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ABSTRACT OF THE DISSERTATION 

 
Microtubules are major cytoskeletal structures responsible for maintaining genetic stability 

during cell division. The dynamics of these polymers are absolutely crucial for this function that can be 

described as their growth rate at the plus ends, catastrophic shortening, frequency of transition between 

the two phases, pause between the two phases, their release from the microtubule organizing center and 

treadmilling. Interference with microtubules dynamics often leads to programmed cell death and thus 

microtubule-binding drugs such as paclitaxel, docetaxel and the vinca alkaloids are currently used to 

treat various malignancies in the clinic. However, these chemotherapy drugs are confounded by 

complications with serious toxicity (particularly, peripheral neuropathies, gastrointestinal toxicity, 

myelosuppression and immunosuppression) owing to their non-selective action and extreme 

overpolymerizing effects (by taxanes) or depolymerizing effects (by vincas) on microtubules. Thus, 

there is an urgent need to explore novel tubulin-binding agents that are significantly effective and 

comparatively less toxic compared to currently-available drugs for the treatment of human cancers. 

Systematic screening of new compounds based on structural similarity of know drugs (such as 

colchicine, podophyllotoxin, etc.) that interfere with microtubules has led to the discovery of 

noscapine, an opium alkaloid, that binds stoichiometrically to tubulin, alters its conformation upon 

binding and arrests mammalian cells in mitosis. It was demonstrated that unlike many other 

microtubule inhibitors, noscapine does not significantly promote or inhibit microtubule polymer mass 

even at high concentrations. Instead, it alters the steady-state dynamics of microtubule assembly, 

primarily by increasing the amount of time that the microtubules spend in an attenuated (pause) state 

when neither microtubule growth nor shortening is detectable. As a result of this and compromised 

checkpoints, cancer cells selectively get killed by noscapinoids, while unaffecting the normal cells. In 

addition, noscapine has some other advantageous properties as lead molecule: (1) retains activity 

against paclitaxel-resistant cell line (1A9/PTX10, 1A9/PTX22) and epothilone-resistant cell line 

(1A9/A8); (2) has a favourable pharmacokinetics (clearance in 6-10 hours); (3) is a poor substrate for 

drug-pumps (polyglycoproteins and MDR-related proteins) that comprise a major cause of drug 

resistance; (4) it does not show immunological and neurological toxicities and (5) inhibits 

tumorigenesis in vivo albeit at high concentrations (~ 300 mg/kg body weight).  Although noscapine is 

cytotoxic in a variety of different cancer cell lines (NCI 60 cell lines panel), the IC50 values remain in 

the high micromolar ranges (~21.1 to 100 μM). For further enhancing its activity, research is being 

focused on rational drug design and synthesis of a new generation of noscapine derivatives (we called 

as noscapinoids) for better therapeutic outcome. 
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Availability of structure activity data of many derivatives of noscapine could lead to 

development of a reasonable prediction model and thus guide in rational design of more potent 

derivatives of noscapine. Furthermore, chemical synthesis and experimental evaluations of newly 

designed potent noscapinoids could indicate their great potential as chemotherapeutic agents for the 

treatment of human cancers to treat various malignancies in the clinic. This inspired me to use both the 

ligand based and structure based computer aided drug design approaches to design novel derivatives of 

noscapine. In the ligand based computer aided molecular design approach I have developed a QSAR 

model for predicting the anti-cancer activity of noscapinoids as well as to design new derivatives of 

noscapine. To develop QSAR model a data set of 32 previously reported noscapinoids was used. Anti-

cancer activity (measured as IC50 value) of these compounds was experimentally determined using 

human acute lymphoblastic leukemia cells (CEM) which vary from 1.2 to 56.0 μM. To develop the 

QSAR model, the biologically active conformations of the compounds were obtained by performing 

geometrical optimization using semi-empirical quantum chemical calculations at 3-21G* level. These 

conformations were screened out in reference to the experimentally obtained structure with NMR 

Analysis of Molecular Flexibility in Solution--NAMFIS, and crystal structure of noscapine. Genetic 

function approximation algorithm of variable selection was used to generate the QSAR model. The 

robustness of the QSAR model (R2 = 0.942) was analyzed by the values of the internal cross-validated 

regression coefficient (R2
LOO = 0.815) for the training set and determination coefficient (R2

test = 0.817) 

for the test set. The appearance of the electronic descriptors such as electronegativity, electrophilicity 

and softness (calculated from HOMO and LUMO energies) in the QSAR model demonstrates that 

these descriptors significantly influence the anti-tumor activity of noscapinoids. They favor columbic 

interaction between ligands and receptor. Therefore, the developed QSAR model guided us to 

substitute a functional group such as “azido” (
- + -N =N =N ), satisfying the above descriptors in the 

scaffold structure of noscapine pertaining to better anti-tumor activity. I have designed two new 

derivatives of noscapine, 9-azido-noscapine and reduced-9-azido-noscapine and these compounds were 

predicted to have better activity, than the lead compound, by the QSAR model. Validation was 

achieved by synthesis and experimental determination of pIC50 for both the compounds (5.585 µM) 

which turned out to be very close to predicted pIC50 (5.731 and 5.710 µM). Thus it was established that 

the model has a high predictive power for the further design of better noscapinoids as well as would 

perform as a good rapid screening tool to uncover new and more potent anti-tumor drugs based on 

noscapine derivatizations. 
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In my attempt of analyzing molecular interaction of noscapinoids with tubulin heterodimer with 

a special focus on isotypes of β-tubulin, I have used the structure based approach. Tubulin molecule is 

composed of α- and β-tubulin, which exist as various isotypes whose distribution and drug-binding 

properties are significantly different. Although noscapinoids are found to bind at the interface of two 

dimmers, their interaction is more biased towards β-tubulin. To achieve this, a set of already known 

noscapine derivatives was used to study the molecular interactions. The structures of tubulin 

heterodimers comprising different isotypes of β-tubulin are not available. Therefore molecular 

structures of tubulin dimers composed of α- and different β-tubulin isotypes were modelled based on 

the crystal structure of tubulin. The modelled structures of the tubulin isotypes were analyzed to reveal 

differences in the conformation and the environment of the noscapinoid binding site, which could 

affect the binding of noscapinoids with different isotypes. The binding affinity of a known set of 

noscapinoids with each type of tubulin was evaluated using molecular docking. It was found that the 

binding score of a specific noscapinoid with each type of tubulin isotype is different. Specifically, 

amino-noscapine has the highest binding score of -6.432, -7.179, -7.416 and -7.417 kcal/mol with αβI, 

αβII, αβIII and αβIV isotypes, respectively. Similarly compound 10(a noscapine derivative) showed a 

higher binding affinity of -6.792 kcal/mol with αβV, whereas compound 8(a noscapine derivative) has 

highest binding affinity of -7.182, -7.136 and -7.236 kcal/mol, respectively with αβVI, αβVII and αβVIII 

isotypes. In particular the specific interaction of αβIII- tubulin isotype (overexpression of αβIII has been 

associated with resistance to a wide range of chemotherapeutic drugs for several human malignancies) 

with noscapine, amino-noscapine (the most potent derivative) and bromo noscapine (the clinical 

derivative) was investigated using MD simulation, MMGBSA and MMPBSA approaches. All the three 

ligands showed better binding affinity with αβIII in the pattern of amino-noscapine (-34.70 and -46.23 

kcal/mol), bromo-noscapine (-32.05 and -38.09 kcal/mol) and noscapine (-28.02 and -38.86 kcal/mol) 

based on both MM-PBSA and MM-GBSA calculations. All the three ligands (noscapine, bromo-

noscapine and amino-noscapine) were well accommodated into the binding site of αβIII-tubulin isotype, 

at the interface between α- and β- tubulin, however, their binding interactions with the amino acids 

inside the binding cavity were distinct as the binding site residues of αβIII-tubulin isotype contributed 

differently towards binding. But it was observed that some of the amino acids, Ser 239, Leu253, Ile 

368, consistently contributed to the binding energy for all the three ligands, indicating their importance 

in interaction with the ligands targeted towards αβIII-tubulin isotype. The information gained in this 

study about the isotype specificity of a noscapinoid could pave a way for more efficient design of 

novel noscapinoid, which could be specifically targeted towards cancer cells.  
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In pursuit of developing novel noscapinoid with improved anti-cancer activity, I have used 

structure based drug design approach. I have strategically designed a series of noscapine derivatives by 

substituting biaryl pharmacophore (a major structural constituent of many of the microtubule-targeting 

natural anticancer compounds) onto the scaffold structure of noscapine. Molecular interaction of these 

derivatives with αβ-tubulin heterodimer was investigated by molecular docking, molecular dynamics 

simulation, and binding free energy calculation. The predictive binding affinity indicates that the newly 

designed noscapinoids bind to tubulin with a greater affinity. The predictive binding free energy 

(ΔGbind,pred) of these derivatives (ranging from -5.568 to -5.970 kcal/mol) based on linear interaction 

energy (LIE) method with a surface generalized Born (SGB) continuum solvation model showed 

improved binding affinity with tubulin compared to the lead compound, natural α-noscapine (-5.505 

kcal/mol). Guided by the computational findings, these new biaryl type α-noscapine congeners were 

synthesized from 9-bromonoscapine using optimized Suzuki reaction conditions for further 

experimental evaluation. The derivatives showed improved inhibition of the proliferation of human 

breast cancer cells (MCF-7), human cervical cancer cells (HeLa) and human lung adenocarcinoma 

cells (A549) compared to natural noscapine. The cell cycle analysis in MCF-7 further revealed that 

these compounds alter the cell cycle profile and cause mitotic arrest at G2/M phase more strongly than 

noscapine. Tubulin binding assay revealed higher binding affinity to tubulin, as suggested by 

dissociation constant (Kd) of 126 ± 5.0 µM for 5a, 107 ± 5.0 µM for 5c, 70 ± 4.0 µM for 5d, and 68 ± 

6.0 µM for 5e compared to noscapine  (Kd of 152 ± 1.0 µM). In fact, the experimentally determined 

value of ΔGbind,expt (calculated from the Kd value) are consistent with the predicted value of ΔGbind,pred 

calculated based on LIE-SGB. Based on these results, one of the derivatives (5e) of this series was 

used for further toxicological evaluation. Treatment of mice with a daily dose of 25 mg/kg and a single 

dose of 50 mg/kg indicate that the compound does not induce detectable pathological abnormalities in 

normal tissues. Also there was no significant difference in hematological parameters between the 

treated and untreated groups. Hence the newly designed noscapinoid, 5e is an orally bioavailable, safe 

and effective anticancer agent with a potential for the treatment of cancer and might be a candidate for 

clinical evaluation. 
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1.1 INTRODUCTION 

Cancer is one of the leading causes of death. It is a class of diseases in which a group of 

cells display uncontrolled growth, invasive intrusion, destruction of adjacent tissues, and metastasis 

to other locations in the body via lymph and/or blood. Cancer may affect people at all ages, even 

foetuses, but the risk for most varieties increases with age throughout the world (Figure 1.1). While 

a cure for cancer is still a dream, considerable advances have been made in curbing the suffering 

and the progression of this devastating disease, which has taken the centre stage in the arena of 

healthcare professionals. 

 

Figure 1.1. Continental distribution of cancer cases. (A). Visual depiction of the estimates projected 
by the American Cancer society in 2007. (B). Compilation of data from panel A. This compilation 
clearly notes Asia as the leader with 5.6 million notes only around 764 thousand cases. 
Interestingly, Australia, New Zealand taken together projected only around 117 thousand cases. 
This figure, presents the stark realization that cancer cannot be viewed as a disease of wealthy, and 
it should be a united global effort to find curative/palliative measures.  

http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Cell_\(biology\)
http://en.wikipedia.org/wiki/Metastasis


Chapter 1 
 

4 
SENEHA SANTOSHI Ph.D Thesis, Jaypee University of Information Technology, Aug 2014 

 

According to the latest report released in December 2013 by International Agency for 

Research on Cancer (IARC), the specialized cancer agency of the World Health Organization, 

global burden of cancer rises to 14.1 million new cases and 8.2 million deaths in 2012. The report 

provides information on existence of 28 types of cancers in 184 countries worldwide. The most 

common cancers diagnosed worldwide were those of lung (1.8 million, 13.0% of the total), breast 

(1.7 million, 11.95 of the total) and colorectum (1.4 million, 9.7%). The most common causes of 

cancer deaths were cancers of the lung (1.6 million, 19.4% of the total), liver (0.8 million, 9.1%), 

and stomach (0.7 million, 8.8%). This is the second most common disease after cardiovascular 

disorders for maximum deaths in the world. In the context of India, cancer is the second most 

common disease responsible for maximum mortality with about 0.3 million deaths per year. 

According to the cancer data compiled from 2004 to 2010 by ICMR (Figure 1.2), the number of 

male, female and the total cancer patients in 2004 were 390809, 428545 and 819354 respectively. 

The number of male and female cancer patients increased continuously up to 2009, with 454842, 

507990 and 962832 cases for male, female and total cancer patients, respectively. Similarly, 462408 

male cancer patients and 517378 female cancer patients were recorded, with a total number of 

979786 patients in 2010. Thus, it is clear from the figure that the number of cancer cases has 

increased gradually with time. All types of cancers have been reported in Indian population 

including the cancers of skin, lungs, breast, rectum, stomach, oral, pharyngeal, prostate, liver, 

cervix, esophagus, bladder, blood etc.  Among these lung, oesophagus, stomach and oral cancers 

are most common in men, where as in women, cervix and breast cancers are most common in India 

in comparison to USA Figure 1.3. 

 

Figure 1.2. Year wise total cancer prevalence in India [ICMR, 2006; ICMR, 2009]. 
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Figure 1.3. The most common cancers found in India in comparison to USA. Source - Cancer 
Scenario in India with Future Perspectives, Cancer Therapy Vol 8, 56-70, 2011. 

1.1.1 Cancer treatments  

Due to vast work in the field of cancer, we have gained remarkable new knowledge about 

the exact steps necessary for cancer cells to grow, divide, and spread. This has opened the door for 

new and better ways to stop or reverse these steps. Besides the conventional major targets such as 

DNA integrity/metabolism, several more specific new targets have continually been emerging. The 

relative contributions to date, of various targets of cancer therapeutic regimens are depicted 

graphically in Figure 1.4. 

 

Figure 1.4. Proportions of various mechanisms/drugs currently in-use in anti-cancer 
therapy.(compiled using table 1.1) 
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Chemotherapy is the general term for any treatment involving the use of chemical agents to 

stop cancer cells from multiplying. These chemical agents can work by any of the mechanisms such 

as interfering with DNA metabolism, cell division or signal transduction. Because of the systemic 

administration and generalized bioavailability, these treatment regimens can eliminate cancer cells 

at sites great distances from the original cancer. Chemotherapy remains a widely used means of 

treatment, prevention of reoccurrence and palliative care for a variety of cancer types. Therefore, 

not surprisingly over half of the patients diagnosed with cancer, receive chemotherapy. 

Conventionally, these types of agents were identified from the libraries of naturally derived 

compounds or of chemically synthesized compounds by evaluating their cytotoxicities to identify 

the promising lead compounds. The technical advances in the robotics, very sensitive yet simple 

assay systems, and state of the art development in combinatorial chemistry have now become a 

mainstay of this line of research. In addition, further advances in chirally biased chemical synthetic 

techniques and the advances in the separation of chiral compounds have now opened up novel 

vistas in this area. Basically, the drugs that are simply identified by cytotoxicity towards cancer 

cells do not particularly target the cancer cells exclusively but can equally be cytotoxic to normally 

dividing cells of the healthy tissues. Although highly cytotoxic, some of these drugs still remain 

most effective against complex solid tumors such as ovarian and breast as well as some 

hematological cancers [1-4].(Table 1.1) 

Table 1.1. Drugs currently used for cancer treatment. [1-4] 

Mode of 

inhibition 
Drugs and their targets 

DNA integrity 

and metabolism 

Folic acid metabolism: Dihydrofolate reductase inhibitor 
(Aminopterin, Methotrexate, Pemetrexed); Thymidylate synthase 
inhibitor (Raltitrexed, Pemetrexed). 
Purine metabolism: Adenosine deaminase inhibitor (Pentostatin); 
Halogenated/ribonucleotide reductase inhibitors (Cladribine, 
Clofarabine, Fludarabine); Thiopurine (Thioguanine, Mercaptopurine). 
Pyrimidine metabolism: Thymidylate synthase inhibitor (Fluorouracil, 
Capecitabine, Tegafur, Carmofur, Floxuridine); DNA polymerase 
inhibitor (Cytarabine); Ribonucleotide reductase inhibitor 
(Gemcitabine); Hypomethylating agent (Azacitidine, Decitabine). 
Deoxyribonucleotides metabolism: Ribonucleotide reductase inhibitor 
(Hydroxyurea). 
Topoisomerase I inhibitor: Camptotheca (Camptothecin, Topotecan, 
Irinotecan, Rubitecan, Belotecan). 
 Topoisomerase II inhibitor: Podophyllum (Etoposide, Teniposide). 
TopoisomeraseII+ intercalation: Anthracyclines (Aclarubicin, 
Daunorubicin, Doxorubicin, Epirubicin, Idarubicin, Amrubicin, 
Pirarubicin, Valrubicin, Zorubicin); Anthracenediones (Mitoxantrone, 
Pixantrone). 
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Crosslinkers: Nitrogen mustards: Mechlorethamine; 
Cyclophosphamide (Ifosfamide, Trofosfamide); Chlorambucil 
(Melphalan, Prednimustine); Bendamustine; Uramustine; 
Estramustine. 
Nitrosoureas:  Carmustine; Lomustine (Semustine); Fotemustine; 
Nimustine; Ranimustine; Streptozocin. 
Alkyl sulfonates: Busulfan (Mannosulfan, Treosulfan). 
Aziridines: Carboquone; ThioTEPA; Triaziquone; 
Triethylenemelamine; Platinum (Carboplatin, Cisplatin, Nedaplatin, 
Oxaliplatin, Triplatin tetranitrate, Satraplatin); Hydrazines 
(Procarbazine); Triazenes (Dacarbazine, Temozolomide); Altretamine; 
Mitobronitol; Streptomyces (Actinomycin, Bleomycin, Mitomycin, 
Plicamycin). 

Radiation and 

photosensitizers 

Radiation therapy: High-energy radiation from x-rays, gamma rays, 
neutrons, protons, and other sources.   
Photosensitizers: Aminolevulinic acid/Methyl aminolevulinate; 
Efaproxiral; Porphyrin derivatives (Porfimer sodium, Talaporfin, 
Temoporfin, Verteporfin). 

Signal 

Transduction 

Receptor tyrosine kinase inhibitors: ErbB: HER1/EGFR (Erlotinib, 
Gefitinib, Lapatinib, Vandetanib, Neratinib); HER2/neu (Lapatinib, 
Neratinib) 
RTK class III: C-kit (Axitinib, Sunitinib, Sorafenib); FLT3 
(Lestaurtinib); PDGFR (Axitinib, Sunitinib, Sorafenib); VEGFR 
(Vandetanib, Semaxanib, Cediranib, Axitinib, Sunitinib, Sorafenib). 
Non recptor tyrosine kinase inhibitors: bcr-abl (Imatinib, Nilotinib, 
Dasatinib), Src (Bosutinib), Janus kinase 2 (Lestaurtinib). 
Enzyme inhibitors: Farnesyl transferase FI (Tipifarnib); CDK 
inhibitors (Alvocidib, Seliciclib); proteosome inhibitor PrI 
(Bortezomib); PDE II inhibitor PhI (Anagrelide); Imp dehydrogenase 
inhibitor IMPDI (Tiazofurine); Lipoxygenase inhibitor LI 
(Masoprocol). 
Receptor antagonists/hormones: Endothelial receptor antagonist ERA 
(Atrasentan); retinoid X receptor (Bexarotene); sex steroid 
(Testolactone). 

Monoclonal 

antibodies 

Receptor tyrosine kinase: ErbB: HER1/EGFR (Cetuximab, 
Panitumumab); HER2/neu (Trastuzumab). 
Solid tumors: EpCAM (Catumaxomab, Edrecolomab); VEGF-A 
(Bevacizumab). 
Leukemia/lymphoma. 
Lymphoid: CD20 (Rituximab, Tositumomab, Ibritumomab). 
Myeloid: CD52 (Alemtuzumab). 
Lymphoid+Myeloid: CD33 (Gemtuzumab). 
Others: Afutuzumab, Alemtuzumab, Bevacizumab/Ranibizumab, 
Bivatuzumab mertansine, Cantuzumab mertansine, Citatuzumab 
bogatox, Dacetuzumab, Etaracizumab, Farletuzumab, Gemtuzumab 
ozogamicin, Inotuzumab ozogamicin, Labetuzumab, Lintuzumab, , 
Milatuzumab, Nimotuzumab, Oportuzumab monatox, Pertuzumab, 
Sibrotuzumab, Sontuzumab, Tacatuzumab tetraxetan, Tigatuzumab. 
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Tubulin 

binding drugs 

Inhibit microtubule assembly:Vinca alkaloids (Vinblastine, 
Vincristine, Vinflunine, Vindesine, Vinorelbine) 
Promote microtubule assembly:Taxanes (Paclitaxel, Docetaxel, 
Larotaxel, Ortataxel, Tesetaxel); Epothilones (Ixabepilone) 

Miscellaneous 

Amsacrine; Trabectedin; Retinoids (Alitretinoin, Tretinoin); Arsenic 
trioxide; Asparagine depleter (Asparaginase/Pegaspargase); Celecoxib; 
Demecolcine; Elesclomol; Elsamitrucin; Etoglucid; Lonidamine; 
Lucanthone; Mitoguazone; Mitotane;    Oblimersen; Temsirolimus; 
Vorinostat 

 

1.2 MICROTUBULE SYSTEM AS POTENTIAL TARGET FOR ANTICANCER DRUGS 

1.2.1 Microtubule structure and dynamics 

 Microtubules(MTs) are ubiquitous tubular structures that are key component of cytoskeletal 

structure. They are crucial for the formation and maintenance of the mitotic spindle that, in turn, is 

responsible for separation of duplicated chromosomes during cell division [5-7]. MTs are dynamic 

hollow rods approximately 25 nm in diameter and polymers of α- and β-tubulin dimers that undergo 

continual assembly and disassembly within the cell. The three dimensional structure of the tubulin 

heterodimer was obtained by electron crystallography studies (Figure 1.5). Each monomer is 

asymmetric with approximate dimensions of 46 × 40 × 65 Å (width, height and depth, respectively) 

and consists of a core of two sheets surrounded by helices [8]. Functionally, each subunit of tubulin 

is divided into three domains: the amino terminal domain containing the nucleotide binding region, 

an intermediate domain and the carboxyl terminal domain that regulate the interaction of drugs such 

as vinblastine and colchicine [9-11]. Individual MTs comprise 13 linear protofilaments forming the 

wall of the hollow tube [12-15] and these protofilaments in turn result from a head-to-tail assembly 

of tubulin dimers (Figure 1.6). Owing to the head-to-tail contact of the α subunit of one tubulin 

dimer to the β subunit of the next, one end of the protofilament has α subunit exposed while the 

other end is capped by the β subunit [6]. These ends are designated (−) and (+) respectively (Figure 

1.6). While the bulk reaction mixture appears to be in chemical equilibrium, individual polymers 

can continually be in transition between growing and shortening phases, a property aptly named as 

dynamic instability (Figure 1.7) [16,17]. The transition from a growth phase to a rapid shortening 

phase is called a ‘‘catastrophe’’ and the transition from a shortening phase to a growth or a pause 

state is called a ‘‘rescue’’ (Figure 1.6 and 1.7). These two phases are often interrupted by a pause or 

an attenuated state [16-21]. This results in the continual and rapid turnover of most MTs, which 

have half-lives of only several minutes within a cell [22-26]. This rapid turnover of MTs is 

particularly critical for the remodeling of the cytoskeleton that occurs during mitosis. 

http://en.wikipedia.org/wiki/Tubulin
http://en.wikipedia.org/wiki/Dimers
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Figure 1.5. Molecular structure of tubulin hetero-dimer consisting of α- and β-tubulin. Ribbon 
diagram showing the α- and β-monomers of tubulin from X-ray crystallographic data at a resolution 
of 3.7 Å viewed from inside of the microtubules. The tubulin consisted of alpha helix, beta strands 
and loops. The GTP (non-hydrolyzable) is shown to bind to the α-monomer whereas GDP (formed 
from the hydrolysis of GTP, hydrolyzabe site of GTP) and Taxotere are bound to β-monomer. The 
arrow indicates the growth of the protofilaments during microtubule formation. [8] 

 

Figure 1.6.  Microtubules having 13 linear protofilaments forming the wall of the hollow tube and 
these protofilaments in turn result from a head-to-tail assembly of tubulin dimers. The head-to-tail 
contact of the α subunit of one tubulin dimer to the β subunit of the next, one end of the 
protofilament has α subunit exposed while the other end is capped by the β subunit. These ends are 
designated (−) and (+) respectively. 
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Figure 1.7. Microtubule dynamics and the measured dynamic parameters. (A) A gallery of video 
frames, 6 seconds apart, showing the plus ends of several microtubules. (B) One representative 
microtubule plus end behavior is shown. As time goes in seconds the microtubule plus end is 
growing and growing and all of a sudden the microtubule can revert into a phase of shortening and 
the shortening can be rescued by another growth phase. So it is continuously growing and 
shortening as you can see hardly any pausing between both the phases. (C) The measured dynamic 
parameters of microtubules [26]. 

1.2.2 Microtubule - targeting agents  

Microtubule binding drugs can be broadly classified in two groups. The first class comprises 

drugs that inhibit tubulin polymerization and hence promote MT disassembly. Vinca alkaloids, 

colchicine, estramustine, and combretastatin are some important drugs of this class. The other class 

comprises drugs that promote tubulin polymerization and cause MT over assembly. Taxanes, 

laulimalides, and discodermolides are representatives of this class. 

Besides recent advances in the binding interactions of paclitaxel, docitaxel, laulimalides and 

colchicine, the precise nature of binding site interactions of anti-MT dugs remain a subject of 

intense research. The tertiary structure of αβ tubulin heterodimer was reported in 1998 by Downing 

and co-workers at a resolution of 3.7Å using electron crystallography [8]. Several direct and 

indirect binding site elucidation techniques have identified three key binding sites on tubulin: (1) 
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the Colchicine site [28]; (2) the Vinca alkaloid site [29]; and (3) the Taxane binding site on the 

polymerized MT [30]. These compounds predominantly arrest the cell cycle at prometaphase of 

mitosis. They affect MT dynamics to different extents, altering the growth rate and duration, 

shortening rate and duration, the frequency of transitions between the growth and the shortening 

phases, and the duration of a pause state when neither the growth nor shortening is detectable. Some 

of these tubulin binding drugs are described below. 

1.2.2.1 Agents that inhibit polymerization of tubulins 

Drugs binding at Vinca alkaloid-binding sites: Vinca alkaloids are a subset of drugs that 

are derived from the periwinkle plant, Catharanthus roseus (also Vinca rosea, Lochnera rosea, and 

Ammocallis rosea). This is the founder class of MT-depolymerizing agents used as effective anti-

cancer drug. Some of the primary vinca alkaloids are vinflunine, vinorelbine, vincristine and 

vindesine and are used in treatment of lymphomas such as Hodgkin's and non-Hodgkin's 

lymphoma. These drugs bind β-tubulin, block MT polymerization and arrest mitosis at 

prometaphase [10, 31-33] and finally lead to death in many cancer cells [33]. Another group of 

recently characterized compounds, the cryptophycins, might bind at the vinca site and effectively 

kill dividing cells at very low concentrations than other chemotherapeutic agents [34]. 

Drugs binding at colchicine-binding sites: Colchicine is a toxic natural product and 

secondary metabolite, originally extracted from plant Colchicum autumnale, also known as the 

"Meadow saffron". Colchicine inhibits MT polymerization by binding to αβ-tubulin at a site 

different from vinca-alkaloid binding site. Some drugs such as Indanocine, estrogen metabolite 2-

methoxyestradiol (2-ME) and the oxadiazoline derivative A204197, 2-aroylindoles, bind tubulin at 

colchicine binding site and disrupts mitotic spindle arresting the cells in mitosis [35-37]. Current 

status of development of newer anti-cancer drugs that inhibit polymerization of tubulin is shown in 

Table 1.2. 

Table 1.2. Inhibitors of tubulin polymerization in clinical development. 

Drug 
Highest 

Phase 
Indication Drug type 

2-Methoxyestradiol  Phase-I Cancer Endogenous metabolite 

ABT 751 Phase-II 

Breast cancer, 
Colorectal cancer, 
Non-small cell lung 
cancer, Renal cancer 

Sulphonamide  

ALB 109564(a) Phase-I Solid tumors 
Semi-synthetic derivative of 
Madagascar periwinkle flower 
extract 
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AVE 8062 Phase-III 

Cancer, Sarcoma 
(Second-line 
therapy), Solid 
tumors 

Combretastatin A4 analogue 

Batabulin Phase-III 

Breast cancer, 
Colorectal cancer, 
Glioma, Liver 
cancer, Non-small 
cell lung cancer 

Synthetic 
pentafluorophenylsulfonamide 

Carbendazim Phase-I 
Cancer, HIV 
infections 

Broad-spectrum benzimidazole 
fungicide 

Cevipabulin Phase-I Solid tumors Tubulin polymerization inhibitors 

CYT 997 Phase-II 
Glioblastoma, 
Multiple myeloma, 
Solid tumors,  

Pyridimine amine 

Dolastatin analogue  Phase-I Solid tumors Synthetic peptide 
E 7974 Phase-I Solid tumors Synthetic hemiasterlin analogue 

EC 0225 Phase-I Cancer 
Folate linked to vinka alkaloid and 
mitomycin C 

EC 145 Phase-II Cancer Folate linked to vinka alkaloid  

Eribulin Phase-III Cancer Synthetic helichondrin B analogue 

Indibulin Phase-I/II Cancer 
Synthetic small molecule: indolyl-3-
glyoxylic acid 

LP 261  Phase-I Solid tumors Colchicine derivative 
MKC 1 Phase-II Cancer Small molecule inhibitor 
MPC 6827 Phase-II Cancer Quinazoline derivative 

Noscapine Phase-I/II 

Chronic lymphocytic 
leukaemia, Multiple 
myeloma, Non-
Hodgkin's 
lymphoma 

Benzylisoquinoline alkaloid 

NPI 2358 Phase-II 
Lymphoma, Non-
small cell lung 
cancer, Solid tumors 

Synthetic analog of NPI-2350 
helimide, a natural product isolated 
from Aspergillus sp. 

NSC 631570 Launched 
Cancer, Influenza 
virus infections 

Semi-synthetic compound of 
thiophosphoric acid and the alkaloid 
chelidonine 

SAR 3419 Phase-I 
Non-Hodgkin's 
lymphoma 

Immunoconjugate of anti-CD19 mab 
conjugated to the cytotoxic agent 
maytansinoid DM4 

SDZ LAV 694 Preclinical 

Hodgkin's disease, 
Non-Hodgkin's 
lymphoma, Solid 
tumors 

Quinazoline 

SGN 35 Phase-II Cancer 
Anti-CD30 antibody attached to a 
potent, synthetic drug monomethyl 
auristatin E (MMAE) 

Soblidotin Phase-I Solid tumors Dolastatin-10 derivative 
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Taltobulin Phase-I Cancer Hemiasterlin derivative 
Tasidotin Preclinical Cancer Dolastatin-15 analogue 
Vincristine 
liposomal 

Phase-II Cancer 
Vinca alkaloid with liposomal 
delivery system 

Vinflunine Preregistration Cancer Vinca alkaloid 
Vinorelbine Launched Cancer Vinca alkaloid 
Vinorelbine 
emulsion  

Phase-I Cancer Vinca alkaloid 

Vinorelbine 
liposomal - Hana 
Biosciences 

Phase-I Cancer 
Vinca alkaloid with liposomal 
delivery system 

ZEN 012 Phase-I 
Lymphoma, Solid 
tumors 

Small molecule inhibitor (binds to 
colchicine binding domain) 

 

1.2.2.2 Agents that promote polymerization of tubulin 

Drugs binding at taxane binding site: Paclitaxel (Taxol) is the founding member of the 

taxane family of drugs and was originally isolated from the stem bark of Taxus brevifolia, the 

western Pacific yew tree and was found to bind and stabilize MTs [38, 39]. We now have a much 

better understanding of this family of compounds; paclitaxel and docetaxel (Texotere), both of 

which bind β-tubulin, surprisingly, from within the lumen of the MT [40-43] stabilizing inter 

protofilament lattice 3 and blocking disassembly. In addition to increased stability of the existing 

MTs, taxanes nucleate new assembly of additional polymers. As a consequence, the dramatic 

reorganization of bipolar spindle arrays is not achieved and cells arrest in prometaphase prior to 

apoptosis [19]. These taxane family members are active in a range of solid tumor malignancies such 

as breast cancer, NSCLC, ovarian cancer, gastro oesophageal cancer, germ cell tumors as well as 

the cancer of the head and neck [40,44,45]. Incidentally, perturbations caused by taxanes and many 

other anti-MT drugs also perturb the cellular homeostasis and are reported to affect genes encoding 

inflammatory mediators such as tumor necrosis factor alpha, interleukins and enzymes such as 

nitric-oxide synthase and cyclooxygenase-2 [46-49]. 

Epothilones are some newer drugs in this class. They are macrolide antibiotics and represent 

a novel class of anti-MT agent. Like taxanes, epothilone A and B also bind to αβ-tubulin in the 

same pocket and exert their stabilizing influence in the same manner as taxanes [50]. The success of 

the taxanes, epothilones, and other MT-interacting anti-cancer agents has inspired the discovery of 

new MT-interacting drugs [51, 52]. For example, the chemotherapeutic agents, discodermolide and 

dicoumarol are potent drugs that act synergistically with paclitaxel, creating an enhanced effect [53, 

54]. Additionally, the natural compounds laulimalide and peloruside-A share the open-ring structure 
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of the epothilones and stabilize MTs and arrest cells in mitosis [55, 56]. The current development 

status of this class of anti-cancer drugs that promote MT assembly is shown in Table 1.3. 

