the cells with the enzyme, PI-PLC. Because the
sequences that direct the cell surface anchorage are common for every R-ECD fusion, they provide a
common epitope that is recognized by a high-affinity antibody. Cells expressing high levels of ECDs
can be identified, FACS-sorted and cloned. After cleavage with PI-PLC, the soluble ECDs can be
purified, labeled and manipulated in a number of useful ways that enhance the value of these
receptors in drug discovery research. Figure 2 shows a schematic representation of the steps involved
in isolating a cell line expressing high levels of membrane-bound receptor ECD and enriching for
and immobilizing soluble ECD.

Receptor Cloning

A generic expression vector, α+KH (Figure 1 A), has been developed for subcloning of R-ECDs
sequences upstream from and in-frame with the PI-G signal sequences of human placental alkaline
phosphatase (HPAP), a protein that is normally expressed in a PI-G-linked form. The plasmid
contains an SRα promoter (Takebe et al., 1988) to drive the synthesis of the recombinant protein
and the neor gene encoding a protein that confers resistance to the mammalian antibiotic, G418.
The plasmid has been engineered such that the expressed protein will also contain the “kemptide”
sequence, LRRASLG, immediately before the HPAP-derived amino acids. This sequence can serve as
a substrate for protein kinase A (PKA) and therefore, facilitates the site-specific radiolabeling in
vitro of soluble R-ECDs. 

The polymerase chain reaction (PCR) provides a facile route to editing and then cloning the
sequences of genes coding for cDNAs of the R-ECDs. Oligonucleotide primers are synthesized which
correspond to the 5′-sense and 3′-antisense strands of the cDNA. The 5′ primer includes a unique
restriction site at the 5′ end of the oligonucleotide to facilitate directional cloning into the
polylinker, which is followed by a-3 purine, the initiation Met codon and approximately 20
additional bases of homologous downstream sequence. The 3′ primer contains a different unique
restriction site for cloning, the stop codon and about 20 bases of upstream coding sequence from the
R-ECD. Only five cycles of PCR are used to edit cloned cDNAs in plasmids, and in our experience,
any sequence errors were located predominately in the primer homologous regions. Primers as
described above have also been used to clone R-ECDs from RNA sources using RT-PCR (Kawasaki
et al., 1988). Following sequence confirmation of the cloned cDNA, the expression plasmids are
transfected into host mammalian cells, typically CHO cells, via electroporation.

Isolation of ECD-expressing Cell Lines and Soluble ECDs

After transfection, the cells are selected for approximately 10 days in G418. The R-ECD is expressed
on the cell surface as a chimera of the R-ECD sequence and a small 20 amino acid sequence from
HPAP and linked to the membrane via a PI-G lipid anchor. We have produced a high-affinity
antibody, mAbl79, which recognizes an epitope, CLEPTYACD, within the HPAP-derived sequence
on the C-terminus of the R-ECD chimera. As shown schematically in Figure 2, the level of receptor
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expression varies greatly in the G418-resistant population of transfected cells. To identify the
highest receptor-expressing cells, we have used fluorescently-labeled mAbl79 and the FACS to clone

Figure 1 Expression plasmids for cloning epitope tagged receptors Receptor cDNAs of interest are subcloned
into the appropriate vector using restriction sites within the polylinker. The resultant plasmid is linearized by
digestion with Seal and transfected into CHO cells as previously described (Whitehorn et al., 1995). (A) PI-G
linked-receptor plasmid, α+KH. Using cloning sites of the polylinker, the carboxy terminus of the R-ECD is
fused to the kemptide sequence (LRRASALG), a alanine-alanine linker and the carboxy terminal 46 amino acid
sequence of human placental alkaline phosphatase to form the following C-terminal sequence (Kemptide/HPAP):
LRRASLGAACLEPYTACDLAPPAGTTD* AAH-23 amino acids-TAP. The epitope for mAb179,
CLEPTYACD, is retained in the resulting protein fusion after the PI-G linkage is formed at the D* residue. (B)
7TM-receptor plasmids: α-12CA5-KH for expression of TTMRs with short N-terrmnal extracellular domains;
α+T8– 12CA5-KH for expression of 7TMRs with signal sequences. The cDNA sequence of the full length 7TMR
is subcloned into the polylinker. For α+12CA5-KH, the endogenous starting methionine is replaced with a
methionine from the vector followed by the nine amino acid HA-tag sequence, YPYDVPDYA. For α+T8–
12CA5-KH, the endogenous starting methionine and signal sequence are replaced with the methionine and T8
signal sequence followed by the HA-tag. G418r, gene encoding the resistance to the mammalian antibiotic,
G418; SRα, mammalian cell promoter (Takebe et al., 1988); HA-tag, sequence encoding the antibody 12CA5
epitope; T8, sequence encoding the T8 signal sequence; Ampr, gene encoding the resistance to bacterial
antibiotic, ampicillin; Fl (+) ori and pBR ori, origins of replication for growth of plasmid in bacteria 
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single cells. These cells are allowed to expand, and the colonies are reanalyzed for receptor
expression. After several FACS analyses, the highest expressing clone is chosen for further analysis.
In general, the intensity of mAbl79 staining of isolated clones correlates well with the number of
binding sites for the natural ligand present on the cells.

To isolate soluble R-ECD, the chosen CHO clone is expanded and grown in a large 15 to 36 liter
bioreactor. The cells are then collected, washed in serum-free medium, and concentrated. The R-
ECD is removed from the CHO membrane by treatment with PI-PLC. The efficiency of this process
can be monitored using FACS analysis. Figure 3 shows that treatment of cells expressing the ECD of
intracellular cell adhesion molecule (ICAM) with PI-PLC removes greater than 90% of the receptor
protein from cell surface. This procedure yields a concentrated preparation of active receptor with
only low levels of contaminating proteins from the cells or the medium (see Figure 2). After PI-PLC
cleavage from the cells, the mAbl79 epitope remains fused to the R-ECD and provides a useful, generic
tag. Affinity chromatography has been used for further purification of the receptors; the R-ECDs
can be isolated at greater than 90% purity by a single pass over an mAbl79 affinity column. Growth
of R-ECD-expressing cells in 36 liter stirred-tank bioreactors followed by PI-PLC cleavage and
purification has resulted in a typical yield of 1 mg R-ECD per 1010 cells (5–10 mg per 36 liter reactor). 

Figure 2 Schematic representation of the production, isolation and immobilization of soluble R-ECDs from
type I membrane receptors. G418-resistant population of transfected cells are selected for high receptor
expression by labeling with FTTC-conjugated mAb179 and sorting with the FAGS. The clonal cell line is
treated with PI-PLC to remove cell surface R-ECD. The isolated soluble receptor retains the epitope for
mAb179; therefore, a high density array of active receptor can be immobilized by capturing on plates passively
adsorbed this antibody
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Characterization and Use of Soluble ECDs

Once a soluble preparation of a R-ECD is obtained, it is characterized for biological activity by
measuring binding of the natural ligand. The affinity of mAbl79 for the epitope is sufficiently high
that the receptors are efficiently captured by passively immobilized antibody. In Figure 4, typical
results from experiments of this type are shown using the interleukin-2 (IL2) αR-ECD. Competition
binding assays were performed with the CHO clonal cell line expressing the IL2αR-ECD on the cell
surface via a lipid anchor (Figure 4A) and with the soluble R-ECD immobilized by mAb179
(Figure 4B). These results illustrate that the affinity of IL2 for the R-ECD is approximately 14 nM in
both systems. Therefore, cleavage of the recombinant R-ECD from the cell surface does not alter the
binding capacity of the protein, and the interaction of the R-ECD with mAbl79 does not negatively
affect the binding of the natural hormone. We have expressed several dozens different receptor
subunit ECDs in this manner, and in all cases the antibody, either in solution or immobilized, binds
to the receptor without blocking the binding of the natural ligand.

Receptor ECDs prepared as described here are particularly useful in the screening of libraries of
recombinant peptides and synthetic, combinatorially assembled  compounds. Screening recombinant
peptide display libraries requires that the target molecule be immobilized at a high density and in
active form to capture the displayed peptides. The binding characteristics of immobilized mAb179
satisfy this requirement. Over 20 immobilized R-ECDs have been used to screen a large selection of
recombinant peptide libraries (Cwirla et al., 1990; Cull et al., 1992). We have successfully identified

Figure 3 FAGS analysis of intracellular cell adhesion molecule (ICAM)-ECD expressing CHO cells. Cells are
incubated with FITC-labeled mAb179 for 30 minutes at 4°C and analyzed by FACS. Cells expressing the ECD
of ICAM (black) have a mean peak channel fluorescence of 1222. After treatment of the cells with PI-PLC for
one hour, the R-ECD is removed from the cell surface and the mean fluorescence intensity of these cells (striped)
is reduced to 69. Antibody staining of untransfected CHO cells (white) is shown as a negative control (mean
fluorescence=2.6)
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Figure 4 Ligand binding activity of IL2αR-ECD. Binding experiments were performed on CHO cells expressing
IL2αR-ECD linked to the cell surface via the PI-G anchor (A) and on soluble IL2αR-ECD immobilized onto an
assay plate by capture with mAbl79 (B). The receptor preparation was incubated at 4°C for two hours with
125I-IL2 in the presence or absence of various concentrations of unlabeled IL2. Unbound radioligand was
removed by aspiration. Non-specific binding was defined by addition of 1 µM IL2 
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peptides in the range of 12 to 20 amino acids that can specifically bind to a target receptor and have
a desired biological activity. Specifically, peptide antagonists have been identified for the type I
interleukin-1 (IL-1) receptor (Yanofsky et al., 1996) and E-selectin (Martens et al., 1995). In
addition, small peptide agonists have recently been developed for the erythropoietin (Wrighton et
al., 1996) and thrombopoietin (Cwirla et al., 1997) receptors.

Peptide families that interact with the above receptors were first identified by screening RPD
libraries on a high density array of immobilized R-ECD. However, peptide ligand optimization was
facilitated by screening analog libraries with labeled purified receptor. Specifically, R-ECDs have
been phosphorylated on their kemptide sequence with 32P using PKA and γ-32P-ATP used to detect
the binding of peptide ligands immobilized on a nitrocellulose filter (Yanofsky et al., 1996). Since
this receptor-ligand interaction is monomeric, this screening strategy identifies only the highest
affinity ligands. Labeled soluble R-ECDs have also been used to screen synthetic, combinatorial
libraries of compounds displayed on beads. MAb179 labeled directly or complexed with secondary
reagents has provided a simple means of tagging soluble receptors with fluorescent, chromogenic,
chemiluminescent, or other detectable groups. High affinity peptides containing non-natural amino
acids have been identified by isolating R-ECD/bead complexes by the FACS. In general, the result of
these types of more stringent secondary screening formats is the identification of higher affinity
receptor ligands.

