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Introduction

In the 1970s, Chinese scientists identified artemisinin
(quinghaosu) from sweet wormwood (Artemisia annua),
thereby giving us our most important class of antimalarial
drugs. The use of artemisinin contained therapies has
increased exponentially [1] but the mechanism of action
of these sesquiterpene lactone endoperoxides is controver-
sial [2]. Some [3, 4], but not all [5–7], studies suggest that
the mechanism of action of artemisinin is by heme-
dependent activation of an endoperoxide bridge occurring
within the parasite’s food vacuole. However, localization of
artemisinin to parasite and not food vacuole membranes [8],
and killing of tiny rings lacking haemozoin argue against
the food vacuole being a major site for drug action [9].

An alternative hypothesis for the mode of action of
artemisinin has been proposed, based on structural similar-
ities between the sesquiterpene moieties of thapsigargin and
artemisinin (Fig. 1). Artemisinin shows structural similar-
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Abstract Noncompetitive inhibitors of sarco/endoplasmic
reticulum Ca2+-ATPase (SERCA) orthologue (PfATP6) of
P. falciparum have important therapeutic value in the
treatment of malaria. Artemisinin and its analogues are
one such class of inhibitors which bind to a hydrophobic
pocket located in the transmembrane region of PfATP6
near the biomembrane surface and interfere with calcium
transport. The 3D structure of PfATP6 was modeled by
homology modeling. A library consisting of 150 artemi-
sinin analogues has been designed. Their molecular
interactions and binding affinities with modeled PfATP6
protein have been studied using the docking, molecular
mechanics based on generalized Born/surface area (MM-
GBSA) solvation model and multi-ligand bimolecular
association with energetics (eMBrAcE). Structure activity
relationship models were developed between the antima-
larial activity (log RA) and molecular descriptors like
docking score and binding free energy. For both the cases
the r2 was in the range of 0.538–0.688 indicating good
data fit and r2cv was in the range of 0.525–0.679 indicating
that the predictive capabilities of the models were
acceptable. Besides, a scheme similar to linear response
was used to develop free energy of binding (FEB)
relationship based on electrostatic (ΔGele), van der Waal
(ΔGvdW) and surface accessible surface area (SASA),
which can express the activity of these artemisinin
derivatives. It has been seen that ΔGvdW has most

significant correlation to the activity (log RA) and
electrostatic energy (ΔGele) has less significant correlation.
It indicates that the binding of these artemisinin deriva-
tives to PfATP6 is almost hydrophobic. Low levels of root
mean square error for the majority of inhibitors establish
the docking, Prime/MM-GBSA and eMBrAcE based
prediction model is an efficient tool for generating more
potent and specific inhibitors of PfATP6 by testing
rationally designed lead compound based on artemisinin
derivatization.



ities to thapsigargin (another plant product from Thapsia
garganica), which is a highly specific inhibitor of sarco/
endoplasmic reticulum Ca2+-ATPase (SERCA). Thus it was
suggested that artemisinin may act in a similar way, but
specifically to inhibit the SERCA of malarial parasite.
PfATP6 is the only SERCA-type Ca2+-ATPase sequence in
the parasite’s genome and is thought to be the real
molecular target of artemisinin in spite of some disagree-
ments to be resolved [8]. The experimental studies also
revealed that artemisinin inhibit the SERCA-type Ca2+-
ATPase orthologue (PfATP6) of P. falciparum in Xenopus
oocytes [10].