Table 1.3. Promoters of tubulin polymerization in clinical development. 

Drug Highest 

Phase 

Indication Drug type 

AI 850 Phase-I Solid tumors Paclitaxel, in a novel 
polyoxyethylated castor oil-free 
hydrophobic microparticle 
delivery system 

ANG 1005 Phase-I Brain cancer (Metastatic 
disease), Glioma 

Taxane derivative 

ARC 100 
(TPI-287) 

Phase-II Cancer, Pancreatic 
cancer, Prostate cancer 
(Hormone refractory) 

3rd generation Taxane to 
overcome drug resistance 

BMS 188797 Phase-I Cancer Taxane 
BMS 275183 Phase-II Non-small cell lung 

cancer, Prostate cancer, 
Solid tumors 

Taxane 

BMS 310705 Phase-I Cancer Epothilone analog 
BMS 753493 Phase-I/II Solid tumors Folate receptor targeted 

epothilone 
Cabazitaxel Phase-III Breast cancer, Prostate 

cancer (Hormone 
refractory ) 

Taxane 

Docetaxel Launched Cancer Taxane  
Docetaxel emulsion Phase-I Breast cancer Taxane 
DTS 301 Phase-II Glioblastoma, 

Oesophageal cancer, 
Pancreatic cancer 

Paclitaxel delivered in 
copolymer gel ReGel. 

EndoTAG 1 Phase-II Cancer Positively charged lipid 
complex to transport paclitaxel 

Ixabepilone Launched Cancer Epothilone 
KOS 1584 Phase-II Non-small cell lung 

cancer, Solid tumors 
Epothilone 

Larotaxel Phase-III Cancer Taxane 
Liposome 
encapsulated 
docetaxel  

Phase-I Solid tumors Taxane 

Liposome 
encapsulated 
paclitaxel 

Phase-II Breast cancer New formulation of Paclitaxel 

Milataxel Phase-II Cancer Taxane analog 
NK 105 Phase-I Solid tumors Paclitaxel-incorporating 

polymeric micellar nanoparticle 
(85 nm in size) 
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OAS PAC 100 Phase-III Ovarian cancer 
(Combination therapy: 
In combination with 
carboplatin) 

Paclitaxel micellar 

Ortataxel Phase-II Non-Hodgkin's 
lymphoma, Renal 
cancer, Solid tumors 

Taxane 

Paclitaxel - Bristol-
Myers Squibb 

Launched Cancer Paclitaxel 

Paclitaxel - Yew Tree 
Pharmaceuticals 

Launched Breast cancer, Ovarian 
cancer 

Taxane 

Paclitaxel – 
Angiotech 

Launched Inflammation and 
cancer 

Taxane 

Paclitaxel-Aphios Preclinical Cancer Taxane 
Paclitaxel –Hanmi Phase-I Cancer Taxane 
Paclitaxel – 
SuperGen 

Preclinical Solid tumors Taxane 

Paclitaxel liposomal 
– Aphios 

Preclinical Cancer Taxane 

Paclitaxel 
nanoparticle - Dabur 
Pharma 

Launched Cancer Taxane 

Paclitaxel 
nanoparticles - 
BioAlliance Pharma 

Preclinical Solid tumors Taxane 

Paclitaxel poliglumex Preregistration Cancer Taxane 
Paclitaxel polymer 
implant 

Preclinical Solid tumors Taxane 

Albumin-bound 
paclitaxel 

Launched Cancer Taxane 

Patupilone Phase-III Cancer Epothilone B 
Pegylated docetaxel  Phase-I Solid tumors Taxane 
Sagopilone Phase-II Cancer Epothilone 
Simotaxel Phase-I Solid tumors Taxane 
Tesetaxel Phase-II Cancer Taxane 
TL 310 Phase-I Cancer Taxane analog 
 

1.2.3 Challenges with current microtubule binding drugs and therapeutics 

Among the currently available systemic cancer treatment strategies, chemotherapy is by far 

the largest subset of treatment options. Despite the initial impressive response by MT binding drugs 

such as taxanes and vinca alkaloids, their potential is somewhat restricted by the development of 

multi drug resistance [57], toxicity, hypersensitivity and limited bioavailability [58]. Therefore 

there is a continual need to develop novel drugs that are efficacious, well-tolerated, non-toxic, 

orally available, can overcome resistance to other chemotherapeutics and display better 
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pharmacologic profiles. Some of the major concerns associated with currently used MT binding 

drugs are discussed as follows. 

1.2.3.1 Solubility 

Most anti-cancer drugs have limitations in clinical administration due to their poor solubility 

and other physicochemical and pharmaceutical properties. Almost all major anticancer drugs are 

hydrophobic. They require the use of adjuvants and intravenous mode of administration that often 

cause serious side effects. Moreover, intravenous injections and slow infusions are unavoidably 

associated with considerable fluctuations of drug concentration in the blood and therefore, the drugs 

can only be administered over a limited dosage and time period. As discussed earlier, paclitaxel 

(Taxol®) is one of the best antineoplastic drugs and has excellent therapeutic efficacy for a wide 

spectrum of cancers, especially for ovarian and breast cancers. Due to its poor solubility, however, 

an adjuvant called Cremophor EL has to be used in its current clinical administration, which causes 

serious side effects including hypersensitivity reaction, nephrotoxicity, neurotoxicity and 

cardiotoxicity, some of which are life-threatening [59]. 

1.2.3.2 Bioavailability  

 Quality of life issues, patient compliance, treatment advantages and pharmaco-economics 

are major arguments in favour of oral administration of drugs in patients. Oral applicability is also 

crucial for anti-cancer agents which should be applied chronically to become effective. 

Unfortunately, the great majority of currently available cytostatics cannot be administered orally, 

because of low and highly variable oral bioavailability [60-62]. Until recently, investigators focused 

on absorption enhancers such as salicylates, methylxantines and surfactants, which can slightly 

damage the intestinal surface and improve the oral bioavailability of drugs. Typical examples are 

the clinically important taxanes, paclitaxel and docetaxel [63, 64].  

 Two major mechanisms can explain the variable oral pharmacokinetics. These are (1) high 

affinity for drug-transporters, such as P-glycoprotein (P-gp) that is expressed in the intestinal 

epithelium and directed towards the gut lumen and (2) high extraction of the drug by extensive 

metabolism in the gut wall and/or liver, during first-pass, i.e., prior to entering the systemic 

circulation [65]. The combined activity of drug-transporters and metabolic enzymes of the 

cytochrome P450 system (CYP) explains the low and variable bioavailability of a range of shared 

substrate drugs. Lack of information about the involvement of these parameters during the early 

process of anti-cancer drug development often results in unpredictable exposure and consequences 

[61]. This makes the development process of novel drugs slow, inefficient, patient-unfriendly and 

extremely costly, emphasizing a need for more rational approaches based on preclinical concepts. 
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1.2.3.3 Resistance 

One of the major problems associated with tubulin binding drugs is development of drug 

resistance. Vinca alkaloids and taxanes bind to different sites on the tubulin dimer and within the 

MT, exerting varying effects on MT dynamics and block cells in mitosis at the prometaphase 

transition and induce cell death [66,67]. However, these anticancer drugs select for resistant cells to 

thrive while killing only drug-sensitive cells. This limits the long term use of these drugs [67-69]. 

There are potentially three basic mechanisms by which cancer cells acquire resistance. First, the 

multi-drug resistance (MDR) protein might be amplified to enhance efflux of the drug, thus 

preventing the accumulation of drugs within cells [70-72].  Second, mutations might also develop in 

the genes encoding α- and β- tubulin subunits and thus prevent binding of drugs [73]. Third, both α- 

and β- tubulins are expressed as multiple isotypes in varying ratios in different mammalian tissues 

[74-78] and there have been suggestions that differential expression of diverse tubulin isotypes 

might ameliorate drug binding efficiencies [79-81]. Because of this diversity, and the changes in the 

relative concentrations of various tubulin isotypes, resistance to MT-binding drugs might arise [82-

84]. 

1.2.3.4 Toxicity 

Alluding to an earlier section, toxicity is another major challenge for existing MT binding 

drugs. In clinics, use of vinca alkaloids and taxanes is limited by the toxicities such as peripheral 

sensory neuropathies, gastrointestinal toxicity, myelosuppression, immunosuppression and alopecia 

[58, 85].  

Considering all these aspects and drawbacks of currently available tubulin binding 

anticancer drugs there is a constant need to search for new drugs. Many research labs and 

pharmaceuticals are constantly working in this area and developing newer drugs as promising 

anticancer therapeutics and cancer management options.  

1.3 NOSCAPINE AND ITS ANALOGS: A NEW CLASS OF MICROTUBULE BINDING 

DRUGS 

 Noscapine (413.43Da) a benzylisoquinoline alkaloid was originally discovered by French 

pharmacist and Professor Pierre-Jean Robiquet in 1817 [86] from opium plant (Papaver 

somniferum). For decades it has been used medicinally as an antitussive (cough-suppressant) drug 

in humans [87]. In 1958, cell culture studies performed for the United States National Cancer 

Institute found noscapine to possess significant cytotoxic properties [88]. This was similar to 

findings that had also been reported in 1954 [89]. Perhaps due to the fact that it was no longer 
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patentable, no further studies were carried out to determine its effect on treating cancer. 

Noscapine’s anticancer effect was rediscovered in 1998 [27]. This was achieved by a structurally 

based rationale to screen a small library of naturally derived compounds that shared certain 

structural similarities with toxic MT depolymerizing drugs such as colchicine, podophyllotoxin, 

MTC [2-methoxy-5-(2,3,4-trimethoxyphenyl)-2,4,6-cycloheptatrien-1-one] and TKB [2,3,4-

trimethoxy-4'-acetyl-1,1'-biphenyl] (Figure 1.8). 

 

Figure 1.8. The structure of various tubulin interacting agents sharing structural similarity with the 
promising tubulin binding agent Noscapine (from opium poppy).  
 

 It was found out that many of these compounds contain a hydrophobic trimethoxyphenyl 

group, a variety of other hydrophobic domains such as lactone, tropolone or other aromatic rings, 

and a small hydrophilic group such as OH and NH2. Based on these features, among the library of 

naturally derived compounds, noscapine was screened out to be a tubulin binding agent. On further 

analysis it was found that noscapine binds stoichiometrically to tubulin (one noscapine molecule per 

αβ-tubulin dimer), alters tubulin conformation, and arrests mammalian cells at mitosis (Figure 1.9). 

But unlike vinca alkaloids and taxanes, it does not cause over-polymerization, depolymerization, or 

any changes in the overall organization of interphase MT arrays. It arrests mitosis at prometaphase 

due to its subtle effect on the kinetic parameters of dynamic instability of MTs and causes apoptosis 

in a variety of cancer cell types [27]. The subtle effect in the MT dynamics is a prolonged 

attenuated ‘pause’ state in which growth or shortening of MTs is not detectable (Figure 1.10). 
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Figure 1.9. Noscapine as tubulin binding agent. (A) Titration of fluorescence spectra of tubulin at 
different concentration of noscapine. (B)  Scatchard plot showing an apparent dissociation constant 
(Kd) of 144 ± 1.0 µM. [27]) 

 

Figure 1.10(A) shows a gallery of video frames, 10s apart, of the plus ends of several 

microtubules in control and noscapine-treated cells. As expected in control cells, microtubules 

alternated between phases of growth, shortening, and pause, as determined by noting the position of 

the plus ends over time (in seconds). Control cells show different positions of microtubule plus ends 

in a 30s time period. In contrast, noscapine markedly suppressed microtubule dynamics in cells as 

indicated by unaltered position of their plus ends (Figure 1.10(A), arrowheads). Results from a 

detailed analysis of microtubule growth, microtubule shortening, the frequencies of catastrophe and 

rescue, and the average duration of pause are shown in Figure 1.10(B). The most significant change 

that noscapine induced was an increased pause duration from 54% (at 25 µM noscapine) to 244% 

(at 250 µM noscapine) and the rate of microtubule shortening decreased by 20% (at 25 µM 

noscapine) and 22% (at 250 µM noscapine). Perhaps the best measure of overall dynamics is 

dynamicity, which represents the summed gain and loss (exchange) of tubulin subunits at 

microtubule ends. Noscapine significantly reduced microtubule dynamicity by 44% (at 25 µM 

noscapine) and by 90% (at 250 µM noscapine). It conclude that noscapine induces a prolonged 

attenuated ‘pause’ state in which growth or shortening of MTs is not detectable (Figure 1.10). By 

delaying the onset of the sister chromatid separation, noscapine induces apoptosis in many cancer 

cell lines, including those resistant to paclitaxel [160, 161]. It has subsequently been found that 

several divergent pathways converge in bringing about apoptosis in cancer cells treated with 

noscapine and its derivatives. These pathways include induction of stress activated jun N-terminal 

kinase, mitochondrial depolarization, down regulation of cell survival cascades and up regulation of 

pro-apoptotic signals and finally all converging into activation of caspase 3/7 [160].  
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 (A) 

 

(B) 

 
 

Figure 1.10. Noscapine increases the average time cellular microtubules remain inactive (pause 
duration). (A), a gallery of video frames, 10s apart, showing the plus ends of several microtubules 
in a control cell and a noscapine-treated cell. As expected in control cells, microtubules alternated 
between phases of growth and shortening; thus, the position of their plus ends changed significantly 
over 30s (fixed pixel locations are marked with arrowheads). In contrast, noscapine markedly 
suppressed microtubule dynamics in cells, as indicated by the unaltered position of their plus ends 
(bar ±0.5 µm). Quantitative parameters of microtubule dynamics are listed in (B). Values are the 
mean ± SE. Dynamicity represents the sum of changes in length (growth or shrinkage) over the life 
time of a microtubule. *, P ≤ 0.01. [27] 
 

As compared to other MT binding drugs such as taxanes and vinca alkaloids, noscapine 

offers several advantages in cancer treatment: (a) noscapine arrests a variety of mammalian cells 
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including drug-resistant variants in mitosis and targets them for apoptosis [90-92]; (b) it is a poor 

substrate for drug-pumps (polyglycoprotiens and MDR-related proteins) that comprise a major 

cause of drug resistance [91]; (c) it inhibits progression of murine melanoma, lymphoma, 

glioblastoma, and human breast tumors implanted in nude mice with no detectable toxicity to the 

rapidly dividing cells and post mitotic cells such as neurons [91-95]; (d) it does not inhibit primary 

humoral and cellular responses in mice [95]; (e) it do not show immunological and neurological 

toxicities; (f) can be orally administered bypassing paretoneal injections and intravenous infusions 

that can be complicated by anaphylactic responses and infection at the injection site causing pain, 

thrombosis of blood vessels, or embolisms as in the case for current clinically available anti-MT 

drugs [91-95]; (g) It shows a mean bioavailability of ~30-32% across a dose range of 10 mg/kg-300 

mg/kg in mice [96]; (h) It has a favourable pharmacokinetics (clearance in 6-10 hours) [96]. 

However, noscapine possess low cytotoxicity activity to cancer cells of different tissue origin. The 

IC50 values remain in the high micromolar ranges (~21.1 to 100 μM) [27]. To enhance its activity 

further, efforts have been focused on rational drug design and synthesis of new generation of 

noscapine derivatives for the better therapeutic outcome. 

1.3.1 Noscapinoids: the synthetic analogues of noscapine 

To enhance the cytotoxicity activity of noscapine, a battery of analogues were designed and 

chemically synthesized previously (collectively called as noscapinoids) as included in Figure 1.11. 

and 1.12 [97-102]. Some of these derivatives (mostly the halogen derivatives, Figure 1.11.) have 

much better therapeutic indices and improved pharmacological profiles. The effectiveness of 

noscapine was improved by synthesizing many potent noscapine derivatives with increasing tubulin 

binding affinity by decreasing the dissociation constant (Kd) between tubulin-drug complex from 

144 μM to 86 μM by nitro-noscapine, 80 μM by F-noscapine, 54 μM by Br-noscapine, 40 μM by 

Cl-noscapine and 22 μM by I-noscapine [97-102]. 

In further continuation of developing new derivatives of noscapine, our laboratory have 

recently designed and systematically synthesized a series of 11 derivatives (we called as third 

generation) (Figure 1.13) [103]. All these derivatives were rationally designed by functionalization 

of ‘N’ in isoquinoline unit of natural α-noscapine. These derivatives were exhibited substantial 

cytotoxicity activity towards cancer cells of different tissues of origin. These compounds perturbed 

DNA synthesis, delayed the cell cycle progression at G2M phase, and induced apoptotic cell death 

in cancer cells.  
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Figure 1.11.  Halogenated derivatives of noscapine. All these derivatives showed improved 
cytotoxicity activity of noscapine. 
 

It is noteworthy that noscapinoids cause no histopathological, hematological, immunological 

and neuronal toxicity at concentrations as high as 300 mg/kg. Many of these noscapine derivatives 

have been shown previously to inhibit cellular proliferation of a wide variety of cancer cells (panel 

of NCI 60 cancer cell lines) including many drug-resistant variants while evading normal cells. In 

addition they effectively regress human tumor xenografts (lymphomas, breast, prostate and 

melanomas) implanted in preclinical mice models to a fair degree. However, a complete elimination 

of the disease was not achieved even on increasing dosages as high as 600 mg/kg. Therefore, there 

is a need to design a new generation of noscapine derivatives for better therapeutic outcome. 
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Figure 1.12. Aryl-derivatives of noscapine. These derivatives were synthesized by functionalization 
(by deleting or substitution) of various functional groups as mentioned in the noscapine scaffold. 
All these derivatives showed very little or no improvement in cytotoxicity activity of noscapine. 
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(A) 

 

(B) 

 

Reaction conditions: (i) a: mCPBA, DCM; b: 2N HCl; c: FeSO4.7H2O; (ii) R-Br, KI, K2CO3, 

Acetone. 

 
Figure 1.13. (A) Design strategy for new α-noscapine analogues (basic skeleton and 
stereochemistry is same as in the natural α-noscapine). (B) Synthesis of nornoscapine 5a and 
noscapine derivatives 6a-j from noscapine (1) as starting material. 

 
1.3.2 Computer-aided design of potent and novel noscapine analogues  

Drug discovery and development is a time-consuming and expensive process. On average, it 

takes 10–15 years and US $500–800 million to introduce a drug into the market [104,105]. This is 

why computer-assisted drug design (CADD) approaches have been widely used in the 

pharmaceutical industry to improve the efficiency of the drug discovery and development pipeline 

[106,107]. CADD helps scientists focus on the most promising compounds so that they can 

minimize the synthetic and biological testing efforts. To identify and design small molecules as 

clinically effective therapeutics, various computational methods have been evaluated as promising 
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strategies, depending on the purpose and systems of interest. In practice, the choice of CADD 

approaches to be employed is usually determined by the availability of the experimentally 

determined 3D structures of target proteins. If the target structures are known, structure-based 

approaches can be used such as molecular docking, which employs the target 3D structures to 

design novel active compounds with improved potency. The proposed ligands after chemical 

synthesis and experimental evaluation become successful drug candidate (Figure 1.14). As more 

structures are becoming available, the structure based drug designing techniques are state-of-the-art 

tools to discover potent and novel molecules.  

 

Figure 1.14.  The overview of structure based drug design cycle.  

Furthermore, if protein structures are unknown, various methods of ligand-based drug 

design can be employed, such as Quantitative Structure Activity Relationship (QSAR) and 

pharmacophore analysis. QSAR is a mathematical relationship between a biological activity of a 

molecular system and its geometric and chemical characteristics. It attempts to find consistent 

relationship between the biological activity and molecular properties from a given dataset, so that 

these ‘rules’ can be used to evaluate the activity of newly design compounds. The details of the 

QSAR model building and prediction is demonstrated in Figure 1.15. 
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Figure 1.15. The schematic representation of various steps of QSAR model building and prediction. 

 

Availability of structure activity data of many derivatives of noscapine leads to the 

development of a reasonable theoretical prediction model that guides in a rational design of more 

potent derivatives of noscapine. Theoretical calculations, in particular the molecular docking 

method seems to be a primary tool for gaining such understanding. The docking algorithms provide 

good-quality binding pose for a compound that fits into the binding cavity of target receptor and 

evaluates its binding affinity using scoring function. However, the scoring functions used by 

docking algorithms are very simple. They generally do not include shape complementarity 

parameters between binding cavity and the ligand as well as the solvation effect in calculating the 

electrostatic interactions energy between protein and ligand. Thus, using of molecular docking only 
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in designing or screening of ligands may be problematic and can result in a decrease of accuracy. 

To overcome the problem in molecular docking, more precise but time consuming computational 

methodologies are necessary to rescore the docking results. This inspired me to use molecular 

mechanics in combination with implicit continuum solvation based scoring functions such as linear 

interaction energy method (LIE) with a surface generalized Born (SGB) continuum solvation 

model, generalized Born solvation area (GBSA), etc in calculating the binding affinity between 

protein and ligands.  

1.4 ORGANIZATION OF THE THESIS WORK 

In this dissertation work I have developed various theoretical prediction models that were 

used in designing more potent noscapinoids followed by chemical synthesis and experimental 

evaluation as potent anticancer drugs. In the second chapter, I have developed a QSAR model based 

on a list of noscapinoids reported previously. This has been achieved by testing all these derivatives 

for their anti-tumor activity in identical condition using human acute lymphoblastic leukemia cells 

(CEM). To develop the QSAR model, the biological active conformations of the compounds were 

obtained by performing geometrical optimization using semi-empirical quantum chemical 

calculations at 3-21G* level. These conformations were screened out in reference to the 

experimentally obtained structure with NMR Analysis of Molecular Flexibility in Solution--

NAMFIS, and crystal structures of noscapine. Genetic function approximation algorithm of variable 

selection was used to generate the QSAR model. The QSAR model suggested electronic descriptors 

such as electronegativity and electrophilicity favor columbic interaction between ligands and 

receptor.  Therefore, the developed QSAR model guided me to substitute a functional group such as 

“azido” (N-=N+=N-), satisfying the above descriptors in the scaffold structure of noscapine 

pertaining to better antitumor activity. The molecules designed showed superior activity in 

comparison to the lead molecule, noscapine. In the third chapter, I have tried to look into the 

molecular insight of isotypes specific β-tubulin interaction of tubulin heterodimer with a panel of 

noscapinoids. Tubulin molecule, composed of α- and β-tubulin, exist as various isotypes whose 

distribution and drug-binding properties are significantly different. The molecular structures of all 

the β-tubulin isotype specific tubulin heterodimers were modelled based on the crystal structure. 

Binding affinity of noscapinoids onto different αβ-tubulin isotypes was determined using molecular 

docking. I found that the binding score of a specific noscapinoid with each type of tubulin isotype is 

different. Inspired by the docking result their preferred binding mode and binding affinity with αβIII 

(overexpression of αβIII has been associated with resistance to a wide range of chemotherapeutic 

drugs for several human malignancies) was determined by performing 10 ns of MD simulation. An 
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important finding of these calculations was that both amino-noscapine and the clinical derivative, 

bromo-noscapine have the highest binding affinity against αβIII as measured using MM-PBSA. 

Knowledge of the isotype specificity of noscapinoid may allow for development of novel 

therapeutic agents based on this drug. In chapter four, I presented many potent derivatives of 

noscapine that were designed in silico through structural modifications on the isoquinoline ring with 

improved predictive activity in comparison to noscapine as suggested by binding affinity 

calculations using MMGBSA and MMPBSA. Inspired by the predictive activity, these derivatives 

were chemically synthesized and experimentally evaluated for their biological activity as anticancer 

drugs. These derivatives were also experimentally found to have better tubulin binding activity, able 

to arrest mitotic cell division and inhibit cell proliferation with significantly higher efficiency than 

noscapine in a precise panel of cancer cells from different tissue origin. Toxicological evaluation of 

one of this series of compounds showed fails to reveal any detectable pathological abnormalities in 

normal tissues that are active in normal cell proliferation. The compound does not show any 

toxicity in the liver, lung, heart, brain and kidney. In addition, it does not have obvious side effects 

in tissues with frequently dividing cells, such as the spleen and duodenum. Therefore, we believe 

that the compounds designed in this study were safe and effective anticancer drug with a potential 

for the oral treatment cancer and holds great promise for further clinical studies. In the final chapter, 

I have summarized my results. 
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ABSTRACT 

An anti-cough medicine, noscapine [(S)-3-((R)4-methoxy-6-methyl-5,6,7,8-tetrahydro-

[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-6,7-dimethoxyiso-benzofuran-1(3H)-one], was discovered as a 

novel type of tubulin-binding agent that mitigates polymerization dynamics of microtubule 

polymers without changing overall subunit-polymer equilibrium. To obtain a systematic insight into 

structure activity relationship between the structural framework of noscapine scaffold and its anti-

tumor activity, a QSAR model was developed taking a list of noscapinoids reported previously. All 

these derivatives were tested for their anti-tumor activity in identical condition using human acute 

lymphoblastic leukemia cells (CEM). The IC50 values of these analogs vary from 1.2 to 56.0 μM. 

To develop the QSAR model, the biological active conformations of the compounds were obtained 

by performing geometrical optimization using semi-empirical quantum chemical calculations at 3-

21G* level. These conformations were screened out in reference to the experimentally obtained 

structure with NMR Analysis of Molecular Flexibility in Solution-NAMFIS, and crystal structure of 

noscapine. Genetic function approximation algorithm of variable selection was used to generate the 

QSAR model. The robustness of the QSAR model (R2 = 0.942) was analyzed by values of the 

internal cross-validated regression coefficient (R2
LOO = 0.815) for the training set and determination 

coefficient (R2
test = 0.817) for the test set. Validation was achieved by rational design of further 

novel and potent anti-tumor noscapinoid, 9-azido-noscapine and reduced-9-azido-noscapine. The 

experimentally determined value of pIC50 for both the compounds (5.585 M) turned out to be very 

close to predicted pIC50 (5.731 and 5.710 M). 
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2.1 INTRODUCTION 

Noscapine (a phthalideisoquinoline), is an opium alkaloid, isolated from Papaver 

somniferum has been widely utilized as an antitussive agent [1]. While looking for orally available 

small tubulin-binding compounds with novel properties, noscapine was discovered as a 

stoichiometric tubulin-binding molecule that alters tubulin conformation upon binding, yet allows 

its polymerization into microtubules (MTs) [2]. Noscapine bound microtubules, however, are 

extremely sluggish in their dynamic instability property [3]. As a result of very slow MT-dynamics, 

noscapine blocks cell cycle progression at mitosis (prometaphase) leading eventually to apoptotic 

cell death in many cancer cell types [2,3]. Perhaps due to a different binding site on tubulin, 

noscapine synergizes with other tubulin-binding anti-cancer drug, paclitaxel, and retains activity 

against paclitaxel-resistant cell lines (1A9/PTX10; 1A9/PTX22) and epothilone-resistant cell line 

(1A9/A8) [4].  In addition, noscapine seems to be a poor substrate for the drug-pumps because it 

remains effective against multidrug-resistant cancer cells [5]. 

Although noscapine is cytotoxic in a variety of different cancer cell lines in the public 

library of the National Cancer Institute, USA (NCI 60-cell screen), the IC50 values remain in the 

high micromolar ranges (~21.1 to 100 μM). Opportunities must now be explored to acquire better 

and more effective derivatives. Indeed, initial efforts in this area have been quite encouraging, in 

that some more effective derivatives of the lead compound, noscapine were developed [6-9].  This 

led us to build a reasonable quantitative structure activity relationship (QSAR) model. The QSAR 

model guided us in rationally designing the azido-derivatives of noscapine with superior activity. 

We synthesized 9-azido-noscapine and reduced 9-azido-noscapine and tested their biological 

activity against human lymphoblastoid cells (CEM) that corroborate with the QSAR evaluation. 

Thus results show that our QSAR model is robust and demonstrates successful predictive ability for 

further drug development. 

2.2 MATERIALS AND METHODS 

2.2.1 Data set 

The data set in this study consists of 32 noscapine derivatives, collectively called as 

noscapinoids (Table 2.1) with different substitution on the isoquinoline and dimethoxy benzyl 

furanone ring systems of noscapine scaffold. All these compounds were obtained in synthetic form 

from Department of Cell Biology, Emory University School of Medicine, Georgia, USA and the 

compound 1 was purchased from Sigma-Aldrich. The halogenated derivatives of noscapine (Table 

2.1: compounds 2-5) were synthesized by substituting halogen groups (Br, Cl, F, and I) at C-9 of 
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the scaffold structure as previously described [6].  The cyclic ether halogenated analogs of 

noscapine (Table 2.1: compounds 6-10) were synthesized by reducing an oxygen atom from the 

benzyl furanone ring, also described previously [7].  The nitro derivatives of noscapine (Table 2.1: 

compounds 11,12) were synthesized by substituting a nitro group at C-9 [8].  One group of 

compound (Table 2.1: compounds 13-21) contains aryl substituted N-carbamoyl/N-thiocarbamoyl 

noscapine analogs [9]. The other analogs (Table 2.1: compounds 22-32) harboring changes in the 

two methoxy groups, the lactone ring of the isobenzofuranone system (the dioxolo ring and the 

methoxy group) as well as the methyl group in the isoquinoline ring system [9].  All test 

compounds used in this study were dissolved in DMSO as 10 mM stock.  

Table 2.1. Chemical structures of noscapine and its congeners used in the present study along with 
their observed inhibitory activity of CEM (human lymphoblastoid) cancer cell line proliferation. 
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2.2.2 In vitro cell proliferation assays 

Each of these compounds had associated in vitro anti-tumor activities in variety of cancer 

types including a few in CEM (human lymphoblastoid) cancer cell lines. Therefore we have 

determined the biological activities of all compounds in one specific cell line and at similar 

experimental conditions (to minimize any biasness). We have used CEM cell lines as our assay 

system and were provided by Dr. William T. Beck (Cancer Center, University of Illinois at 

Chicago). Cell culture reagents were obtained from Mediatech, Cellgro. Cells were grown in RPMI-

1640 medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 2 mM l-

glutamine at 37 °C in a humidified atmosphere with 5% CO2. Suspension cells were plated into 96-

well plates at a density of 5 x 103 cells per well and were treated with gradient concentrations of 

noscapinoids for 72 hours. Measurement of cell proliferation was performed with a colorimeter by 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, 

inner salt (MTS) assay, using the CellTiter96 AQueous One Solution Reagent (Promega, Madison, 

WI). Cells were exposed to MTS for 3 hours and absorbance (optical density) was measured using a 

microplate reader (Molecular Devices, Sunnyvale, CA) at a wavelength of 490 nm. The percentage 

of cell survival as a function of drug concentration was then plotted to determine the IC50 value. The 

negative logarithm of IC50 value in molar concentrations (pIC50 = - (log10 IC50)) of these compounds 

was used as response for QSAR model building.  

2.2.3 Molecular model building and optimization of noscapinoids structure 

The scaffold structure of noscapine consists of 2 chiral centers leading to formation of 4 

different sterioisomers. To determine the stable conformation of noscapine we have performed X-

ray crystallographic study. The opium alkaloid noscapine was obtained from Sigma-Aldrich. It was 

dissolved in chloroform-methanol (50:50) and the crystal was made under vaccum. The formation 

of crystal was examined under microscope and its X-ray crystallographic structure was determined 

(Figure 2.1). 

Data collection: SMART (Brunker, 2007); Cell refinement: SAINT (Brunker, 2007); data 

reduction: SAINT; program(s) used to solve structure: SHELXS97 (Sheldrick, 2008); program(s) 

used to refine structure: SHELXL97 (Sheldrick, 2008); molecular graphics; SHELXTL (Sheldrick, 

2008). The details of the experimental methods are included in (Table 2.2). 
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Table 2.2.  Crystal data and structure refinement for noscapine. 

Empirical formula  C22 H23 N O7 
Formula weight  413.41 
Temperature  173(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 7.8349(5) Å 
α = 90°.  
b = 15.2363(9) Å = 90°. 
c = 32.5640(19) Å  = 90°. 
Volume 3887.3(4) Å3 
Z 8 
Density (calculated) 1.413 Mg/m3 
Absorption coefficient 0.884 mm-1 
F(000) 1744 
Crystal size 0.26 x 0.17 x 0.08 mm3 
Theta range for data collection 2.71 to 69.50°. 
Index ranges -9<=h<=9, -18<=k<=18, -

37<=l<=39 

Reflections collected 42197 
Independent reflections 7122 [R(int) = 0.0406] 
Completeness to theta = 69.50° 98.8 % 
Absorption correction Semi-empirical from 

equivalents 
Max. and min. transmission 0.9327 and 0.8028 
Refinement method Full-matrix least-squares on 

F2 
Data / restraints / parameters 7122 / 0 / 542 
Goodness-of-fit on F2 1.054 

Final R indices [I>2sigma(I)] R1 = 0.0393, wR2 = 0.1177 

R indices (all data) R1 = 0.0455, wR2 = 0.1268 

Absolute structure parameter -0.03(15) 
Extinction coefficient 0.00194(18) 
Largest diff. peak and hole 0.611 and -0.500 e.Å-3 
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 Figure 2.1. View of noscapine with the atom-labelling scheme. Displacement ellipsoids are drawn 
at 50% probability level. 