Finally, purified soluble R-ECDs bound to hormone or peptide agonists (Vos et al., 1992; Vigers
et al., 1997; Livnah et al., 1996) and antagonists (Shreuder et al., 1997) have been sucessfully used
in x-ray crystallography studies to elucidate the 3-D structure of the receptors. These results have
provided critical information for the rational design of small molecule agonist or antagonists for
type I membrane receptors. Proteins produced in the manner described here could potentially serve
as a source of soluble R-ECDs for use in these types of studies.

7-TRANSMEMBRANE RECEPTORS

7TMRs are often studied by subcloning the cDNA of the protein of interest into an expression
vector which, when transfected into mammalian cell lines, allows for the expression of the receptor
on the cell surface. Clonal cell lines expressing 7TMRs are usually identified from an enriched
population of transfected cells by screening a relatively small number of randomly isolated clones
for receptor expression. This process has a number of drawbacks. It does not allow for the selection
of the most stable cell lines or of those with the highest receptor density. In addition, it requires a
specific reagent, such as a radioligand or an antibody, for each receptor. To develop a robust and
generic expression system for 7TMRs, we have utilized the nine amino acid sequence tag,
YPYDVPDYA, derived from influenza virus hemagglutinin (HA), and the commercially available
monoclonal antibody, 12CA5, that recognizes this sequence (Wilson et al., 1984). The HA sequence
has been successfully used to tag a number of recombinant proteins on both the N- and C-termini,
and the resultant proteins have been used for studying, among other things, protein-protein
interactions (Murray et al., 1995), receptor phosphorylation and desensitization (Ali et al., 1993),
and protein degradation after cell stimulation (Levis and Bourne, 1992). By developing expression
plasmids (Figure 1B) that place the HA-tag on the N-terminus of any 7TMR, we have been able to
rapidly produce mammalian cell lines stably expressing high levels of a desired receptor (Koller et
al., 1997). This generic system has also proved especially useful for producing cell lines expressing
orphan receptors where no known ligands are available to facilitate cell line selection. Importantly,
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the activity of the tagged receptors appears to be identical to their untagged versions in both binding
and functional assays. An outline of the steps involved in our technique is shown in Table 1. An
important advantage of this method is the rapidity with which clonal cell lines can be made. As
shown by the approximate time frame each step of the procedure takes, we can develop a stable,
high-expressing clonal cell line in about five weeks from transfection.  

Receptor Cloning

To develop a generic system that allows for the production of high-expressing receptor cell lines for
all types of 7TMRs, two novel expression vectors were made by modifying α+KH described above
(Figure 1). Both of these vectors introduce the HA-tag at the N-terminus of a 7TMR. For many
7TMRs, the starting methionine is the first amino acid of the mature protein. For these receptors,
the α+12GA5-KH vector has a set of restriction sites in a polylinker immediately downstream from
sequences coding for an initiating methionine and the HA-tag. The protein encoded by this plasmid
will contain the nine amino acid epitope immediately following the starting methionine (Figure 5A).
A subset of 7TMRs contains a rather large first ECD. In these proteins, the mature receptor is
formed subsequent to cleavage of a signal sequence. Therefore, an additional vector, α+T8–12CA5-
KH, was engineered to provide both an initiation methionine and an exogenous signal sequence
derived from the human T cell surface protein, T8. These receptors will express the HA-tag on the N-
terminus without a methionine (Figure 5B). The 7TMR cDNA of interest is cloned without its
endogenous methionine or signal sequence, if present, into these vectors by using chimeric primers in
a PCR reaction as was described above for the type I membrane receptors. After receptor sequence
verification, the plasmids are transfected into the host mammalian cells.

Table 1 Overview of steps in producing tagged 7TMR-expressing cell lines
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Isolation of High Receptor-Expressing Cell Lines

After the transfected cells are selected by growth in G418 for ten days, thousands of G418-resistant
colonies are generated. As with the type I membrane protein R-ECD-expressing cells, these cells are
harvested as a population and analyzed by FAGS after incubation of the cells with the anti-HA
antibody followed by phycoerythrin (PE)-conjugated goat anti-mouse IgG. Typically, there is a
range of receptor expression in this cell population as demonstrated with calcitonin receptor-
expressing cells in Figure 6A. The untransfected CHO-K1 cells have a low mean peak channel
fluorescence (3.9), while the population of cells selecting for expression of tagged calcitonin receptor
has a range of fluorescence that is as high 103 fluorescent intensity units. After the top 2% of the
fluorescent cells are cloned (M1 in Figure 6A), the best expressing clone is chosen after several
rounds of FAGS analysis. The mean peak channel fluorescence for the calcitonin receptor clone
chosen from this population was 243 (Figure 6B). As observed for the mAb179 epitope on type
I membrane R-ECDs, the intensity of 12CA5 antibody staining of isolated clones correlates well
with the number of binding sites for the natural ligand on these cells. We have generated greater
than thirty cell lines expressing different 7TMRs by using this protocol, and some receptors tend to
express more highly than others. In general, we have isolated clones with mean peak channel
fluorescence in range of eight- to 450-fold over the CHO non-transfected controls. When receptor
density was measured in a membrane binding assay, we measured a range of expression from 0.5 to
15 pmol/mg protein.

In addition to expressing very high amounts of receptor, the cell lines produced by this procedure
are also extremely stable. Unlike the cells expressing the R-ECDs, the 7TMR-expressing cells are

Figure 5 Schematic representation of tagged 7TMRs expressed on CHO cells. (A) For receptors lacking a signal
sequence, the HA-tag sequence (black box) is located immediately following the starting methionine of the
expressed receptor. (B) For receptors that require a signal sequence for proper expression, the HA-tag sequence
is expressed immediately following the signal peptidase cleavage site (indicated by the arrow) of the exogenous
T8 signal sequence on the N-terminus of the receptor. The sequence of the pre-processed amino terminus is the
following: MALPVTALLLPLALLLHAARP/DYASYPYDVPDYA. Signal peptidase cleavage (designated by “/”)
occurs after the proline at residue 21 (Littman et al., 1985) and the N-terminus of the mature receptor contains
the nine residue HA-tag preceded by four amino acids derived from the restriction site used to construct the
vector. Membrane, transmembrane region of receptor; Extracellular, portion of the receptor expressed on the
cell surface; Cytoplasmic, portion of the receptor expressed within the cytoplasm of the cell
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capable of intracellular signaling after ligand activation. Some recombinant proteins can be toxic to
cells, and, in theory, a functional receptor may be more difficult to express recombinantiy than a
non-signaling ECD. In fact, during the clone isolation procedure, we often observe what may be loss
of cell surface receptor expression in clones that were initially chosen for their high epitope levels.
The procedure requires cells to maintain receptor expression through at least three rounds of
dilution and expansion, and only the hardiest cells survive the initial cloning procedure. Therefore,
in general, this method provides a rapid and generic technique for producing stable, high-expressing
cell lines of any type of 7TMR.

Figure 6 FAGS analysis of calcitonin receptor-expressing CHO cells. (A) Ten days after selection, the G418-
resistant population of cells transfected with the calcitonin receptor were analyzed by FACS. A histogram of
the fluorescence intensity of the analyzed cells is shown in black. The profile of untransfected CHO-K1 cells
(white) is shown to illustrate background levels of fluorescence. M1 refers to the top 2% of the population of
cells from which individual highly fluorescent cells were cloned. (B) FACS analysis of the clonal cell line
isolated from the population shown in (A). Mean peak channel fluorescence for this cell line was 243
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Characterization and Use of Tagged Receptor Cell Lines

All of the tagged cell lines that we have produced expressing 7TMRs are biologically active.
Figure 7 shows the results of characterizing a cell line expressing the human somatostatin type 4
receptor (SSTR4). Membranes from the cells were isolated and used for receptor binding studies,
and the affinity of SSTR4 for SST-14, its natural ligand, is 1.1 nM (Figure 7A), very close to the
literature value for untagged SSTR4 of 0.53 nM (Patel and Srikant, 1994). To measure the
functional activity of the receptor, we assayed its ability to mediate SST-14’s inhibition of forskolin-
induced cAMP production in whole cells (Figure 7B) and SST-14’s induction of extracellular
acidification (McConnell et al., 1992) using the microphysiometer (Figure 7C). In both cases, the
activity of the tagged receptor correlated well with its binding affinity and was similar to what is
expected for the untagged receptor (Bito et al., 1994). Of the more than 30 HA-tagged 7TMR cell
lines we have made using the technique described here, none has failed to bind or respond to their
natural ligand as expected. Therefore, the presence of the tag does not adversely affect the ligand
binding or signal transduction of these receptors.

The cell lines expressing tagged 7TMRs described here have proved to be essential for our efforts
in screening synthetic, combinatorially assembled libraries of small molecules in high-throughput
screens (HTS). In general, as the pharmaceutical industry expands its use of HTS, the amount of
biological material needed to complete these screens will increase, and high-expressing cell lines may
provide a means to fill that need. In addition, the development of sensitive and automatable assays
for HTS may be facilitated by the availability of high-expressing cell lines. For example, scintillation
proximity assays (SPA) for radioligand binding have greatly increased the efficiency of HTS (Cook,
1996). In our experience, however, the development of a robust assay is dependent on a high level
of receptor  expression. In addition, a higher receptor density on cell lines allows one to decrease the
use of costly SPA reagents. Since we have been able to produce cell lines with a very high level of
receptor expression, we have successfully developed very robust SPA-based assays for nearly all the
cell lines we have made. Similarly, the development of non-radioactive HTS assays such as
fluorescence polarization (Jolley, 1996) and homogeneous time-resolved fluorescence (Kolb et al.,
1996) may be facilitated by high levels of receptor expression.

SUMMARY

The generic aspects of the two systems described here have allowed us to rapidly produce active,
soluble R-ECDs of more than 40 type I membrane receptors and functional high-expressing cell
lines for more than 30 7TMRs. Using these methods, both of these target classes have been
successfully incorporated into our drug discovery programs. Both of these methods utilize a tagging
approach that allows us to use FAGS technology to identify robust recombinant cell lines. With
these clonal lines, we can generate reagents for use in classic and novel assay designs. These reagents
will be essential as we begin to implement non-radioactive miniaturized high throughput assays. The
engineered soluble R-ECDs have proved to be particularly well suited to screening combinatorial
peptide and small molecule libraries. We have successfully identified many potent and active
compounds for cytokine receptors and cell adhesion molecules. In addition, these purified receptors
could potentially be used in crystallography studies that are crucial for the rational design of small
molecule drugs.
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Figure 7 Characterization of the activity of tagged SSTR4 expressed in CHO cells. (A) Binding activity of
radioligand. Membranes prepared from SSTR4-CHO cells were incubated with 125I-somatostatin in the
presence and absence of varying concentrations of unlabeled somatostatin-14 (SST-14). Bound radioligand was
determined using a scintillation proximity assay (Cook 1996). Non-specific binding was defined by 1µM
SST-14. (B) Ligand-induced inhibition of forskolin-induced cAMP production. Cells expressing SSTR4 were
stimulated with 10µM forskolin and incubated with varying concentrations of SST-14 for 15 minutes. After
extraction with ethanol, intracellular cAMP was measured using a radioimmunoassay. (C) Ligand-induced
stimulation of extracellular acidification rates as a measure of cellular activation. Cells were stimulated with
various concentrations of SST-14 for one minute as described (Koller et al., 1997) and the acidification rates
obtained four minutes post-compound addition were expressed as a percent of maximal response. The IC50 and
EC50 values for these experiments were determined by analyzing the data with the sigmoidal-logistic curve-
fitting function on DeltaGraph 

 

322 K.J.KOLLER ET AL.



REFERENCES

All, H., Richardson, R.M., Tomhave, E.D., Didsbury, J.R. and Snyderman, R. (1993) Differences in
phosphorylation of formylpeptide and C5a chemoattractant receptors correlate with differences in
desensitization. J. Biol. Chem., 268, 24247–24254.