The SERCA belongs to the family of P-type ATPases
that are responsible for active transport of cations across
biomembranes [11]. The SERCA uses the energy released
from hydrolysis of ATP to ADP for transporting calcium
ions to the lumen of sarco- and endoplasmic reticulum (ER)
against the electrochemical gradient. The publications of
crystal structure of nucleotide free SERCA in calcium-
bound form [12] (E1.2Ca2+) and in TG-bound form [13]
(E2’.TG) as well as in complex form with a nonhydrolyz-
able ATP analogue (E1.AMPPCP) [14, 15] and in ADP
stabilized by aluminum fluoride (E1.AIFx.ADP) [15] has
elucidated the structures of key intermediates involved in
the calcium transport cycle. The availability of such
structural data has facilitated the understanding of confor-
mational changes and dynamics involved at various steps of
the transport cycle. The overall structure of SERCA
consists of three cytoplasmic domains and 10 transmem-
brane helices. The two calcium binding sites in the E1 state
of SERCA are about 5 Å apart and situated in the trans-
membrane region, around 4 Å and 7 Å below the
cytoplasmic surface of the membrane. The TG binding site
is located in a hydrophobic cavity formed by transmem-
brane helices M3, M5, and M7. The polar end of the TG

molecule is located near the membrane interface between
residues Phe256 and Ile829. Binding of TG to SERCA is
mostly hydrophobic in nature with only one hydrogen bond
formed between Ile829 backbone and the carboxyl oxygen
at O-8 position of the TG molecule. The availability of
structural information on SERCA facilitates the understand-
ing of structure-activity relationships (SAR) for SERCA
inhibition and enables molecular modeling techniques to be
applied for designing novel and more potent inhibitors.

The amino acid sequence of PfATP6 is known [16] but
the three-dimensional structure is not available. In this
study, therefore, we have constructed the 3D structure of
PfATP6 by homology modeling and thereafter taken for
interaction study between artemisinin and PfATP6. The
utmost importance in a structure-based drug design is the
reliable filtering of putative hits in terms of their predicted
binding affinity (scoring problem) which is based on the
in silico-generated near native protein-ligand configura-
tions (docking problem). Most of the scoring functions
used in docking programs are designed to predict binding
affinity by evaluating the interaction between a compound
and a receptor. However, it should be noted that ligand
receptor recognition process is determined not only by
enthalpic effects but also by entropic effects. Moreover,
the scoring functions have a simplified form for the
energy function to facilitate high throughput evaluation of
a large number of compounds in a single docking run.
These functions may be problematic when used with
contemporary docking programs and can result in a
decrease of virtual screening accuracy. To overcome this
problem more precise but time consuming computational
methodologies are necessary. In this study we have used
several receptor-centric computational methodologies for
computational modeling of artemisinin and its derivatives
as potent inhibitors of PfATP6.

Fig. 1 The 2D structure of (a)
Thapsigargin (TG) and (b)
Artemisinin showing the simi-
larity between sesquiterpene
moieties
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Fig. 2 Alignment of PfATP6
sequence with 1IWO as refer-
ence protein
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Computational methods

Sequence analysis

The protein sequence of PfATP6 of the organism Plasmo-
dium falciparum was obtained from the PlasmoDB, the
official database of the malaria parasite genome project
[12, 13]. Gene PFA0310c located in P. falciparum
chromosome 1 and annotated by Sanger encoded the only
SERCA-type calcium transporting ATPase protein. This
protein comprises 1228 amino acids. The amino acid
sequence was downloaded from the web site [14].
Sequence similarity search with BLAST in Protein Data
Bank (PDB) database gives only one similar protein
(43.5% identical), SERCA (pdb ID: 1IWO). This structure
is determined at 1.3 Å resolution and contains highly
specific inhibitor thapsigargin (TG) [10]. It has three

functional domains, the α-helix ion channel domain where
TG is located. The binding of TG to the ion channel
domain is derived almost only through hydrophobic
interaction with proposed hydrogen bonding of TG O8
and 1819 backbone amide hydrogen. We performed the
pairwise alignment of PfATP6 with 1IWO as reference
using the homology module of PRIME [17]. We initially
built the structure of PfATP6 using 1IWO as template. The
structure of the PfATP6 α-helix domain is very similar to
the corresponding TG-binding site of SERCA. But the
ATP-binding domain and calcium ion binding domain
showed relatively low similarity to SERCA. Therefore, we
removed the mismatched sequence part (375–707) from
the whole sequence and then constructed the three-
dimensional structure of PfATP6. The sequence alignment
after removing the part of mismatched sequence is shown
in Fig. 2.