In general the crystal structures of molecules are snap-shots of a dynamic process and could 

be a misleading representation of how they behave in solution. We have therefore used high 

resolution NMR spectroscopy to determine the range of dynamic structures of noscapine in solution 

and then calculate the probabilities of their existence. We have studied the noscapine conformation 

in solution with two-dimensional NMR spectroscopy. In particular we performed NOESY (Nuclear 

Overhauser and Exchange Spectroscopy) to calculate the distance between various protons in the 

noscapine structure. With this method, the nuclear overhauser effects between all spatially close 

protons on noscapine can be observed as cross peaks simultaneously (Figure 2.2). We calculated the 

distances between protons by method of Esposito and Pastore (1988). We then integrated the 

calculated distances with a methodology called NAMFIS (NMR Analysis of Molecular Flexibility 

In Solution). This method integrates NMR observables and force field structures to specify 

individual conformer populations and their relative percentages. In addition this program is capable 

of identifying multiple conformations consistent with the experimental NMR data. Our efforts have 

generated a series of conformers, out of which two are very reliable probabilities. Based on our data 

it seems that at any given time noscapine exists 86% in conformation I (blue , Figure2.3 (A) ) and 

13% times in conformation II (yellow , Figure2.3 (A) ). In the more abundant conformation I two 

hydrophobic ring systems of noscapine are presented in an open configuration which resemble open 

palm relative to the collapsed two flat ring system. 
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Figure 2.2. Two-dimensional NOESY spectrum of noscapine measured on 600 MHz NMR machine 
with two benzene ring protons as standard. (Inset) Noscapine structure with atomic numbering. The 
NOE in two-dimensional spectroscopy can be useful in determining precise distances between 
spatially closely located protons as cross-peaks. This technique has been productive in elucidating 
the structures of different noscapine conformers. The two axes represent a contrast between altered 
90 pulses of magnetizations and the frequency labeled during the evolution time.  

 

 

Figure 2.3 Two most probable noscapine conformations in solution derived from the NOESY 
spectroscopy followed by NAMFIS analysis. Please note that conformation I (top, blue in A) is an 
open-palm conformation, while conformation II (bottom, yellow in A) is a tilted L-shaped 
conformation. The rotated versions of these two conformations are shown on the right. (B). An 
overlay of the two conformations of noscapine as shown in A.  
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Both the crystal structure and NAMFIS have determined open palm conformation of 

noscapine. To generate similar structure of noscapine and its derivatives, we have initially built 

their molecular structures using the builder feature in Maestro (Schrödinger package, version 8.5). 

Each structure was assigned an appropriate bond order using ligprep (Schrödinger package, version 

2.4) and a unique low-energy ring conformation with correct chirality was generated. All structures 

were subjected to molecular mechanics energy minimizations using Macromodel (Schrödinger 

package, version 9.8) with default settings. Partial atomic charges were assigned to the molecular 

structures using OPLS 2005 force field. Finally we have selected only the open palm conformation 

of noscapine and its derivatives for geometric optimization. To ensure that the geometry of the 

structure is fairly reasonable, we performed complete geometric optimization of these structures 

using Jaguar (Schrödinger package, version 7.7). We have used hybrid density functional theory 

with Becke’s three-parameter exchange potential and the Lee-Yang-Parr correlation functional 

(B3LYP) and basis set 3-21G* for geometrical optimization.  

2.2.4 Calculations of molecular descriptors 

Different classes of molecular descriptors were calculated from the structures obtained 

above. Briefly, quantum chemical descriptors including, heat of formation, dipole moment, highest 

occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) energies, and 

local charges were calculated by the molecular operating environment (MOE, version 2009-2010) 

software. Different topological, shape-based, physical, constitutional, and inductive descriptors 

were also calculated for each molecule by MOE software. MOE provides a number of calculation 

functions for descriptors, and has unique universal descriptors that enable a variety of properties to 

be modeled.  

2.2.5 Data processing and QSAR modeling 

The total number of molecular descriptors calculated initially was 422. All these molecular 

descriptors were categorized into different classes such as topological, shape, physical, sterimol and 

quantum. A systematic search in the order of missing value test, zero test, correlation coefficient 

and genetic function approximation (GFA) was performed to determine significant descriptors from 

each class of descriptor for QSAR model building. The calculated descriptors were collected in a 

data matrix (D) whose number of rows and columns were the number of molecules and descriptors, 

respectively. The descriptors were centered to zero mean and scaled to unit variance (auto scaling). 

Any parameter which is not calculated (missing value) for any number of the compounds in the data 
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set was rejected in the first step. Some of the descriptors were rejected because they contained a 

value of zero for all compounds and have been removed (zero tests). In order to minimize the effect 

of co-linearity and to avoid redundancy, the correlation of descriptors with each other was 

investigated, and those pairs with high co-linear relationships were determined. Among the co-

linear descriptors, one with the lowest correlation with drug activity was removed from the data 

matrix. Among the remaining descriptors, the set of descriptors that gave statistically best QSAR 

models was selected using GFA [10] within the QSAR-evolution module (ga.svl) of the MOE 

program. This evolutionary genetic tool enables automated QSAR modeling “on the fly” and is 

available through the “SVL exchange”. The GFA algorithm starts with the creation of a population 

of randomly generated parameter sets. The algorithm was set up to discover descriptor-activity 

relationships consisting of linear polynomial terms. One hundred random initial equations with four 

variables were used (adding constants where necessary) to search for equations of unlimited length 

but with acceptable lack-of-fit scores [10].  New “child” equations were generated using the 

multiple linear regression (MLR) method. Child equations were “mutated” (i. e., changed at “birth”) 

50% of the time after their generation by addition of randomly selected new terms. The number of 

generations of equation evolution required in the data set was gauged by the attainment of adjusted 

R
2 values and minimal lack-of-fit scores. Creation of a consecutive generation involves crossovers 

between set contents, as well as mutations. The total number of crossovers was set to 50,000 with 

the auto-termination factor of 1,000 (meaning that the calculation was stopped when the “fitness 

function” value does not change during 1,000 crossovers). The equations were evaluated for 

statistical soundness by Friedman’s lack-of-fit score, R
2, adjusted R

2, least-squares error, and 

correlation coefficient after cross validation statistics. The Friedman’s lack of fit (LOF) score is 

expressed by the following equation: 

LOF = LSE / {1-(c+dp)/m}  (1) 

where LSE is the least-square error, c is the number of basis functions in the model, d is smoothing 

parameters, p is the number of descriptors and m is the number of observations in the training set. 

The smoothing parameter, which controls the scoring bias between equations of different sizes, was 

set at default value of 1.0.  

2.2.6 Validation of QSAR models 

The predictive capability of the developed QSAR model was validated based on several 

statistical tests such as leave-one-out, leave-10%-out, leave-20%-out cross validation and Y-

randomization test using a svl script (Qsarwizard.svl). The cross validation regression coefficient 
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(R2
LOO) was calculated based on the PRESS (prediction error sum of squares) and SSY (Sum of 

squares of deviation of the experimental values,Y, from their mean) using following equation: 
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where, Yexp, Ypred and Y are the experimental, predicted, and mean values of experimental activity of 

the training set compounds, respectively. The Y-randomization test was done by repeatedly 

shuffling the activity values of the data set and developing new QSAR models and then comparing 

the resulting score with the score of the original QSAR model generated from non-randomized 

activity values. This process was repeated 100 times. If the original QSAR model is statistically 

significant, its score should be significantly better than those from permuted data. We have used a 

parameter, 2
p

R , which penalizes the model for the difference between squared mean correlation 

coefficient of randomized models ( 2
r

R ) and squared correlation coefficient of the nonrandomized 

model (R2). The 2
p

R   parameter was calculated by the following equation: 

                                                    2 2 2 2.
p r

R R R R                  (5) 

The parameter, 2
p

R , ensures that our QSAR models thus developed are not obtained by chance. We 

have assumed the value of 2
p

R should be greater than 0.5 for an acceptable model. 

The determination coefficient in prediction using the test set (R2
test) was calculated using the 

following equation [11,12]. 
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where predtest
Y  and exptest

Y are the predicted values based on the QSAR equation (model response) and 

experimental activity of the test set compounds. exptrain
Y  is the mean activity value of the training set 

compounds. Further evaluation of the predictive ability of the QSAR model for the test set 

compounds was done by determining the value of rm
2
 by the following equation [11,12]. 

                                              0

2 2 2 21test test testrm R R R             (4) 

where 2
test

R is the squared Pearson correlation coefficient for regression calculated using Y= a +bx; 

‘a’ is referred to as the y-intercept, ‘b’ is the slope value of regression line, and 
0

2
test

R is the squared 
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correlation coefficient for regression without using y-intercept and the regression equation was 

Y=bx.  

To further check the inter-correlation between molecular descriptors used in the final QSAR 

model, we performed variance inflation factor (VIF) analysis. The VIF value was calculated from 

1/(1-R
2
), where R2 is the multiple correlation coefficient of one descriptor’s effect regressed onto 

the remaining molecular descriptors. If the VIF value is larger than 10 for a descriptor its 

information could be hidden by other descriptors [11,12]. 

2.3 RESULTS AND DISCUSSIONS 

2.3.1 Anti-tumor activity of noscapinoids 

The anti-tumor activities (IC50) of 32 noscapinoids in the human lymphoblastoid cancer cell 

line (CEM) was determined to complete a reasonable data set that possess a variety of substituents 

with different hydrophobic and electronic properties while preserving the primary skeleton of 

noscapine (Table 2.1). This series of noscapinoids have a reasonably wide spectrum of anti-tumor 

activities (1.2 μM to 56.0 μM; statistically significant; F = 182.6, p < 0.001), as determined by MTS 

assay. The reasonable structural diversity as well as the resulting biological activity (IC50 in CEM) 

could produce QSAR models for accurate activity predictions. We used 22 structures as a training 

set for the development of our QSAR models to compute the biological activity for a test set of the 

remaining 10 structures.  

2.3.2 Optimization of the structure of noscapinoids 

 The structure of noscapine can be viewed as “two flat planar plates” of its two ring systems 

(isoquinoline and isobenzofuranone) joined by a rotatable single C-C bond between two chiral 

centers of the molecule. This is much akin to two palms of the hand put together at an angle of 

approximately 36o, but rotating freely in space against each other producing a range of structures 

between two extremes of an L-shaped “closed-palm (two plannar rings at approximately 36o)” and a 

completely extended outstretched “open-palm (two ring planes at approximately 108o)”. Noscapine 

might thus experience a diverse range of conformer states in solution. To get an insight into this, we 

used high-resolution 2D-NMR spectroscopy to determine the range of dynamic structure of 

noscapine in solution and then calculated the percentage of time spent in each conformer state. Out 

of many conformations generated, noscapine spends majority of its time (86%) in “open-palm” 

conformations.  Ab initio quantum chemical calculations using B3LYP and basis set 3-21G* level 

was used to find the optimum 3D geometry of the molecules. In order to prevent the structures 
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located at local minima, geometry optimization was iterated many times with different starting 

points for each molecule. The optimization was preceded by the Polak-Rebiere algorithm to reach 

to 0.01 root mean square gradient. In order to check the reliability of the geometry obtained, we 

compared the structural parameters of the noscapine (Figure 2.4c) with the conformation obtained 

from NAMFIS (Figure 2.4 b & Table 2.3) and crystal structure (Figure 2.1 and Table 2.3, Table 2.4 

& Table 2.5). All calculations reproduced most of the structural parameters of the noscapine (Table 

2.3). The overlaid 3D structures of molecules are shown in Figure 2.4d. The conformation of the 

noscapine and its congeners can clearly reveal an overall similar scaffold structure, specifically the 

isoquinoline and isobenzofuranone rings. 

 

Figure 2.4. Elucidation of dynamic structure of noscapine. (a) Structure of noscapine with atomic 
numbers used in this study. (b) Two probable noscapine conformations in solution derived from the 
NOESY spectra followed by NAMFIS analysis: conformation I is an open-palm conformation 
(exists 86% of time in solution) and conformation II is a closed-palm conformation (a tilted L-
shaped conformation that exists 13% of time in solution). The rotated versions of these two 
conformations are shown on the right. (c) The geometrically optimized Jaguar generated 
conformation of noscapine also comfortably revealed open-palm conformation. (d) Superposition of 
geometrically optimized conformations of noscapinoids (32 molecules) revealed similar scaffold.  
(For the purpose of aligning the scaffold structures, we have altered the displayed orientation from 
that of c.) 
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Table 2.3. Experimental and theoretical values of the isoquinoline and isobenzofuranone ring 
parameters (bond lengths in Å, bond angles and torsional angles in degrees). Atoms are numbered 
according to Figure 2.2a.  

 

 

 

 

Parameters Theoretical 

(3-21G*) 

Crystal 

structure 

Parameters Theoretical 

(3-21G*) 

Crystal 

structure  

N13-C12 1.488 1.459 C18-C17 1.401 1.397 
N13-C27 1.489 1.462 C17-C16 1.402 1.391 
N13-C1 1.472 1.471 C16-C15 1.381 1.379 
O5-C6 1.394 1.436 C12-N13-C27 111.1 110.18 
O5-C4 1.360 1.387 C12-N13-C1 113.9 114.98 
O7-C6 1.389 1.420 C27-N13-C1 113.5 111.57 
O7-C8 1.351 1.378 C4-O5-C6 104.2 104.8 
O26-C30 1.406 1.417 C8-O7-C6 104.7 105.3 
O22-C21 1.347 1.374 C3-O26-C30 116.5 118.2 
O22-C14 1.452 1.452 C21-O22-C14 113.8 111.63 
O23-C21 1.189 1.198 O7-C6-O5 109.1 107.9 
O24-C19 1.426 1.428 C9-C8-C4 123.8 122.5 
O24-C29 1.384 1.382 C3-C4-C8 120.8 121.3 
O25-C18 1.378 1.369 O26-C3-C4 124.0 125.7 
O25-C28 1.433 1.426 C4-C3-C2 116.3 117.0 
C4-C8 1.378 1.388 C10-C2-C3 121.7 120.6 
C4-C3 1.376 1.379 C10-C2-C1 119.5 121.32 
C3-O26 1.380 1.376 N13-C1-C2 112.7 115.14 
C3-C2 1.411 1.415 N13-C1-C14 106.6 110.0 
C2-C10 1.401 1.397 C2-C1-C14 108.1 107.53 
C2-C1 1.521 1.516 N13-C12-C11 112.3 110.35 
C12-C11 1.505 1.515 O23-C21-O22 125.6 122.8 
C11-C10 1.497 1.504 O23-C21-C20 126.6 128.9 
C10-C9 1.391 1.390 C19-C20-C15 122.5 122.0 
C9-C8 1.369 1.368 C15-C20-C21 107.1 108.72 
C1-C14 1.543 1.547 C20-C19-C18 117.7 117.58 
C14-C15 1.496 1.502 C20-C19-O24 117.8 120.8 
C21-C20 1.458 1.471 C17-C18-O25 125.2 124.1 
C20-C15 1.381 1.392 C18-C17-C16 120.4 121.0 
C20-C19 1.383 1.391 C19-O24-C29 102.2 104.8 
C19-C18 1.409 1.399 C18-O25-C28 128.5 126.5 
Parameters Theoretical 

(3-21G*) 

Experimental 

(NAMFIS) 

Parameters Theoretical 

(3-21G*) 

Experimental 

(NAMFIS) 

H14-H1 2.36 2.36 H12-H12 1.73 1.75 
H9-H11 2.87 2.96 H11-H11 1.94 1.90 
H1-NCH3 2.77 2.76 H16-H14 3.16 3.29 
H17-OCH3 2.61 2.59 H14-OCH3 4.47 4.43 
H12-H11 2.72 2.74 H6-H6 1.78 1.77 
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Table 2.4. Atomic coordinates ( x 104) and equivalent  isotropic displacement parameters (Å2x 

103) for noscapine.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z                                  U(eq) 
C(1) 4429(3) 3256(2) 1617(1) 28(1) 
C(2) 4946(3) 2311(2) 1692(1) 28(1) 
C(3) 4392(3) 1904(2) 2059(1) 30(1) 
C(4) 4737(3) 1021(2) 2103(1) 35(1) 
O(5) 4275(3) 450(1) 2415(1) 48(1) 
C(6) 5194(4) -345(2) 2329(1) 49(1) 
O(7) 5741(3) -311(1) 1914(1) 50(1) 
C(8) 5609(3) 558(2) 1801(1) 37(1) 
C(9) 6193(3) 947(2) 1450(1) 36(1) 
C(10) 5869(3) 1837(2) 1399(1) 30(1) 
C(11) 6551(3) 2323(2) 1033(1) 35(1) 
C(12) 6929(3) 3264(2) 1153(1) 35(1) 
N(13) 5366(2) 3704(1) 1287(1) 32(1) 
C(14) 2492(3) 3264(1) 1524(1) 27(1) 
C(15) 1935(3) 2844(2) 1129(1) 28(1) 
C(16) 2003(3) 1986(2) 996(1) 31(1) 
C(17) 1333(3) 1777(2) 612(1) 33(1) 
C(18) 591(3) 2421(2) 365(1) 31(1) 
C(19) 474(3) 3289(2) 503(1) 30(1) 
C(20) 1171(3) 3483(1) 885(1) 28(1) 
C(21) 1170(3) 4320(2) 1111(1) 33(1) 
O(22) 1917(2) 4166(1) 1486(1) 33(1) 
O(23) 646(3) 5034(1) 1023(1) 47(1) 
O(24) -379(2) 3916(1) 282(1) 39(1) 
O(25) -129(2) 2260(1) -11(1) 39(1) 
O(26) 3513(2) 2411(1) 2333(1) 40(1) 
C(27) 5726(4) 4617(2) 1392(1) 47(1) 
C(28) 66(3) 1394(2) -170(1) 39(1) 
C(29) 515(4) 4236(2) -70(1) 54(1) 
C(30) 3645(4) 2204(2) 2756(1) 49(1) 
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Table 2.5. Anisotropic displacement parameters (Å2x 103) for noscapine.  The anisotropic 

displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]. 

 U11 U22  U33 U23 U13 U12 
C(1) 31(1)  30(1) 24(1)  -1(1) 2(1)  0(1) 
C(2) 25(1)  31(1) 27(1)  0(1) -2(1)  3(1) 
C(3) 28(1)  35(1) 26(1)  2(1) -2(1)  1(1) 
C(4) 33(1)  39(1) 31(1)  9(1) -4(1)  -4(1) 
O(5) 59(1)  38(1) 47(1)  16(1) 1(1)  -2(1) 
C(6) 56(2)  34(1) 58(2)  15(1) -11(1)  -7(1) 
O(7) 66(1)  29(1) 55(1)  4(1) -11(1)  4(1) 
C(8) 39(1)  27(1) 43(1)  1(1) -11(1)  3(1) 
C(9) 35(1)  38(1) 35(1)  -7(1) -4(1)  7(1) 

C(10) 26(1)  36(1) 27(1)  -2(1) -3(1)  2(1) 
C(11) 32(1)  43(1) 32(1)  0(1) 5(1)  8(1) 
C(12) 29(1)  45(1) 32(1)  5(1) 3(1)  0(1) 
N(13) 30(1)  34(1) 33(1)  4(1) 3(1)  -3(1) 
C(14) 26(1)  26(1) 31(1)  2(1) 5(1)  4(1) 
C(15) 23(1)  30(1) 30(1)  6(1) 2(1)  2(1) 
C(16) 30(1)  28(1) 34(1)  4(1) -3(1)  3(1) 
C(17) 32(1)  29(1) 38(1)  0(1) -2(1)  1(1) 
C(18) 25(1)  38(1) 30(1)  2(1) -3(1)  -3(1) 
C(19) 24(1)  32(1) 32(1)  8(1) 3(1)  2(1) 
C(20) 24(1)  28(1) 32(1)  4(1) 4(1)  0(1) 
C(21) 31(1)  32(1) 36(1)  3(1) 2(1)  2(1) 
O(22) 37(1)  27(1) 35(1)  -2(1) 3(1)  8(1) 
O(23) 59(1)  27(1) 54(1)  4(1) -6(1)  9(1) 
O(24) 36(1)  42(1) 37(1)  14(1) 2(1)  9(1) 
O(25) 42(1)  40(1) 35(1)  0(1) -11(1)  -1(1) 
O(26) 46(1)  49(1) 26(1)  4(1) 7(1)  11(1) 
C(27) 47(1)  33(1) 62(2)  5(1) 5(1)  -10(1) 
C(28) 39(1)  43(1) 33(1)  -2(1) -2(1)  -4(1) 
C(29) 61(2)  52(2) 50(2)  23(1) 9(1)  8(2) 
C(30) 57(2)  62(2) 27(1)  1(1) -1(1)  10(2) 

 

2.3.3 QSAR modeling 

The geometrically optimized structures of the molecules were used and a set of 422 

molecular descriptors were calculated. It includes a set of shape and topological descriptors, 

described by means of the surface area, volume, topological indices and dihedral angle between the 

isoquinoline and isobenzofuranone rings. The electronic descriptors such as EHOMO, ELUMO, local 

charges and dipole moments were derived from AM1 calculations. Indices of electronegativity (χ = 

-0.5(EHOMO - ELUMO)), hardness (η = 0.5(EHOMO – ELUMO)), softness (S = 1/ η) and electrophilicity 

(ω = χ2/2η) were calculated from HOMO and LUMO energies [14]. Constitutional molecular 

descriptors were used to define the effect of different fragments of the molecules. From each class 

of molecular descriptors, significant descriptors were filtered out systematically as mentioned in 
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materials and method section, pertaining to QSAR model development. Multiple linear regression 

(MLR) analyses were employed for QSAR model development (Table 2.6).  

Table 2.6. The results of multiple linear regression (MLR) analysis with different type of 
descriptors.    

Sl. 

No. 

MLR equations Type of 

descriptors  

1 pIC50 = 4.737(0.077)*VDistEq – 2.386(0.6631)*weinerPath + 1.53(0.428)* 

BCUT_SLOGP_1 + 0.169(0.101)*GCUT_SLOGP_1 

N = 22, LOF = 0.203, R
2
 = 0.590, R

2
adj = 0.545, S = 0.373, PRESS = 4.264, 

F-test = 6.76, P = 0.001, R
2

cv = 0.418, RM
2
 = 0.352, R

2
test = 0.529 

Topology 

2 pIC50 = 4.793(0.076) + 3.897(1.118)*chi0v – 3.31(1.361)*chi1v + 

0.967(2.395)*chi0 – 0.408(2.447)*Kier1 – 1.29(0.471)KierA3 

N = 22, LOF = 0.203, R
2
 = 0.641, R

2
adj = 0.547, S = 0.373, PRESS = 4.261, 

F-test = 6.79, P = 0.001, R
2

cv = 0.421, RM
2
 = 0.356, R

2
test = 0.537 

Shape 

3 pIC50 = 4.761(0.073) – 1.62(0.456)*logS + 7.391(2.013)*MR – 
9.349(1.779)*SMR - 0.124(0.113)*TPSA + 1.025(0.570)*vdw_area – 
0.797(0.392)*log p(o/w) 

N = 22, LOF = 0.202, R
2
 = 0.688, R

2
adj = 0.584, S = 0.357, PRESS = 5.845, 

F-test = 6.62, P = 0.001, R
2

cv = 0.463, RM
2
 = 0.434, R

2
test = 0.604 

Physical 

4 pIC50 = 4.696(0.067) + 0.188(0.082)*SMB2 – 2.431(0.578)*SMB4 + 

2.152(0.511)*SMB5 + 0.243(0.154)*directional_hyd_sa + 0.115(0.147)* 

directional_pol_sa 

(N = 22, LOF = 0.140, R
2
 = 0.737, R

2
adj = 0.663, S = 0.322, PRESS = 3.302, 

F-test = 10.43, P = 0.0001, R
2

cv = 0.552, RM
2
 = 0.572, R

2
test = 0.617) 

Sterimol 

5 pIC50 = 4.753(0.069) – 0.384(0.126)*Am1_dipole + 0.291(0.103)*E_rele + 

0.106(0.098)*dipoleX + 22.766(6.369)*Electronegativity – 13.987(3.924)* 

Softness + 10.04(2.708)*Electrophilicity 

(N = 22, LOF = 0.140, R
2
 = 0.749, R

2
adj = 0.665, S = 0.321, PRESS = 4.056, 

F-test = 8.94, P = 0.0001, R
2

cv = 0.449, RM
2
 = 0.554, R

2
test = 0.679) 

Quantum 

6 pIC50 = 4.746(0.034) – 0.586(0.075)* softness + 0.664(0.253)*vdw_area -

0.317(0.288)*KierA3 + 0.241(0.071)*SMB2 + 0.101(0.108)* 

directional_hyd_sa – 0.167(0.06)* directional_pol_sa 

(N = 22, LOF = 0.123, R
2
 = 0.942, R

2
adj = 0.914, S = 0.159, PRESS = 1.199, 

F-test = 34.42, P = 0.0001, R
2

cv = 0.815, RM
2
 = 0.900, R

2
test = 0. 817) 

All descriptor 

 

At first the QSAR equation was derived using the topology descriptors. This initial equation 

does not have a high statistical quality. The QSAR equation developed from shape descriptors 

revealed better structure-activity relationships (equation 2) than that of topology descriptors 

(equation 1). Among the chemical descriptors that define the shape of the molecules: chi0 (atomic 

connectivity index, order 0), chi0v and chi1v (atomic valence connectivity indices, order 0 and 1 

respectively), first kappa shape index and third alpha modified shape index were used by the 

equation. Similarly the molecular descriptors defining the physical properties of the molecules: log 

S (log of the aqueous solubility), MR (molecular refractivity), TPSA (polar surface area calculated 
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using group contributions to approximate the polar surface area), vdw_area (area of van der Waals 

surface) and log P (log of the octanol/water partition coefficient) were used by the QSAR equation 

4. The parameters such as log S, vdw_area and log P have been considered as the descriptors for the 

hydrophobic effect. The molar refractivity is a constitutive-additive property that is calculated by 

the Lorenz-Lorentz formula. The high standard error and low correlation coefficient for QSAR 

equations (1, 2 and 3) revealed that the anti-tumour activity of the molecules is not correlated by the 

individual topology, shape and physical descriptors. However, the QSAR equations developed 

based on sterimol and quantum descriptors of the molecules have improved the predictive value 

(equations 4 and 5) with correlation coefficient of 0.737 and 0.749 and standard error of 0.322 and 

0.312, respectively. The sterimol descriptors calculate a set of six parameters: L, B1, B2, B3, B4 

and B5 for the whole molecule. The parameter ‘L’ is measured along the substitution axis and B1-

B4 are measured orthogonal to the substitution axis as shown in Figure 2.5.  

 

Figure 2.5. Schematic representations of different steriomolecular parameters used in the study.  

Sterimol descriptors were calculated using a svl script (sterimol.svl). The descriptors such as 

directional_pol_sa and directional_hyd_sa used in equation 4, describe the directionality of polar 

and hydrophobic characters and compute the amounts of polar and hydrophobic atomic accessible 

surface for a structure [15]. Both descriptors were calculated using a svl script (q_surfarea.svl). The 

quantum mechanical descriptors were calculated using MOPAC distributed with MOE. 

Electronegativity and electrophilicity parameters have positive coefficient value. Softness parameter 

has negative coefficient value. Together, these parameters indicate strong dependence of biological 

activity (anti-tumor) on the electronic features. The indices of electronegativity, electrophilicity and 

softness were calculated from the difference between the HOMO and LUMO energies. The QSAR 

equation (5) developed including these descriptors had high correlation (R2 = 0.749) with biological 

activity. It should be noted that the correlation of the HOMO or LUMO energies alone, however, 
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show low R2 values (0.187 and 0.235) with biological activity. The final QSAR model (equation 6; 

Table 2.6) was obtained when all the above descriptors were combined together. It consists of only 

six descriptors: softness (electronic descriptor), vdw_area (physical descriptor), KierA3 (shape 

index) and B2, directional_hyd_sa, directional_pol_sa (sterimol descriptor). The best significant 

relationship for the biological activity has been deduced to be:  

pIC50 = 4.746 (0.034) – 0.586 (0.075) * softness + 0.664 (0.253)* vdw_area - 0.317 (0.288) * 
KierA3 + 0.241 (0.071) * SMB2 + 0.101 (0.108) * directional_hyd_sa – 0.167 (0.06) * 

directional_pol_sa 
 

(N = 22, LOF = 0.123, R2 = 0.942, R2
adj = 0.914, S = 0.159, PRESS = 1.199,  F-test = 34.42, P = 

0.0001, R2
LOO = 0.815, RM

2 = 0.900, R2
test = 0. 817) 

where n is the number of compounds in the training set, R2 is the squared correlation coefficient, S 

is the estimated standard deviation about the regression line, R
2

adj is the square of the adjusted 

correlation coefficient for degrees of freedom, F-test is the measure of variance that compares 2 

models differing by one or more variables to determine if the complexity of the model correlates 

positively with its reliability (the model is supposed to be good if the F test is above a threshold 

value), and R2
LOO is the square of the correlation coefficient of the cross-validation using the leave-

one-out (LOO) cross-validation technique. 

The QSAR model developed in this study is statistically best fitted (R2 = 0.942, R
2

LOO = 

0.815, F-test = 34.42) and consequently used for the prediction of anti-tumor activities (pIC50) of 

training and test sets of molecules as reported in Tables 2.7 and 2.8. The quality of the prediction 

models for the training set compounds is shown in Figure 2.6.  

 

The R2 and R2
LOO values (0.942 and 0.815) of the model corroborates with the criteria for a 

highly predictive QSAR model [11,12]. The standard error of estimate for the model was 0.159 that 

is an indicator of the robustness of the fit, and suggested that the predicted pIC50 based on QSAR 

model is reliable. The developed model was further validated by Y-randomization test. In general, 

QSAR model with 2
p

R  values greater than 0.5 is considered statistically robust, whereas the lower  

2
p

R  values (less than 0.5) point to a chance occurrence. The values of 2
p

R  for all 100 models were 

found well above the stipulated value of 0.5 ( 2
p

R : 0.683 to 0.814). Therefore, the QSAR model is 

highly predictive. 
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Figure 2.6. Relationship between predicted and experimental biological activities of training set 
compounds as per QSAR equation (6). Biological activities are pIC50= -log (IC50) in molar 
concentrations. 

Table 2.7. Predicted anti-tumor activity of the training set compounds in Table 2.1 according to the 
QSAR models (using equations 2-6, Table 2.6). 

Compound 

number 

Experimental Predicted pIC50 (M) 

pIC50 (M) pIC50
2
 pIC50

3
 pIC50

4
 pIC50

5
 pIC50

6
 

1 4.780 5.137 4.897 4.915 5.132 4.692 

2 5.921 5.331 4.706 5.332 5.607 5.877 

4 5.638 5.779 4.723 5.431 5.261 5.525 

5 4.410 4.989 4.651 4.623 4.243 4.586 

6 4.548 4.669 4.844 4.713 4.618 4.456 

7 4.345 4.429 4.469 4.560 4.313 4.269 

8 5.553 4.945 4.851 5.335 5.240 5.591 

10 4.516 4.529 4.948 4.865 4.714 4.667 

11 5.000 5.079 4.785 4.891 5.175 5.124 

13 4.319 4.397 4.518 4.527 4.301 4.283 

16 4.392 4.535 4.586 4.581 4.250 4.499 

17 4.378 4.230 4.466 4.298 4.372 4.185 

18 4.346 4.334 4.627 4.272 4.217 4.390 

19 4.333 4.239 4.568 4.503 4.142 4.313 

20 4.353 4.251 4.813 4.130 4.394 4.554 

22 4.286 4.616 5.099 4.280 4.232 4.407 

25 4.387 3.980 5.257 4.406 3.993 4.195 

26 4.374 4.676 5.332 4.690 4.239 4.538 

29 4.252 4.392 5.256 3.927 4.289 4.347 

30 4.277 4.186 5.152 4.488 4.374 4.249 

31 4.427 4.747 5.111 4.255 4.430 4.415 

32 4.364 4.584 4.717 3.709 4.513 4.285 
                  2,3,4,5,6

Based on QSAR equation 2,3,4,5 and 6 developed in the study. 
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Table 2.8. Predicted anti-tumor activity of the test set compounds in Table 2.1 according to the 
QSAR models (using equations 2-6, included in table 2.6 ). 

Compound Experimental Predicted pIC50 (M) 

number pIC50 (M) pIC50
2
 pIC50

3
 pIC50

4
 pIC50

5
 pIC50

6
 

3 5.721 5.100 5.153 5.103 5.736 5.736 

9 4.810 4.905 5.192 5.048 4.816 4.841 

12 5.000 4.744 5.078 5.034 5.016 5.267 

14 4.345 4.624 4.242 4.635 4.769 4.586 

15 4.355 4.527 4.620 4.512 4.449 4.711 

21 4.356 4.633 4.527 4.487 4.224 4.158 

23 4.403 4.554 4.171 4.414 4.541 4.266 

24 4.371 4.827 4.571 4.845 4.229 4.786 

27 4.450 4.565 4.067 4.250 3.657 4.447 

28 4.271 4.695 4.303 4.464 4.240 4.201 
                            2,3,4,5,6

Based on QSAR equation 2,3,4,5 and 6 developed in the study. 

The inter-correlation of the descriptors used in the final model was very low (below 0.6) and 

thus the model is statistically significant. It is necessary that the descriptors involved in the equation 

should not be inter-correlated with each other. To further check the inter-correlation of descriptors 

VIF analysis was performed. VIF values of these descriptors are: 3.268 (softness), 4.525 

(vdw_area), 4.651 (KierA3), 4.608 (SMB2), 2.849 (directional_hyd_sa), and 2.740 

(directional_pol_sa). Based on the VIF analysis it was found that the descriptors used in the final 

model have very low inter-correlation [11,12]. Satisfied with the robustness of the QSAR model 

developed using the training set we next applied the QSAR model to an external data set of 

noscapine analogs comprising the test set. Table 2.8 presents the predicted pIC50 values of the test 

set based on QSAR model. The overall root mean square error (RMSE) between the experimental 

and the predicted pIC50 value was 0.193 that revealed good predictability. The squared correlation 

coefficient between experimental and predicted pIC50 values for the test set is also significant (R2 = 

0.817). Figure 2.5 shows the quality of the fit. The estimated correlation coefficient between 

experimental and predicted pIC50 values with intercept (R2) and without intercept (R2
0) are 0.942 

and 0.940, respectively. The value of [(R2 
- R

2
0)/R

2] = (0.942-0.940)/0.942 = 0.0021 is also less than 

the stipulated value of 0.1 [11,12]. Values of R2
test= 0. 817 and rm

2 = 0.90 were in the acceptable 

range thereby indicating the good external predictability of the QSAR model [11,12]. 
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Figure 2.7. Relationship between predicted and experimental biological activities of test set 
compounds as per QSAR equation (6). Biological activities are pIC50= -log (IC50) in molar 
concentrations. 