Bito, H., Mori, M., Sakanaka, C., Takano, T., Honda, Z., Gotoh, Y., Nishida, E. and Shimizu, T. (1994)
Functional coupling of SSTR4, a major hippocampal somatostatin receptor, to adenylate cyclase inhibition,
arachidonate release and activation of the mitogen-activated protein kinase cascade. J.Biol. Chem., 269,
12722–12730.

Brown, E.M., Gamba, G., Riccardi, D., Lombardi, M., Butters, R., Kifor, O., Sun.A., Hediger, M.A., Lytton, J.
and Hebert, S.C. (1993) Cloning and characterization of an extracellular Ca2+-sensing receptor from bovine
parathyroid. Nature, 366, 575–580.

Cook, N.D. (1996) Scintillation proximity assay: a versatile high-throughput screening
technologyDrugDiscovery Technology, 1, 287–294.

Cull, M.G., Miller, J.F. and Schatz, P.J. (1992) Screening for receptor ligands using large libraries of peptides
linked to the C terminus of the lac represser. Proc. Natl. Acad. Sci. USA, 89, 1865–1869.

Cwirla, S.E., Peters, E.A., Barrett R.W. and Dower, W.J. (1990) Peptides on phage: a vast library of peptides for
identifying ligands. Proc. Natl. Acad. Sci. USA, 87, 6378–6382.

Cwirla, S.E., Balasubramanian, P., Duffin, D.J., Wagstrom, C.R., Gates, C.M., Singer, S.C., Davis, A.M.,
Tansik, R.L., Mattheakis, L.C., Boytos, C.M., Schatz, P.J., Baccanari, D.P., Wrighton, N.C., Barrett, R.W.
and Dower, W.J. (1997) Peptide agonist of the thrombopoietin receptor as potent as the natural cytokine.
Science, in press.

Jolley, M.E. (1996) Fluorescence polarization assays for the detection of proteases and their inhibitors. J.
Biomol. Screening, 1, 33–38. 

Kawasaki, E.S., Clark, S.S., Coyne, M.Y., Smith, S.D., Champlin, R., Witte, O.N. and McCormick, P.P. (1988)
Diagnosis of chronic myeloid and acute lymphocytic leukemias by detection of leukemia-specific mRNA
sequences amplified in vitro.Proc. Natl. Acad. Sci. USA, 85, 5698–5702.

Kolb, J.M., Yamanaka, G. and Manly, S.P. (1996) Use of a novel homogeneous fluorescent technology in high
throughput screening. J. Biomol. Screening, 1, 203–210.

Koller, R.J., Whitehorn, E.A., Tate, E., Ries, T., Aguilar, B., Chernov-Rogan, T., Davis, A.M., Dobbs, A., Yen,
M. and Barrett, R.W. (1997) A Generic method for the production of cell lines expressing high levels of 7-
transmembrane receptors. Anal. Biochem., 250, in press.

Levis, M.J. and Bourne, H.R. (1992) Activation of the alpha subunit of Gs in intact cells alters its abundance,
rate of degradation and membrane avidity. J. Cell. Biol., 119, 1297–1307.

Lin, A.Y., Devaux, B., Green, A., Sagerstrom, C., Elliott, J.F. and Davis, M.M. (1990) Expression of T cell
antigen receptor heterodimers in a lipid-linked form. Science, 249, 677–679.

Littman, D.R., Thoman, Y., Maddon, P.J., Chess, L. and Axel, R. (1985) The isolation and sequence of the
gene encoding T8: a molecule defining functional classes of T lymphocytes. Cell, 40, 237–246.

Livnah, O., Stura, E.A., Johnson, D.L., Middleton, S.A., Mulcahy, L.S., Wrighton, N.C., Dower, W.J., Jolliffe,
L.R. and Wilson, I.A. (1996) Functional mimicry of a protein hormone by a peptide agonist: the EPO
receptor complex at 2.8 Ǻ. Science, 273, 464–471.

Martens, C.L., Cwirla, S.E., Lee, R., Y-W., Whitehorn, E., Chen, E., Y-F., Bakker, A., Martin, E.L., Wagstrom,
C., Gopalan, P., Smith, C.W., Tate, E., Koller, R.J., Schatz, P.J., Dower, W.J. and Barrett, R.W. (1995)
Peptides which bind to E-selectin and block neutrophil adhesion. J. Biol. Chem., 270, 21129–21136.

McConnell, H.M., Owicki, J.C., Parce, J.W., Miller, D.L., Bazter, G.T., Wada, H.G. and Pitchford, S. (1992)
The cytosensor microphysiometer: biological applications of silicon technology. Science, 257, 1906– 1912.

Murray, P.J., Watowich, S.S., Lodish, H.F., Young, R.A. and Hilton, D.J. (1995) Epitope tagging of the human
endoplasmic reticulum HSP70 protein, BiP, to facilitate analysis of BiP-substrate interactions. Anal.
Biochem., 229, 170–179.

TAGGED CELL SURFACE RECEPTORS 323



Patel, Y.C. and Srikant, C.B. (1994) Subtype selectivity of peptide analogs for all five cloned human
somatostatin receptors (hsstr 1–5). Endocrinology, 135, 2814–2817.

Rose-John, S. and Heinrich, P.C. (1994) Soluble receptors for cytokines and growth factors: generation and
biological function. Biochem J., 300, 281–290.

Shreuder, H., Tardif, C., Trump-Kallmeyer, S., Soffientini, A., Sarubbi, E., Akeson, A., Bowlin, T., Yanofsky, S.
and Barrett, R.W. (1997) A new cytokine-receptor binding mode revealed by the crystal structure of the IL-1
receptor with an antagonist . Nature, 386, 194–200.

Takebe, Y., Seiki, M., Fujisawa, J.-I., Hoy, P., Yokota, R., Arai, R.I., Yoshida, M. and Arai, N. (1988) SR alpha
promoter: an efficient and versatile mammalian cDNA expression system composed of the simian virus 40 early
promoter and the R-U5 segment of human T-cell leukemia virus type 1 long terminal repeat. Mol. Cell. Biol.,
8, 466–472.

Vigers, G.P.A., Anderson, L.J., Gaffes, P. and Brandhuber, B.J. (1997) Crystal structure of the type-1
interleukin-1 receptor complexed with interleukin-1β. Nature, 286, 190–194.

Vos, A.M., Ultsch, M. and Kossiakoff, A.A. (1992) Human growth hormone and extracellular domain of its
receptor: crystal structure of the complex. Science, 255, 306–312.

Vu, T.-R.H., Hung, D.T., Wheaton, V.I. and Coughlin, S.R. (1991) Molecular cloning of a functional thrombin
receptor reveals a novel proteolytic mechanism of receptor activation. Cell, 64, 1057–1068.

Whitehorn, E.A., Tate, E., Yanofsky, S.D., Kochersperger, L., Davis, A., Mortensen, R.B., Yonkovich, S., Bell,
R., Dower, W.J. and Barrett, R.W. (1995) A Generic method for expression and use of “tagged” soluble
versions of cell surface receptors. Bio/Technology, 13, 1215–1219.

Wilson, I.A., Niman, H.L., Houghten, R.A., Cherenson, A.R., Connolly, M.L. and Lerner, R.A. (1984) The
structure of an antigenic determinant in a protein. Cell, 37, 767–778.

Wrighton, N.C., Farrell, F.X., Chang, R., Kashyap, A.R., Barbone, F.P., Mulchay, L.S., Johnson, D.L., Barrett,
R.W., Joliffe, L.R and Dower, W.J. (1996) Small peptides as potent mimetics of the protein hormone
erythropoietin. Science, 273, 458–464.

Yanofsky, S.D., Baldwin, D.N., Butler, J.H., Holden, F.R., Jacobs, J.W., Balasubramanian, P., Chinn, J.P.,
Cwirla, S.E., Peters-Bhatt, E., Whitehorn, E.A,Tate, E.H., Akeson, A,Bowlin, T.L., Dower, W.J. and Barrett,
R.W, (1996) High affinity type I interleukin 1 receptor antagonists discovered by screening recombinant
peptide libraries. Proc. Natl. Acad. Sci. USA, 93, 7381–7386. 

324 K.J.KOLLER ET AL.



20.
ESTROGEN RECEPTOR AS A TARGET FORNEW

DRUG DISCOVERY
CAROLINE E.CONNOR and DONALD P.McDONNELL

Department of Pharmacology and Cancer Biology, Duke University Medical

Center,Durham, NC 27710, USA

ESTROGEN ACTION

Homeostasis within the female reproductive system is controlled primarily by estrogens, the
principal one being 17β-estradiol (E2). This sex steroid, a member of a class of compounds which
includes cortisol, testosterone, and progesterone, is a rigid, lipophilic molecule which circulates in the
blood stream and passively diffuses into all cells but only exhibits activity in those cells which
contain estrogen receptors (McDonnell et al., 1993; Sutherland et al., 1988). The primary functions
of this hormone include regulation of the estrous cycle, development of the reproductive tract and
mammary glands, regulation of lactation, and general control of female reproductive behavior
(Sutherland et al., 1988).

In addition, studies on the long-term effects of estrogen deprivation have highlighted important
non-reproductive functions for this hormone (Horowitz, 1993; Orimo et al., 1993). Specifically, it
has been shown that after menopause, women are at increased risk for atherosclerosis and
osteoporosis, as well as undesirable climacteric effects such as mood swings and hot flushes (Edman,
1983). The rising incidence of coronary heart disease in postmenopausal women (Murabito, 1995)
and the observation that over one-third of all Caucasian women are expected to experience some of
the debilitating effects of osteoporosis (Horowitz, 1993) further highlight the importance of this
hormone. Reintroduction of estrogen has been associated with more favorable serum lipid levels
(Orimo et al., 1993) and decreased debilitating bone resorption associated with the osteoporotic
state (Horowitz, 1993). The fact that Estrogen Replacement Therapy is usually sufficient to provide
relief from menopausal symptoms indicates that estrogen is the key etiologic agent in this condition.



Recently, links have also been made between estrogen and improvements in cognitive function
(Wickelgren, 1997). In addition, estrogen has been shown in some studies to delay the onset of
Alzheimer’s disease in women (Tang et al., 1996). These latest findings are extremely important and
serve to highlight the medical and economic need to develop safe and effective Hormone
Replacement Therapy (HRT).