 

The appearance of the electronic descriptors such as electronegativity and electrophilicity in 

equation 5 as well as softness in equation 6 (calculated from HOMO and LUMO energies) 

demonstrates that these descriptors significantly influence the anti-tumor activity of noscapinoids. 

They favor columbic interaction between ligands and receptor. Therefore, the developed QSAR 

models guided us to substitute a functional group such as “azido” ( - + -N =N =N ), satisfying the 

above descriptors in the scaffold structure of noscapine pertaining to better anti-tumor activity. To 

begin to test this, we build two noscapine derivatives using molecular builder: 9-azido noscapine 

and reduced-9-azido noscapine (Table 2.9) and predicted their biological activities by using QSAR 

model. Both molecules deduced to have superior activity in comparison to the lead molecule, 

noscapine. To experimentally test the predictability of our QSAR model we chemically synthesized 

both the molecules (Figure 2.8)  

2.3.4 Synthesis of novel 9-azido-noscapine  

Both 9-azido-noscapine and reduced 9-azido-noscapine were synthesized from noscapine 

(1) and reduced noscapine (4) as starting materials, respectively. The reduced noscapine (4) itself 

was synthesized from noscapine (1) as described previously [7]. Both synthetic schemes involved 

their respective intermediates, 9-bromo-noscapine and reduced 9-bromo-noscapine (Figure 2.6). 
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Figure 2.8. Synthesis of 9-azido-noscapine and reduced 9-azido-noscapine. 

(a) Synthesis of 9-azido-noscapine [(S)-3-((R)-9-azido-4-methoxy-6-methyl-5,6,7,8-tetrahydro-

[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-6,7-dimethoxyisobenzofuran-1(3H)-one] 

Twenty grams of noscapine (1) (48.4 mmol) was dissolved by adding minimum amount of 

48% hydrobromic acid solution (~40 ml) in a flask. Freshly prepared bromine water (~250 ml) was 

added drop wise to the reaction mixture until an orange precipitate appeared. The reaction mixture 

was then stirred at room temperature for 1 hour, neutralized to pH 10.0 using ammonia solution to 

obtain a precipitate. The solid precipitate was then re-crystallized in ethanol to yield 9-bromo-

noscapine (2): yield, 82%; melting point (mp), 169 to 170°C; IR, 2945 (m), 2800 (m), 1759 (s), 

1612 (m), 1500 (s), 1443 (s), 1263 (s), 1091 (s), 933 (w) cm-1. 1H NMR (CDCl3, 400 MHz), 

 7.04 (d, 1H, J = 7 Hz), 6.32 (d, 1H, J = 7 Hz), 6.03 (s, 2H), 5.51(d, 1H, J = 4 Hz), 4.55 (d, 1H, 

J = 4 Hz), 4.10 (s, 3H), 3.98 (s, 3H), 3.89 (s, 3H), 2.52 (s, 3H), 2.8 to 1.93 (m, 4H); 13C NMR 

(CDCl3, 100 MHz),  167.5, 151.2, 150.5, 150.1, 148.3, 140.0, 135.8, 130.8, 120.3, 120.4, 120.1, 

105.3, 100.9, 100.1, 87.8, 64.4, 56.1, 56.0, 55.8, 51.7, 41.2, 27.8. Mass spectrometry: fast atom 

bombardment ions (FAB), m/z (relative abundance percentage), 494 (93.8), 492 (100), 300 (30.5), 

298 (35.4); matrix-assisted laser desorption ionization (MALDI), m/z 491.37 (M+), 493.34; 

electrospray ionization/tandem mass spectrometry, parent ion masses, 494, 492; daughter ion 

masses (intensity, percentage): 433 (51), 431 (37), 300 (100), 298 (93.3); high resolution mass 

spectrometry (HRMS-ESI), m/z calculated for C22H23BrNO7 (M+1), 493.3211; experimentally 

determined, 493.3215 (M+1).  

Sodium azide (2.641 g, 40.63 mmol) and sodium iodide (0.609 g, 4.063 mmol) were added 

to a 20 ml solution of the above compound 2 (4.063 mmol) in DMF and the reaction mixture was 
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stirred at 80 0C for 15 hours. Then, the solvent was removed in vacuo and the resultant residue was 

dissolved in chloroform (40 ml), washed with water (2 x 40 ml), dried over sodium sulfate and 

concentrated to obtain the compound 3, which was re-crystallized in ethanol:hexane (10:90): yield, 

89%; mp 177.2 to178.1 °C; IR: 1529, 1362 cm-1; 1H NMR (CDCl3, 400 MHz):  7.05 (d, 1H, J = 

7.0 Hz), 6.4 (d, 1H, J = 7.0 Hz), 6.01 (s, 2H), 5.85 (d, 1H, J = 4.4 Hz), 4.40 (d, 1H, J = 4.4 Hz), 

4.15 (s, 3H), 3.88 (s, 3H), 3.84 (s, 3H), 2.75-2.62 (m, 2H), 2.60-2.56 (m, 2H), 2.51 (s, 3H); 13C 

NMR (CDCl3, 100 MHz):  169.2, 157.7, 152.6, 147.9, 142.2, 140.5, 135.0, 134.0, 123.5, 121.8, 

119.7, 119.3, 114.1, 100.5, 87.4, 64.1, 56.7, 56.5, 56.2, 51.4, 39.2, 27.2; HRMS (ESI): m/z 

calculated for C22H23N4O7 (M+1), 455.4335; experimentally determined, 455.4452 (M+1).  

 

(b) Synthesis of reduced 9-azido-noscapine [((S)-3-((R)-9-azido-4-methoxy-6-methyl-5,6,7,8-

tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-5-yl)-6,7-dimethoxyisobenzofuran-1(3H))]:  

The synthetic scheme was quite parallel to the one described above. Briefly, reduced 

noscapine (4) (20.0 g, 48.8 mmol) was dissolved by slowly adding minimal 48% hydrobromic acid 

(~40 ml) in a flask, freshly prepared bromine water (~250 ml) drop wise until a precipitate 

appeared. Reaction mixture was stirred at room temperature for 1 hour, neutralized with ammonia 

solution to pH 10.0 to obtain solid precipitate of reduced 9-bromo-noscapine (5), which was then 

also re-crystallized in ethanol. (Yield, 80%; mp 113-114 °C; IR: 2950 (m), 2852 (m), 1635 (w), 

1616 (m), 1450 (s), 1267 (s), 1226 (s), 1078 (s), 1035 (s) cm-1; 1H NMR (CDCl3, 400 MHz),  

6.73 (d, 1H, J = 8 Hz), 6.11 (d, 1H, J = 8 Hz), 6.08 (s, 2H), 5.78 (s, 2H), 5.33 (dd, 1H, J = 12 Hz), 

5.05 (dd, 1H, J = 12 Hz), 4.90 (s, 1H), 3.86 (s, 6H), 3.83 (s, 3H), 3.42 to 3.19 (m, 2H), 2.99 (s, 3H), 

2.82-2.80 (m, 2H); 13C NMR (CDCl3, 100 MHz),  151.8, 151.6, 149.7, 148.8, 136.3, 135.8, 132.9, 

131.1, 120.9, 121.5, 114.4, 106.0, 101.2, 97.9, 69.3, 65.2, 56.9, 56.6, 56.0, 52.5, 41.3, 27.9; MS 

(FAB): m/z (relative abundance, %), 480 (100), 478 (100), 462 (8), 460 (8.3), 300 (18), 298 (19), 

179 (12.5); MALDI: m/z 478.5 (M)+, 480.5; ESI: parent ion mass, 480, 478; daughter ion masses 

(intensity, %), 462 (74), 460 (52.5), 447 (21), 445 (16.6), 431 (83.3), 429 (66.6), 300 (79), 

298 (74.7), 193 (11), 191 (23.5), 179 (100); HRMS (ESI): m/z calculated for C22H25BrNO6 (M+1), 

479.3345; experimentally determined, 479.3329 (M+1). ) 

To obtain reduced 9-azido-noscapine (6), compound (5) was used as the starting material, 

and parallel procedure was followed as described above for the synthesis of 9-azido-noscapine (3). 

Yield for compound 6 was 84%; mp 121 to 122 0C;  IR: 1320, 1153 cm-1; 1H NMR (CDCl3, 400 

MHz):  6.74 (d, 1H, J = 8.0 Hz), 6.19 (d, 1H, J = 8.0 Hz), 6.06 (s, 2H), 5.48 (s, 2H), 4.88 (dd, 1H, 

J = 12 Hz), 4.77 (dd, 1H, J = 12 Hz), 4.75 (s, 1H), 3.82 (s, 6H), 3.79 (s, 3H), 3.38 to 3.15 (m, 2H), 
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2.95 (s, 3H), 2.78-2.80 (m, 2H); 13C NMR (CDCl3, 100 MHz),  153.5, 151.2, 149.3, 148.4, 135.9, 

135.4, 132.5, 130.7, 120.5, 121.1, 114.0, 105.6, 100.8, 97.5, 68.9, 64.8, 56.5, 56.2, 55.6, 52.1, 40.9, 

27.5; HRMS (ESI): m/z calculated for C22H23N4O6 (M+1), 441.4469; experimentally determined, 

441.4453 (M+1). 

2.3.4 Anti-tumor activity of  newly designed noscapinoids 

The biological activity of the synthesized derivatives was experimentally determined in 

CEM cells using MTS assay described in the method section. As guided by our QSAR model, we 

chose to substitute an ‘azido’ group at C-9 position of noscapine scaffold (Fig 2.4a) producing 9-

azido noscapine and also chose to reduce the ketone group of 9-azido-noscapine on its 

isobenzofuronone ring conjuring up a reduced 9-azido-noscapine. The predicted (5.731 and 5.710 

M) and experimental (5.585 M) pIC50 values are included in Table 2.9. The experimental results 

(with extremely small deviations of 0.146 M and 0.125 M) show that our model has a highly 

predictive power for the further design of better noscapinoids for anti-cancer drug discovery and 

development. 

Table 2.9. Predicted biological activity (pIC50) obtained from the QSAR models (using equations 2-

6, included in supplemental data S2) and experimental biological activity for the designed set of 

noscapinoids. 

Structure of the 

compound 

Experimental Experimental Predicted pIC50 (M) 

IC50 (M) pIC50 (M) pIC50
2
 pIC50

3
 pIC50

4
 pIC50

5
 pIC50

6
 

N
CH

3

N
3

O

O

HOCH
3

O

O
OCH

3

OCH
3

H

 
(9-azido-noscapine) 

2.6 x 10-6 5.585 5.166 4.541 5.340 5.607 5.731 

N

O

O

H3CO

CH3

O

OCH3

OCH3

H

H

N3

 
(Reduced 9-azido-

noscapine) 

2.6 x 10-6 5.585 5.629 4.624 5.626 5.709 5.710 

 

2.4 CONCLUSION 

In this chapter I have systematically investigated the relationship between the well 

characterized structure and its anti-tumor activity by synthesizing strategic derivatives of 

noscapinoids. Geometrically optimized structures were in agreement with NMR Analysis of 
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Molecular Flexibility in Solution—NAMFIS  and crystal structures. To obtain quantitatively the 

effects of various structural parameters of the noscapine derivatives on their biological activity, 

QSAR analysis with different types of molecular descriptors was operated. We used genetic 

function approximation algorithm of variable selection and generated robust QSAR models with 

high predictability for the external data set. The QSAR model guided us towars designing two more 

derivatives, 9-azido-noscapine and reduced 9-azido-noscapine. The activity of these new 

compounds was predicted using the developed QSAR model, which motivated us further towards 

synthesis of the compound. Validation of the model was achieved by experimentally determining 

value of pIC50 for both the compounds (5.585 M) which turned out to be very close to predicted 

pIC50 (5.731 and 5.710 M). We thus believe that this model would perform as a good rapid 

screening tool to uncover new and more potent anti-tumor drugs based on noscapine 

derivatizations. 
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Abstract 

 Noscapine and its derivatives were demonstrated to bind stoichiometrically to tubulin, alter 

its dynamic instability upon binding and thus effectively inhibit the cellular proliferation of a wide 

variety of cancer cells including many drug-resistant variants. The tubulin molecule is composed of 

α- and ȕ-tubulin, which exist as various isotypes whose distribution and drug-binding properties are 

significantly different. Although the noscapinoids bind to a site overlapping with colchicine, their 

interaction is more biased towards ȕ-tubulin. In fact, their precise interaction and binding affinity 

with specific isotypes of ȕ-tubulin in tubulin heterodimer has never been addressed. In this study, 

the binding affinity of a panel of noscapinoids with each type of tubulin is investigated 

computationally. We found that the binding score of a specific noscapinoid with each type of 

tubulin isotype is different. Specifically, amino-noscapine has the highest binding score of -6.432, -

7.179, -7.416 and -7.317 kcal/mol with αȕI, αȕII, αȕIII and αȕIV isotypes, respectively. Similarly 10 

showed higher binding affinity of -6.79β kcal/mol with αȕV, whereas 8 had the highest binding 

affinity of -7.182, -7.136 and -7.βγ6 kcal/mol, respectively with αȕVI, αȕVII and αȕVIII isotypes. 

More importantly, both amino-noscapine and the clinical derivative, bromo-noscapine have the 

highest binding affinity of -46.23 and -38.09 kcal/mol against αȕIII (overexpression of αȕIII has been 

associated with resistance to a wide range of chemotherapeutic drugs for several human 

malignancies) as measured using MM-PBSA. Knowledge of the isotype specificity of noscapinoids 

may allow for development of novel therapeutic agents based on this class of drugs.  
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3.1 INTRODUCTION 

Microtubules are highly dynamic cytoskeletal polymers composed of α- and ȕ- tubulin 

heterodimers that regulate various physiological functions such as cell division, maintenance of 

intracellular transport, positioning of cellular organelles and cellular motility [1,2]. The crucial roles 

microtubules play in cell division, the segregation of chromosomes, make them an attractive target 

for cancer chemotherapy. A number of tubulin-binding molecules with anti-mitotic properties such 

as taxanes, vinca alkaloids and podophyllotoxin have been discovered in recent years [2-10].  

Tubulin is encoded by multiple genes that represent multiple isotypes of α- and ȕ-tubulin. 

These isotypes are expressed in a tissue specific manner in the body [11,12] and are known to play 

specific biological functions and exhibit different kinetics and dynamics of microtubule assembly. 

The differential expression of ȕ-tubulin isotypes is included in Table 3.1.  

Table 3.1.Tissue distribution of ȕ-tubulin isotypes in normal cells.[21] 

Isotype Organ expression Cellular expression 
ȕI Constitutive Most cells 
ȕII Brain, nerves, muscle; rare elsewhere Restricted to particular cell types 
ȕIII Brain Neurons only 

 Testis Sertoli cells 
 Colon (very slight amounts) Epithelial cells only 

ȕIV Brain only Neurons and glia 
ȕV Unknown Unknown 
ȕVI Blood , bone marrow, spleen Erythroid cells, platelets 
ȕVII Brain Unknown 
ȕVIII Unknown Unknown 

 

It is known that although there may be a dominant form of ȕ-tubulin within a certain organ, 

other isotypes are also found in lower amounts within the same organ. The percentage of each 

isotype may change when tissue turns cancerous as cancerous cells are capable of altering the 

normal levels of expression of tubulin isotypes and hence deregulate the tissue specific pattern; 

particularly ȕIII overexpression has been associated with aggressive drug resistant cancer cells [13-

19]. Other isotypes are also disregulated in cancerous cells in comparison to noncancerous cells 

[11,12,20-24]. It is possible that this property can be exploited in sophisticated drug design 

strategies aimed to more effectively eliminate cancer cells. The change in tubulin isotype 

distribution could be exploited such that a specific drug could be chosen to maximize cancer cell 

death while simultaneously minimizing damage to healthy tissues. 
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Recent reports suggest that differential expression of α- and ȕ-tubulin isotypes by 

mammalian tissues results in differential binding affinities of anti-mitoic agents [25-26], preferring 

one isotype slightly over the other. Varied expression of tubulin isotypes also affects the sensitivity 

of cancer cells of different tissue origin to the tubulin binding agents. Although current anti-tubulin 

drugs bind to all of these isotypes, they showed better responses against specific types of cancer 

cells that are overexpressing a particular type of isotype [22,26,27]. For example, the vinca 

alkaloids bind best to ȕII, providing an explanation as to their efficacy in leukemia and Hodgkin’s 

lymphoma, since these cancer cells well express ȕII while normal lymphocytes do not. Moreover, 

overexpression of some isotypes in cancer cells has been linked to resistance towards anti-mitotic 

drugs [28-30]. As an example overexpression of ȕIII in cancer cells such as ovarian, breast and non-

small-cell lung cancer has been linked to resistance to paclitaxel [28]. Similarly overexpression of 

class ȕV in cancer cells also leads to resistance to taxane-based chemotherapy [29]. Therefore it is of 

utmost importance to design tubulin binding drugs that can bind ubiquitously onto different tubulin 

isotypes and are lethal to cancer cells but not to normal cells.  

Screening for similar new microtubule-targeting agents that possess functional groups 

similar to colchicine and podophyllotoxin, led to discovery of noscapine that binds to the tubulin 

heterodimmer and perturbed the secondary conformation of tubulin, as a result lead to mitotic 

arrest. However, unlike the majority of the microtubule-targeting agents, noscapine does not 

significantly alter the ability of tubulin to form microtubules [30]. Investigating the mechanism 

behind this discrepancy, it was found that noscapine arrests cancer cells by altering the dynamic 

instability of microtubules, primarily by increasing the time spent in the attenuated states of  

dynamic instability [30-42]. Also it was observed that cancer cells of different tissue origin that 

have altered expression of ȕ-tubulin isotypes are sensitive to these tubulin binding agents albeit 

differently [42-49]. Moreover, noscapine can efficiently inhibit paclitaxel resistant human ovarian 

cancer cells (1A9PTX10 and 1A9PTXββ) that possess mutation to ȕ-tubulin [49]. A number of 

noscapine analogs have been reported in recent years as having superior efficacy in retard to 

inhibition of cancer cell proliferation, while having negligible effects on normal cells [32-

36,43,44,46]. Furthermore, owing to its relatively non-toxic and safe profile, we have rationally 

designed many derivatives of noscapine with enhanced tubulin binding affinity [42-45].  

Noscapine and its derivatives bind to a site at the interface of α- and ȕ-tubulin but are more 

biased to ȕ-tubulin [47-49]. Contrastingly different isotypes of α-tubulin are also reported. 

However, the comparative analysis of isotypes of α-tubulin did not reveal any mismatches in the 

amino acids present in or near (within 12 Å) of the noscapinoids binding site (Figure3.1). 
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Furthermore, binding of noscapinoids is more biased towards ȕ-tubulin whereas the α-tubulin 

contributes very little in the binding. Hence the α-tubulin isotypes are not considered in this study. 

 

Figure 3.1. Multiple sequence alignment of the stretches of amino acids located in or near the 12 Å 
of the binding site of noscapinoids in α-tubulin in the tubulin heterodimer. The figure clearly shows 
there is no much difference in sequences in or near the binding site (enclosed on black box). 

 The ȕ-tubulin isotypes consist of 421 amino acid residues (excluding their C-termini) and 

approximately 1–20% of the residues differ between the isotypes. The binding of noscapinoids is 

stronger towards ȕ-tubulin than α-tubulin. Thus any substitution or changes in amino acids on and 

near the binding site of noscapinoids that exists in ȕ-tubulin would significantly affect the binding 

affinity and responses of noscapine derivatives, so it would be more appropriate to consider the 

isotypes of ȕ-tubulin for study of interaction of noscapinoids with different tubulin isotypes. The 

presence of both numerous structures of tubulin and sequences of multiple isotypes of tubulin offers 

an opportunity to create a library of structures of human ȕ-tubulin isotypes using homology 

modelling pertaining to investigate the key biochemical characteristics.  

Of particular interest in this chapter we have made an effort to investigate the mechanistic 

details of differential activity of noscapinoids across cancer types that are reported to have different 

proportions ȕ-tubulin isotypes. Towards this end, we have used noscapine and some of its 

derivatives for the computational analysis of binding interaction with tubulin heterodimers made up 

of α- and isotype-specific ȕ-tubulin.  Understanding of molecular interactions of these agents with 

tubulin isotypes would be important to improve the efficacy of noscapinoids towards a specific 

cancer type.  

3.2 MATERIALS AND METHODS 

3.2.1 Isotypes of β-tubulin and sequence analysis 

To investigate the binding affinity of noscapine and its derivatives onto isotype-specific ȕ-

tubulin, we have constructed tubulin heterodimers comprised of α-tubulin and different isotypes of 

ȕ-tubulin. The protein sequences of eight human ȕ-tubulin isotypes (ȕI to ȕVIII) reported previously 

were downloaded from the NCBI database. The representative sequences of ȕ-isotypes: ȕI 

(gi:18088719), ȕII (gi:β9788768), ȕIII (gi: 1β97β74), ȕIV (gi: 1γ5470), ȕV (gi:14β015γ6), ȕVI (gi: 
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6β90γ515), ȕVII (gi:18575β6) and ȕVIII (gi:42558279) were to build molecular structure of tubulin 

hetero-dimers. These sequences of ȕ-tubulin isotypes were aligned and compared using a multiple 

sequence alignment program (Bioedit version 7.1.9) [50]. 

3.2.2 Template preparation and homology modeling of tubulin isotypes 

The co-crystallized structure of the colchicine-tubulin complex (PDB ID: 1SA0, resolution 

3.58 Å) was used as a template for homology modeling of tubulin isotypes. Because of its low 

resolution the crystal structure possesses several errors: (a) the residues were not sequentially 

numbered in ȕ chain (B chain), as an example 45th residue was numbered as 47th residue and 361st 

residue was numbered as 370th residue (Figure 3.2); (b) some of the amino acids between 37 to 47 

(α-tubulin) and β75 to β84 (ȕ-tubulin) were found to be missing (Figure 3.3 & 3.4). In order to 

remove the errors in the crystal structure we have renumbered its amino acids and the gaps were 

filled by homology modeling based on PDB ID: 3DU7 (C-chain) and PDB ID: 3RYC (D-chain) 

respectively as templates using Prime (version 3.0, Schrödinger). 

 

Figure 3.2.  Snapshots of pdb file 1SA0 showing errors in numbering in ȕ chain: 47th number after 
44th and 369th number after 360th and a statement in remark mentioning that residues are not 
sequentially numbered and residues 44th and 47th and residues 360th and 369th are covalently bound.  
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Figure 3.3. Representation of gaps (missing residues) in the crystal structure (1SA0) of tubulin 
dimer along with ligand colchicine (pink), GTP (Brown) and GDP (blue). The gaps (encircled) and 
the end residues of gaps ASP47 and PROγ7 in α chain and SERβ75 and LEUγ84 in ȕ chain are 
shown in the figure. 

        

Figure 3.4. Screen shot of missing residues in α (A) and ȕ (B) chain shown in the pdb file (1SA0). 
Residues 38th to 46th missing in α chain and residues β67th to 283th missing in ȕ chain also the C 
terminal end residues of the sequence 429th to 435th residue is missing in the ȕ chain. 

The modelled structure obtained was energy minimized using OPLS 2005 force field with 

Polak-Ribiere Conjugate Gradient (PRCG) algorithm, which was stopped either after 5000 steps or 

after the energy gradient converged below 0.001 kcal/mol using Macromodel (version 9.9, 

Schrödinger). The structure was further refined by performing an all atom molecular dynamics 
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(MD) simulation in explicit water using GROMACS 4.5.4 software [51] and the GROMOS96 force 

field on a time scale of 10 ns. By enclosing the molecule in a dodecahedron solvated with the 

SPC216 water model provided in the GROMACS package, three-dimensional periodic boundary 

conditions were imposed and the structure was energy minimized using 1000 steps of steepest 

descent minimization. To achieve the system electro neutrality, 32 Na+ counter ions were added to 

the system and the results locally minimized using 100 steps of steepest descent. The electrostatic 

term was described using the Particle Mesh Ewald algorithm [52]. For the calculation of the 

coulombic and van der Waals interactions at 1.0 nm, the LINCS [53] algorithm was used to 

constrain all bond lengths and cut-off distances. At 300 K and normal pressure we equilibrated the 

system by 100 ps of MD runs with position restraints on the protein to allow the relaxation of the 

solvent molecules. With a coupling time of 0.1 ps at the default setting, the system was coupled to 

the external bath by the Berendsen thermostat. The final MD calculations were performed for 10 ns 

with a time step of 2 fs. A total of 5000 frames were generated in the MD trajectories, out of which 

the last 2000 frames were used to generate an average structure of the tubulin. The overall quality of 

the model, stereochemical values and non-bonded interactions were evaluated using PROCHECK 

[54, 55], ERRAT [56] and VERIFY3D [57].  

The homology models of different tubulin isotypes were built based on the above prepared 

and refined structure of tubulin (PDB ID: 1SA0) as template using Prime (version 3.0, Schrödinger. 

Furthermore, the modeled structures were refined by performing an all atom MD simulation of 10 

ns as described previously. The quality of the modelled structures of tubulin isotypes were 

evaluated using PROCHECK, ERRAT and VERIFY3D. 

3.2.3 Ligand preparation  

Molecular structures of noscapine and its derivatives (Figure 3.5) that had been previously 

demonstrated to be tubulin binding agents [33-36,43,44,47,58] were built using the molecular 

builder of Maestro (version 9.2, Schrödinger). All these structures were energy minimized using 

Macromodel (version 9.9, Schrödinger) and OPLS 2005 force field with PRCG algorithm (1000 

steps of minimization and an energy gradient of 0.001). Appropriate bond order for each structure 

was assigned using Ligprep (version 2.5, Schrödinger). Furthermore, these molecular structures 

were geometrically optimized using hybrid density functional theory with Becke’s three-parameter 

exchange potential and the Lee-Yang-Parr correlation functional (B3LYP) [59,60] with basis set 3-

21G* (61-63). Jaguar (version 7.7, Schrödinger, LLC) was used for the geometrical optimization of 

the ligands. 
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Figure 3.5. Chemical structure of noscapine and its derivatives used in the study. These derivatives 

were previously demonstrated to be tubulin-binding agents. 

3.2.4 Prediction and analysis of noscapinoid binding pocket 

Different binding sites were predicted and analyzed for the modeled αȕ-tubulin isotypes 

using SiteMap (version 2.4, Schrodinger). However, only the noscapinoid binding site [48] (at the 

interface between α- and ȕ-tubulin) for each protein structure which is in agreement with the 

predicted noscapinoid binding site and partially supported by experimental study [48] was selected 

for comparative analysis and predicting the binding affinity of noscapinoids. The best way to 

understand the noscapinoid binding site is to obtain a co-crystal structure with tubulin, which is not 

yet possible so far. Alternatively, only one piece of experimental evidence (competition interaction 

of Br-noscapine with colchicine binding) is so far reported that revealed a binding site of 

noscapinoid at or near the colchicine binding site of tubulin [48]. The binding site residues 

(comprised of 16 amino acids) which are in agreement with the predicted noscapinoids binding site 

[48] from each of the tubulin isotypes were extracted and superimposed for comparative analysis. 

3.2.5 Molecular docking of ligands  

Molecular docking of noscapinoids (Figure 3.5) onto tubulin isotypes was performed using 

“Extra Precision” (XP) algorithm of Glide docking (version 5.7, Schrödinger) [64,65]. The 

noscapinoid binding pocket on different αȕ-tubulin isotypes was defined using a concentric grid 

box at the centroid of the noscapinoid binding site using the Glide grid-receptor generation program 

[65]. A bounding box of size 12Å x 12Å x 12Å was defined in order to confine the mass center of 

the docked ligand. The larger enclosing box of size 12Å x 12Å x 12Å was also chosen so that it 

occupied all the atoms of the docked poses. All the ligands were then docked into the binding site 

using Glide XP (extra precision) and evaluated using a Glide XPScore function [64,65]. For the 

ligand docking stage, a scale factor of 0.4 for van der Waals radii was applied to atoms of protein 

with absolute partial charges less than or equal to 0.25. Out of the 10,000 poses that were sampled, 
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1000 were taken through minimization (conjugate gradients) and the 30 structures having the lowest 

energy conformations were further evaluated for a favorable Glide docking score. The single best 

conformation for each ligand was considered for further analysis. The residues within 12 Å of the 

docked ligands were extracted and analyzed for differences in molecular interactions with respect to 

tubulin isotypes. 

3.2.6 Molecular dynamics simulations of the docked complexes 

To specifically investigate the binding affinity of amino-noscapine (the most potent 

derivative in our library), bromo-noscapine (the clinical derivative) and noscapine (the lead 

molecule) onto the αȕIII isotype, I have calculated their binding free energy. Towards this end, the 

complex of αȕIII isotype with amino-noscapine, bromo-noscapine and noscapine, obtained after 

Glide docking was used as an initial conformation for MD simulation. The MD simulation was 

performed in AMBER 11.0 [66] software suite and the force fields used were AMBER ff99SB [67] 

for the protein and general AMBER (GAFF) [68] for the ligands. To solvate the system, TIP3P 

water model was used in an octahedral box with a distance of 15 Å between the wall of the box and 

the closest atom of the complex. To neutralize the system 31 Na+ ions were added as counter ions. 

The molecular systems were first energy minimized with 500 steps of steepest descent energy 

minimization, followed by 500 steps of conjugate gradient energy minimization so as to remove the 

bad contacts in the structure; this was done in 3 consecutively  rounds. With the force constants of 

10 and 2 kcal-1Å-2 respectively, positional restraints were applied to the whole system for the first 

and second round to allow for relaxation of the solvent molecules. In the third round the whole 

system was minimized without restraint. Finally a 10 ns MD simulation was carried out following 

200 ps of equilibration at 300 K. With a time step of 2 fs a total of 5000 frames were generated. 

SHAKE algorithm [69] was applied for all the bonds involving hydrogen bonds. The non-bonded 

cut off distance was 10 Å. The particle mesh Ewald (PME) method [52] was applied to treat long-

range electrostatics interactions. The temperature of the system was regulated using the langevin 

thermostat. All equilibration and subsequent MD stages were carried out in an isothermal isobaric 

(NPT) ensemble using a Berendsen barometer [69-71] with a target pressure of 1 bar, recording 

trajectories every 2 ps.  

3.2.7 Calculation of binding free energy 

We have used molecular mechanics generalized Born surface area (MM-GBSA)  and 

molecular mechanics Poisson Boltzmann (MM-PBSA)  [72, 73] to calculate the binding free energy 

implemented in AMBER 11.0 [66]. For this calculation a total of 1000 snapshots generated from 
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the last 2 ns of the MD trajectory for each molecular species were considered. The binding free 

energy was computed as the difference between the energy of the complex with the combination 

energy of the receptor and ligand for each frame for a total of 1000 frames that were generated. The 

binding free energy was then calculated for each molecular species as  

ΔGbind = Gcomplex- (Greceptor + Gligand). 

The free energy, G for each species was calculated by the following scheme using the MM-PBSA 

and MM-GBSA methods [72-76]. 

G = Egas + Gsol – TS 

Egas = Eint + Eele + Evdw 

Gele, PB (GB) = Eele + G PB (GB) 

Gsol = Gsol-np + G PB (GB) 

Gsol-np = ȖSAS 

Here, Egas is the gas-phase energy; Eint is the internal energy; Eele and Evdw are the coulomb and van 

der Walls energies, respectively. Egas was calculated using the ff99SB molecular mechanics force 

field. Gsol is the solvation free energy and can be split into polar and non-polar contributions. 

GPB(GB) is the polar solvation contribution calculated by solving the GB and PB equations. Gele, 

PB(GB) is the polar interaction contribution. Gsol-np is the nonpolar solvation contribution and was 

estimated via the solvent-accessible surface area (SAS), which was determined using a water probe 

radius of 1.4 Å. T and S are the temperature and the total solute entropy, respectively. 

3.2.8 Per residue energy contribution with ligands  

To achieve the detailed view of the αȕIII isotype and noscapinoids interaction, I have 

computed the binding free-energy contribution of each residue using the MM-GBSA model. The 

binding energy of each ligand-residue pair includes three energy terms: the van der Waals 

contribution (δEvdw), the electrostatic contribution (δEele) and the solvation contribution (δEsol). All 

the energy components were calculated using the same frames obtained from MD trajectories that 

were used for calculation of binding free energy. The contribution of each residue to the binding 

free energy was obtained by summing up the contribution of each atom of the given residue.  

3.3 RESULTS AND DISCUSSIONS 

3.3.1 Sequence analysis of isotype specific β-tubulin  

Different isotypes of ȕ-tubulin (ȕI-ȕVIII) encoded by different genes exhibited tissue 

restricted expression patterns. Cancer cells especially express a variety of isotypes and are not 

limited to the isotypes that are expressed in non-cancerous cells from which they are derived. There 
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are several examples of this pattern. As an example, ȕII was over-expressed in leukemia and 

Hodgkin’s lymphoma [21]. HeLa cell line shows maximum expression of ȕI with a little expression 

of ȕIII and even less expression of ȕII and ȕIV [26]. Similarly both A549 and CEM cell lines over-

expresses ȕIII, while ȕII is over expressed in the MCF-7 cell line in comparison to all other ȕ-tubulin 

isotypes [26].  