Though the link has not been fully substantiated, HRT has been associated with an increased risk
of various reproductive cancers (Stanford et al., 1995). Specific estrogen-related cancers include that
of the breast (Sunderland and Osborne, 1991), ovary (Rao and Slotman, 1991), and endometrium
(Gottardis et al., 1988b). The role of estrogen in these cancers is clearly important, as ablation often
leads to a reversal in the pathology. Tumor regression can be accomplished through medical
castration in conjunction with the use of antiestrogens, compounds that oppose the action of
estrogen (Dreicer and Wilding, 1992). Consequently, although the benefits of estrogen are largely
undisputed, the serious side effects of HRT remain cause for concern. This presents the
pharmaceutical community with a challenge to design better and safer estrogens and estrogen
mimetics.

THE BIOLOGICAL ACTIONS OF ESTROGEN ARE MEDIATED THROUGH A
SPECIFIC INTRACELLULAR RECEPTOR

Estrogen, present physiologically at nanomolar concentrations (McDonnell et al., 1993), affects
complex regulatory signaling pathways via interaction with a specific high affinity estrogen receptor
(ER) localized within target cell nuclei. This protein is a member of an intracellular receptor
superfamily, the nuclear hormone receptor family. Also included in this group are receptors for
steroids, thyroid hormone, vitamin D3, and retinoic acid (Carson-Jurica et al., 1990; Evans, 1988).
The physiological concentration of nuclear hormone receptors is quite low, typically less than 0.01%
of the total cellular protein (McDonnell et al., 1987); therefore, cloning was essential in obtaining
information regarding the structure and function of these conserved family members. All steroid
hormones operate by a similar mechanism (depicted in Figure 1) in which the latent receptor is
bound in a multiprotein complex comprised of receptor, heat-shock protein 90 (hsp90), hsp70, p59,
and other proteins (Smith and Toft, 1993). Upon ligand binding, the receptor undergoes a
conformational change, the inhibitory proteins are displaced, and spontaneous dimerization of the
receptor occurs (Kumar and Chambon, 1988; McDonnell et al., 1994). In this activated state the
receptor can interact with specific DNA sequences within target genes and manifest either a positive
or negative effect on transcription.

Structure and Function

The cDNA for ER was cloned initially from MCF-7 breast cancer cells and was found to have an open
reading frame (ORF) of 1785 nucleotides and encode for a 595 amino acid, 66 kilodalton
polypeptide (Greene et al., 1986). A decade of subsequent studies focused on the molecular biology
of estrogen via this receptor. However, a search for novel steroid receptors culminated in a
description by Kuiper et al. (1996) of a second receptor for estrogen which was highly related to the
original protein. This new receptor isoform, designated ERβ to distinguish it from the former (now
called ERα), was described as a 485 amino acid, 54 kilodalton protein (Kuiper et al., 1996).
However, recent data suggest that the N-terminus of this protein is longer than previously observed
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and that this additional sequence is critical for function (T.Willson, personal communication).
Northern analysis has revealed a wide tissue distribution of ERα, but ERβ mRNA has been found
primarily in ovary, testis, prostate, spleen, thymus, and hypothalamus (Mosselman et al., 1996;
Shughrue et al., 1996). The results of these mRNA distribution studies need to be confirmed using
antibodies that can specifically recognize ERβ.

The estrogen receptor can be divided into six structural domains, regions A through F (Figure 2).
Regions C and E contain the highest degree of homology to other steroid receptor family members,
while the N-terminal regions, A and B, and region D, the hinge region, are poorly conserved
(Carson-Jurica et al., 1990; Evans,  1988). Additionally, ERβ shares approximately 97% and 60%
homology to ERa in regions C and E, respectively. Region E, found in the C-terminal region of the
receptor, is of hypervariable length and functions as the hormone-binding domain (HBD). This
region forms a hydrophobic pocket and confers to the receptor specific ligand-binding properties
(Green et al., 1986).

The two estrogen receptors manifest their biological activity at target gene promoters by binding
with high affinity to specific DNA regulatory elements. Precise DNA recognition by the receptors is
controlled by a 66–68 amino acid DNA-binding domain (region C). This domain includes nine

Figure 1 Mechanism of estrogen action. The estrogen receptor (ER) exists in an inactive form in the absence of
ligand, bound to several specific inhibitory proteins. Upon ligand binding, the receptor undergoes a
conformational change and the complex dissociates. Subsequent dimerization occurs, followed by DNA
binding to a specific estrogen response element (ERE). Once bound, the receptor can interact with coregulator
proteins and the general transcription apparatus (GTA) and affect gene transcription in a manner dependent
upon the cellular environment
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perfectly conserved cysteines and forms two zinc fingers, analogous to other transcription factors
(Krust et al., 1986). The nature of the sequence-specific regulatory elements was discovered upon
the analysis of the Xenopus laevis vitellogenin genes, direct targets of estrogen action. It was found
that one to three copies of a specific sequence was found preceding each of the vitellogenin genes
and also in the chicken apoVLDLII gene, which is also estrogen-regulated (Klein-Hitpass et al.,
1986). This sequence, known as the consensus estrogen response element, or ERE, is a palindromic
sequence: 5′-GGTCAnnnTGACC-3′ where nnn=any three nucleotides. The consensus ERE is similar
to, yet distinct from, the response elements of the progesterone (PR), glucocorticoid (GR), and vitamin
D (vitD) receptors (Carson-Jurica et al., 1990). An enhancer element, the ERE can confer estrogen-
dependent regulation to a heterologous promoter in a position- and orientation-independent manner
(Kumar et al., 1987; Martinez et al., 1987). It is now clear that several half-sites (sequences
comprised of half of the ERE palindrome) or, alternatively, multiple imperfect EREs, can act
cooperatively or synergistically to permit ER responsiveness, as is seen with the vitellogenin B1
(Martinez et al., 1987) and complement 3 (Norris et al., 1996) genes. The ability of ER and other
hormone receptors to act as ligand-inducible transcription factors distinguishes them from classical
membrane-bound receptors.

The observation that estrogen’s effects are mediated via an interaction between trans-acting
factors (ER) and cis-acting elements (EREs) within genes (Klein-Hitpass et al., 1986; Kumar et al.,
1987) led to the development of reconstituted ER-responsive transcription systems. Specifically, the
ER/ERE interaction system can be reconstituted in both yeast (Metzger et al., 1988) and mammalian
(Tzukerman et al., 1994) cells, allowing the dissection and manipulation of the functional domains.
While intact DNA- and hormone-binding domains are required for transcriptional activation,
studies using chimeric GR/ER proteins suggest that the HBD is not necessary for ERE recognition
and binding (Kumar et al., 1987). Region D may be altered in length and composition with little or
no effect, substantiating its role as a hinge region (Kumar et al., 1987).

Though transcriptional activation by ER requires intact DNA- and hormone-binding domains,
much of this is dictated by two independent, non-acidic activation domains (Tora et al., 1989;
Tzukerman et al., 1994). Activation Function 1 (AF1) and AF2 are contained within the receptor’s
A/B region and HBD, respectively. Estrogen has been shown to induce a tertiary structure within the

Figure 2 Molecular organization of the functional domains of both ERα and ERβ. The percent homology of ERβ
with respect to ERα is indicated for the DBD and HBD. The dotted line at the N-terminus of ERβ reflects the
uncertainty regarding its length 
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receptor, thus creating a functional AF2 (Tora et al., 1989). The two activation functions can
facilitate the disruption of chromatin structure (Pham et al., 1991), allowing dimerized, ligand-
bound ER to contact the general transcription apparatus within the cell. AF1 and AF2 are promoter-
dependent and cell-type specific; in some cell contexts either AF is sufficient for maximal
transcriptional activity, whereas other cells require one specific AF or in some cases both AFs
(Tzukerman et al., 1994). This observation suggested that ER is not operating in the same way in all
cells and provided the impetus to develop compounds which could activate one AF but not the
other, thereby generating some selectivity (McDonnell et al., 1995).

The inability of AF1 and AF2 to fully explain the actions of ligand-bound ER led to the recent
discovery of a third activation domain. A yeast genetic screen identified a region in ER known as
AF2a (Pierrat et al., 1994), but this autonomous domain initially appeared unable to transactivate in
mammalian cells. New data suggest that this region is able to activate transcription in the
mammalian hepatocarcinoma cell line HepG2 (Norris et al., 1997). The precise role of this region in
ER pharmacology remains to be determined.

Coactivators

The mechanism by which DNA-bound ER alters the transcription of target genes is only beginning
to be elucidated. Though in vitro data suggest that ER directly contacts TFIIB, a component of the
basal transcriptional machinery, this is insufficient to explain promoter activation (Ing et al., 1992).
Insight into the mechanism of ER transcriptional activity was provided by experiments
demonstrating that overexpression of the activation domains of ER could “squelch” the activity of
some but not all transcription factors (Meyer et al., 1989). These data implied that ER contacted the
transcription machinery through intermediary proteins which were present in limiting amounts
within the cell. This prompted an ongoing search for receptor associated proteins which are able to
potentiate the transcriptional activity of ligand-bound steroid receptors.

This effort has led to the recent identification of several proteins which interact with the HBD of
ER and when introduced into the cell potentiate ER transcriptional activity (Halachmi et al., 1994;
Hong et al., 1996; Horwitz et al., 1996; Joyeux et al., 1997). In addition, when these proteins are
overexpressed in the cell, they reverse the ER-mediated squelching of transcription (Onate et al.,
1995; Voegel et al., 1996). One of these proteins, steroid receptor coactivator-1 (SRC-1), initially
identified as a PR coregulator, was determined to be a limiting factor needed for efficient
transactivation by both PR and ER (Onate et al., 1995). The discovery of SRC-1 was followed by
that of many other proteins, most of which impart some effect on ER transcriptional activity. These
proteins were termed coactivators because they are not components of the basal transcription
machinery and are limiting factors which are utilized only by ligand-bound receptor (Horwitz et al.,
1996). However, most of these proteins are expressed ubiquitously and behave promiscuously with
respect to receptors.

The majority of coactivators for ER and other steroid receptors may be general transcription
factors and not specific targets for pharmacological intervention of the ER signaling pathway
(Horwitz et al., 1996). Specific proteins, however, could have important consequences in ER-
dependent cancers. For example, AIB1, a recently cloned SRC-1 family member that enhances
estrogen-dependent transcription, is amplified in breast and ovarian cancer cell lines and tumor
specimens (Anzick et al., 1997). This suggests that altered gene expression of this coactivator may
offer a selective advantage for tumor growth. 
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THE ROLE OF LIGAND IN ER ACTION; IMPLICATIONS FOR ER
PHARMACOLOGY

The classical model of ER action suggests that ligand acts as a switch to convert the receptor into a
transcriptionally active form (Clark and Peck, 1979). Antiestrogens, synthetic compounds which
oppose the action of estrogen, were once believed to function solely as competitive antagonists,
inhibiting agonist access to the receptor. Recent discoveries in the ER field imply that this model is
oversimplified and cannot account for the observed pharmacology of known ER agonists and
antagonists (Katzenellenbogen et al., 1996).

Much of the information in support of this hypothesis is derived from studies of the antiestrogen
tamoxifen. Tamoxifen is used extensively as adjuvant chemotherapy in the treatment of estrogen-
dependent breast cancer. Though usually considered an antiestrogen, tamoxifen was shown to
function as an agonist in bone, not blocking the actions of estrogen in this organ system but rather
mimicking them (Love et al., 1992). This “paradox” was further substantiated when it was
demonstrated that the use of tamoxifen in postmenopausal women attenuated cardiovascular risks,
suggesting again that the compound functions as an agonist in some circumstances (Love et al.,
1991). These findings, incompatible with the definition of tamoxifen as a classical antagonist,
support the hypothesis that this ligand alters ER in such a manner that the protein/ligand complex
can be recognized differently in different cells (McDonnell et al., 1995).

Properties of ER ligands

One molecular explanation for the differential pharmacology of E2 and tamoxifen was provided
upon biochemical analysis of ER structure. Using an assay to determine sensitivity to proteases, it
was shown that both E2 and tamoxifen induce a conformational change within ER upon binding.
However, the structure of the ER/ tamoxifen complex was different from the ER/E2 complex
(McDonnell et al., 1995). More extensive protease digestion analysis has led to the classification of
ER antagonists (Figure 3) into three mechanistically distinct groups (McDonnell et al., 1995). Each
unique conformation can alter the ability of ER to modulate gene transcription, perhaps due to the
selective binding of coactivator proteins (Smith et al., 1997).

The pure antiestrogens, represented by ICI 182, 780, compose the first class of ER antagonists.
The mechanism of action of this group of compounds is complex in that the conformation adopted
by ER leads to receptor activation but does not permit efficient dimerization or DNA binding
(Fawell et al., 1990). In addition, this ligand induces turnover of ER by targeting the receptor to the
lysosomes for degradation (Dauvois et al., 1993). In vivo, pure antiestrogens do not exhibit ER
agonist activity and oppose estradiol activity under all circumstances examined (Wakeling and
Bowler, 1988). Recent in vitro studies, however, have shown that ICI 182, 780 can function as an
agonist in certain conditions (Paech et al., 1997), implying that even “pure” antiestrogens may
manifest ER agonist activity in some cell contexts. Additionally, there is now evidence which
suggests that ICI 182, 780 may actually act as an inverse agonist, decreasing the basal activity of
wild-type ER (Willson et al., 1997). 

Additional classes of antagonists, represented by the benzothiophene-derived raloxifene and the
triphenylethylenes tamoxifen and GW5638, have more elaborate mechanisms of action. All of these
compounds function as cell-specific agonists/ antagonists, but each exhibits a unique biology.
Because of their distinct activities, these compounds have been called SERMs, or Selective Estrogen
Receptor Modulators. The differential ability of each type of SERM to stimulate the transcriptional
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activity of the receptor in various cell and promoter contexts reflects the physiological activity of
these compounds. The partial agonist activity of tamoxifen, for instance, is likely responsible for its
uterotrophic effects and may be the reason breast cancer cells “fail” tamoxifen treatment and begin
to recognize it as an agonist (Kedar et al., 1994). However, the cell-selective partial agonist activity
of this drug may also be responsible for its beneficial effects, including prevention of ovariectomy-
induced bone loss in animals and increased bone mineral density in postmenopausal breast cancer
patients (Love et al., 1992). Tamoxifen also promotes antiatherogenic effects (Saarto et al., 1996),
including a decrease in low-density lipoproteins and Lp(a) in a similar population of women.

Some of the complex biology of these SERMs can be explained by the fact that ER does not work
the same way in all cells. The preferential influence of these compounds on AF1 or AF2 may explain
the partial agonist activity which they exhibit in certain tissues. For example, tamoxifen functions as
a partial agonist (relative to E2) in contexts where AF1 alone is required for ER transcriptional activity
(Berry et al., 1990; Tzukerman et al., 1994). In contrast, tamoxifen manifests antagonist properties
in tissues or contexts in which AF2 is required for activation. Raloxifene and GW5638 act as
antiestrogens on wild-type ER and do not appear to manifest ER agonist activity through AF1
(McDonnell et al., 1995; Willson et al., 1997). It has been suggested that the differential expression
of a subset of coactivators and corepressors may partially explain the agonist/antagonist activity of a
mixed agonist such as tamoxifen (Smith et al., 1997).

Raloxifene, currently being investigated in clinical trials as an agent for the treatment and
prevention of osteoporosis (Black et al., 1994), has less of a stimulatory effect on uterine tissue than
tamoxifen (Sato et al., 1996). The partial agonist effects of raloxifene are demonstrated by its ability
to decrease serum cholesterol in postmenopausal women (Kauffman et al., 1997). Recent studies
have provided insight into a potential mechanism to explain raloxifene’s protective effects on bone.
It was observed that this compound, which functions as an antagonist in breast and uterine tissue, is
able to prevent bone loss in an ovariectomized rat model, possibly by inducing the transcription of
transforming growth factor-β3 (TGFβ3) (Yang et al., 1996a). TGFβ3 is a key factor in bone
formation, induction, and repair (Linkhart et al., 1996). This isoform potently inhibits osteoclast
differentiation in two models, substantiating its role in bone preservation (Yang et al., 1996). A

Figure 3 Chemical structures of different estrogen receptor ligands
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putative raloxifene response element found within the promoter region of TGFβ3 was proposed as a
DNA sequence which was activated selectively by raloxifene and did not require the DBD of ER
(Yang et al., 1996a; Yang et al., 1996b). However, this was later found to be insufficient to explain
the regulation of this promoter (Yang et al., 1997). It remains unclear how members of a wide
spectrum of compounds are able to elicit the same effects in one tissue (bone) but opposing effects in
others (uterus).

In Search of Improved SERMs

The observation that tamoxifen and other antiestrogens can manifest both agonist and antagonist
activity suggests that the classical description of whether a compound is an agonist or an antagonist
is obsolescent. The ability of the ligand to induce a distinct conformational change in the receptor
alters the receptor’s ability to interact with coactivator proteins and thus the general transcription
machinery. This phenomenon allows mechanistically distinct compounds to operate through a single
receptor type. The introduction of human ERβ (Mosselman et al., 1996) has broadened this belief,
suggesting that perhaps certain ligands can selectively activate one receptor subtype over another.
However, the ligand affinity profiles of the two receptor subtypes on classical EREs remains
indistinguishable (Kuiper et al., 1997).

The ideal SERM would mimic the role of estrogen in its protective effects in bone and the
cardiovascular system and oppose estrogen’s proliferative actions in the breast and uterus. HRT
efficacy and compliance could be vastly enhanced by a compound which could prevent hot flushes
and mood swings associated with menopause while still providing adequate bone and
cardiovascular protection. In addition, such a compound should lack undesirable proliferative
activity on the endometrium and breast. A compound exhibiting this ideal profile has potential use
in treating breast cancer patients who have become resistant to tamoxifen therapy. Currently, the
pure antiestrogens (such as ICI 182, 780) are the only ER modulators that are effective in the treatment
of these cancers (Gottardis et al., 1989). However, these compounds have been shown to deplete ER
due to increased receptor turnover (Dauvois et al., 1992). Despite this therapeutic potential,
however, experiments in ovariectomized rats demonstrate that ICI 182, 780 lacks the bone
protective capabilities of tamoxifen (Gallagher et al., 1993). Thus, there is an unmet medical need
for new antiestrogens which can function as “pure” antagonists in the breast and uterus but
agonists in the bone and cardiovascular system.

Novel compounds which exhibit these properties in vitro are now being evaluated for their
potential in many clinical venues. One example, GW5638, was discovered in a search for improved
tamoxifen analogs (Willson et al., 1994). This compound lacks the uterine proliferative effects of
tamoxifen and protects against bone loss in the ovariectomized rat model (Willson et al., 1997).
GW5638 exhibits a unique pharmacological profile, suggesting that the compound is
mechanistically distinct from other types of known ER ligands (Willson et al., 1997). Therefore,
GW5638 may be an ideal candidate for the treatment of tamoxifen-failed tumors.

Ligand-Independent Activation of ER

The transcriptional activity of steroid hormone receptors is generally considered to be regulated by
specific, high-affinity ligands. However, regulation is actually more complex in that activation can
also occur in a ligand-independent manner (Aronica et al., 1994; Chalbos et al., 1994; Power et al.,
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1991). One example is a phosphorylation-dependent pathway which affects ER through the
neurotransmitter dopamine (DA). The actions of DA are mediated through G-protein/adenylyl
cyclase interactions and involve the second messenger cyclic AMP. In CV-1 cells, derived from
monkey kidney, DA is able to activate ER in the absence of E2 (Power et al., 1991). This suggests a
crucial role for a phosphorylation cascade and cross-talk between a variety of cell pathways, with
ER as the site of convergence.

Another observation involving ligand-independent activation of ER is that the phosphorylation of
Ser118 in the receptor is required for the full activity of AF1 (Ali et al., 1993). Growth factor
signaling pathways have been implicated in receptor activation, and this effect may be mediated in part
by the Ras-MAPK (Mitogen-Activated Protein Kinase) cascade (Kato et al., 1995). Further evidence
supporting ER involvement is noted in the ability of the pure antiestrogen ICI 164, 384 to block the
response to Ras (Kato et al., 1995). Okadaic acid, a phosphatase inhibitor, can also activate ER
(Power et al., 1991). Alterations in the regulation of ER phosphorylation may therefore be involved
in the adverse effects of growth factors and oncogenes in breast cancer (Kato et al., 1995).

APPROACHES TO DRUG DISCOVERY AND EVALUATION

Recent advances in both molecular and biochemical techniques have permitted more efficient
synthesis and evaluation of ER modulators. Additionally, dissection of the ER signal transduction
pathway has yielded new ideas regarding the manipulation of ER action. One of the most significant
advances in this respect is the development of mechanism-based high-throughput screens.

Cis-trans Assays

Cell culture has provided a viable medium for the rapid analysis of potential ER ligands. The “cis-
trans” assay (Figure 4) involves the transfection of a reporter plasmid and, if necessary, an ER-
containing plasmid into mammalian cells (Evans, 1988). The reporter plasmid contains an ERE
upstream of the luciferase gene. In the case of ER-positive cell lines, such as MCF-7, no transfection
of receptor is necessary. The readout of reporter gene activity (luciferase) is a direct reflection of the
transcriptional capability of the ligand-induced receptor. 

This type of assay is also useful in the comparison of the relative abilities of antagonists to inhibit
the agonist activity of estrogen or other partial agonists. By using constructs expressing specific
receptor mutants, the relative AF1 or AF2 activity of the ligand-bound receptor can be assessed
(Tzukerman et al., 1994). For example, the removal of the AF1 portion of the receptor results in a
protein which is still ligand-inducible and capable of binding DNA, allowing the activity of AF2
alone to be evaluated (Tzukerman et al., 1994). Conversely, a three amino acid mutation in the AF2
domain diminishes its transactivational capability without affecting hormone binding (Danielian et
al., 1992). By comparing the ability of ligands to activate these mutants versus the wild-type ER, a
“fingerprint” of compounds can be created (Willson et al., 1997). Thus, ER modulators can be
classified into different groups, each of which exhibits distinct biological activities.