The protein sequences of eight human ȕ-tubulin isotypes (ȕI to ȕVIII) reported previously 

[21] were downloaded from the NCBI database. The representative sequences of each isotype were 

compared by multiple sequence alignment using bioedit [50]. The sequences were observed to have 

mismatches at different positions with an identity score ranging from 77-94. In particular the 

mismatches were mostly concentrated in the region of residues 160-370 that constitutes the 

noscapinoid binding site [48]. No clear consensus in amino acids was observed at four different 

positions (236, 239, 315, 316, 351 and 368) within the noscapinoid binding site with reference to 

the crystal structure of αȕ-tubulin (PDB ID: 1SA0) (Table 3.2). As an example, Ala315 is 

substituted by Threonine in both ȕIII and ȕV as well as Cysteine in ȕVI, whereas Val316 is 

substituted by Isoleucine in ȕII and ȕVI to ȕVIII (Table 3.2). Furthermore, the sequence analysis of the 

amino acids within 12 Å of noscapinoid binding pocket also reveals many differences in and near 

the binding site (Figure 3.6). Differences in binding site residues among αȕ-tubulin isotypes may 

contribute to differences in binding energy with noscapinoids.   
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Figure 3.6. Multiple sequence alignment of ȕI-ȕVIII isotypes showing mismatches at certain places. 
All the isotypes are comprised of different lengths of amino acid sequences. Green colour 
represents identical residues, cyan represents strongly similar, pink represents weakly similar and 
yellow represents very strongly dissimilar residues. The amino acids located in or near 12.0 Å of 
the noscapinoid binding site (marked in the boxes) show mismatches at certain places.  
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Table 3.2. Mismatches in amino acids comprising the noscapinoid binding site among different ȕ 
isotypes in comparison to the template (1SA0). There are six positions (such as 
236,239,315,316,351 and 368) where there are no clear consensuses in residues over all the ȕ-
isotypes. 
 

Isotype Amino acid position 
 179(A) 235 236 237 239 246 248 252 253 314 315 316 350 351 366 368 

1SA0 Thr Gly Val Thr Cys Leu Ala Lys Leu Ala Ala Val Lys Thr Thr Ile 
ȕI Thr Gly Val Thr Cys Leu Ala Lys Leu Ala Ala Val Lys Thr Thr Ile 
ȕII Thr Gly Val Thr Cys Leu Ala Lys Leu Ala Ala Ile Lys Thr Thr Ile 
ȕIII Thr Gly Val Thr Ser Leu Ala Lys Leu Ala Thr Val Lys Val Thr Ile 
ȕIV Thr Gly Val Thr Cys Leu Ala Lys Leu Ala Ala Val Lys Thr Thr Ile 
ȕV Thr Gly Val Thr Ser Leu Ala Lys Leu Ala Thr Val Lys Val Thr Ile 
ȕVI Thr Gly Ile Thr Ser Leu Ala Lys Leu Ala Cys Ile Lys Val Thr Ile 
ȕVII Thr Gly Val Thr Cys Leu Ala Lys Leu Ala Ala Ile Lys Thr Thr Thr 
ȕVIII Thr Gly Val Thr Cys Leu Ala Lys Leu Ala Ala Ile Lys Thr Thr Ile 

 

3.3.2 Template preparation and homology modeling of αβ-tubulin isotypes 

The x-ray crystal structures of tubulin heterodimers composed of α- and isotypes specific ȕ-

tubulin are not available.Thus it is necessary to build these structures for comparative analysis. 

Crystal structure of tubulin (PDB ID: 1SA0) has been used as template for the homology modeling. 

The missing amino acids in the template structure were filled using homology model building 

(Figure 3.7, 3.8 3.9 & 3.10).  

 

Figure 3.7. Modeled tubulin dimer along with ligand colchicine(dark green),GTP(Brown)and 
GDP(light green) having no gaps as is evident from the figure gap between the end residues of gaps 
ASP 47 and PRO 37  in α chain and SER275 and LEU384 in ȕ chain  are filled there is a loop there 
(encircled portion ). 
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Figure 3.8. Figure showing the superimposition of the 1SA0 template(green) and the modeled 
tubulin dimer(red). (gap filled shown in encircled region). 

 

 

Figure 3.9. Typical snapshots of pdb file showing Cα coordinates of the filled gap in α(A) chain 
residue 38 to 46 and ȕ(B) chain residue β76 to β8γ. 
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Figure 3.10. (a) Pairwise alignment between sequences of modeled structure of chain A and 
template 1SA0 chain A along with secondary structure alignment, template secondary structure has 
a gap between PRO37 and ASP47 due to missing residues in template structure.(b) Pairwise 
alignment between sequences of modeled structure of chain B and template 1SA0 chain B along 
with secondary structure alignment , template secondary structure has a gap between SER 275 and 
LEU 284 due to missing residues in template structure.  

The structure was further refined using MD simulation for a period of 10 ns. Various 

structure validation programs such as an ERRAT score of 88.402 and a VERIFY 3D score of 

95.25% indicated a good quality structure for the template. The PROCHECK results also showed 

94.8% of backbone angles were in allowed regions with G-factors of - 0.12. Ramachandran plot 

[55] analysis revealed only 1.6% of residues in the disallowed region and 2.3% of residues in 

generously allowed regions (Figure 3.11a&b). 
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 (a)Errat score 88.402 

 

 

Figure 3.11(a). Structure validation program Errat shows a score of 88.402 which indicates 
good quality of the template  structure.(a portion of the residue window is represented) 
 
 
 
                                    (b)                                                                      (c) 

 

Residues in most favoured regions            94.8% 
Residues in generously allowed regions     2.3% 
Residues in disallowed regions                    1.6% 
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Figure 3.11(b). Ramachandran plot analysis using  PROCHECK also showed 94.8% of backbone 
angles were in allowed regions with G-factors of - 0.12 and  only 1.6% residues in the disallowed 
region and 2.3% residues in generously allowed regions.(c) VERIFY 3D score of 95.25% indicated 
a good quality structure to the template.  

Thus the overall quality of the template structure was very good for homology modeling of 

αȕ-tubulin isotypes. The molecular structures of these αȕ-tubulin isotypes were built based on the 

prepared template structure and further refined using an MD simulation run of 10 ns. The 

equilibration of the MD trajectories was monitored based on the convergence of plots of root-mean-
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square deviations (RMSDs) of Cα carbon atoms of αȕ-tubulin isotypes during 10 ns of MD 

simulation starting from the initial modelled structure (Figure 3.12).  

 

Figure 3.12. Time series of the root-mean-square deviations (RMSD) for the Cα carbon atoms of 
template (αȕ) and all the 8 tubulin isotypes (αȕI to αȕ αȕVIII) during 10 ns of MD simulation starting 
from the initial structure. The relative fluctuation in the RMSD of the Cα atoms is very small after 
the initial equilibration (~5 ns) demonstrating the convergence of the simulation. A 10 ns MD 
simulation was carried out with a time step of 2 fs following 200 ps of equilibration at 300 K. A 
total of 5000 frames were generated and the last 2000 frames were used to generate the average 
structure for each αȕ-tubulin isotype. 

As can be seen from Figure 3.12, the relative fluctuation in the RMSD of the Cα atoms is 

very small after the initial equilibration (~5 ns), demonstrating the convergence of the simulation. A 

total of 5000 frames were generated out of which the last 2000 frames were used to generate an 

average structure of the αȕ-tubulin isotypes. These modeled structures were of good quality with 

the ERRAT scores ranging from 88-95 and VERIFY 3D score within 97% - 99%. The 

Ramachandran plot analysis also revealed good quality structures with the percentage of residues in 

disallowed regions ranging from only 1.2% - 1.6%. The modeled αȕ-tubulin isotypes showed 

significant structural similarity with the template protein (1SA0) with an RMSD value in the range 

of 1.082 – 1.251 Å (Figure 3.13). However, pairwise comparative analysis of these αȕ-tubulin isotypes 

showed RMSD values in the range of 0.963-1.511 Å (Table 3.3).  
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Figure 3.13. Superimposition of αȕ-tubulin isotypes (αȕI to αȕVIII, blue) with the template structure 
(1SA0, yellow). The RMSD values ranges from 1.082-1.251 Å. 

 

Table 3.3. All-vs-all structure comparison of the αȕ-tubulin isotypes. The values are root mean 
square deviation (RMSD) calculated by superimposition of the structures. 

 

 

 

 

 

 

Isotypes αβI αβII αβIII αβIV αβV αβVI αβVII αβVIII 

αβI 0        

αβII 0.963 0       

αβIII 1.200 1.136 0      

αβIV 1.145 1.139 1.127 0     

αβV 1.261 1.318 1.055 1.177 0    

αβVI 1.481 1.461 1.244 1.257 1.130 0   

αβVII 1.511 1.423 1.139 1.337 1.359 1.339 0  

αβVIII 1.351 1.277 0.943 1.216 1.152 1.244 1.054 0 
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The structure comparison of all the isotypes among themselves revealed significant 

variations among the isotype Figure (3.14a-h). αȕI-tubulin isotype is showing maximum variation 

with αȕVI-tubulin isotype and minimum variation with αȕII-tubulin isotype  with an RMSD of 1.511 

Å and 0.96γ Å respectively. αȕII-tubulin isotype is showing maximum variation with αȕVI-tubulin 

isotype and minimum variation with αȕII-tubulin isotype  with an RMSD of 1.461 Å and 0.963 Å 

respectively. αȕIII-tubulin isotype is showing maximum variation with αȕVI-tubulin isotype and 

minimum variation with αȕVIII-tubulin isotype  with an RMSD of 1.244 Å and 0.943 Å respectively. 

αȕIV-tubulin isotype is showing maximum variation with αȕVII-tubulin isotype and minimum 

variation with αȕIII-tubulin isotype  with an RMSD of 1.1β7Å and 1.γγ7 Å respectively. αȕV-tubulin 

isotype is showing maximum variation with αȕVII-tubulin isotype and minimum variation with αȕIII-

tubulin isotype  with an RMSD of 1.γ59Å and 1.055 Å respectively. αȕVI-tubulin isotype is 

showing maximum variation with αȕI-tubulin isotype and minimum variation with αȕV-tubulin 

isotype  with an RMSD of 1.481 Å and 1.130 Å respectively. αȕVII-tubulin isotype is showing 

maximum variation with αȕI-tubulin isotype and minimum variation with αȕVIII-tubulin isotype  

with an RMSD of 1.481 Å and 1.1γ0 Å respectively. αȕVIII-tubulin isotype is showing maximum 

variation with αȕI-tubulin isotype and minimum variation with αȕIII-tubulin isotype  with an RMSD 

of 1.351 Å and 0.943 Å respectively. αȕI and αȕVII  are the most  different structures among all the 

αȕ- tubulin isotypes. αȕI and αȕII have come up as least different of all the αȕ-tubulin isotypes. 

Since the overall structures of all the αȕ-tubulin isotypes are significantly different which is 

expected to affect the structure of the noscapinoid binding site of these isotypes. These differences 

motivated us for the comparative analysis of the noscapinoids binding site in different isotypes. 
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(a) αβI vs αβII RMSD 

0.963Å 

 

(b) αβI vs αβIII RMSD 

1.200Å 

 

(c) αβI vs αβIV RMSD 

1.145Å 

(d) αβI vs αβV RMSD 

1.261Å 

 

(e) αβI vs αβVI RMSD  

1.481Å 

 

(f) αβI vs αβVII RMSD  

1.511Å 

 

(g) αβI vs αβVIII RMSD 

1.351  Å 

 

(h) αβI vs template 

RMSD 1.249 Å 

 

 

Figure 3.14 (a).  Superimposition of αȕI-tubulin isotype(yellow) with different  αȕ-tubulin isotypes 
(αȕII to αȕVIII, different colours) (a-g) and (h) αȕI-tubulin isotype(blue) with  template structure 
(1SA0, yellow). The RMSD values ranges from 0.963-1.511 Å. αȕI-tubulin isotype is showing 
maximum variation with αȕVI-tubulin isotype and minimum variation with αȕII-tubulin isotype  with 
an RMSD of 1.511 Å and 0.963 Å respectively. 
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(a) αβII vs αβI RMSD 

0.963Å 

 

(b) αβII vs αβIII RMSD 

1.136Å 

 

(c) αβII vs αβIV RMSD 

1.139Å 

 

(d) αβII vs αβV RMSD 

1.318Å 

 

(e) αβII vs αβVI RMSD 

1.461 Å 

 

(f) αβII vs αβVII RMSD 

1.423 Å 

 

(g) αβII vs αβVII RMSD 

1.277 Å 

 

(h) αβI vs template 

RMSD 1.214 Å 

 
 

Figure 3.14(b).  Superimposition of αȕII-tubulin isotype(pink) with different  αȕ-tubulin isotypes 
(αȕI to αȕVIII, different colours) (a-g)  and  (h) αȕII-tubulin isotype(blue) with  template structure 
(1SA0, yellow). The RMSD values ranges from 0.963-1.461 Å. αȕII-tubulin isotype is showing 
maximum variation with αȕVI-tubulin isotype and minimum variation with αȕII-tubulin isotype  with 
an RMSD of 1.461 Å and 0.963 Å respectively. 
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(a) αβIII vs αβI RMSD 

1.200 Å 

 

(b) αβIII vs αβII RMSD 

1.136 Å 

 

(c) αβIII vs αβIV RMSD 

1.127 Å 

 

(d) αβIII vs αβV RMSD 

1.055 Å 

 

(e) αβIII vs αβVI RMSD 

1.244 Å 

 

(f) αβIII vs αβVII RMSD 

1.139 Å 

 

(g)αβIII vs αβVIII RMSD 

0.943 Å 

 

(h)αβIII vs template 

RMSD 1.113 Å 

 

 

Figure 3.14(c). Superimposition of αȕIII-tubulin isotype(dark cyan) with different  αȕ-tubulin 
isotypes (αȕI to αȕVIII, different colours) (a-g) and (h) αȕIII-tubulin isotype(blue) with  template 
structure (1SA0, yellow). The RMSD values ranges from 0.943-1.244 Å. αȕIII-tubulin isotype is 
showing maximum variation with αȕVI-tubulin isotype and minimum variation with αȕVIII-tubulin 
isotype  with an RMSD of 1.244 Å and 0.943 Å respectively. 
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(a) αβIV vs αβI RMSD 

1.145 Å 

 

(b) αβIV vs αβII RMSD 

1.139Å 

 

(c) αβIV vs αβIII RMSD 

1.127 Å 

 

(d) αβIV vs αβV 

RMSD 1.177Å 

 

(e) αβIV vs αβVI RMSD 

1.257Å 

 

(f) αβIV vs αβVII RMSD 

1.337Å 

 

(g) αβIV vs αβVIII RMSD 

1.216 Å 

 

(h)αβIV vs template 

RMSD 1.251Å 

 

 

Figure 3.14(d). Superimposition of αȕIV-tubulin isotype(light blue) with different  αȕ-tubulin 
isotypes (αȕI to αȕVIII, different colours) (a-g) and (h) αȕIV-tubulin isotype(blue) with  template 
structure (1SA0, yellow). The RMSD values ranges from 1.127-1.337 Å. αȕIV-tubulin isotype is 
showing maximum variation with αȕVII-tubulin isotype and minimum variation with αȕIII-tubulin 
isotype  with an RMSD of 1.127Å and 1.337 Å respectively. 
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(a) αβV vs αβI RMSD 

1.261Å 

 

(b) αβV vs αβII RMSD 

1.318Å 

 

(c) αβV vs αβIII RMSD 

1.055 Å 

 

(d) αβV vs αβIV RMSD 

1.177Å 

 

(e) αβV vs αβVI RMSD 

1.130 Å 

 

 

(f) αβV vs αβVII RMSD 

1.359 Å 

 

(g) αβV vs αβVIII 

RMSD 1.152 Å 

 

(h)αβV vs template 

RMSD 1.082 Å 

 

 

Figure 3.14(e). Superimposition of αȕV-tubulin isotype(brown) with different  αȕ-tubulin isotypes 
(αȕI to αȕVIII, different colours) (a-g) and (h) αȕV-tubulin isotype(blue) with  template structure 
(1SA0, yellow). The RMSD values ranges from 1.055-1.359 Å. αȕV-tubulin isotype is showing 
maximum variation with αȕVII-tubulin isotype and minimum variation with αȕIII-tubulin isotype  
with an RMSD of 1.359Å and 1.055 Å respectively. 
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(a) αβVI vs αβI RMSD  

1.481Å 

 

(b) αβVI vs αβII RMSD 

1.461 Å 

 

(c) αβVI vs αβIII RMSD 

1.244 Å 

 

(f) αβVI vs αβIV RMSD 

1.257Å 

 

(e) αβVI vs αβV RMSD 

1.130 Å 

 

(f) αβVI vs αβVII RMSD 

1.339 Å 

 

(g) αβVI vs αβVIII 

RMSD 1.244Å 

 

(h)αβVI vs template 

RMSD 1.244 Å 

 

 

Figure 3.14(f).  Superimposition of αȕVI-tubulin isotype(purple) with different  αȕ-tubulin isotypes 
(αȕI to αȕVIII, different colours) (a-g) and (h) αȕVI-tubulin isotype(blue) with  template structure 
(1SA0, yellow). The RMSD values ranges from 1.130-1.481 Å. αȕVI-tubulin isotype is showing 
maximum variation with αȕI-tubulin isotype and minimum variation with αȕV-tubulin isotype  with 
an RMSD of 1.481 Å and 1.130 Å respectively. 
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(a) αβVII vs αβI RMSD  

1.511Å 

 

(b) αβVII vs αβII 

RMSD 1.423 Å 

 

(c) αβVII vs αβIII 

RMSD 1.139 Å 

 

(d) αβVII vs αβIV RMSD 

1.337Å 

 

(e) αβVII vs αβV 

RMSD 1.359 Å 

 

(f) αβVII vs αβVI RMSD 

1.339 Å 

 

(g) αβVII vs αβVIII 

RMSD 1.054Å 

 

(h)αβVII vs template 

RMSD  1.220Å 

 

 

Figure 3.14(g). Superimposition of αȕVII-tubulin isotype(green) with different  αȕ-tubulin isotypes 
(αȕI to αȕVIII, different colours) (a-g) and (h) αȕVII-tubulin isotype(blue) with  template structure 
(1SA0, yellow). The RMSD values ranges from 1.054-1.511 Å. αȕVII-tubulin isotype is showing 
maximum variation with αȕI-tubulin isotype and minimum variation with αȕVIII-tubulin isotype  
with an RMSD of 1.481 Å and 1.130 Å respectively. 
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(a) βVIII vsαβI α 

RMSD 1.351  Å 

 

(b) αβVII vs αβII 

RMSD 1.277 Å 

 

(c) αβVIII vs αβIII 

RMSD 0.943 Å 

 

(d) αβVIII vs αβIV 

RMSD 1.216 Å 

 

(e) αβVIII vs αβV 

RMSD 1.152 Å 

 

(f) αβVIII vs αβVI 

RMSD 1.244Å 

 

(g) αβVIII vs αβVII 

RMSD 1.054Å 

 

(h)αβVIII vs template 

RMSD  1.184 Å 

 

 

Figure 3.14(h). Superimposition of αȕVIII-tubulin isotype(red) with different  αȕ-tubulin isotypes 
(αȕI to αȕVIII, different colours) (a-g) and (h) αȕVIII-tubulin isotype(blue) with  template structure 
(1SA0, yellow). The RMSD values ranges from 0.943-1.351 Å. αȕVIII-tubulin isotype is showing 
maximum variation with αȕI-tubulin isotype and minimum variation with αȕIII-tubulin isotype  with 
an RMSD of 1.351 Å and 0.943 Å respectively. 
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3.3.3 Computational prediction and analysis of noscapinoid binding site  

To ascertain the impact of the structural differences among the αȕ-tubulin isotypes on their 

noscapinoid binding site, I did a comparative analysis of the noscapinoid binding site. Different 

binding sites were predicted and analyzed for the modeled αȕ-tubulin isotypes using SiteMap 

(version 2.4, Schrodinger). However, in the absence of co-crystal structure of noscapinoid with 

tubulin, only the noscapinoid binding site [48] (at the interface between α- and ȕ-tubulin) which is 

in agreement with the predicted noscapinoid binding site and partially supported by experimental 

study [48] was selected for comparative analysis and predicting the binding affinity of 

noscapinoids. The binding site residues (comprised of 16 amino acids) which are in agreement with 

the predicted noscapinoids binding site [48] from each of the tubulin isotypes were extracted and 

superimposed for comparative analysis. The noscapinoid binding site [48] from different αȕ-tubulin 

isotypes were characterized using Sitemap based on various physico-chemical properties  included 

in Table 3.4. The sitemap scores for all the αȕ-tubulin isotypes ranging from 0.576 (αȕI) to 0.820 

(αȕII) suggest an overall better accommodation of the noscapinoids within the binding site. 

However, due to various substitutions of amino acids within the binding site region, differences in 

various parameters among the isotypes were noticed. Similarly, the binding sites among the αȕ-

tubulin isotypes also differed in their ability to accommodate the solvent molecules as measured by 

exposure and enclosure scores. Apropos to this finding, the binding affinity of the noscapinoids 

may differ with different αȕ-tubulin isotypes. All-vs-all comparison of the amino acids within 12 Å 

of binding site, measured by RMSD score, showed significant variations among the isotypes (Table 

3.5).  

Table 3.4. Physico-chemical properties of the noscapinoid bind site of different αȕ-tubulin isotypes. 
The differences in binding site are due to the different composition of the binding site residues 
within and near the binding site region. 

Isotype SiteScore 
(a.u) Volume(Å)3 Exposure 

(a.u) 
Enclosure 

(a.u) 
Contact 

(a.u) 
Phobic 

(kcal/mol) 
Philic 

(kcal/mol) 
Balance 

(a.u) 
don/acc 

(a.u) 
αβI 0.576 138.23 0.654 0.653 0.772 0.806 0.86 0.936 0.898 
αβII 0.820 160.87 0.5 0.663 0.867 1.053 0.61 1.737 0.710 
αβIII 0.660 109.76 0.705 0.620 0.656 0.469 0.53 0.883 1.418 
αβIV 0.743 171.16 0.550 0.593 0.741 0.886 0.62 1.439 1.438 
αβV 0.634 122.45 0.629 0.629 0.805 0.611 0.80 0.762 1.261 
αβVI 0.698 134.80 0.680 0.596 0.769 1.166 0.54 2.145 0.943 
αβVII 0.735 126.91 0.426 0.663 0.905 1.343 0.58 2.299 1.641 

αβVIII 0.588 91.581 0.561 0.653 0.814 0.749 0.80 0.938 2.279 
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Table 3.5. All-vs-all comparison of the amino acids within 12 Å diameter of noscapinoid binding 
site of the different αȕ-tubulin isotypes. The variation in the structure is measured by RMSD score 
after superimposition.  
 
 

 

 

 

The RMSD score was found to be maximum between αȕI - αȕVI, αȕVI - αȕV and αȕVI - αȕVII 

with values of 1.γ40, 1.γ45 and 1.γ5β Å, respectively. However, the binding site between αȕII and 

αȕVIII showed minimum differences with an RMSD of 0.655 Å. Furthermore, the noscapinoid 

binding site consisted of 16 amino acids [48] and extracted from αȕ-tubulin isotypes revealed 

significant differences as shown in Figure 3.15 and Figure 16(a-h). 

Isotypes αβI αβII αβIII αβIV αβV αβVI αβVII αβVIII 

αβI 0        

αβII 0.881 0       

αβIII 1.110 0.750 0      

αβIV 0.865 0.662 0.761 0     

αβV 1.251 0.861 0.620 1.046 0    

αβVI 1.340 1.049 1.148 1.205 1.345 0   

αβVII 0.945 0.868 0.926 0.947 1.032 1.352 0  

αβVIII 1.066 0.655 0.701 0.746 0.808 1.144 0.969 0 
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Figure 3.15. Superimposition of the noscapinoid binding site [48] of the template structure (1SA0) 
in red and all the 8 isotypes of tubulin (αȕI-VIII) represented in different colours.  The figure clearly 
shows the differences between the binding sites of the isotypes due to change in residues at 
different positions. The differences in conformation and composition of binding sites of different 
αȕ-tubulin isotypes with the template structure suggested difference in the overall environment of 
the binding site that may affect the binding affinity of noscapinoids with these isotypes. 
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(a)αβI vs αβII 
RMSD 0.833 Å 

 

(b) αβI vs αβIII 
RMSD 1.152 Å 

 

(c) αβI vs αβIV 
RMSD  0.764 Å 

 

(d) αβI vs αβV 
RMSD 1.320 Å 

 

(e) αβI vs αβVI 
RMSD 1.045 Å 

 

(f) αβI vs αβVII 
RMSD 0.962 Å 

 
(g) αβI vs αβVIII 
RMSD 0.656 Å 

 

(h) αβI vs 1SA0 
RMSD 1.211Å 

 
 

Figure 3.16(a). Superimposition of the noscapinoid binding site of the αȕI-tubulin structure in cyan 
and all the other isotypes of tubulin represented in different colours and the template structure 
1SA0(red). The figure clearly shows the differences between the binding sites of the isotypes due to 
change in residues at different positions. Binding site of αȕI differs least with αȕVIII  and most with 
αȕV  with an RMSD of 0.656Å and 1.320Å respectively.  
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(a)αβII vs αβI 
RMSD 0.833Å 

 

(b)αβII vs αβIII 
RMSD 0.661Å 

 

(c)αβII vs αβIV 
RMSD 0.912Å 

 
αβII vs αβV 

RMSD 0.863Å 

 

αβII vs αβVI 
RMSD 0.682Å 

 

(f) αβII vs αβVII 
RMSD 0.896Å 

 

(g) αβII vs αβVIII 
RMSD 0.656Å 

 

(h) αβII vs 1SA0 
RMSD 0.983Å 

 

 

Figure 3.16(b). Superimposition of the noscapinoid binding site of the αȕII-tubulin structure in light 
pink and all the other isotypes of tubulin represented in different colours and the template structure 
1SA0(red). The figure clearly shows the differences between the binding sites of the isotypes due to 
change in residues at different positions. Binding site of αȕII differs least with αȕVIII  and most with 
αȕIV  with an RMSD of 0.656Å and 0.912Å respectively. 
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(a) αβIII vs αβI   
RMSD 1.152Å 

 

(b) αβIII vs αβII   
RMSD 0.661Å 

 

(c) αβIII vs αβIV   
RMSD 0.929Å 

 
(d) αβIII vs αβV   
RMSD 0.656Å 

 

(e) αβIII vs αβVI   
RMSD 0.874Å 

 

(f) αβIII vs αβVII 
RMSD 0.989Å 

 
(g) αβIII vs αβVIII   
RMSD 0.737Å 

 

(h) αβIII vs 1SA0 
RMSD 1.006Å 

 
Figure 3.16(c). Superimposition of the noscapinoid binding site of the αȕIII-tubulin structure in 
yellow and all the other isotypes of tubulin represented in different colours and the template 
structure 1SA0(red). The figure clearly shows the differences between the binding sites of the 
isotypes due to change in residues at different positions. Binding site of αȕIII differs least with αȕV  
and most with αȕI  with an RMSD of 0.656Å and 1.152Å respectively. 
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(a) αβIV vs αβI  
RMSD 0.764Å 

 

(b) αβIV vs αβII  
RMSD 0.912Å 

 

(c) αβIV vs αβIII  
RMSD 0.929Å 

 
(d) αβIV vs αβV  
RMSD 1.202Å 

 

(e) αβIV vs αβVI  
RMSD 0.987Å 

 

(f) αβIV vs αβVII 

 RMSD 0.983Å 

 

(g) αβIV vs αβVIII  
RMSD 0.824Å 

 

(h) αβIV vs 1SA0 
 RMSD 1.053Å 

 

Figure 3.16(d). Superimposition of the noscapinoid binding site of the αȕIV-tubulin structure in light 
green and all the other isotypes of tubulin represented in different colours and the template structure 
1SA0(red). The figure clearly shows the differences between the binding sites of the isotypes due to 
change in residues at different positions. Binding site of αȕIV differs least with αȕI  and most with 
αȕV  with an RMSD of 0.764Å and 1.202Å respectively. 
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(a) αβV vs αβI  
RMSD 1.320Å 

 

(b) αβV vs αβII  
RMSD 0.863Å 

 

(c) αβV vs αβIII  
RMSD 0.656Å 

 
(d) αβV vs αβIV  
RMSD 1.202Å 

 

(e) αβV vs αβVI  
RMSD 1.112Å 

 

(f) αβV vs αβVII  
RMSD 1.109Å 

 

(g) αβV vs αβVIII  
RMSD 0.851Å 

 

(h) αβV vs 1SA0 
 RMSD 1.176Å 

 
 

Figure 3.16(e). Superimposition of the noscapinoid binding site of the αȕV-tubulin structure in blue 
and all the other isotypes of tubulin represented in different colours and the template structure 
1SA0(red). The figure clearly shows the differences between the binding sites of the isotypes due to 
change in residues at different positions. Binding site of αȕV differs least with αȕIII and most with 
αȕI  with an RMSD of 0.656Å and 1.320Å respectively. 
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(a) αβVI vs αβI  
RMSD 0.764Å 

 

(b) αβVI vs αβII  
RMSD 0.912Å 

 

(c) αβVI vs αβIII  
RMSD 0.874Å 

 
(d) αβVI vs αβIV  
RMSD 0.987Å 

 

(e) αβVI vs αβV  
RMSD 1.112Å 

 

(f) αβVI vs αβVII  
RMSD 1.603Å 

 
(f) αβVI vs αβVIII  
RMSD 0.615Å 

 

(g) αβVI vs 1SA0 
RMSD 1.058Å 

 
 

Figure 3.16(f). Superimposition of the noscapinoid binding site of the αȕVI-tubulin structure in 
brown and all the other isotypes of tubulin represented in different colours and the template 
structure 1SA0(red). The figure clearly shows the differences between the binding sites of the 
isotypes due to change in residues at different positions. Binding site of αȕVI differs least with αȕVIII 
and most with αȕVII  with an RMSD of 0.615Å and 1.603Å respectively. 
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(a) αβVII vs αβI  
RMSD 0.926Å 

 

(b) αβVII vs αβII  
RMSD 0.896Å 

 

(c) αβVII vs αβIII  
RMSD 0.989Å 

 
(d) αβVII vs αβIV  
RMSD 0.983Å 

 

(e) αβVII vs αβV  
RMSD 1.109Å 

 

(f) αβVII vs αβVI  
RMSD 1.603Å 

 
(g) αβVII vs αβVIII  
RMSD 1.002Å 

 

(f) αβVII vs 1SA0 
 RMSD 0.913Å 

 
 

Figure 3.16(g). Superimposition of the noscapinoid binding site of the αȕVII-tubulin structure in 
grey and all the other isotypes of tubulin represented in different colours and the template structure 
1SA0(red). The figure clearly shows the differences between the binding sites of the isotypes due to 
change in residues at different positions. Binding site of αȕVII differs least with αȕII and most with 
αȕVI  with an RMSD of 0.896Å and 1.603Å respectively. 
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(a) αβVIII vs αβI  
RMSD 1.033Å 

 

(b) αβVIII vs αβII  
RMSD 0.656Å 

 

(c) αβVIII vs αβIII  
RMSD 0.737Å 

 
(d) αβVIII vs αβIV  
RMSD 0.824Å 

 

(e) αβVIII vs αβV  
RMSD 0.851Å 

 

(f) αβVIII vs αβVI  
RMSD 0.615Å 

 
(g) αβVIII vs αβVII  

RMSD 1.002Å 

 

(h) αβVIII vs 1SA0  
RMSD 0.996Å 

 
 

Figure 3.16(h). Superimposition of the noscapinoid binding site of the αȕVIII-tubulin structure in 
olive green and all the other isotypes of tubulin represented in different colours and the template 
structure 1SA0(red). The figure clearly shows the differences between the binding sites of the 
isotypes due to change in residues at different positions. Binding site of αȕVIII differs least with αȕVI 
and most with αȕI  with an RMSD of 0.615Å and 1.033Å respectively. 
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The differences in conformation and composition of binding site among αȕ-tubulin isotypes 

suggested differences in the overall environment of the binding site that may affect the binding 

affinity of noscapinoids. 

3.3.4 Binding affinity of noscapinoids to different tubulin isotypes  

To determine the binding affinity of noscapinoids at the noscapinoid binding site among 

different αȕ-tubulin isotypes, we have docked a set of well characterized noscapinoids, 1-10 using 

Glide-XP docking. The Glide docking program validates different positions, orientations and 

conformations of ligands in the receptor binding site in a systematic manner and returns the best 

docked poses of various ligands in the binding pocket. All the noscapinoids showed significant 

differences in binding score (Table 3.6) with respect to different αȕ-tubulin isotypes.  

Table 3.6. Docking results (Glide XP) of noscapinoids with different αȕ-tubulin isotypes. All the 
noscapinoids binds well with different isotypes. However, each noscapinoid showed different 
docking score with respect to different αȕ-tubulin isotypes. Overall the amino-noscapine and the 
clinical derivative, bromo-noscapine showed better docking score against αȕIII-tubulin isotype in 
comparison to other isotypes. 

 

Moreover, the binding affinity of a specific noscapinoid was also found to be different with 

respect to different αȕ-tubulin isotypes. As an example, amino-noscapine (2) showed higher binding 

score of -6.432, -7.179, -7.416 and -7.417 kcal/mol with αȕI, αȕII, αȕIII and αȕIV, respectively in 

comparison to the rest of the compounds. Similarly 10 showed the higher binding affinity of all the 

noscapinoids of -6.792 kcal/mol against αȕV. Moreover, 8 showed highest binding affinities of -

7.182, -7.136 and -7.βγ6 kcal/mol, respectively against αȕVI, αȕVII and αȕVIII. The simplest reason 

could be the differences in binding mode of noscapinoids among different isotypes mainly because 

of the differences in binding site amino acids. In a representative example, analysis of the binding 

mode of amino-noscapine across various αȕ-tubulin isotypes revealed variation in hydrogen 

bonding (H-bond) patterns within the binding pocket of different αȕ-tubulin isotypes (Figure 3.17). 