Animal Models

High-throughput screening for ligands can be extremely useful, but a relevant physiological model is
required to assess the validity of a putative pharmaco-therapeutic. Animal models are useful in the
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appraisal of compounds which show promise in cell culture or other in vitro assays. The
ovariectomized rat model remains the standard for the evaluation of the effects of compounds on
the bone or in the uterus. The ovariectomized animal experiences a loss in bone mineral density,
which can be fully restored with estrogen and to a lesser extent with tamoxifen (Love et al., 1992).
Conversely, estrogen promotes uterotrophic activity in this model which can be inhibited by “pure”
antiestrogens. Novel compounds may be evaluated similarly to establish improved efficacy or
potency.

The most well-established animal model for breast cancer is the athymic nude mouse (Soule and
McGrath, 1980). These mice, incapable of rejecting a tumor immunologically (Giovenella et al.,
1978), provide a good repository for human breast cancer cells. Thus, they are a valuable tool for
studying the effects of various endocrine manipulations. This model offers the advantage over an
animal carcinoma in that the malignancy is of human descent and retains many characteristics of the
original tumor.

The ovariectomized athymic mouse is inoculated with the ER-positive, estrogen-dependent
MCF-7 cell line. This type of breast cancer responds to and eventually fails anti-hormone treatment
(develops resistance) (Gottardis and Jordan, 1988; Soule and McGrath, 1980). To control estrogen
levels, sustained release E2 pellets are implanted in each animal. This model has been further
characterized in studies designed to evaluate the effects of tamoxifen on tumor growth in vivo
(Gottardis et al., 1988a). Tamoxifen inhibits estradiol-stimulated growth but does not cause tumor

Figure 4 Characterization of estrogen receptor ligands using the cis-trans assay in mammalian cells. The assay
involves the cotransfection of plasmids containing the estrogen receptor, driven by a constitutive promoter, and
a reporter plasmid which contains an estrogen-responsive element. The latter is upstream of the luciferase gene
and therefore the production of luciferase, which can be quantitated, is dependent upon the ability of the ligand
to bring the receptor to the reporter element and activate transcription
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growth when implanted alone (Gottardis et al., 1988a; Gottardis et al., 1988b), although resistance
eventually occurs (Gottardis and Jordan, 1988). A pure antagonist, ICI 164, 384, inhibits the
growth of the tamoxifen-resistant tumor (Gottardis et al., 1989). This work substantiates the use of
the athymic mouse to determine antihormone efficacy (Gottardis et al., 1988a), and this model
provides an invaluable tool for assessing the therapeutic potential of novel breast cancer treatments.

FUTURE DIRECTIONS

ERβ

The recent cloning of a novel estrogen receptor isoform, ERβ (Kuiper et al., 1996; Mosselman et al.,
1996) unveils the possibility that additional subtypes exist Extensive research has yet to be
completed for ERβ, but the recent ER knockout mouse (Lubahn et al., 1993) phenotype indicates a
physiologic role for this receptor. Specifically, while these mice have the expected reproductive
deficiencies, they lack gross cardiovascular abnormalities anticipated with the loss of estrogen
signaling (Iafrati et al., 1997). These data imply that each receptor may regulate distinct sets of
genes. Further evaluation of this isoform suggests that clinically useful subtype-specific ligands may
be developed.

Crystal Structure

The recent discovery of the three-dimensional crystal structure of the hormone-binding domains for
isoforms of the human retinoic acid (Renaud et al., 1995) and retinoid-related (Bourguet et al.,
1995) receptors was a significant accomplishment in the receptor field. Because the HBD spans
nearly half of ER (Evans, 1988), its structure is expected to be quite complex in order to
accommodate the variety of small ligands known to bind the protein. Crystal structures for both
receptor isoforms, particularly if they each regulate a unique subset of genes, will facilitate rational
drug design at these important hormone targets. The crystal structure of the HBD of ERα  in the
presence of both agonist (E2) and antagonist (raloxifene) has now been reported (Brzozowski et al.,
1997). The authors suggest that the antagonist causes a change in the protein which prevents a
functional AF-2 domain from interacting with coactivators. However, because the N- and C-termini
of ER are thought to interact (Kraus et al., 1995), the full length crystal structure is necessary for a
more complete understanding of the receptor.

Target Genes

There is currently a paucity of genes known to be directly regulated by estrogen through a classical
response element. These include PR (Savouret et al., 1991), c-fos (Hyder et al., 1992), pS2 (Berry et
al., 1989), and oxytocin (Richard and Zingg, 1990). These genes serve as markers for estrogen and
antiestrogen action in a variety of tissues. The continued identification of genes in specific tissues
will allow for rapid classification of novel SERMs.
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FINAL THOUGHTS

The importance of ER in regulating female endocrine function, in addition to its implications in a
multitude of disease states, provides impetus for the creation of specific, selective ligands for this
protein. While several selective modulators have been designed, further insights into the mechanism
of action of this receptor will allow for the production of therapeutics useful for treating and
preventing osteoporosis, cardiovascular disease, and breast cancer. Continued technological
advances in the ER field permit a tethering of the fields of descriptive biology and drug discovery.
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MECHANISM-BASED DRUG DISCOVERY

Modern drug discovery, the process aiming at the generation of novel drugs, starts with the
identification of a given molecular target, e.g. a DNA, RNA, or protein molecule within the human
body or within a human pathogen that will then be targeted for the identification of “interfering
entities”, usually small organic molecules. The identification of compounds that show potent and
selective activity against the chosen molecular targets requires the combined expertise of
biochemists, pharmacologists and medicinal chemists who will work together to improve the ability
of said compounds to affect that target function both in vitro and most importantly in vivo.

Many drugs still used in clinical practice have been discovered through empirical approaches
which tested the ability of complex mixtures derived from natural sources (e.g. plant extracts) to
cure human diseases. Their biochemical mechanism of action was often elucidated many years after
they had been utilized as pharmaceutical agents. This is the case for example of aspirin: already in
ancient Egypt extracts of willow bark were used to treat inflammation, yet acetylsalicylic acid was
synthesized much later towards the end of the nineteenth century. The elucidation of its mechanism
of action as a cyclooxygenase inhibitor had to wait until much later in this century.

The detailed knowledge we now have of the large number of biochemical reactions that control
the proper functioning of a human body and of their alterations in disease has allowed the
development of molecular pharmacology. Through a detailed knowledge of a particular molecular
cascade it is nowadays possible to identify specific inhibitors of a particular biochemical reaction.
Together with medicinal chemistry this allows the tailoring of an inhibitor to that particular target.



Once an inhibitor is identified the knowledge of its biochemical mechanism of action and of any
possible other effects on a multitude of in vitro and in vivo assays is of paramount importance for
the drug discovery project.

The cancer agents currently utilized in therapy have largely been identified through studies in
which compounds were tested for efficacy in cells or whole model organisms directly. Only recently
the identification of compounds which target selected molecular targets has been attempted. The
compounds identified for their ability to block cell proliferation in vitro or to control tumor growth
in animal models turned out in large part to be potent albeit non specific inhibitors of cell
proliferation. In disease areas other than Oncology, the identification of powerful and highly
selective inhibitors of biochemical pathways that have then shown incredible selectivity in vivo has
been achieved with great success. A notable example 

Table 1 Steps in drug discovery

1 Target identification
1.1 Genetics: identification of a gene based on its ability to affect cell function
1.2 Biochemistry: identification of a molecule showing activity in a given assay
1.3 Bioinformatics: screening for homologues in DNA/protein databases

2 Target Validation
2.1 Biology: what are the cellular effects of altering a molecule’s function
2.2 Biochemistry: how does a molecule work in vitro

3 Screening
3.1 Primary: identify and rank inhibitors based on their potency
3.2 Secondary: assess inhibitor specificity and ability to work on intact cells
3.3 In vivo testing: assess compound ability to show efficacy in animal models

could be offered by drugs that act by inhibiting specific membrane receptors or those that block
critical enzyme reactions such as the ones controlling cholesterol biosynthesis.

Molecular bioscreening is a central part of the general strategy for drug discovery. Through this
process a large set of quantitative measurements of the molecular interactions of a given compound,
or a family of them, with its targets can be generated and evaluated.

From the initial studies made to identify and to validate a target (i.e. to offer a rationale for
inhibiting a specific set of molecular reactions), the drug discovery process continues with the set-up
of specific molecular assays that will allow to screen for the identification of specific inhibitors.
Once inhibitors are identified in the screen and a choice is made on which to focus upon, an
iterative process starts that requires a close collaboration between organic chemists and scientists
with expertise in screening to generate compounds that are powerful and specific for the selected
target(s). The process continues with the testing in both cellular and animal models, for the ability
of the identified compounds to cross cell membranes and to reach their target tissues at the
appropriate concentration and for the required period of time to exert their effects. The steps
involved in preclinical drug discovery research are listed in Table 1.

In this review article we will attempt to describe the criteria used to select a cancer target for
bioscreening and to implement screening efforts. In Oncology, it is increasingly clear that multiple
alterations are responsible for the occurrence of the disease. In solid tumors, through fluorescence in
situ hybridization and comparative genome hybridization it has been found that a large fraction of
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the DNA in a given patient’s tumor can be rearranged and functionally altered. Furthermore,
different genetic alterations can be found within individual tumors as cells grow and metastasize. It
becomes essential therefore to establish a number of criteria to be followed for the selection of a
given molecular target for a drug discovery effort. These criteria could include the demonstration of
the frequency of a molecular alteration in a given cancer patient population, the correlation between
the presence of such alteration and the patient’s prognosis, the time of occurrence of the alteration 

Table 2 Validating a potential cancer target

1 Biological criteria
1.1 Defined elements in a signal cascade
1.2 Proven to be required for function in vivo

1.3 Availability of animal model data
1.4 Proven role in disease maintenance (frequency, correlation with prognosis, time of appearance

during tumor progression)
2 Biochemical criteria

2.1 Enzymes, receptors
2.2 Involvement of small molecule (substrates, ligands, allosteric regulators)
2.3 Information on three dimensional structure (X-ray crystallography, nuclear magnetic resonance)

during tumor progression. In addition to these criteria any experimental evidence able to
demonstrate that tumor cell growth can be blocked by affecting the target molecule’s function will be
a necessary point for decision making. The Ras small GTP binding protein and cyclin D1 CDK4
protein kinase are good examples of molecules that have satisfied all of the above criteria and are
now being targeted for inhibitor discovery in a number of pharmaceutical companies.