Docking score(kcal/mol) 
ISOTYPE 1 2  3  4  5  6 7 8 9 10 

αȕI -5.278 -6.432 -5.601 -5.803 -5.213 -5.448 -5.039 -5.765 -6.328 -6.261 
αȕII -6.671 -7.179 -6.897 -6.530 -6.851 -5.802 -6.327 -7.152 -7.147 -7.090 
αȕIII -5.278 -7.416 -7.242 -5.764 -5.496 -6.202 -5.151 -7.149 -7.126 -7.136 
αȕIV -5.963 -7.317 -6.415 -6.617 -5.598 -3.084 -5.984 -6.312 -7.188 -6.364 
αȕV -6.286 -5.453 -5.477 -6.270 -5.368 -6.280 -4.290 -6.086 -5.723 -6.792 
αȕVI -5.903 -5.831 -5.763 -5.832 -6.560 -5.330 -7.148 -7.182 -7.010 -6.874 
αȕVII -6.041 -6.351 -5.233 -6.506 -7.102 -4.547 -5.853 -7.136 -3.518 -6.371 
αȕVIII -7.111 -6.804 -6.539 -6.068 -5.416 -5.706 -6.779 -7.236 -7.108 -7.205 
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Figure 3.17. The hydrogen bonding pattern of amino-noscapine with respect to  (A) αȕI-tubulin 
isotype, showing one hydrogen bond with Ser178 of α-chain; (B) αȕII-tubulin isotype, showing two 
hydrogen bonds with Ser178 of α –chain; (C) αȕIII-tubulin isotype, showing one hydrogen bond 
with Valβγ6 of ȕ-chain; (D) αȕIV-tubulin isotype, showing a hydrogen bond with Ser178 of α –
chain; (E) αȕV-tubulin isotype, showing no hydrogen bond with any of the chains; (F) αȕVI-tubulin 
isotype, showing a hydrogen bond with Ser178 of α –chain, Alaβ48 and Lysβ5β of ȕ-chain; (G) 
αȕVII-tubulin isotype, showing a hydrogen bond with Ser178 of α-chain; (H) αȕVIII-tubulin isotype, 
showing a hydrogen bond with Ser178 of α –chain, Gln11 of α-chain and Lys252 of ȕ-chain. 

 Only one H-bond is formed between the amino-noscapine and SerA178 in the binding 

pocket of αȕI, αȕIV and αȕVII. In contrast SerA178 forms two H-bonds with amino-noscapine in the 

binding pocket of αȕII. Similarly amino-noscapine forms only one H-bond with ValB236 in the 

binding pocket of αȕIII; three H-bonds with AlaB248, SerA178 and LysB252 in the binding pocket 

of αȕVI as well as three H-bonds with SerA178, LysB252 and GlnA11 in the binding pocket of 

αȕVIII. To gain more information about the interaction of noscapinoids with all the αȕ-tubulin 

isotypes, we have calculated the per residue van der Walls (Evdw) and electrostatic (Eele) energy 

contribution of the residues within 12 Å of docked ligands. In a representative example with amino-

noscapine (Figure 3.18) the binding site amino acids showed significant contribution of Evdw and 

Eele energy with amino-noscapine across all the αȕ-tubulin isotypes.  
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Figure 3.18. Differences in the electrostatic and van der Walls energy contribution of residues 
within the 12 Å diameter of noscapinoid binding site. In this representative figure only the 
docked amino-noscapine with respect to ȕI-VIII-tubulin isotypes are considered. It clearly shows 
that binding site residues contribute differently to the electrostatic and van der Walls binding 
energy with amino-noscapine with respect to different ȕ-isotypes. As an example, GluA198 and 
Aspβ49 from all of the 8 αȕ isotypes (except αȕVI) have an appreciable Evdw energy contribution 
(≤ -10 kcal/mol), whereas, Asp355 of αȕII-VII contributed ≤ -10 kcal/mol Evdw energy. Similarly, 
Cysγ54 of αȕI contributed ≈ -10 kcal/mol only, whereas Aspγβ7 of αȕIV and αȕV contributed 
strong Evdw energy (≤-15 kcal/mol). Furthermore, the binding site residues of different αȕ-tubulin 
isotypes also contributed different Eele energy with amino-noscapine. Precisely Leuβ5γ of αȕII, 
αȕIII and αȕV significantly contributed Eele energy (≤ -4 kcal/mol). In contrast, Lysγ50 of αȕI, 
αȕII, αȕIV and αȕVI contributed only ≤ -3 kcal/mol Eele to the binding of amino-noscapine. In case 
of αȕVII Ile316 and Cys239 contributed most to electrostatic energy with Eele of ≤-3 kcal/mol, 
whereas in αȕVIII Lys252 and Leu246 showed maximum contribution of Eele (≤-5 kcal/mol).  

Specifically two amino acids, GluA198 and AspBβ49 of all the 8 αȕ isotypes (except αȕVI) 

have an appreciable Evdw energy contribution (≤ - 10 kcal/mol) with the binding of amino-

noscapine. Similarly, the binding site residues of different αȕ isotypes also contributed different Eele 

energy with amino-noscapine (Figure 3.18). The differences in the energy contribution among 

different isotypes can be explained as a result of substitution of amino acids of one kind by the 

other in and near the binding pocket. The differential binding affinity and mode of interaction of 

noscapinoids suggests different specificity of noscapinoids across different αȕ-tubulin isotypes. 

This might be the reason that cancer cells of different tissue origin showed different sensitivities to 

noscapinoids as reported previously using NCI 60 cell lines [35,42,43,46]. It should also be noted 
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that these cell lines over-express some isotypes. As an example, both A549 and CEM cell lines 

over-expresses ȕIII, while ȕII is over-expressed in MCF-7 cell line in comparison to all other ȕ-

tubulin isotypes [26]. These results suggest that the reason for differential activity of noscapinoids 

against different cancer cell types may be also be because of the differential expression of ȕ-tubulin 

isotypes. 

3.3.5 αβIII isotype as a potential target for anti-tumor drug development 

Overexpression of αȕIII has been associated with resistance to a wide range of 

chemotherapeutic drugs for several human malignancies. It has also been associated with drug 

sensitivity and tumor progression [13-18]. Out of the different αȕ-tubulin isotypes, researchers have 

already realized that αȕIII would be an excellent target for anti-tumor drugs [26, 13-18] and have 

attempted to use rational drug design to create a αȕIII-specific drug. The seco-taxoid, IDN 5390 [26] 

was explicitly designed to bind to the taxane binding site on αȕIII. This drug is very effective against 

paclitaxel resistant cell lines that overexpress αȕIII. To test whether the most potent noscapine 

derivative, amino-noscapine in our library and the clinical derivative, bromo-noscapine have a 

higher binding affinity with αȕIII-tubulin than noscapine, the focus has been narrowed down to 

tubulin targets to this isotype only. Targeting to αȕIII by noscapinoids may lead to improvement of 

both efficacy and specificity of treatment. Infact both amino-noscapine and bromo-noscapine 

showed highest docking score of -7.416 and -7.242 kcal/mol against this isotype in comparison to 

others. In a representative example amino-noscapine fitted well into the binding pocket of αȕIII as 

shown in Figure 3.19. Paclitaxel and vinblastine which are both very successful in chemotherapy 

favour αȕII over αȕIII. They also suffer from side effects as αȕII is very abundant in the nervous 

system and a few other tissues. In contrast αȕIII is less abundant in other tissues and has already 

been proven to be a very promising molecular target for cancer therapy. The ability of noscapinoids 

to target αȕIII more specifically could be a reason for its unique properties in comparison to other 

tubulin binding agents. 

Inspired by the docking result we determined the preferred binding mode and binding 

affinity of these two compounds and the lead compound noscapine with αȕIII by performing 10 ns 

of MD simulation. The equilibration of the MD trajectories was monitored based on the 

convergence of plots of RMSDs of Cα carbon atoms of tubulin during 10 ns of MD simulation 

starting from the docked complex (Figure 3.20). 
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Figure 3.19. Typical snapshot of binding mode of amino-noscapine with tubulin obtained after MD 
simulation. Panel (A) show the docked poses of amino-noscapine (space field) bound to αȕIII at 
noscapine binding site. Panel (B) show the enlarged view the hydrogen bonding pattern of amino-
noscapine with respect to αȕIII-tubulin isotype after MD simulation. Three hydrogen bonds 
contributing in the interaction of amino-noscapine with the binding site amino acids such as 
Gln245, Leu246 and Leu253 are shown in the figure. Panel (C) show the fitting of amino-noscapine 
with the binding site of αȕIII-tubulin isotype. 

 

Figure 3.20. The root-mean square deviations (RMSD) of Cα carbon atoms of tubulin during 10 ns 
of MD simulation, starting from the docking complexes of αȕIII with amino-noscapine, bromo-
noscapine and noscapine. The relative fluctuation in the RMSD of the Cα atoms is very small after 
~8 ns of the simulation, demonstrating the convergence of the simulation. A 10 ns MD simulation 
was carried out with a time step of 2 fs, a total of 5000 frames were generated and the last 1000 
frames from each molecular species were used to generate the average structure.  
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A total of 5000 frames were generated for each molecular system out of which the last 1000 

frames were used to generate the average structure of the tubulin-drug complexes for the MM-

GBSA and MM-PBSA calculation. The root mean square fluctuations (RMSF) of the residues 

within and around the noscapinoid binding site (13-γ9γ) of αȕIII in the free form and in complex 

with noscapinoids were also calculated to reveal the flexibility of these residues. Different levels of 

flexibility were noticed in the bound form of αȕIII with different noscapinoids (Figure 3.21).   

(a) 

 

(b) 

 
     (c) 

 

Figure 3.21. Root mean square fluctuation (RMSF) of residues around the ligand binding site of 
αȕIII (13-393) in complexed with (a) amino-noscapine, (b) bromo-noscapine and (c) noscapine. 
Different levels of flexibility of these residues were noticed in the bound form of tubulin with 
different noscapinoids. Most of the residues in the binding site showed flexibilities less than 2 Å in 
case of amino-noscapine, bromo-noscapine and noscapine compared to the free αȕIII isotype, 
indicating that these residues seem to be more rigid as a result of binding. 

Most of the residues in the binding site showed flexibilities less than 2 Å in the case of αȕIII 

when bound to noscapine, amino-noscapine and bromo-noscapine compared to free αȕIII. The 
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RMSF of the bound form in comparison to the free form indicates that binding site residues become 

more rigid as a result of binding of the noscapinoids. 

3.3.6 Binding affinity calculations 

The calculated binding free energy (ΔGbind) and its components based on MM-PBSA and 

MM-GBSA of noscapine, amino-noscapine and bromo-noscapine with αȕIII were summarized in 

Table 3.7.  

Table 3.7. Binding free energy and its components (kcal/mol) for the receptor, αȕIII heterodimer and 
noscapine derivatives. 

Energy components (kcal/mol) Noscapine Bromo-noscapine Amino-noscapine 
ΔEele -325.4 -337.2 -348.8 
ΔEvdw -56.22 -60.86 -57.42 
ΔEgas -381.6 -398.0 -406.2 

ΔGsol-np -6.530 -6.120 -6.370 
ΔGPB 357.9 370.0 375.6 

ΔGsolv,PB 353.6 365.9 371.5 

ΔGele,PB 32.49 32.89 26.76 
ΔGbind, PB -28.02 -32.05 -34.70 

ΔGGB 349.3 366.0 366.4 

ΔGsolv,GB 342.7 359.9 360.0 

ΔGele, GB 23.87 28.88 17.52 

ΔGbind, GB -38.86 -38.09 -46.23 

 

All the three ligands showed better binding affinity with αȕIII in the pattern of amino-

noscapine (-34.70 and - 46.23 kcal/mol), bromo-noscapine (-32.05 and -38.09 kcal/mol) and 

noscapine (-28.02 and -38.86 kcal/mol) based on both MM-PBSA and MM-GBSA calculations. 

Non polar solvation terms (ΔGsol-np) which correspond to the burial of solvent-accessible surface-

area upon binding, contributes significantly to the binding of ligands. Similarly the intermolecular 

van der Waals (ΔEvdw) also contributed significantly to the binding, whereas the polar solvation 

term (ΔGsolv,PB(GB)) counteracted binding of these ligands. Although the gas-phase electrostatic 

value (ΔEgas) favors the binding of the noscapinoids, the overall electrostatic interaction energy 

(ΔGele,PB(GB)) is positive and thus unfavorable for the binding. This may be due to a large 

desolvation penalty of charged and polar groups that are not sufficiently compensated for by 

complex formation. 
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3.3.7 Per residue energy contribution to noscapinoid binding 

All the three ligands (noscapine, bromo-noscapine and amino-noscapine) were well 

accommodated into the binding site of αȕIII, at the interface between α- and ȕ- tubulin, however, 

their binding interactions with the amino acids inside the binding cavity are distinct as shown in 

Figure 3.22.                                                                  

(a) 

 

(b) 

 
(c) 

 
Figure 3.22. Per residue binding free energy (δGbind) contribution of αȕIII for the binding of (a) 
noscapine, (b) bromo noscapine and (c) amino-noscapine. The amino acids within 12 Å of the 
binding site were only considered. 

Per residue contribution of binding free energy is an efficient way to investigate the details 

of protein–ligand interactions at the atomic level. We have identified the residues that have the 

greatest impact, in terms of total energy (δGbind) contribution (per residue contribution ≤ -1 

kcal/mol), of the αȕIII with the noscapinoids. For the binding of noscapine, residue Leu253 showed 

the largest contribution of ≤ -4 kcal/mol to the binding energy, while 9 other binding site residues 

(AlaA180, Ser239, Leu240, Leu246, Leu250, Asp256, Met257, Ala314 and Ile368) contributed 
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energy ≤ -1 kcal/mol. For the binding of bromo-noscapine, residues Ala248 and Lys252 showed the 

largest contribution of ≤ -4 kcal/mol, whereas three other amino acids ThrA178, Val316 and Ala352 

contributed ≤ -1 kcal/mol energy. Similarly, for the amino-noscapine, Gln245, Leu253 and Leu246 

showed largest contribution of ≈-4 kcal/mol, while Serβγ9 and Leuβ40 contributed ≤ -2 kcal/mol 

energy. 

To determine the detailed contribution of each important residue, the summations of the per 

residue interaction free energy (δEtotal) was split into van der Waals (δEvdw), electrostatic (δEelec) 

and polar solvation (δEsol,GB) energies. The energy contributions from the selected residues are 

shown in Figure 3.23.  

(a) 

 

(b) 

 

(c) 

 

Figure 3.23. Energy decomposition of the key residues (contributing δGbind < - 1.0 kcal/mol) in αȕIII 
that are involve in the binding of (a) noscapine, (b) bormo-noscapine and (c) amino-noscapine.  
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In the αȕIII-noscapine complex, Leu253 has significant δEelec contribution energy (≤ -5 

kcal/mol), leading to formation of one H-bond (Table 3.8). However, for αȕIII-bromo noscapine 

complex, two amino acids such as Ala248 and Lys252 have appreciable δEelec contribution energy 

(≤ -5 kcal/mol), leading to formation of two H-bonds (Table 3.8), while Leu253 has the strongest 

attraction interaction (with δEvdw ≤ -3.35 kcal/mol) with bromo-noscapine. Similarly, for αȕIII-

amino noscapine complex, three amino acids such as Gln245, Leu246 and Leu253 have maximum 

δEelec energy contribution (≤ -5 kcal/mol), leading to formation of three H-bonds (Table 3.8), while 

Ser239 contributed better δEvdw energy (≤ -2.7 kcal/mol) with amino-noscapine. The results also 

revealed that most of the residues while binding to the noscapinoids showed a minor contribution in 

δEvdw energy (≤ -1.0 kcal/mol). 

Table 3.8. Hydrogen bonding (H-bond) patterns between the residues of αȕIII with amino-
noscapine, bromo-noscapine and noscapine. 

Donor Acceptor Distance 
Amino noscapine   

GlnB245  N2 Lig O25 2.7 Å 
LeuB246   N Lig O23 3.4 Å 
Leu B253  N Lig  O24 2.8 Å 

Bromo noscapine   
AlaB248   N Lig O23 2.84 Å 

LysB252   N2 Lig O24 3.66 Å 
Noscapine   

LeuB253  N Lig  O23 2.78 Å 
 

3.4 CONCLUSION 

In this study, the binding affinity of a panel of Noscapinoids with each type of tubulin is 

investigated computationally. It was found out that among tubulin heterodimers, composed of 

different ȕ-tubulin isotypes, the binding site of noscapinoids varied significantly. Due to various 

substitutions of amino acids within the binding site region, differences in various physico-chemical 

and structural parameters among the isotypes were noticed.It was found out that the binding score 

of a specific noscapinoid with each type of tubulin isotype is different, owing to the differences in 

the binding site. Specifically, amino Noscapine has the highest binding score of - with αȕI, αȕII, αȕIII 

and αȕIV isotypes, respectively. To get an insight into how the most efficient noscapinoids till now 

behave with different isotypes, the binding affinities have been compared and it was found out that 

both amino-noscapine and bromo-noscapine showed highest docking score of -7.416 and -7.242 

kcal/mol against this isotype in comparison to others. It has already been proved that αȕIII is less 

abundant in other tissues and a very promising molecular target for cancer therapy. The ability of 
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noscapinoids to target αȕIII more specifically could be a reason of its unique properties in 

comparison to other tubulin binding agents. More importantly, after narrowing down the focus on 

the interaction of noscapinoids with αȕIII tubulin isotype it has been found that both amino 

noscapine and the clinical derivative, bromo noscapine have the highest binding affinity of -46.23 

and -38.09 kcal/mol against αȕIII (overexpression of αȕIII has been associated with resistance to a 

wide range of chemotherapeutic drugs for several human malignancies and has been established as 

the best molecular target so far) as measured using MM-PBSA. The interaction analysis revealed 

that amino acids, Ser 239, Leu253, Ile 368, consistently contribute to the binding energy for all the 

three ligands, indicating their importance in interaction with the ligands targeted towards αȕIII-

tubulin isotype. The information gained in this study could pave a way for more efficient design of 

novel Noscapinoid, which could be specifically targeted towards cancer cells. Knowledge of the 

isotype specificity of Noscapinoid may allow for development of novel therapeutic agents based on 

this drug. 
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ABSTRACT 

 In pursuit of developing novel noscapinoid with improved anti-cancer activity, I have used 

structure based drug design approach. I have strategically designed a series of noscapine derivatives 

by substituting biaryl pharmacophore (a major structural constituent of many of the microtubule-

targeting natural anticancer compounds) onto the scaffold structure of noscapine. Molecular 

interaction of these derivatives with αȕ-tubulin heterodimer was investigated by molecular docking, 

molecular dynamics simulation, and binding free energy calculation. The predictive binding affinity 

indicates that the newly designed noscapinoids bind to tubulin with a greater affinity. The predictive 

binding free energy (ΔGbind,pred) of these derivatives (ranging from -5.568 to -5.970 kcal/mol) based 

on linear interaction energy (LIE) method with a surface generalized Born (SGB) continuum 

solvation model showed improved binding affinity with tubulin compared to the lead compound, 

natural α-noscapine (-5.505 kcal/mol). Guided by the computational findings, these new biaryl type 

α-noscapine congeners were synthesized from 9-bromonoscapine using optimized Suzuki reaction 

conditions for further experimental evaluation. The derivatives showed improved inhibition of the 

proliferation of human breast cancer cells (MCF-7), human cervical cancer cells (HeLa) and human 

lung adenocarcinoma cells (A549) compared to natural noscapine. The cell cycle analysis in MCF-7 

further revealed that these compounds alter the cell cycle profile and cause mitotic arrest at G2/M 

phase more strongly than noscapine. Tubulin binding assay revealed higher binding affinity to 

tubulin, as suggested by dissociation constant (Kd) of 126 ± 5.0 µM for 5a, 107 ± 5.0 µM for 5c, 70 

± 4.0 µM for 5d, and 68 ± 6.0 µM for 5e compared to noscapine  (Kd of 152 ± 1.0 µM). In fact, the 

experimentally determined value of ΔGbind,expt (calculated from the Kd value) are consistent with the 

predicted value of ΔGbind,pred calculated based on LIE-SGB. Based on these results, one of the 

derivatives (5e) of this series was used for further toxicological evaluation. Treatment of mice with 

a daily dose of 300 mg/kg and a single dose of 600 mg/kg indicate that the compound does not 

induce detectable pathological abnormalities in normal tissues. Also there was no significant 

difference in hematological parameters between the treated and untreated groups. Hence the newly 

designed noscapinoid, 5e is an orally bioavailable, safe and effective anticancer agent with a 

potential for the treatment of cancer and might be a candidate for clinical evaluation. 
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4.1 INTRODUCTION 

 

The critical role that microtubules play in cell division makes them a suitable target for the 

development of chemotherapeutic drugs against the rapidly dividing cancer cells. This has been 

demonstrated by extensive use of several vinca alkaloids (that depolymerize and decrease polymer 

mass of microtubules) and taxanes (that polymerize and bundle microtubules) [1,2] for the 

treatment of a variety of human cancers. However, their clinical success has been limited by the 

emergence of drug resistance as well as discomforting toxicities such as gastrointestinal (diarrhea, 

nausea, vomiting), myelosuppression (leucopenia), alopecia and peripheral neuropathies due to the 

blockage of axonal transport [3-5]. Besides, their high lipophilicity demands use of co-solvents like 

cremophor, which are associated with undesirable side effects. These shortcomings have prompted 

to search for novel microtubule-targeting compounds that display favorable toxicity profiles, have 

better therapeutic indices and superior pharmacological profiles. 

It is crucial that microtubule dynamics must be aptly regulated for error-free progression 

through mitosis. As a result the compounds that either accelerated or suppressed microtubule 

dynamics are correlated with impaired mitotic spindle function and inhibition of cell proliferation 

[6]. Previously it has been demonstrated that noscapine and its derivatives (noscapinoids) 

suppresses the dynamic instability of microtubule, thereby block cell cycle progression at mitosis, 

followed by apoptotic cell death in a wide variety of cancer cell types [7-10]. Furthermore, it has 

been shown that noscapine and its clinical derivative (EM011, 9-bromo-noscapine) regresses 

human xenografts of  lymphomas, melanoma and breast tumors implanted in nude mice with little 

or no toxicity to the kidney, heart, liver, bone marrow, spleen, or small intestine and does not inhibit 

primary humoral immune responses in mice [7,11-13]. In addition, the water solubility and 

feasibility for oral administration also represent valuable advantages of noscapine over many other 

anti-microtubule drugs [14-16]. Hence among the various anti-mitotic agents that perturb 

microtubule dynamics, noscapinoids constitute an emerging class of compounds receiving 

considerable attention. In an attempt to improve the therapeutic activity of noscapine, we have 

recently designed several noscapine analogues with better therapeutic indices [17-20]. 

On the other hand, colchicine also perturbs the assembly dynamics of microtubules by 

interacting with tubulin and remained as useful lead candidate for generation of anticancer agents. 

However, due to toxic side effects use of colchicines as anticancer agent is limited. Later reports 

examined several natural and synthetic compounds such as Steganacin, Eupomatiolne, Bufalvin, 

Wuwezi B and C, α-DDB, Bicyclol (Figure 4.1) with colchicine like architecture and were found to 

possess potential anticancer activity. The observed anticancer activity was attributed to the 
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pharmacophoric biaryl like structural features. Previously this pharmacophore feature has been used 

to synthesized biaryl based anticancer agents to act as antitumor agents with inhibition of tubulin 

assembly [21]. With these observations, we envisaged that embedding the biaryl pharmacophore 

onto the natural noscapine could lead to new hybrid analogues for evaluation as anticancer agents. 

As a proof of concept, in this study we computationally designed six derivatives of 

noscapine (Figure 4.2) by substituting biaryl pharmacophore onto the scaffold structure of 

noscapine. Their binding affinity with tubulin was evaluated based on molecular dynamic 

simulation followed by rescoring using MM-PBSA (molecular mechanics Poisson Boltzmann 

surface area) and MM-GBSA (molecular mechanics generalized Born surface area). All the 

designed noscapine analogues showed good predictive binding affinity with tubulin. Inspired from 

the molecular modeling calculations, we have synthesized these new derivatives from 9-

bromonoscapine exploring optimized Suzuki reaction conditions and evaluated their biological 

activity. These new derivatives exhibited higher binding affinity for tubulin as evidenced by 

tryptophan quenching assay compared to the lead molecule, noscapine, and significantly inhibited 

proliferation of cancer cells. They displayed much lower IC50 values in comparison to noscapine in 

the three human cancer cell lines (MCF-7, a breast epithelial cancer cell line; HeLa, a cervix cell 

line and A549, a lung cancer cell line). The precise mechanism of action of these compounds 

involved a selective arrest of cell cycle progression at the G2/M phase in rapidly dividing cancer 

.cells. Further, toxicity evaluation of one of the representative compound from this series with mice 

revealed no evidence of toxicity. Our results indicate that the biaryl pharmacophore substituted 

noscapine derivatives are potential candidates for clinical evaluation. 

 

Figure 4.1. Natural and synthetic analogues that are acting as microtubule targeting agents consist 
of biaryl (red) pharmacophore as major structural constituent. This pharmacophore feature is crucial 
for their biological activity.  
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4.2 MATERIALS AND METHODS 

4.2.1  Computational design of noscapine derivatives and structure optimization 

Referring to the chemical structure of many of the natural products (Colchicine, Steganacin, 

Eupomatiolne, Bufalvin, WuweziB and C, α-DDB, Bicyclol) that are acting as microtubule 

targeting agents, we rationally designed a series of noscapine derivatives by substituting biaryl 

pharmacophore onto the scaffold structure of noscapine. These natural products consist of biaryl 

pharmacophore (Figure 4.1) as major structural constituent which is crucial for their biological 

activity. Molecular structures of the newly designed noscapine derivatives 5a-f (Figure 4.2) as well 

as the previously reported derivatives (used as training set, Figure 4.3) were built using molecular 

builder of Maestro (version 9.2, Schrödinger). All these structures were energy minimized using 

Macromodel (version 9.9, Schrödinger) and OPLS 2005 force field with PRCG algorithm (1000 

steps of minimization and energy gradient of 0.001). Each structure was assigned an appropriate 

bond order using Ligprep (version 2.5, Schrödinger, LLC). Complete geometrical optimization of 

these structures was carried out using hybrid density functional theory (DFT) with Becke’s three-

parameter exchange potential and the Lee-Yang-Parr (B3LYP) correlation functional [22,23] and 

using basis set 3-21G* [24-26]. Jaguar (version 7.7, Schrödinger, LLC) was used for the 

geometrical optimization of the ligands. 

 
 
(C29H26F3NO7), 5a 

 
(C31H30ClNO9), 5b 

 
(C31H31NO9), 5c 

 
(C30H29NO7), 5d 

 
(C27H26N2O7), 5e 

 
(C30H30N2O8), 5f 

 

Figure 4.2. Molecular structure of newly designed noscapinoids, 5a-f in this study. These molecules 
are rationally designed by substituting biaryl pharmacophore from the natural and synthetic 
analogues that are acting as microtubule targeting agents onto the scaffold structure of noscapine.  



CHAPTER 4 

 

131 

SENEHA SANTOSHI Ph.D Thesis, Jaypee University of Information Technology, Aug 2014 

4.2.2 Protein preparation 

The X-ray crystallographic structure of colchicine-tubulin complex (PDB ID: 1SA0, 

resolution 3.58Å) was used for molecular docking of noscapine derivatives. The detail of the 

preparation of tubulin complex from its available low resolution X-ray crystallographic structure is 

described in chapter 3. Briefly, a complex consisting of α- and ȕ- tubulin was only retained. 

Missing hydrogen atoms to the structure were added using Maestro (version 9.2, Schrödinger). The 

hydrogen bond network of the complex was optimized using multi-step Schrödinger’s protein 

preparation wizard (PPrep). The missing amino acids from γ7 to 47 (α-tubulin) and β75 to β84 (ȕ-

tubulin) in the co-crystallized structure were filled using Prime (version 3.0, Schrödinger) based on 

templates such as PDB ID: 3DU7 (C-chain) and PDB ID: 3RYC (D-chain) respectively. 

Furthermore, all atoms molecular dynamic (MD) simulation of protein structure in explicit water 

was carried out using GROMACS[27-29] 4.5.4 and GROMOS96 force field for 10 ns to refine the 

protein structure. A total of 5000 frames were generated in the MD trajectories, out of which the 

last 2000 frames were used to generate an average structure of the tubulin. The overall quality of the 

model, stereochemical values and non-bonded interactions were evaluated using PROCHECK[30], 

ERRAT[31] and VERIFY3D[32]. The PROCHECK results showed 94.8% of backbone angles are 

in allowed regions with G-factors of -0.12. Ramachandran plot analysis[33] revealed only 1.6% 

residues in the disallowed region and 2.3% residues in generously allowed regions. The ERRAT 

score was 88.402 that is within the range of high quality model. Similarly, the VERIFY 3D score of 

95.25% indicates a good quality model.   

4.2.3 Molecular docking  

The receptor-grid file was generated at the centroid of the noscapinoid binding site [34] 

using Glide (version 5.7, Schrödinger). A bounding box of size 12Å x 12Å x 12Å was defined in 

tubulin and centered on the mass center of binding site in order to confine the mass center of the 

docked ligand. The larger enclosing box of size 12Å x 12Å x 12Å which occupied all the atoms of 

the docked poses was also defined. The scale factor of 0.4 for van der Waals radii was applied to 

atoms of protein with absolute partial charges less than or equal to 0.25. All the ligands were then 

docked into the binding site using Glide XP (extra precision) and evaluated using a Glide XPScore 

function [35,36].  

4.2.4 Molecular dynamics simulations  

The best docked complexes of each selected compound, 5a-5f with tubulin were used as 

initial conformation for MD simulation. The MD simulation was performed with the AMBER 11.0 

software suite [37] using AMBER ff99SB force field [38]. Each molecular system was solvated 
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with ~32,300 TIP3P water molecules in a truncated octahedral box and neutralized by adding 32 

Na+ ions. The molecular system was energy minimized in three consecutive rounds, each of which 

consisted of 500 steps of steepest descent followed by 500 steps of conjugate gradient energy 

minimization method, so as to remove the bad contacts in the structure. With the force constants of 

10 and 2 kcal-1Å-2 respectively, positional restraints were applied to the whole system for the first 

and second round, to allow for relaxation of the solvent molecules. In the third round the whole 

system was minimized without restraint. Finally, a 10 ns MD simulation was carried out with a time 

step of 2 fs following 200 ps of equilibration at 300 K. SHAKE algorithm [39] was applied for all 

the bonds involving hydrogen bonds. The non bonded cut off distance was 10 Å, and the Particle 

Mesh Ewald (PME) method [28] was applied to treat long-range electrostatics interactions. The 

temperature of the system was regulated using the langevin thermostat. All equilibration and 

subsequent MD stages were carried out in an isothermal isobaric (NPT) ensemble using Berendsen 

barometer [40, 41] with a target pressure of 1 bar and trajectories was recorded every 1 ps.  

4.2.5 Binding affinity of 5a-5f using MM-PBSA and MM-GBSA  

Binding affinity of newly designed compounds, 5a-5f with tubulin was evaluated based on 

both molecular mechanics Poisson Boltzmann surface area (MM-PBSA) and molecular mechanics 

Generalized Born surface area (MM-GBSA) [42, 43] calculation using AMBER 11.0 [38]. For this 

calculation a total of 1000 snapshots generated from the last 2 ns of the MD trajectory for each 

molecular species were considered. The binding affinity (ΔGbind) of the molecular species for each 

frame was then calculated as the difference between the energy of complex with the combination 

energy of receptor and ligand as follows. 

ΔGbind = Gcomplex - (Greceptor + Gligand) 

The free energy, G for each species was calculated as described previously using the MM-PBSA 

and MM-GBSA methods [42, 43]. 

G = Egas + Gsol – TS 

Egas = Eint + Eele + Evdw 

Gele,PB(GB) = Eele + GPB(GB) 

Gsol = Gsol-np + GPB(GB) 

Gsol-np = ȖSAS 

Here, Egas is the gas-phase energy; Eint is the internal energy; Eele and Evdw are the coulomb and van 

der Walls energies, respectively [4,45,46]. Egas was calculated using the ff99SB molecular 

mechanics force field. Gsol is the solvation free energy which is decomposed into polar and non-

polar contributions. GPB(GB) is the polar solvation contribution calculated by solving the PB and GB 

equations [42, 43]. Gele,PB(GB) is the polar interaction contribution. Gsol-np is the non-polar solvation 
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contribution and was estimated via the solvent-accessible surface area (SAS), which was 

determined using a water probe radius of 1.4 Å. T and S are the temperature and the total solute 

entropy, respectively.  

4.2.6 Ligand-residue interaction decomposition 

The energy contribution of each residue with the noscapinoids, 5a-5f within the binding 

cavity of α- and ȕ- tubulin dimer was analyzed using MM-GBSA decomposition process utilizing 

MM-GBSA module in Amber 11.0. The binding energy of each ligand-residue pair includes three 

energy termsμ the van der Waals contribution (ΔEvdw), the electrostatic contribution (ΔEele) and the 

solvation contribution (ΔEsol). All the energy components are calculated using the same frames 

obtained from MD trajectories that were used for calculation of binding affinity.   