A list of criteria that should help to select the “ideal” drug target is presented in Table 2. These
are divided into two subgroups. Priority of course is given to the identification of a potential target
in the context of a specific disease. Once the listed “biological” criteria are satisfied though, it is also
important to consider the fact that traditionally certain molecular reactions have been easier to
inhibit than others. For example, it is easier to develop an enzyme inhibitor than to block the
interaction between two proteins. This is partly because enzymes have defined active sites and
mechanism of action, the knowledge of which will help to design specific inhibitors. Within the
enzyme category certain proteases and protein kinases have also been easier to inhibit compared to
other enzymes. In general, the presence of a binding site for a small co-substrate or allosteric
regulator can also help the process. Furthermore, the availability of chemical inhibitors of certain
enzyme classes allows their immediate testing for activity against the new target identified. This
could help to “jump start” the lead identification process (see below). The knowledge of the
pathway within which the biochemical reaction one wants to inhibit lies, can often come to help: it
is at least in principle possible to choose to try to inhibit a reaction downstream or upstream of a
given target in the pathway if this increases the chance of identifying specific inhibitors.

New technological improvements have recently been introduced to accelerate drug discovery.
They span from the availability of huge databases of cDNA sequences created as a result of large
scale genome sequencing projects, to techniques that allow the rapid identification of DNA
rearrangements (comparative genome hybridization) or alterations in mRNA expression (cDNA and
oligonucleotide microarrays, RDA, SAGE etc.). Functional genomics, using large scale antisense or
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ribozyme expression, or genetic complementation approaches with cDNA expression libraries, aims
at accelerating target validation by affecting physiological functions in human cells. Support to drug
discovery is also being given by continued efforts in screening miniaturization and automation and
in combinatorial chemistry (see below).

CHOOSING AN APPROPRIATE MOLECULAR TARGET

What processes can be targeted to block the growth of a solid tumor? Broadly speaking they are:
tumor cell growth (increased proliferation and failure to enter apoptosis), tumor angiogenesis,
tumor invasion and metastasis. Presently, all of them are being targeted for drug discovery. Twenty
years after the discovery of the first oncogenes, scientists have reached the conclusion that multiple
genetic defects underlie tumor growth. The need for validating a target is of paramount importance
to demonstrate which of the many defects identified is necessary for tumor cell survival and which
instead is secondary to the event and has no bearing on its maintenance. Most often these changes
affect selected pathways like the ones controlling the G1/S transition of the cell division cycle, or the
p53 checkpoint control cascade.

The identification of genetic alterations in human cancers has received a substantial acceleration
during the past five to ten years. Through the study of tumor prone kindred and the use of positional
cloning techniques, alterations directly linked to several inherited cancer predisposition patterns
have been identified. As of somatic mutations, recent studies using techniques such as comparative
genome hybridization and representational difference analysis (RDA), have highlighted the fact that
as much as 20 to 30 percent of the human genome can be found rearranged in solid tumors. As a
result of large scale genome mapping and sequencing efforts, the identity of more and more of these
gene sequences will be known. From this the need of trying to assess by biochemical and genetic
means the role played by each of these alterations in the generation of the tumor phenotype and
most importantly in sustaining tumor cell growth and survival, prior to developing therapeutic
agents. After the initial burst given by the identification of novel cDNA sequences though genomic
projects, it has become clear that in the absence of biological validation no potential target would
become of use. At the molecular level, a pathway can be affected by distinct events all having the
same final effect. One example of this could be the inactivation of p53 which can occur by gene
mutation, or by hyper degradation of the protein as a consequence of its interaction with the E6
protein of human papilloma virus or of its interaction with the Mdm2 protein. It is evident that
while blocking p53 degradation could have an effect on tumors carrying HPV infection, no effect
would be seen in conditions in which p53 is inactivated by genetic mutations.

How to Validate a Target

The term “biological validation” is used in the pharmaceutical industry to mean the process through
which the role that a putative target molecule has in controlling a given cellular process can be
assessed. Before undergoing a drug discovery program centered around a given target molecule the
logical first step is to have actually collected sufficient data form either the literature or ad hoc
experiments to be able to predict whether a compound that affects that molecule’s function
will likely have any effects in vivo. Of course early during the process and until a specific inhibitor is
identified it will be difficult to translate an indirect observation with what can happen when an
inhibitor is administered to a living organism or even added to a cell.
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The following paragraphs will list a number of approaches that are utilized for target validation,
starting from a demonstration of a deregulation of its expression to genetics experiments
demonstrating its function in vivo. The biological validation of a target, or a family of targets, will
have to involve techniques that can reasonably tell what the consequences are in a cell or an animal
of inhibiting a given function.

The age of bioinformatics and “virtual” genome cloning

Much information can be gathered from the analysis of genome database sequences. Both full length
cDNA clones as well as expressed sequence tags (EST), short segments of cDNAs that are being
collected in publicly available databases, can be used for homology searches using consensus amino
acid sequences that identify give protein targets. Through this effort it is possible to obtain a listing
of cDNA sequences encoding families of proteins the expression of which can be examined at both
the RNA and protein levels, in normal and tumor tissues. Such an effort is suitable for automation
and can therefore be conducted in relatively short periods of time.

Gene knock outs in mouse

Genetic inactivation in mouse is often pursued to demonstrate the function of a given gene product
in vivo. The results of such experiments can often be difficult to interpret since they may show that
contrary to acute inactivation experiments performed in cell lines, little or no effect is observed
when a gene is deleted in a mouse embryo. One can expect that lack of a critical function that could
have resulted embryonic lethality is often compensated by epigenetic changes occurring during the
embryonic development and tend to obfuscate the observed phenotype. The setting up of inducible
systems that allow the acute inactivation of a gene function in the adult mouse should obviate to these
problems. Mouse molecular genetics, by providing both gene knock outs and transgenic animals,
has nonetheless provided excellent animal models of disease that mimic the molecular lesions
detected in humans. This has greatly enhanced our ability to screen for inhibitors of relevant targets
in vivo. Notable examples could be the cancer phenotypes of the p53 knock out and the cyclin D1
transgenic mice.

Antisense oligonucleotide and ribozyme technology

Antisense oligonucleotides have the ability to block gene expression by interacting with mRNA
molecules and causing their degradation. Chemically modified oligonucleotides are now used that
show more stability and less non specific toxic effects compared to non-modified oligonucleotides.
Ribozymes, RNA enzymes that can block gene expression by cleaving specific mRNA molecules, can
also be utilized for validation purposes. 

Microinjection of plasmids and antibodies

Cell microinjection although not quite a routine technique has the advantages of being able to
demonstrate the effects of acutely administering a given protein, cDNA or antibody molecule to
mammalian cells. As with all analytical techniques this technique is time consuming and cannot be
rendered fully automated. Yet it offers the advantage of being able to inject reagents at the desired
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time before or after a given stimulus is applied to cells, with the possibility of directly following their
fate.

Genetic approaches

Genetic studies in yeast and other genetically amenable organisms have allowed the rapid
identification of genes that play a determining role in major biochemical pathways which control
the organism’s life cycle. These discoveries have often resulted in an enormous acceleration of the
elucidation of fundamental biological processes such as those that regulate cell cycle progression and
apoptosis. Techniques are being developed that should allow the rapid identification of genes able to
interfere with cell growth and differentiation, which are easily scored in a genetic screen and that
most importantly are unequivocally altered in cancer. This is being attempted by directly expressing
molecular repertoires (cDNAs, DNA encoded peptide libraries, protein domain libraries, antisense
cDNA) in target human cells, to either block or to induce a certain cellular phenomenon.

A SUITABLE ASSAY SYSTEM

Setting up a Screen

Recombinant sources of molecular targets

The great improvements in recent years in recombinant molecular techniques have allowed the
establishment of methods for large scale preparation of protein products which can be expressed in
both prokaryotic (bacteria) and eukaryotic (yeast, insect and mammalian cells) systems. It is usually
important to consider more than one option since no exact rule can be provided for a choice. In
general though, one could consider the use of eukaryotic cells rather than bacteria when post-
translational modifications of the target protein are desirable. It is possible to produce and purify
individual proteins as well as multimeric complexes suitable for assays. Through cDNA
manipulation it is possible to choose amongst a number of epitope tagging techniques which can be
used as affinity chromatography tags for easy one-step purification.

Biochemical mechanism of action

Defining the detailed mechanism of action of target molecules is of fundamental importance. The
better understood their mode of action, the better the chance of developing a specific inhibitor. The
possibility of targeting an enzyme active site can be facilitated by the knowledge of its natural
substrate and of the products of the enzymatic reaction. In the case for example of protein kinases,
inhibitors have been developed that mimic both natural substrates of these enzymes, ATP and the
acceptor peptide sequence.

Receptors as targets have been utilized primarily in cardiovascular and neurological applications.
Small molecule ligands to these receptors have been used as templates for chemical modifications
which have turned them into highly specific antagonists. A more difficult task has been to approach
inhibitors of protein protein interactions. This is partly because there are no known small molecule
leads from which to start and also because the interaction between two proteins occurs over a large
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surface of both molecules. The same can be said for targeting DNA protein interactions; also in this
case the identification of lead compounds will have to rely on screening as well as on the knowledge
of the surfaces by three dimensional analysis. Yet it has been proven that much of the specificity in
biochemical reactions comes from surface recognition between macromolecules. One example of the
discovery of specific inhibitors of protein protein interactions has been the identification of
molecules that affect the interaction between the Mdm2 oncoprotein and the p53 tumor suppressor
protein. Small eight amino acid peptides derived from the Mdm2 sequence are able to block its
interaction with p53 upon transduction into intact cells. When introduced into cells containing low
levels of wild-type p53, this peptide causes an accumulation of the endogenous p53 protein, the
activation of a p53-responsive reporter gene, and cell cycle arrest mimicking the effects seen in these
cells after exposure to UV or ionizing radiation.

Can an organism or a cell become a primary screening target?

Together with purified molecules, it is possible to utilize whole cells in their growing environment to
assays for very simple parameters, e.g. cell growth ad metabolic rate, as well as for the production
of specific metabolites or for gene expression through the use of reporter gene assays. This is also
amenable to automation and therefore to high throughput screening. Compared to the screens done
in the past, our ability to generate engineered cell lines and animals, allows to reproduce a molecular
lesion in vivo. For example, through the use of cells that have been engineered for the expression of
a particular protein one can screen for the induction of selective effects compared to cells that do
not express that particular protein. Matched pairs of cell lines can be used to screen for selective
effects. Similar experiments can be performed directly in animals through the expression of a given
transgene or in a particular knock out genetic background.