4.2.7 Calculating predictive binding free energies of 5a-f towards tubulin using LIE-SGB 

method  

The free energy of binding (ΔGbind) of the newly designed library of noscapinoids, with 

tubulin was determined using linear interaction energy method (LIE) with a surface generalized 

Born (SGB) continuum solvation model proposed by Jorgensen [47] based on the experimental 

ΔGbind data of training set molecules (Figure 4.3). Liaison package (version 5.6, Schrödinger, LLC) 

was used to estimate the binding free energy based on empirical scoring function: 

     b f b f b f

bind vdw vdw elec elec cav cav
G U U U U U U                       (1) 

Here represent the ensemble average, b represents the bound form of the ligand, f represents the 

free form of the ligand, and α, ȕ, and Ȗ are the coefficients. Uvdw, Uelec, and Ucav are the van der 

Waals, electrostatic, and cavity energy terms in the SGB continuum solvent model. The cavity 

energy term, Ucav, is proportional to the exposed surface area of the ligand. Various energy 

parameters included in equation 1 were calculated from the best docked complexes of these ligands 

by energy minimization based on Hybrid Monte Carlo simulation and Truncated Newton sampling 

technique using the OPLS-2005 force field. The system was initially heated to 300 K with a 

relaxation time of 15 ps. A residue-based cut off of 12Å was set for the non-bonding interactions. 

With a maximum of 100 steps of minimization the system was heated for 10 ps and finally Hybrid 

Monte Carlo simulation was performed for 15 ps. The α, ȕ, and Ȗ LIE fitting parameters were 

determined using Minitab statistical package (version 14.0, Minitab Inc.) by fitting the experimental 

binding affinities of training set molecules.  

The experimental free energy of binding for the reported noscapinoids was calculated from 

their respective dissociation constant (Kd) values using the relation: 

ΔGbind = RT ln Kd 
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Where R is gas constant (0.00199 kcal/mol) and T is temperature (298 K). The Kd values of 

the noscapinoids used in training set were obtained from earlier published work [18, 20, 48, 49] by 

measuring concentration dependent tubulin-binding curves derived from escalating concentrations 

of the compounds followed by Schatchard plots. Based on the predictive binding free energy using 

LIE-SGB, a set of six newly designed derivatives 5a-5f (Figure 4.2), which have better binding free 

energy than the lead molecule were finally selected.  

 

 

 
Figure 4.3. Molecular structure of previously reported noscapinoids used in the training set. 

4.2.8 Chemical synthesis of noscapinoids 5a-f 

Inspired by the computational prediction, these analogues were chemically synthesized for 

further experimental evaluation. 

4.2.8.1 General methods and reagents 

Reagents and all solvents were analytically pure and were used without further purification. 

All reactions were carried out in oven-dried flasks with magnetic stirring.  All the experiments were 

monitored by analytical thin layer chromatography (TLC) performed on silica gel GF254 pre-coated 

plates. After elution, the plates were visualized under UV illumination at 254 nm for UV active 

materials. Staining with PMA and charring on a hot plate achieved further visualization. Solvents 

were removed in vacuo and heated on a water bath at 35 °C. Silica gel finer than 200 meshes was 

used for column chromatography. Columns were packed as slurry of silica gel in hexane and 

equilibrated with the appropriate solvent/solvent mixture prior to use. The compounds  were  loaded  

neat  or  as  a  concentrated  solution using  the  appropriate  solvent  system.  Applying pressure 

with an air pump assisted the elution. Yields refer to chromatographically and spectroscopically 

homogeneous materials unless otherwise stated.  Appropriate names for all the new compounds 

were given with the help of ChemBioOffice 2010.  Melting points were measured with a Fischer-

Johns melting point apparatus and are uncorrected. Infrared spectroscopy (IR) spectra were 
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recorded as neat liquids or KBr pellets and absorptions are reported in cm-1. Optical rotations were 

measured with a Roudolph Digipol 781 Polarimeter at 25 °C. Nuclear magnetic resonance (NMR) 

spectra were recorded on 300 (Bruker) and 500 MHz (Varian) spectrometers in appropriate solvents 

using tetramethylsilane (TMS) as an internal standard or the solvent signals as secondary standards 

and the chemical shifts are shown in δ scales. Multiplicities of NMR signals are designated as s 

(singlet), d (doublet), t (triplet), q (quartet), br (broad), m (multiplet, for unresolved lines), etc. 13C 

NMR spectra were recorded on 75 MHz spectrometer. High-resolution mass spectra (HRMS) were 

obtained by using ESI-QTOF mass spectrometry. Purity of all the compounds (> 96%) used for 

biological screening were determined by analytical HPLC (SPD-M20A, make: Shimadzu) using 

ODS column eluted with gradient mixture of acetonitrile-water. Natural α-noscapine was purchased 

from Sigma-Aldrich and is used as such. The synthetic approach for the preparation of newly 

designed noscapine derivatives, 5a-f is depicted in Figure 4.4.   

4.2.8.2 General procedure for the chemical synthesis of 5a-f analogues 

In a oven dried round bottom flask 9-bromonoscapine 200 mg (0.4072 mmoles), Boronic 

acid (0.8145 mmoles), Pd(PPh3)4 (0.04886 mmoles), Sodium bicarbonate (0.8145.mmoles) were 

taken. 10mL of ethanol, toluene(1:1) mixture was added. Reaction mixture was heated at 120°C for 

48 hours. Reaction mixture was cooled to room temperature solvents were removed at  reduced 

pressure extracted with dichloromethane (3x25mL) dried over anhydrous sodium sulphate 

concentrated to give crude product which is purified by column chromatography (25% EtOAc in 

Hexanes) to give compounds 5a-g as colorless solid. 
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   Figure 4.4 Optimized Suzuki coupling reaction conditions for synthesis of noscapine derivatives 
5a-f.   
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6,7-dimethoxy-3-(4-methoxy-6-methyl-9-(4-(trifluoromethyl)phenyl)-5,6,7,8-tetrahydro-

[1,3]dioxolo[4,5-g]isoquinolin-5-yl)isobenzofuran-1(3H)-one (5a).  

Yield:65%; MP:135°C.
1
H NMR (CDCl3, 300MHz) δ 7.60-7.40(m, 4H), 6.97(d, J=8.12, 4H), 

6.05(d, J=8.30, 1H), 6.02(d, J=1.32, 1H), 5.93(d, J=1.32Hz, 1H), 5.44(d, J=4.15, 1H), 4.46(d, 

J=4.34, 1H), 4.14(s, 3H), 4.10(s, 3H), 3.89(s, 3H), 2.65-2.51(m, 4H), 2.20-2.00(m, 2H), 1.70-

1.56(m, 1H). 
13

C NMR (CDCl3, 75MHz) δ 167.9, 152.4, 147.5, 146.0, 140.5, 140.0, 134.9, 133.2, 

128.7, 126.7, 126.6, 124.1, 120.5, 118.1, 117.2, 114.7, 100.9, 81.8, 62.2, 61.0, 59.5, 56.5, 50.7, 

46.7, 29.6, 27.2. IR(KBr) 3413, 2948, 1765, 1614, 1497, 1422, 1237, 1158, 1120, 1039, 946, 806, 

732, 701 cm
-1

.MS(EI) m/z 580 (M+Na)
+
; HRMS(ESI) Calcd for C29H26NO7 F3Na(M+Na)

+
: 

580.1559, found: 580.1568 

Ethyl 2-chloro-5-(5-(4,5-dimethoxy-3-oxo-1,3- dihydroisobenzofuran-1-yl) - 4-methoxy-6-
methyl-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-9-zl)benzoate (5b).  
  
Yield:70%; MP:152°C.1H NMR (CDCl3, γ00MHz) δ 7.64(d, J=β.07Hz, 1H), 7.454(d, J=8.γ0, 1H), 

7.34-7.27(m, 1H), 7.02(d,J=8.12, 1H), 6.16-6.05(d, J=7.93Hz, 1H), 6.00(s, J= 1H), 5.92(s, 1H), 

4.49-4.34(m 3H), 4.10(s, 6H), 3.91(s, 3H), 2.72-2.53(m, 4H), 2.26-2.09(m, 2H), 1.66(s, 1H), 1.42(t, 

J=7.17Hz, 3H), 13C NMR (CDCl3, 75MHz) 167.9, 165.6, 152.3, 147.6, 146.0, 140.8, 140.1, 133.7, 

132.9, 132.5, 130.8, 130.5, 130.3, 120.4, 118.1, 117.7, 117.6, 114.1, 100.9, 81.8, 62.9, 61.6, 61.0, 

59.5, 56.8, 50.5, 46.6, 26.9, 14.1. IR(KBr) 3418, 2922, 2853, 2795, 1756, 1633, 1597, 1498, 1363, 

1274, 1159, 1036, 940, 813, 728, 506cm-1. MS (ESI) m/z 618 (M+Na)+; HRMS(ESI) Calcd for 

C31H30NO9ClNa (M+Na)+: 618.1506, found : 618.1476 

Ethyl 4-(5-(4,5-dimethoxy-3-oxo-1,3-dihydro isobenzofuran-1-yl)-4-methoxy-6-methyl-5,6,7,8-

tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-9-yl)benzoate (5C)  

Yield:67%; MP: 143°C .
1
H NMR (CDCl3, 300MHz) δ 8.09(d, J=8.49Hz, 2H), 7.33(d, J=8.30Hz, 

2H), 7.03(d, J=8.30Hz, 1H), 6.16(d, J=8.12Hz, 1H), 6.00(d, J=1.32, 1H), 5.93(d, J=1.32Hz, 1H), 

5.54(d, J=4.15Hz, 1H), 4.49(d, J=4.34  1H), 4.40(q, J=7.17, 2H), 4.12(s 3H), 4.11(s 3H), 3.91(s, 

3H), 2.67-2.52(m, 4H), 2.27-2.11(m, 2H), 1.76-1.65(m, 1H), 1.41(t, J=7.17, 3H).
13

C NMR (CDCl3, 

75MHz) δ 167.9, 166.2, 152.3, 147.7, 146.0, 140.9, 140.0, 138.9, 133.7, 130.6, 130.0, 129.3, 120.5, 

118.1, 117.7, 115.4, 100.9, 81.8, 62.2, 61.1, 60.9, 59.5, 56.9, 56.7, 46.7, 27.0, 14.3 .IR(KBr) 3413, 

2915, 1767, 1697, 1616, 1498, 1464, 1443, 1381, 1306, 1262, 1165, 1088, 1034, 1012, 821, 621cm
-

1
.MS(ESI) m/z 584 (M+Na)

+
; HRMS (ESI) Calcd for C31H31NO9Na (M+Na)

+
: 584.1896, found: 

584.1881. 

6,7-dimethoxy-3-(4-methoxy-6-methyl-9-(4-vinylphenyl)-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-

g]isoquinolin-5-yl)isobenzofuran-1(3H)-one (5d)  

Yield:60%; MP:120°C.
1
H NMR (CDCl3, 300 MHz) δ  7.40(d, J=8.20Hz, (d, J=8.24,  2H), 7.17(d, 

J=8.04, 2H), 6.97(d, J=8.14, 1H), 6.74-6.66(dd, J=10.86, 17.45 1H), 6.10(s, 1H), 5.98(s, 1H), 
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5.91(s, 1H), 5.74(d, J=17.55, 1H), 5.48(s, 1H), 5.25(d, J= 4.15Hz, 1H), 4.47(s, 1H), 4.10(s, 1H), 

3.90(s, 3H), 2.66-2.54(m, 4H), 2.27-2.13(m, 2H), 1.77-1.64(m, 1H).
13

C NMR (75 MHz, CDCl3) δ 

157.9, 152.2, 147.7, 146.0, 143.6, 140.9, 139.6, 136.7, 133.7, 133.5, 130.7, 130.1, 126.0, 120.4, 

117.8, 116.1, 114.2, 100.8, 81.9, 62.3, 61.1, 59.5, 56.9, 50.8, 46.6, 27.0, 23.2, 29.6. MS(ESI) m/z 

538(M+Na)
+
: HRMS(ESI) Calcd for C30H29NO7Na(M+Na)

+
: 538.1841, found: 538.1848. 

6,7-dimethoxy-3-(4-methoxy-6-methyl-9-(pyridin-3-yl)-5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-

g]isoquinolin-5-yl)isobenzofuran-1(3H)-one (5e)  

Yield:62%; MP:193°C.
1
H NMR (CDCl3, 500MHz) δ 8.52(s  1H), 8.43(s, 1H) 7.56(d, J=7.6Hz, 

1H), 7.30(t, J=6.6Hz, 1H), 6.12(d, J=7.6Hz,1H), 5.99(s,1H), 5.92(s, 1H), 5.43(d, J=4.7Hz,1H), 

4.43(d, J=4.7Hz,1H).4.11(s, 3H), 4.08(s, 3H), 3.88(s, 3H),2.67-2.60(m,1H), 2.55(s,3H), 2.22-

2.14(m, 2H), 1.79-1.69(m,1H).IR C13 NMR 167.9, 152.3, 150.7, 147.6, 146.4, 140.7, 140.2, 137.3, 

133.7, 130.7, 123.1, 120.4, 118.2, 117.5, 100.9, 81.8, 62.2, 61.0, 59.4, 56.8, 50.6, 46.6, 26.8.(KBr) 

3412, 2938, 1756, 1637, 1497, 1445, 1273, 1082, 1032, 943, 815, 714,  cm
-1

. MS(ESI) m/z: 513 

(M+Na)
+
; HRMS (ESI) Calcd for C27H26N2O7Na(M+Na)

+
: 513.1637, found: 513.1615 

N-(3-(5-(4,5-dimethoxy-3-oxo-1,3-dihydroisobenzofuran-1-yl)-4-methoxy-6-methyl-5,6,7,8-

tetrahydro-[1,3]dioxolo[4,5-g]isoquinolin-9-yl)phenyl)acetamide (5f)  

Yield:55%; MP:240°C.1H NMR (CDCl3, γ00MHz) δ 7.68(s,  1H), 7.46-7.28(m, 1H), 7.25-7.12(d, 

J=8.30 1H), 7.07-6.93(d, J=7.17, 1H)6.23-6.10(d, J=8.30Hz, 1H), 5.98(s, 1H), 5.91(s, 1H), 5.54(d, 

J=3.96Hz, 1H).4.50(d J=3.96, 1H), 4.10(s, 6H), 3.94(s, 3H0, 2.54(s, 5H), 2.27-2.10(m, 4H), 1.77-

1.60(m, 1H) 13C NMR (CDCl3, 75MHz) δ 168.4, 15β.β, 147.γ, 145.λ, 140.6, 1γλ.5, 1γ8.β, 1γ4.λ, 

133.6, 130.8, 128.5, 1255, 121.3, 120.2, 118.3, 117.9, 117.6, 116.3, 100.8, 82.1, 62.1, 61.0, 59.4, 

56.4, 50.8, 46.7, 27.0, 24.4. IR (KBr) 3329, 2920, 2791, 1739, 1682, 1586, 1548,1503, 1384, 1274, 

1086, 1037,797, 620 cm-1. MS(ESI) m/z 569 (M+Na)+; HRMS (ESI) Calcd for  

C30H30N2O8Na(M+Na)+: 569.1899, found:  569.1920. 

4.2.8.3 X-ray Crystallography 

X-ray data for the compounds 5b was collected at room temperature using a Bruker Smart Apex 

CCD diffractometer with graphite monochromated MoK radiation (=0.7107γÅ) with ω-scan 

method [50]. Preliminary lattice parameters and orientation matrices were obtained from four sets 

of frames. 

  Integration and scaling of intensity data was accomplished using SAINT program [50]. The 

structure was solved by direct methods using SHELXS97 [51] and refinement was carried out by 

full-matrix least-squares technique using SHELXL97 [51]. Anisotropic displacement parameters 

were included for all non-hydrogen atoms.  All H atoms were located in difference Fourier maps 
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and subsequently  geometrically optimized and allowed for as riding atoms, with C-H = 0.93- 0.97 

Å, with Uiso(H) = 1.5Ueq(C) for methyl H or 1.2Ueq(C,N). The methyl groups were allowed to rotate 

but not to tip. The absolute configuration of the procured material was known in advance and was 

confirmed by unambiguous refinement of the absolute structure parameter [52] for 5b.  

Crystal data for 5b: C31H30ClNO9, M = 596.01, colorless block, 0.21 x 0.18 x 0.12 mm3, 

monoclinic, space group P21 (No. 4), a = 12.9325(12), b = 8.2237(7), c = 13.3317(12) Å, ȕ = 

92.1170(10)°, V = 1416.9(2) Å3, Z = 2, Dc = 1.397 g/cm3, F000 = 6β4, CCD Area Detector, MoKα 

radiation, Ȝ = 0.7107γ Å,  T = 294(2)K, 2θmax = 50.0º, 13429 reflections collected, 4953 unique (Rint 

= 0.0232).  Final GooF = 1.107, R1 = 0.0461, wR2 = 0.1294, R indices based on 4644 reflections 

with I>βσ(I) (refinement on F2), 384 parameters, 1 restraint, µ  = 0.193 mm-1.  Absolute structure 

parameter = 0.12(10) [52].  

Complete experimental details, copies of 1H, 13C NMR and mass spectra (ESI and HR-MS) of 

synthesized products 5a-f; single crystal X-ray diffraction data for compounds 5b, 5c, 5e are 

included in the Appendix Section. 

4.2.9 Experimental evaluation 

4.2.9.1 In vitro cell proliferation assays (MTS assay) 

Cell culture reagents were obtained from Sigma and Invitrogen. MCF-7, a human breast 

epithelial cancer cell line; HeLa, a human cervix cell line and A549, a human lung cancer cell line 

were obtained from the National Repository of Animal Cell Culture, National Centre for Cell 

Sciences, Pune (NCCS), India. The cell lines were maintained in Dulbecco’s Modification of 

Eagle’s Medium 1X (DMEM) with 4.5 g/L glucose and L-glutamine (Sigma) supplemented with 

10% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen).  

A panel of three human cancer cell lines of different tissue of origin (MCF-7, HeLa and 

A549) were seeded into 96-well plates at a density of 5 x 103 cells per well and were treated with 

increasing gradient concentrations of noscapinoids, 5a-5f for 72 hours. Measurement of cell 

proliferation was performed colorimetrically by 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tetrazolium, inner salt (MTS) assay, using the 

CellTiter96 AQueous One Solution Reagent (Sigma). Cells were exposed to MTS for 3 hours and 

absorbance was measured using a microplate reader (Molecular Devices, Sunnyvale, CA) at an 

optical density (OD) of 490 nm. The percentage of cell survival as a function of drug concentration 

was then plotted to determine the IC50 value, which stands for the drug concentration needed to 

prevent cell proliferation by 50%. 
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4.2.9.2 DAPI staining 

Nuclear morphology of cells treated with the noscapinoids was evaluated by staining the 

cells with DAPI and imaging with fluorescence microscopy. Briefly, MCF-7 cells (2 x 103 cells) 

were grown on poly-L-lysine coated coverslips in 6-well plates and were treated with the 

compounds at 25 µM for 72 hours. After incubation, coverslips were fixed in cold methanol and 

washed with PBS, stained with DAPI, and mounted on slides. Images were captured using a BX60 

fluorescence microscope (Olympus, Tokyo, Japan) with an 8-bit camera (Dage-MTI, Michigan 

City, IN) and IP Lab software (Scanalytics, Fairfax, VA). Apoptotic cells were identified by 

features characteristic of apoptosis (e.g. nuclear condensation, formation of membrane blebs and 

apoptotic bodies). 

4.2.9.3 Tubulin Binding Assay 

Tubulin was isolated and purified from bovine brain by cycles of temperature-dependent 

polymerization and depolymerization as described previously [53] followed by phosphocellulose 

chromatography [53,54]. The concentration of the tubulin was determined by the method of 

Bradford using BSA as the standard [55]. Purified tubulin was quickly frozen as drops in liquid 

nitrogen and stored at – 80 oC until used.   

Fluorescence titration for determining the tubulin binding affinity of noscapinoids, 5a-5f 

was performed as described previously [56]. In brief, the compounds (in a gradient concentration of 

0-200 µM) were incubated with 2 µM tubulin in PEM buffer (100 mM PIPES, pH 6.8, 3 mM 

MgSO4, and 1 mM EGTA) for 45 min at 37 °C. The relative intrinsic fluorescence intensity of 

tubulin was then monitored in a Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent 

Technologies, CA, USA) using a quarts cuvette of 0.3 cm path length. The samples were excited at 

295 nm and the emission peaks at 335 nm were recorded. The fluorescence emission intensity of 

noscapinoids at this excitation wavelength was negligible. We used a 0.3-cm path-length cuvette to 

minimize the inner filter effects caused by the absorbance of the compound. In addition, the inner 

filter effects were corrected using a formula 
Fcorrected = Fobserved·anti-log [(Aex + Aem)/2], where Aex

 is 

the absorbance at the excitation wavelength and Aem is the absorbance at the emission wavelength. 

The dissociation constant (Kd) was determined by the formula: 1/B = Kd/[free ligand] + 1, where B 

is the fractional occupancy and [free ligand] is the concentration of the ligand. The fractional 

occupancy (B) was determined by the formula B = ∆F/∆Fmax, where ∆F is the change in 

fluorescence intensity when tubulin and its ligand are in equilibrium and ∆Fmax is the value of 

maximum fluorescence change when tubulin is completely bound with its ligand. ∆Fmax was 

calculated by plotting 1/∆F versus 1/[free ligand]. Two independent experiments were performed 

for each compound.  
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4.2.9.4 Cell cycle analysis 

The flow cytometric evaluation of the cell cycle status was performed as described 

previously [57]. Briefly, cancer cells (MCF-7) were incubated with 25 µM concentration of the 

noscapinoids, 5c-f. Cells were sampled at 3 time periods 24h, 48h and 72h and analysed using flow 

cytometry. After the incubation, 2 x 106 cells were centrifuged, washed twice with cold phosphate 

buffered saline (PBS) and fixed in 70% ethanol. Tubes containing the cell pellets were stored at 4 

ºC for at least 24 h. The pellets were resuspended in 30 µl of phosphate/citrate buffer (0.2 M 

Na2HPO4/0.1 M citric acid, pH 7.5) at room temperature for 30 min and centrifuged at 1000 x g for 

10 min and the supernatant was discarded. The pellets were washed twice with 5 ml PBS and 

stained with propidium iodide (0.5 ml; 0.1% in 0.6% Triton-X in PBS) and 0.5 ml of RNase A (2 

mg/ml) for 45 minutes in the dark. Samples were then analyzed on a FACS Calibur flow cytometer 

(Beckman Coulter Inc., Fullerton, CA). 

4.2.9.4 Toxicological evaluation of noscapinoids. 

4.2.9.4.1 Animals 

The representative molecule (5e) which showed better activity was used for toxicity analysis 

in animal. All experimental protocols involved in this study were approved by Institutional Animal 

Ethics Committee, DIHAR, DRDO and followed by the guidelines of “Committee for the Purpose 

of Control and Supervision of Experiments on Animals” of Govt. of India. Three months old male 

and female Sprague-Dawley rats weighing approximately 300 ± 20 g (Male) & 250 ± 10 g (Female) 

were used for the experiments. Water and Food pellets (Lipton pvt Ltd, India) were given ad 

libitum. Animals were maintained in the animal house at 12 h light: 12 h dark cycle (Light 7AM-

7PM). Temperature and humidity were maintained at 24-28°C and 55-60%, respectively. 

4.2.9.4.2 Drug treatment (Preparation of Drug and Pharmacological Administration) 

One of the molecules (5e) which showed the best activity among the newly designed 

analogues was further evaluated for toxicological analysis. Adult male and female Sprague–Dawley 

rats (n=30) were divided into six experimental groups (5 rats/group) for the study (Table 4.1). 

Group 1 & Group 2 served as control for male and female rats respectively. Two oral doses of 

compound 5e such as 25 mg/kg body weight (for sub-acute) and 50 mg/kg body weight (for acute) 

were administrated to four groups of rats for toxicological evaluation as included in Table 4.1. The 

above doses were determined as 10 times and 20 times of effective oral dose of the lead compound, 

noscapine as reported previously. The compound was dissolved in 0.1% DMSO in distilled water 

and administrated orally using the feeding cannula. The animals were continuously monitored for 
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food and water intake and body weights on daily and every second day basis respectively.Both the 

doses were well tolerated and mice did not show any signs of discomfort. 

4.2.9.4.3 Histology and hematology 

At the end of the experiment, animals in group 1-4 were sacrificed on day 28, whereas 

animals in group 5 and 6 were sacrificed on day 14. Blood was collected from the normal or treated 

mice on the day of sacrifice directly from the heart in heparinized tubes and analyzed on a complete 

blood count instrument (CDC Technologies, Oxford, CT). For histological studies, mice of different 

groups were anesthetized with sodium pentobarbital and were perfused with 4% paraformaldehyde 

in PBS (pH 7.4). The vital organs such as brain, duodenum, liver, lungs, kidney, heart and spleen 

were removed, post fixed in 4% paraformaldehyde in PBS and further processed for 

histopathological analysis. Tissues were embedded in paraffin, sectioned using a microtome and 5 

µm sections were stained with hematoxylin and eosin. The stained sections were analyzed for 

microscopic evaluation at magnification 200x and 400x using bright field microscope (Olympus, 

CX31, Japan). 

Table 4.1. Grouping of the experimental animals as acute, sub-acute and vehicle (control) treatment 
and the dosage and duration of dosage. 

Groups 
No. of 

animals 
Sex Dose/Day Duration of Dose Frequency 

1)  Vehicle treated 
       (control) 

5 Male 
0.1%  DMSO 

 
28 days Daily 

2)  Vehicle treated 
(control) 

5 Female 
0.1% DMSO  

 
28 days Daily 

3)  Sub-acute  5 Male 25 mg/kg  28 days Daily 
4)  Sub-acute 5 Female 25 mg/kg  28 days Daily 
5)  Acute  5 Male 50 mg/kg  01 day Once 
6)  Acute 5 Female 50 mg/kg  01 day Once 

 

4.3 RESULTS AND DISCUSSIONS 

The effectiveness of the lead compound, noscapine was improved to many folds by 

synthesizing many potent derivatives. These derivatives were proven to have increased tubulin 

binding affinity by decreasing the dissociation constant (Kd) between tubulin-drug complex from 

144 ȝM of noscapine to 86 ȝM by nitro noscapine, 80 ȝM by F-noscapine, 54 ȝM by Br-noscapine, 

40 ȝM by Cl-noscapine, ββ ȝM by I-noscapine and 14 ȝM by amino-noscapine [48,49,18]. 

Availability of structure activity data of some noscapinoids allowed us to develop a reasonable 

predictive model for predicting the binding affinity of newly designed derivatives and screening. In 

continuation of our efforts to develop new derivatives of noscapine for improving the anti-cancer 

activity profile, in this manuscript we have developed a series of 9-aryl noscapinoids 5a-f.  
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It is known from the literature that natural α-noscapine share binding characteristics similar 

to colchicine (I), having biaryl configuration [53]. However, due to toxic side effects, use of 

colchicine as anticancer agent is limited [54]. Later reports identified other natural products II-IX 

(Figure 4.1) with biaryl ring (red color) architecture as effective antimitotic agents affecting the 

tubulin-microtubule equilibrium. Jain et al [55] explored this phenomenon and developed nitrovinyl 

biaryl analogs as anti-mitotic agents and has shown to inhibit tubulin polymerization. Inspired by 

this we rationalize to design novel biaryl type α-noscapine congeners by hybridizing biaryl ring 

architecture in to the natural α-noscapine skeleton to evaluate them as anticancer agents. The design 

strategy adopted is depicted in Figure 4.5. 

 

Figure 4.5 Design strategy for new biaryl type α-noscapine congeners 
 

4.3.1 Binding mode and binding affinity of designed noscapinoids 

The molecular interaction and binding affinities of designed noscapinods, 5a-5f onto tubulin 

were calculated applying molecular docking in combination with LIE-SGB as well as MM-PBSA 

and MM-GBSA calculations. The initial structure of tubulin was obtained from the PDB database; 

gap filled based on homology model building and refined using MD simulation. The relative 

fluctuation in the root-mean-square deviations (RMSDs) of the Cα atoms of tubulin (αȕ 

heterodimmer) is very small after the initial equilibration (~4 ns), demonstrating the convergence of 

the simulation (Figure 4.6)  
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Figure 4.6  The root-mean square deviations (RMSD) of Cα carbon atoms of tubulin during 10 ns of 
MD simulation of tubulin–ligand complexes with respect to initial structure as a function of time. 
The relative fluctuation in the RMSD of the Cα atoms is very small after ~8 ns of the simulation, 
demonstrating the convergence of the simulation. A 10 ns MD simulation was carried out with a 
time step of 2 fs, a total of 5000 frames were generated and the last 1000 frames from each 
molecular species were used to generate the average structure.   

Noscapinoids, newly designed in this study (Figure 4.2) and the previously reported (Figure 

4.3) were docked into the reported binding site of noscapinoids [34] using Glide XP (extra 

precision) and evaluated using a Glide XP Score function. The Glide XPscore of the training set 

molecules (Table 4.β) shows a positive correlation with the experimental ΔGbind (R
2 = 0.368). The 

newly designed noscapinoids, 5a-f showed better docking scores ranging from -8.466 kcal/mol to -

6.085 kcal/mol than the parent compound, noscapine (-5.505 kcal/mol) (Table 4.3). Some of the 

derivatives even showed better docking score in comparison to the previously reported 

noscapinoids. 

Table 4.2. Molecular docking results (Glide XP) as well as calculated energies based on LIE-SGB 
model of training set noscapine derivatives: van der Waals (vdw), electrostatic (elec), cavity (cav), 
predicted and experimental binding free energy (ΔGbind).  

Ligand 
Glide 
XPscore 

(kcal/mol) 

<Uvdw> 
(kcal/mol) 

<Uelec> 
(kcal/mol) 

<Ucav> 
(kcal/mol) 

Kd value 
(µM) 

Experimental 
ΔGbind 

(kcal/mol) 

Predicted 
ΔGbind 

(kcal/mol) 
1 -5.505 -52.06 43.32 1.720 152 ± 1.0 -5.214 -5.194 
2a -5.684 -47.65 119.8 1.432 81 ± 8.0 -5.587 -5.951 
2b -6.152 -59.54 68.27 2.12 40 ± 8.0 -6.006 -6.063 
2c -6.437 -58.92 87.54 1.59 54 ± 9.1 -5.827 -6.355 
2d -5.463 -58.13 83.35 1.059 22 ± 4.0 -6.360 -5.755 
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2e -6.228 -57.71 129.2 1.846 86 ± 6.0 -5.551 -5.835 
2f -5.279 -59.48 63.57 1.324 14 ± 1.0 -6.628 -6.540 
3 -5.639 -53.28 87.36 0.823 68 ± 0.7 -5.691 -5.416 
4a -6.087 -63.42 41.26 0.824 91 ± 8.0 -5.518 -5.394 
4b -7.252 -62.62 76.32 1.232 38 ± 4.0 -6.036 -5.795 
4c -5.712 -61.82 41.32 0.698 79 ± 8.0 -5.602 -5.128 
4d -5.402 -56.95 7.851 0.756 228 ± 10.0 -4.973 -5.078 

<Uvdw>, <Uelec> and <Ucav> energy terms represents the ensemble average energy terms calculated 
as the difference between bound and free state of the ligands and its environment. Experimental 
ΔGbind was calculated from the dissociation constant (Kd value) using the relationshipμ ΔGbind = RT 

ln Kd where T = βλ8 K and R = 0.001λλ (kcal/mol.K). Predicted ΔGbind  was calculated using (LIE-
SGB empirical equation: ΔGbind = 0.0762 <Uvdw> - 0.00965 <Uelec> - 0.520 <Ucav>. 

Table 4.3. Molecular docking results (Glide XP) as well as calculated energies based on LIE-SGB 
model of newly designed noscapinoids (5a-5f): van der Waals (vdw), electrostatic (elec), cavity 
(cav), predicted and experimental binding free energy (ΔGbind). 
 
Ligand Glide 

XPscore 
(kcal/mol) 

<Uvdw> 
(kcal/mol) 

<Uelec> 
(kcal/mol) 

<Ucav> 
(kcal/mol) 

Predicted 
ΔGbind 

(kcal/mol) 

Kd value 
(µM) 

Experimental 
ΔGbind 

(kcal/mol) 
5a -6.085 -60.57 41.82 1.05 -5.568 126 ±5.0 -5.325 
5b -6.397 -60.68 50.47 1.62 -5.954 - - 
5c -6.833 -59.44 53.78 1.23 -5.689 107 ±5.0 -5.422 
5d -6.845 -63.89 63.01 0.49 -5.732 71 ±4.0 -5.665 
5e -7.717 -63.21 61.54 1.07 -5.965 68 ±6.0 -5.691 
5f -7.466 -67.39 44.45 0.78 -5.970 - - 

Experimental ΔGbind was calculated from the dissociation constant (Kd value) using the relationship: 
ΔGbind = RT ln Kd where T = βλ8 K and R = 0.001λλ (kcal/mol.K). Predicted ΔGbind  was calculated 
using LIE-SGB empirical equationμ ΔGbind  = 0.0762 <Uvdw> - 0.00965 <Uelec> - 0.520 <U cav > . 

4.3.2 MM-PBSA and MM-GBSA calculation 

To estimate the free energy change that describes the binding of newly designed 

noscapinoids, 5a-5f with tubulin we calculated the difference between the free energy of the 

complex and that of the respective binding partners based on MM-PBSA and MM-GBSA methods. 