SCREENING FOR DRUG DISCOVERY

High Throughput Screening

The screening paradigm

A screening hierarchy is designed to identify a small number of lead chemical entities from amongst
large libraries of compounds. Advances in screening technologies over the last decade have made it
possible to screen hundreds of thousands of compounds in a matter of a few months, whereas it was
once only feasible to screen a few thousand compounds against a particular target. Typically a
target-based approach to screening is adopted. A therapeutic rationale is established for the
modulation of a specific biological target. All compounds are tested in a primary screen containing
the target. The primary screen is designed in such a way to permit robotic high-throughput
screening. The active compounds (hits) from the primary screen are analyzed chemically and the
most structurally interesting compounds are then tested further at multiple doses in order to
determine their potency (IC50 determinations). The specificity of the hits for the primary target can
be estimated by further testing using a panel of secondary assays, containing either targets related to
the primary target (to establish selectivity amongst a family of targets) or unrelated targets (to
estimate broad cross-reactivity). Ultimately, a compound will need to show activity against the target
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in a cell-based screen before it can be considered a genuine “lead”. At this point a biopharmaceutical
organization will be prepared to initiate a medicinal chemistry program to optimize the lead. Newly
synthesized analogs are tested in the primary and secondary assays to establish a structure activity
relationship (“SAR”) for the chemical series. The SAR information is used to improve potency and
selectivity for the primary target.

Screen design

The design of a high-throughput screen greatly affects its utility. Most current high-throughput
screens are run in microplates, so development of a screen in a microplate format is a minimum
design requirement. Robotic screening systems are modular in design, so the simpler the screen and
the fewer manipulations required, the easier it is to automate the screen. In this context, there has
been increasing uptake by the high-throughput screening community of homogeneous screening
methodologies that require no separation or washing steps. Homogeneous screens are sometimes
referred to as “mix and measure” because they require only pipetting, mixing and detection steps.
Accurate signal quantitation is required; fluorescence has become the dominant readout for high-
throughput screening, given its exquisite sensitivity and low impact on the environment. Use of
radioisotopes, though generally avoided whenever an alternative exists, will probably never
disappear completely in view of their widespread applicability for assay development. Luminescence
is used in some screen applications.

Future directions in screening

Within the pharmaceutical industry there is increasing pressure to identify clinical candidates for
new drugs in greater numbers than ever before. This demand is creating a pressure to identify lead
compounds at much faster rates than has been achievable previously. The latter imperative is forcing
a technological shift towards higher density plate formats (examples are 1536-well and 9600-well
plates), nanolitre pipetting and simultaneous imaging. Assay miniaturization, it is hoped, will
facilitate the screening of up to 500,000 compounds per week whilst minimizing reagent costs. In
reality, only the most sophisticated companies will be able to commit the resources required to
integrate the new miniaturized screening technologies successfully. Furthermore, it is unlikely that
all assays will be fully miniaturizable, although the expansion in new assay technologies and ultra-
sensitive reagents offer more opportunities to develop screens that are capable of miniaturization.
Combinatorial chemistry is offering the twin opportunities of large compound libraries for screening
(increasing the chance of finding leads) and faster analoging of lead compounds (reducing the
timeline for lead optimization).

Sources of Compounds

Lead discovery

Natural extracts have been a traditional source of novel chemical entities for drug discovery. In the
last few years the expansion in high-throughput screening capability has made it possible for large
pharmaceutical companies to screen their chemical inventories. The latter inventories frequently
contain several hundreds of thousands of chemicals synthesized for different medicinal chemistry
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programs. Often, smaller companies can gain access to the chemical library of large pharmaceutical
companies through strategic alliances. Large chemical houses and specialized vendors are responding
to the revolution in high-throughput screening by supplying compounds pre-formatted for
screening. As previously noted, combinatorial chemistry is being increasingly tapped as a source of
chemical leads. Even when a robust high-throughput screening capability exists, screening hundreds
of thousands of compounds can be a daunting task. In such cases, some companies have adopted
pooling strategies to expedite the screening process; small groups of 10–30 compounds are
combined and screened in the same test well of a plate, thereby greatly reducing the total number of
tests required (e.g. see references 1 and 2).

Chemical libraries

There are obvious advantages to screening compounds of known structure. The greatest benefit is
the speed with which a synthetic program can be implemented to optimize the lead. In today’s
business environment, this point is well understood both by smaller biotechnology companies (who
must show quick and tangible progress to sustain future investment) and to established
pharmaceutical companies (that require an expanding pipeline of clinical candidates). It should be
noted that many of the compounds obtained from a pharmaceutical or academic “archive” may have
been made many years or even decades earlier and a proportion of these compounds will be
seriously degraded. For this reason it is essential to confirm the integrity of a hit before doing any
more work with it. NMR and LC-MS are suitable means of analysis.

Natural products

Natural extracts are a rich source of novel compounds. Frequently exploited sources are plants,
microorganisms and marine organisms. The structural uniqueness of a lead discovered in a natural
extract can be both an advantage (the same compound will not be found in libraries of synthetic
compounds, giving the discoverer a potential competitive edge) and a disadvantage (it may not be
feasible to produce the compound synthetically at an industrial scale). A major consideration when
considering screening natural extracts is whether the resources can be committed to follow up the
hits. Specialized chemical expertise is required to purify the active compound and to elucidate its
structure. Uninteresting or “nuisance” compounds must be quickly “de-replicated” at an early stage
to avoid tying up critical resources. Typically, the natural products chemistry follow-up introduces a
six to nine month lead time between the initial finding of a hit and the isolation and structural
elucidation of the hit compound.

Combinatorial chemical libraries

In traditional medicinal chemistry, compounds are synthesized one at a time. Combinatorial
chemistry, however, allows chemists to synthesize whole libraries of molecules simultaneously. In
this way, thousands of compounds can be produced in months or even weeks. Indeed, the most
productive combinatorial chemistry operations have synthesized literally millions of compounds
that are made available for high-throughput screening. Originally conceived in the 1980s to produce
libraries of peptides, combinatorial synthesis is now also utilized to produce small organic molecules
that can be more easily developed into drugs. Combinatorial chemistry can also accelerate the
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process of optimizing lead compounds. The traditional process of lead optimization involves
synthesizing a few analogs of the lead compound at one time and using a combination of intuition
and feedback from the bioassay data to guide successive rounds of synthesis. By contrast, using
combinatorial chemistry, it is possible to synthesize whole libraries of compounds that are
structurally related to the original lead and thereby build up a very complete database of SAR
information in a relatively short space of time. For reviews of combinatorial chemistry see references
3 and 4.

Secondary Screening

Determining selectivity

Bioassay data is used in various ways in a screening program to assess the selectivity of a
compound. Most often, selectivity information becomes important only after initial rounds of
analoging have improved the potency of a lead to the extent that further improvements in potency
are no longer necessary. The focus then shifts towards improving selectivity; selectivity assays are
essential for guiding the synthesis of compounds which show a greater therapeutic index for the
primary target over other targets. It is useful to counterscreen against targets related to the primary
one; this provides information that, when combined with structural information on the molecular
target, can be particularly powerful in guiding the synthesis of highly selective drugs.

Where several different screening programs are operating it is often easy to obtain information on
the activity of a hit compound against other, unrelated, targets. This information can be useful for
selecting hit compounds which are least likely to show unwanted biological cross-reactivity.

Cell based assays

Functional cell based assays, e.g. reporter gene assays (reference 5), are becoming more popular for
high-throughput screening, as a result of increased expertise in molecular genetics and cloning
techniques. The advantage of functional cell based assays is that they enable quantitative
measurement of the effect on a biological target in the context of a whole cell. Measurement of an
internal cellular control marker can be used to identify and discard compounds which show general
toxicity. Several factors can limit the efficacy of a compound in a cell: problems with cell
permeability can limit the uptake of the compound, cellular pumps can cause efflux and cellular
enzymes can cause the compound to metabolize to a molecule which no longer shows activity. In
this context, hits discovered using whole cells as the screening vehicle are particularly interesting
because they show activity in spite of the potential confounding effects associated with cellular
testing. Even if functional cell based screens are used in a screening hierarchy, there will always be a
need for non cell based assays to guide SAR studies. Otherwise, when relying exclusively on cellular
data, the contribution of one of the confounding cellular effects (permeability, efflux or metabolism)
to a reduction in activity can never be discounted.

Cell based assays are also used as secondary assays to confirm that a compound which shows
activity against a target in a cell free system is capable of modulating the target in a whole cell.
Functional cell based assays make particularly useful secondary cell assays. However, cell
proliferation assays using non engineered cell lines are useful for showing whether compounds are
capable of killing or arresting cells.
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Kinetic studies

Kinetic analysis of hits is used to gain an insight into the mode of action of hits. A finding of
competitive enzyme inhibition, for example, will lead to the conclusion that the compound is
interfering with the binding of the substrate. In the latter situation, the compound will be favored if
the discovery program is biased towards drugs which interfere with substrate binding, but
disfavored if an alternative mode of action is sought.

High-throughput screening techniques can be utilized to perform rapid kinetic studies of large
numbers of compounds. Consider a drug discovery program that favors competitive inhibitors.
IC50s determinations, performed at two widely different substrate concentrations, will reveal those
compounds which show competitive inhibition, by virtue of an increased IC50 at the higher
substrate concentration. Hundreds or even thousands of compounds can be analyzed in this way
using high-throughput screening techniques in a matter of weeks, or possibly days. Such approaches
to hit prioritization are becoming increasingly common as more and more laboratories are utilizing
the power of high-throughput screening to make the most informed decisions in their drug discovery
functions.

CONCLUSIONS

An example of a possible screening hierarchy for the discovery of inhibitors of the cyclin-dependent
kinase pathway is shown in Table 3. Alterations in cyclin-dependent kinase pathways have been
demonstrated to occur in human tumors at high frequency. The screening strategy could involve
choosing different types of primary screens. 

Table 3 Examples of screening strategies for cyclin-dependent kinases

1 Primary assays
1.1 Protein kinase assay
1.2 Mimicking p16 or p21 Cdk inhibitors: competition binding assay
1.3 Cyclin/Cdk binding assay
1.4 Cdk-activating kinase (CAK) assay
1.5 CDC25 phosphatase assay
1.6 Cyclin degradation assay

2 Secondary screening:
2.1 Comparing selectivity with other enzymes (protein kinases etc.)
2.2 Inhibition of growth in cell lines carrying specific Cdk alterations:

2.2.1 Cell lines overexpressing cyclins D1 or E
2.2.2 Cell lines carrying pRb inactivation

3 Animal models
3.1 Cyclin D1 or cyclin E transgenic mice
3.2 p16 knock out mice
3.3 Xenografts of genetically characterized human tumors in mice

Some appear easier to set-up than others. A protein kinase assay is quick to set up and could prove
to be advantageous. The availability of known inhibitors of protein kinases could help with the
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initial “hit” identification. On the other hand a great level of specificity could be achieved by the
identification of specific cyclin-cdk interaction inhibitors. Such a project could also be aided by the
availability of three dimensional structures of several cyclin-dependent kinase complexes, and by the
fact that animal models of tumorigenesis mediated by alteration of Cdk regulators have been
established. For a process like this to go forward, the combined efforts of teams of medicinal
chemists, pharmacologists, structural biologists and “biochemists-screening experts” will be
required. Their close collaborative work will be necessary for reaching the goal of having one or
more “clinical candidate” compound. Through the entire development phase that will follow and even
after a “drug” has been approved for treating a specific disease condition, the process of
bioscreening will accompany all attempts to improve the physical-chemical characteristics of the
compound under study, to monitor their biochemical and biological properties as their in vivo
pharmacological properties are improved.
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