Energy values were calculated as the average value out of 1000 snapshots generated from the last 2 

ns of the MD trajectory for each tubulin-noscapinoid complex. The convergence of the MD 

trajectories was monitored by plotting root mean square deviation (RMSD) of the backbone Cα 

atoms with respect to time. In fact the relative fluctuation of the RMSD value is very small after ~ 8 

ns suggesting the stability of the system (Figure 4.6). Furthermore, the root mean square 

fluctuations (RMSF) of the residues of tubulin involved in the interaction with the ligands (within 

20 Å diameters) in the bound form and in the free form were calculated to reveal the flexibility of 

these residues (Figure 4.7). 
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        (a)Tubulin-5a 

 

        (d)Tubulin-5d 

 

         (b)Tubulin-5b 

 

           (e)Tubulin-5e 

 

       (c)Tubulin-5c 

 

         (f)Tubulin-5f 

 

Figure 4.7. Root mean square fluctuation (RMSF) of the residues of tubulin within 20 Å diameter 
(includes 13-393 residues) of the docked ligands in the bound form and in the unbound form of 
tubulin hetrodimer. Different levels of flexibility of these residues were noticed in the bound form 
of tubulin with different noscapinoids. Most of the residues in the binding site showed flexibilities 
less than 5 Å in case of tubulin bound to noscapinoids as compared to the free tubulin heterodimer, 
indicating that these residues seem to be more rigid as a result of binding.  

 In fact the RMSF values of these residues in the bound form were slightly lower compared 

to free form, indicating that these residues seem to be more rigid as a result of binding to 

noscapinoids. Different levels of flexibility of these residues have also noticed in the bound form of 

tubulin across various ligands (Figure 4.7). This may be because of subtle differences in the mode 

of molecular interactions of noscapinoids that perhaps account for their net effect on the binding 

free energy change with tubulin. All the noscapinoids, 5a-5f are well accommodated into the 
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binding site, at the interface between α- and ȕ- tubulin (Figure 4.8). However, their binding modes 

inside the binding cavity are distinct as shown in Figure 4.9. The binding mode was represented in 

two steps: (a) receptor residues that have strong interactions with the ligand, such as a favorable 

hydrogen-bonding interactions, and (b) receptor residues that are close to the ligand, but whose 

interactions with the ligand are weak or diffuse, such as hydrophobic interaction. The differences in 

binding modes of these noscapinoids, 5a-5f are not only due to various substitutions of functional 

groups in the scaffold structure but also because of differential contribution in binding free energy 

of amino acids involved in the interactions. 

 

Figure 4.8. The newly designed noscapinoids 5a-5f are well accommodated in the noscapinoid 
binding site at the interface between α- and ȕ- tubulin. Snapshot of the ligands 5a-f are obtained 
from the MM-GBSA calculation. The binding site is represented as Macromodel surface according 
to residue charge (electropositive charge, blue; neutral, yellow and electronegative charge, red) as 
implemented in Pymol. 
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(a)Tubulin-5a 

 

 

 (b)Tubulin-5b 

 

(c)Tubulin-5c 

 
(d)Tubulin-5d 

 

(e)Tubulin-5e 

 

(f)Tubulin-5f 

 

 

Figure 4.9. Typical snapshot of the binding mode of noscapinoids 5a-5f with tubulin. The hydrogen 
bonds formed (if any) are represented as dotted lines. The noscapinoid 5c forms one hydrogen bond 
with Thr179 of the α chain.The nitrogen atom N1 of the upper isoquinalone ring hydrogen bonds 
with oxygen atom of Thr 179 with a distance of 2.82Å .The noscapinoid 5f forms one hydrogen 
bond with Val γ1γ of the ȕ chain.The nitrogen atom N1 of the upper isoquinalone ring hydrogen 
bonds with oxygen atom of Val 313 with a distance of 3.13Å. The other noscapinoids however do 
not involve any hydrogen bonds. The difference in binding modes of these noscapinoids is due to 
various substitutions in the scaffold structure.  

 Binding free energy of individual amino acid involved in the interaction with these ligands 

was calculated based on MM-GBSA calculation [42, 43] and plotted in Figure 4.10. As an example 

ten residues make considerable contributions to the binding energy of 5a, each yielding < -1.0 

kcal/mol of free energy (Figure 4.10a). Similarly 10, 9, 10, 10 and 11 residues contribute 

considerable binding energy with noscapinoids 5b-f respectively, each yielding  < -1.0 kcal/mol of 

free energy (Figure 4.10b-f). The analysis reveals that Leu253 is consistently important contributor 

to the binding energy among all the noscapinoids. Furthermore, to determine the detailed 

contribution of each important residue, the binding energy was decomposed into several other 

components (the electrostatic, van der Waals, solvation and total contribution) and plotted in Figure 

4.11.  
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(a)Tubulin-5a 

  

(d)Tubulin-5d 

 
(b)Tubulin-5b 

 
 

(e)Tubulin-5e 

 

(c)Tubulin-5c 

 

(f)Tubulin-5f 

 

Figure 4.10. Total binding energy (δGbind) contribution on per residue basis in tubulin-drug 
complexes. The residues within 12 Å of the docked ligand were only considered.  
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(a)Tubulin-5a 

  

(d)Tubulin-5d 

 

(b)Tubulin-5b 

 

(e)Tubulin-5e 

 

(c)Tubulin-5c 

 

(f)Tubulin-5f 

 

Figure 4.11. Decomposition of the binding energy on per residue basis of the key residues 
(contributing δGbind  < - 1.0 kcal/mol) in tubulin-drug complexes. 
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As an example, in the tubulin-5a complex, Lys 252 has an appreciable solvation energy 

(δEsol) contribution, with a δEsol of ≤ -7 kcal/mol, while electrostatic interaction (δEele) shows 

unfavorable contributions at >6 kcal/mol, as a result the total energy contributions of Lys 252 is 

weak (Figure 4.11a). For tubulin-5b complex, the residue Asp 249 has large electrostatic 

contribution (δEele ≤ -4 kcal/mol), while the residue Lys 252 has large solvation contribution (δEsol 

≤ -7 kcal/mol). Apropos to this Asp β4λ has an unfavorable solvation contribution (δEsol ≥ 15 

kcal/mol) and Lys β5β has an unfavorable electrostatic contribution (δEele ≥ 7 kcal/mol) to the 

complex, resulting in weak contributions to the total energy for both the residues. Similarly, for 

tubulin-5c complex, the electrostatic interactions of Thr 178 and Asn 256 are -6.5 kcal/mol and -3.0 

kcal/mol, respectively, which suggest that both are key residues in the binding of 5c. In the tubulin-

5d complex, Lys β5β has the strongest solvation energy contribution (δEsol ≤ -4 kcal/mol), while the 

residues Lys β5β and Lys γ50 contributed maximum of solvation energy (δEsol ≤ -7 kcal/mol and ≤ 

-4 kcal/mol respectively ) towards the binding of 5f with tubulin.  

4.3.3 Binding affinity calculations 

The total calculated binding free energy (ΔGbind) of the noscapinoids, 5a-5f with tubulin and 

their detailed energy contributions calculated according to the MM-PBSA and MM-GBSA 

approaches are summarized in Table 4.4. The calculated ΔGbind based on both the methods, MM-

PBSA and MM-GBSA, indicate that all the newly designed noscapinoids bind to tubulin with a 

greater affinity in the following order of magnitude: 5e > 5f > 5d > 5c > 5b > 5a. Both the 

intermolecular van der Waals (ΔEvdw) and the electrostatic (ΔEele) interactions are significant 

contributions to the binding, whereas the polar solvation terms (ΔGPB(GB)) counteract binding. In 

contrast non polar solvation  terms (ΔGsol-np), which correspond to the burial of solvent-accessible 

surface-area upon binding, contribute slightly favorably. Though the gas-phase electrostatic value 

(ΔEgas) is in favor of the binding of all the noscapinoids, the overall electrostatic interaction energy 

(ΔGele,PB(GB)) is positive and unfavorable for the binding, perhaps due to large desolvation penalty of 

charged and polar groups that are not sufficiently compensated by complex formation. Comparing 

the net polar (ΔGPB(GB) + ΔEele) and nonpolar energies (ΔGsol-nonpolar + ΔEvdw) contributions, we 

noticed that the binding of noscapinoids onto tubulin is mainly driven by nonpolar interaction.  
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Table 4.4. Change in binding free energy and its components (kcal/mol) for the noscapine 
derivatives 5a-5f binding with tubulin. 

Energy 

components 

(kcal/mol) 

5a 5b 5c 5d 5e 5f 

ΔEele -320.1 -318.6 -318.2 -314.7 -42.95 -340.7 
ΔEvdw -66.03 -69.19 -74.87 -68.41 -51.42 -72.01 
ΔEgas -386.2 -387.8 -393.0 -383.1 -94.36 -412.7 

ΔGsol-np -7.593 -7.906 -8.629 -7.070 -5.953 -7.857 
ΔGPB 356.2 357.7 362.6 345.8 56.82 375.5 

ΔGsolv,PB 351.1 351.8 356.5 340.9 52.02 370.3 
ΔGele,PB 36.08 39.11 44.41 31.11 13.87 34.79 

ΔGbind, PB -35.12 -35.94 -36.52 -42.22 -42.34 -42.25 

ΔGGB 350.9 349.7 352.0 342.1 52.04 370.2 

ΔGsolv,GB 343.3 341.8 343.4 335.1 46.09 362.3 

ΔGele, GB 30.77 31.08 33.84 27.43 9.091 29.44 

ΔGbind, GB -42.85 -46.00 -49.64 -48.02 -48.27 -47.42 

 

4.3.4 Predictive binding affinity of 5a-f with tubulin (LIE-SGB calculation) 

The binding affinity (ΔGbind,pred) of newly designed noscapinoids with tubulin was predicted 

based on computationally developed linear interaction energy model (LIE) utilizing the 

experimental activity of training set molecules. Since the molecular docking predicts accurate 

binding pose for the ligands onto the receptor, I have used the docking complexes of noscapinoids 

with tubulin and performed hybrid Monte Carlo simulation with generalized Born (SGB) continum 

solvation model to develop a robust predictive model. Towards this end I have used the 

experimental binding energy of previously reported 12 noscapinoids as training set. The various 

interaction energy terms used in the model are included in Table 4.2 and are used to develop the 

LIE model. The values obtained for the three fitting parameters, α, ȕ and Ȗ are 0.076, - 0.010 and - 

0.520, respectively. The largest contribution for the binding free energy comes from the van der 

Waals interactions. The predicted ΔGbind of the training set molecules based on LIE model is very 

close to the experimental ΔGbind (root mean square error was 0.288 kcal/mol). The quality of the fit 

can also be judged by the value of the squared correlation coefficient (R2) and analysis of variance 

(F-value). 

ΔGbind = 0.0762<Uvdw> - 0.00965<Uelec> - 0.520<Ucav>   (2) 

(n = 12, R2 = 0.776, s = 0.26, F = 1969.8, P = 0.001, PRESS = 1.243) 

Because of high predictability, the LIE model was used to predict the ΔGbind of the newly 

designed noscapinoids. All the derivatives revealed improved predicted binding energy (ranging 
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from -5.568 to -5.965 kcal/mol) in comparison to the lead molecule (-5.214 kcal/mol). The 

derivative 5e showed highest binding affinity (ΔGbind,pred) of -5.965 kcal/mol in the series. The 

predicted binding free energy (ΔGbind) of the noscapinoids, 5a-f calculated based on MM-PBSA and 

MM-GBSA approaches as well as LIE-SGB, revealed strong interactions of newly designed 

noscapinoids onto tubulin. Inspired by our computational findings, we have made attempt to 

synthesize these compounds, 5a-f to further evaluate their experimental activities.   

4.3.5 Chemical synthesis of 5a-f 

It is always be challenging in synthesizing the derivatives of noscapine because of its highly 

sensitive C-C bond between isoquinoline and isobenzofuranone ring components which is labile to 

strong acids and base. However, we have optimized the reaction conditions for the synthesis of 

these derivatives 5a-f from 9-bromonoscapine 2c as starting material without affecting the sensitive 

C-C bond. The reaction scheme is included in Figure 4.4. The 9-bromonoscapine was prepared 

from natural α-noscapine using the synthetic scheme reported previously [18]. The complete 

chemical synthetic procedures for the preparation of noscapine derivatives, 5a-f and their 

characterization using 
1H, 13C NMR and mass (ESI and HRMS), IR spectral data is described in 

the Appendix Section. Further single crystal x-ray analysis unambiguously confirmed the structure 

of 5b (Figure 4.12).  All the derivatives 5a-f were purified over silica gel column chromatography 

and used for experimental studies. 

 

Figure 4.12. A view of 5b, showing the atom-labelling scheme. Displacement ellipsoids are drawn 

at the 30% probability level and H atoms are represented by circles of arbitrary radii.  
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 4.3.6. Noscapinoids, 5a-5f have higher tubulin binding activity than noscapine 

We first determined if all of our noscapine analogs bind tubulin like the founding 

compound, noscapine. We found that the newly designed noscapinoids 5a, 5c-5e reduced the 

intrinsic fluorescence of tubulin in a concentration-dependent manner (Figure 4.13a-d).  The double 

reciprocal plots yielded a dissociation constant (Kd) of 126 ± 5.0 µM for 5a, 107 ± 5.0 µM for 5c, 

71 ± 4.0 µM for 5d, and 68 ± 6.0 µM for 5e binding to tubulin. We have previously reported the 

dissociation constant (Kd) of 152 ± 1.0 µM for noscapine binding to tubulin [18]. The other two 

derivatives, 5b and 5f also showed potential binding to tubulin as indicated by the tryptophan 

quenching pattern, but we could not obtain reliable and reproducible Kd values due to a non-linear 

nature of the quenching pattern and higher absorbance of the compounds at the excitation and 

emission wavelengths (data not shown). These results thus indicate that the newly designed 

noscapine analogs bind to tubulin with a greater affinity than noscapine. Experimental ΔGbind of 

these compounds was calculated from the Kd value using the relationshipμ ΔGbind = RT ln Kd where 

T = βλ8 K and R = 0.001λλ (kcal/mol.K). In fact, this experimentally determined value of ΔGbind 

(Table 4.2 and 4.γ) are in the blueprint of predicted value of ΔGbind calculated based on LIE-SGB, 

MM-PBSA and MM-GBSA, suggesting that these methods are reasonably accurate in rational 

design of potent noscapinoids.  

 

 
Kd = 126 ± 5.0 µM 

 

 
Kd = 107 ± 5.0 µM 
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Kd = 71 ± 4.0 µM 

 

 
Kd = 68 ± 6.0 µM 

Figure 4.13. The tubulin fluorescence emission intensity is quenched by noscapinoids 5a, 5c, 5d and 
5e in a concentration dependent manner. The change in fluorescence intensity is plotted as a 
function of concentration of drugs to calculate the Kd values.  

4.3.7 Effects of noscapine analogs on proliferation of cancer cells  

After identifying tubulin as the target molecule, we extended our pharmacological study at 

the cellular level to determine if the compounds 5a-5f affected cancer cell proliferation. As a 

preliminary screen, all compounds including the parent noscapine were evaluated for their anti--

proliferative activity in three human cancer cell lines; human breast adenocarcinoma cells (MCF-7), 

human cervix cancer cells (HeLa) and human lung adenocarcinoma cells (A549). The IC50 values 

for the test compounds 5a-5f for these three cell lines are collated in Table 4.5. All the compounds 

exhibited improved cytotoxic activities in comparison to the parent compound, noscapine. 

Especially three compounds 5b, 5e and 5f possess potent cytotoxic activity. The IC50 value 

amounted to 9.0 ± 1.5 µM, 8.9 ± 1.7 µM and 9.2 ± 1.4 µM with 5b, 5e and 5f respectively for HeLa 

cells, which reflects a pronounced anti-proliferative activity. A similar low IC50 value of 18.8 ± 2.7 

µM, 16.6 ± 2.9 µM and 17.8 ± 2.5 µM was measured using 5b, 5e and 5f respectively for the MCF-

7 cells. In contrast, modest anti-proliferative activity for these compounds was noted against A549 

cell line. Thus this preliminary screen with the three chosen cell lines revealed that 5b, 5e and 5f as 

potent cytotoxic compounds as exemplified by their much lower IC50 values compared to 
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noscapine. Besides the anti-proliferative effect, DAPI staining of the cells treated with noscapinoids 

showed condensed chromatin along with numerous fragmented nuclei (shown by white arrow 

heads), indicative of apoptotic cell death (Figure 4.14). 

Table 4.5. IC50 values (a drug concentration required to achieve a 50% inhibition of cellular 
proliferation) of noscapine derivatives 5a-5f for various cancer cell typesa.  

Noscapine 
analogue  

HeLa 
(µM) 

A549 
(µM) 

MCF-7 
(µM) 

5a 22.8 ± 2.8 57.3 ± 3.9 41.3 ± 2.4 
5b 9.0 ± 1.5 33.8 ± 3.5 18.8 ± 2.7 
5c 21.2 ± 3.7 53.1 ± 3.7 40.7 ± 3.3 
5d 20.3 ± 2.5 42.7 ± 2.9 34.3 ± 2.5 
5e 8.9 ± 1.7 31.6 ± 2.6 16.6 ± 2.9 
5f 9.2 ± 1.4 32.6 ± 2.5 17.8 ± 2.5 

Noscapine 24.0 ± 2.9 62.9 ± 4.6 42.3 ± 2.7 
a
 Cancer cells used in the assay namely, HeLa: human cervix cell line, A549: human lung 

adenocarcinoma epithelial cell line and MCF7: human breast epithelial cell line. Each value 
represents mean ± S.D. from three different experiments.  

 
Figure 4.14. Morphologic indicators of apoptotic cell death include chromatin condensation along 
the nuclear envelope and plasma membrane blebbing followed by formation small apoptotic bodies. 
Panels show morphological evaluation of nuclei stained with DAPI in the absence and presence of 
the analogues (25 µM each). Several typical features of apoptotic cells such as condensed 
chromosomes, numerous fragmented micronuclei, and apoptotic bodies are evident (indicated by 
white head arrows) upon 72 hours of drug treatment. (Scale bar = 15 µm). 

4.3.8 Noscapinoids 5a-5f alters the cell cycle profile and cause mitotic arrest at G2/M phase 

more actively than noscapine. 

To ascertain the precise mechanisms of cell death, we next examined the effect of 

representative derivatives of noscapine 5c-f on the cell cycle progression of MCF-7 cells using a 

fluorescence activated cell sorting (FACS) analysis. We determined the effect of these compounds 

at 25 µM for 0, 24, 48 and 72 hours of drug treatment. Figure 4.114a-d represents the cell cycle 
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profile in a three-dimensional disposition for these compounds. G1 phase of the cell cycle represent 

the unreplicated cells with 2N DNA, while G2 and M phases represent the duplicated cells with 4N 

DNA. Cells in the process of DNA duplication between 2N and 4N peaks represent S phase, when 

DNA is being synthesized. Less than 2N DNA appears in populations of dying cells that degrade 

their DNA to different extents. MCF-7 cells treated with these compounds for 0, 24, 48 and 72 

hours led to profound perturbations of the cell cycle profile at 25 µM (Figure 4.15a-d). Our result 

reveals that these derivatives of noscapine induce a massive accumulation of cells in the G2/M 

phase at 24 hours. For example, the G2/M cell population increases from 18.8 % in the control to ~ 

58.7 % in MCF-7 cells treated with 25 µM of 5e for 24 hours. The distribution of cell populations 

over G0/G1, S, G2/M and sub-G1 phases of the cell cycle treated with 25 µM solution of noscapine 

derivatives is included in Table 4.6. Apropos to the G2/M block, a characteristic hypodiploid DNA 

content (sub-G1) was seen to be rising at 48 and 72 hours of drug treatment. The progressive 

increase of cells having hypodiploid DNA content (Table 4.6) reflects fragmented DNA, indicating 

dying cells.   

  
 

 
 

Figure 4.15. Noscapine analogs inhibit cell cycle progression at mitosis followed by the appearance 
of a characteristic hypodiploid (sub-G1) DNA peak, indicative of apoptosis. Panel A-D depict 
analyses of cell cycle distribution in a three-dimensional disposition as determined by flow 
cytometry in MCF-7 cells treated with 25 µM concentration of noscapine analogs (1: 5c, 2: 5d, 3: 
5e, 4: 5f and 5: 5a) for 0, 24, 48 and 72 hours respectively.  
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Table 4.6. Effect of noscapine derivatives on cell cycle progression of MCF-7 cells treated with 25 µM solution for the indicated time (h) before being 
stained with propidium iodide for cell cycle analysis.   

 
 Cell cycle parameters (%) 
 0 hour  24 hours  48 hours  72 hours 

 Sub-
G1 

G0/G1 S G2/M  Sub-
G1 

G0/G1 S G2/M  Sub-
G1 

G0/G1 S G2/M  Sub-
G1 

G0/G1 S G2/M 

5a 0.32 64.3 15.7 24.5  8.42 16.28 4.26 42.5  27.4 16.3 3.24 24.6  29.3 18.5 5.16 19.6 
5c 0.24 53.6 14.6 23.4  11.3 19.4 3.83 41.9  28.8 22.4 5.28 22.2  31.3 21.5 9.04 21.7 
5d 0.18 68.4 12.3 19.3  7.43 14.3 3.77 65.2  36.5 6.47 3.29 44.6  47.5 7.25 4.08 35.6 
5e 0.15 69.6 9.26 18.8  13.7 17.4 4.18 58.7  38.1 8.16 3.42 43.4  49.3 6.18 3.62 36.7 
5f 0.17 55.3 14.6 21.4  9.37 12.5 3.58 56.2  35.8 7.15 3.08 49.8  50.2 4.39 2.63 32.4 

 

4.3.9 Toxicological evaluation 

Toxicity in many tissues following chemotherapy is a major concern. Therefore, the search for a safe, well-tolerated regimen has been a major goal of 

clinical research. Antimitotic drugs that bind free or polymerized tubulin, such as Vinca alkaloids and taxanes, although effective treatment agents, are 

known to be cytotoxic to normal dividing cells. These drugs thus exhibit toxicities such as gastrointestinal (diarrhea, nausea, vomiting), myelosuppression 

(leucopenia), alopecia and peripheral neuropathies due to the blockage of axonal transport. To determine whether compound 5e treatment results in toxicities 

to normal tissues, we did histopathologic analysis of vital organs such as liver, kidney, spleen, lung, heart, brain and duodenum of mice (Figure 4.16). 

Treatment with compound 5e daily at a dose of 25 mg/kg body for 28 days failed to reveal any detectable pathological abnormalities in normal tissues as 

examined by H&E staining. Similarly, in a different experiment mice treated with a single dose of 50 mg/kg body weight also did not indicate any detectable 

pathologic abnormalities. Paraffin-embedded 5 micron-thick sections of the liver, kidney, spleen, lung, heart, duodenum and brain from animals of both 

treated and normal group were examined by H&E staining and included in Figure 4.16. There was a complete absence of any metastatic lesions in these 

organs in the treated animals. The liver showed normal hepatic lobular architecture. The kidneys revealed normal glomeruli, proximal and distal tubules, 

interstitium and blood vessels. The splenic follicles and vascular sinusoids were indistinguishable between the 5e-treated and vehicle-treated control groups.  
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The lung tissue showed normal alveoli and the heart muscle showed normal morphology 

among the two groups. Microsections of the brain did not reveal any infracted areas. The cerebral 

cortex, gray and white matter appeared normal. The gut showed normal mucosa, submucosa and 

muscularis mucosa.  

Currently available anticancer drugs are known to depress bone marrow function, leading to 

decline of RBC, WBC and platelet counts during treatment regimens. Thus, we next examined if 5e 

treatment had any effects on hematologic variables and organ-associated toxicities. Peripheral blood 

was examined for differences between 5e-treated and vehicle-treated groups for complete blood 

count, WBC count, monocytes, eosinophils, RBC count, hemoglobin concentration, hematocrit, 

mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular haemoglobin 

concentration, and platelet count (Figure 4.17c & d). We next assessed organ-associated toxicity by 

measuring organ functions in 5e-treated and vehicle-treated groups. Liver function tests (alanine 

transaminase, aspartate aminotransferase, alkaline phosphatase, bilirubin levels and albumin levels) 

and renal function tests (blood urea nitrogen and creatinine levels) were similar between treated and 

control groups (Figure 4.17a and b). Furthermore, 5e does not alter the electrolyte balances. A 

standard electrolyte panel (Na+, K+, Cl-, Ca) showed no abnormalities in electrolytes among the 

treated and control groups (Figure 4.16e). In addition, we were surprised to find no changes among 

the treated and vehicle-treated groups in total protein, albumin and glucose levels (Figure 4.17a and 

e). Also, during the dosage regimen, no abnormal behavior regarding food and water consumption 

and body weights was observed. 
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Figure 4.16. Treated animals (both male and female) with 5e and vehicle fails to reveal any 
detectable pathologic abnormalities in normal tissues that are active in normal cell proliferation. 
Panels represent H&E staining of paraffin-embedded 5 micron-thick sections of the liver, kidney, 
spleen, lung, heart, duodenum and brain from 5e-treated and untreated groups of mice under 200x 
magnifications. The liver showed normal hepatic lobular architecture. The kidneys revealed normal 
glomeruli, proximal and distal tubules, interstitium, and blood vessels. The splenic follicles and 
vascular sinusoids were indistinguishable between the 5e-treated and vehicle-treated groups. The 
lung tissue showed normal alveoli and the heart muscle showed normal morphology among the two 
groups. Microsections of brain did not reveal any infracted areas. The cerebral cortex, gray and 
white matters appeared normal. The gut showed normal mucosa, submucosa and muscularis 
mucosa. 
 

       

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

 
Figure 4.17. Treated animals (both male and female) with 5e show no deviation in the toxicity 
profile when compared with vehicle-treated controls. Figure shows no toxicities related to 
hematological variables (a and b): liver function tests (alkaline transaminase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALK phos), bilirubin levels and albulin levels), 
renal function tests (blood urea nitrogen (BUN) and creatinine levels); electrolyte panels (c and d): 
WBC count (WBC), monocytes (MON), eosinophils (EOS), RBC count (RBC), hemoglobin 
concentration (HB), Hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular 
hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC) and platelet count; 
organ functions (e): Na+, K+, Cl-, and Ca. All show undistinguishable profiles among all variables 
examined for vehicle-treated and 5e-treated groups.  
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4.4 CONCLUSION 

Inspired by the improved calculated binding affinity by computational methods for the 

designed derivatives, we have provided the simplest methods for the direct and regioselective 

synthetic strategies that provided a new series of products in high quantitative yields. Most 

importantly, our results show that biaryl substituted noscapine analogues have increased affinity to 

tubulin and the substitution impacted their therapeutic potential for a variety of cancer types. 

Furthermore, the mechanism of cell death caused by these analogues is preserved, such that, like 

noscapine, cell death is preceded by extensive mitotic arrest. In vivo toxicological evaluation of one 

of the compounds 5e did not reveal any toxicity in the vital organs such as liver, kidney, spleen, 

lung, heart, brain and duodenum. In addition, there was no significant difference in hematological 

and blood biochemical parameters between the treated and untreated groups. Our data thus generate 

compelling evidence that these analogues indicate a great potential for further preclinical and 

clinical evaluation. 
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CONCLUSION AND FUTURE DIRECTION 

Microtubules have long been considered an ideal target for anticancer drugs because of the 

essential role they play in mitosis, forming the dynamic spindle apparatus. As such, there is a wide 

variety of compounds currently in clinical use and in development that act as antimitotic agents by 

altering microtubule dynamics. Despite the initial impressive response by these MT binding drugs 

such as taxanes and vinca alkaloids, their potential is somewhat restricted by the development of 

multi drug resistance, toxicity, hypersensitivity and limited bioavailability. Therefore, there is a 

continual need to develop novel drugs that are efficacious, well-tolerated, non-toxic, orally 

available, can overcome resistance to other chemotherapeutic and display better pharmacologic 

profiles. Noscapine (an opium alkaloid) has recently shown great potential as a microtubule binding 

anti-cancer agent. Noscapine alters tubulin dynamics and leads to programmed cell death and its 

relatively non toxic profile, oral availability and efficiency against various drug resistant cell lines 

indicates its potential as a chemotherapeutic agent for the treatment of human cancers to treat 

various malignancies in the clinic. Furthermore, it was found to be effective against a wide variety 

of cancer cells (according to the NC 60 cell line screen) but the effective concentration was found 

to be in high micromolar ranges. Therefore, attempts were required to be made to design a new 

generation of noscapine derivatives for better therapeutic outcome. The initial efforts in this have 

already been encouraging as indicated by the development of few more potent derivatives, but 

complete elimination of the disease could not be achieved. Thus, the paramount goal is to develop a 

more potent derivative of noscapine by structural modifications. 

 Availability of structure activity data of many derivatives of noscapine led to develop a 

reasonable QSAR prediction model and thus guided in rational design of more potent derivatives of 

noscapine. We have designed novel derivatives of noscapine based on quantitative structure activity 

relationship of known noscapine derivatives. To achieve this we have first determined the bioactive 

conformation of noscapine derivatives using quantum mechanics optimization in reference to 

experimentally determined noscapine structure. The IC50 value of already existing noscapine 

derivatives with CEM cancer cell line was determined and used for developing the QSAR model. 

To obtain quantitatively the effects of various structural parameters of the noscapine derivatives on 

their biological activity, QSAR analysis with different types of molecular descriptors was operated. 

We used genetic function approximation algorithm of variable selection and generated robust 

QSAR models with high predictability for the external data set. The QSAR model guided us 

towards designing two new derivatives, 9-azido-noscapine and reduced 9-azido-noscapine. The 

activity of these new compounds was predicted using the developed QSAR model, which motivated 
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us further towards synthesis of these compounds. Validation of the model was achieved by 

experimentally determining value of pIC50 for both the compounds (5.585 M) which turned out to 

be very close to predicted pIC50 (5.731 and 5.710 M). Thus, this model was established to be a good 

rapid screening tool which could be used in future to uncover new and more potent anti-tumor 

drugs based on noscapine derivatizations. 

Noscapine binds to tubulin composed of α- and β-tubulin, which exist as various isotypes. 

Although, noscapinoids bind at the interphase between α- and β-tubulin; their interaction is more 

biased towards β-tubulin. The distribution of the isotypes of β-tubulin is different among cells of 

different tissue of origin. Furthermore, their drug-binding properties are significantly different. Also 

the existence of different isotypes of tubulin and their differential expression in cancer cells has 

been related to resistance towards the currently used chemotherapeutic agents. Effectiveness of 

noscapine in a wide range of cancers and various drug resistant cancer cell lines generated an 

interest to computationally investigate the details of interaction of noscapinoids towards different 

isotypes of β-tubulin. We found that the binding score of a specific noscapinoid with each type of 

tubulin isotype is different. Specifically, amino-noscapine has the highest binding score with αβI, 

αβII, αβIII and αβIV isotypes. More importantly, both amino-noscapine and  bromo-noscapine have 

the highest binding affinity with αβIII (overexpression of αβIII has been associated with resistance to 

a wide range of chemotherapeutic drugs for several human malignancies) in the pattern of amino-

noscapine (-34.70 and -46.23 kcal/mol), bromo-noscapine (-32.05 and -38.09 kcal/mol) and 

noscapine (-28.02 and -38.86 kcal/mol) based on both MM-PBSA and MM-GBSA calculations. 

The interaction analysis revealed that amino acids, Ser 239, Leu253, Ile 368, consistently contribute 

to the binding energy for all the three ligands, indicating their importance in interaction with the 

ligands targeted towards αβIII-tubulin isotype. The information gained in this study could pave a 

way for more efficient design of novel noscapinoid, which could be specifically targeted towards 

cancer cells. Knowledge of the isotype specificity of noscapinoid may allow for development of 

novel therapeutic agents based on this drug.  

In pursuit of developing novel noscaponoids, we have rationally designed six new biaryl 

substituted noscapine analogues which possess increased tubulin-binding and anti-proliferative 

activity using structure based design approach. Initially a library of noscapine derivatives was 

screened out using molecular docking, molecular dynamics simulation, and binding free energy 

calculation. The predictive binding affinity indicated that the newly designed noscapinoids bind to 

tubulin with a greater affinity. Six new derivatives with improved predicted binding affinity than 

the lead molecule were selected for further analysis. MM-PBSA and MM-GBSA methods have 
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been used to further investigate the mechanistic details of the interaction of these new derivatives 

with tubulin. The analysis suggests that newly designed noscapinoids bind to tubulin with a greater 

affinity than the parent compound in the following order of magnitude: 5e > 5f > 5d > 5c > 5b > 5a. 

Analysis of the binding energy contribution of amino acids in the binding site also reveals that 

Leu253 is consistently important, contributing to the binding energy among all the noscapinoids.  

Guided by the computational findings, these new biaryl type α-noscapine congeners were 

synthesized from 9-bromonoscapine using optimized Suzuki reaction conditions for further 

experimental evaluation. Most importantly, our results show that biaryl substituted noscapine 

analogues have increased affinity to tubulin and the substitution impacted their therapeutic potential 

for a variety of cancer types. It was also demonstrated that this series of noscapinoids are able to 

arrest mitosis and inhibit cell proliferation with significantly higher efficiency than noscapine in 

various human cancer cell lines. These compounds perturbed DNA synthesis, delayed the cell cycle 

progression at S phase and G2M phase as well as induced apoptosis in cancer cells. In vivo 

toxicological evaluation of one of the compounds 5e did not reveal any toxicity in the vital organs 

such as liver, kidney, spleen, lung, heart, brain and duodenum. In addition, there was no significant 

difference in hematological and blood biochemical parameters between the treated and untreated 

groups. Hence the newly designed noscapinoid, 5e is a safe and effective anticancer drug with a 

potential for the oral treatment of cancer and holds great promise for further clinical studies. 

Our data thus generate compelling evidence that these analogs indicate a great potential for 

further preclinical and clinical evaluation. Also the analysis of interaction of noscapinoids with 

different isotypes can be further exploited for better and more efficient design of noscapinoids. 

Knowledge of the isotype specificity of noscapinoids may lead to the improvement of both efficacy 

and specificity of cancer treatments in different tissues. Thus future holds promises both in the form 

of further clinical evaluation of already designed noscapinoids in this study and more efficient and 

specific targeting of cancers of different tissue origin by exploiting the interaction mechanism of 

noscapinoids towards different tubulin isotypes. 
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