Table 1 Artemisinin analogues with anti-malarial activities against the drug resistant malarial strain P. falciparum (W-2 clone) used in this work

O

O
R1

R
O

R2

O

O

Sl No. R R1 R2 Log RA pIC50 (ng/ml) 
1 CH3 CH3 H 1.000 1.398 
2 C4H8Ph H H 0.450 0.712 
3 CH3 H 2-Z-Butenyl -1.10 -0.760 
4 CH3 H H 0.790 1.188 
5 CH3 H 2-E-Butenyl -0.600 -0.260 
6 CH3 Allyl H -0.100 0.260 
7 CH3 C4H9 H 0.170 0.508 
8 C4H8Ph C4H9 H -0.320 -0.117 
9 C3H6(P-Cl-Ph) C4H9 H -0.280 -0.097 

10 CH2CH2CO2Et C4H9 H 1.360 1.595 
11 CH3 C2H5 H 1.400 1.777 
12 CH3 C6H13 H 0.860 1.162 
13 CH3 i- C4H9 H -0.550 -0.212 
14 CH3 i-C6H13 H -0.040 0.262 
15 CH3 i-C3H7 H -0.040 0.317 
16 CH3 i-C5H11  0.070 0.389 
17 CH2CH2CO2Et H H 0.370 0.669 
18 C2H5 H H 0.050 0.448 
19 C3H7 H H 0.830 1.207 
20 CH3 C3H6(p-Cl-Ph) H 1.370 1.595 
21 CH3 CH2CH3 R1=R2 -0.360 -0.022 
22 CH3 C5H11 H 1.020 1.339 
23 CH3 C4H8Ph H 0.630 0.876 
24 CH3 C2H4Ph H 0.120 0.398 
25 CH3 C3H6Ph H 0.780 1.042 
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Table 2 10-Substituted artemisinin derivatives with anti-malarial activities against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

O

O
R1

O

O
R

R2

R3

Sl. 
No. 

CIp AR goL 3R 2R 1R R 50

(ng/ml) 
26 CH3 CH3  071.1 057.0 H H 
27 CH3 CH3  549.0 055.0 HO H 
28 CH3 CH3  496.0 043.0 tEO H 
29 CH3 CH3  592.1 069.0 HO H 
30 CH3 CH3  047.0- 080.1- tEO H 
31 CH3  606.0 082.0 H rB H 
32 CH3 CH3 Br NH-2-(1,3-thiazole) 0.660 0.874 
33 CH3 CH3  104.0 081.0 enilina rB 
34 CH3 Br CH3 NH-2-pyridine -0.090 0.115 
35 CH3 CH3 Br NH-2-pyridine -0.770 -0.564 
36 CH3 CH3  456.0 082.0 eMO H 
37 CH3 CH3 H  476.0 023.0 tEO-
38 CH3 C4H9  776.1 023.1 H H 
39 CH3 C2H5  860.1 076.0 H H 
40 CH3 C3H7  772.0 040.0- tEO H 
41 CH3 C2H5  538.0 005.0 tEO H 
42 CH3 CH3 H C3H6  511.1 087.0 HO
43 CH3 CH3 H OCH2CO2Et 0.520 0.800 
44 CH3 CH3 H OC2H4CO2Me 0.100 0.364 
45 CH3 CH3 H OC3H6CO2Me -0.030 0.218 
46 CH3 CH3 H OCH2(4-PhCO2Me) -0.070 0.143 
47 CH3 CH3 H (R)-OCH2CH(CH3)CO2Me 1.790 2.070 
48 CH3 CH3 H (S)-OCH2CH(CH3)CO2Me 2.250 2.530 
49 CH3 CH3 H (R)-OCH(CH3)CH2CO2Me 0.870 1.134 
50 CH3 CH3 H (S)-OCH(CH3)CH2CO2Me 1.700 1.964 
51 CH2CH2CO2  710.1 007.0 H H H tE
52 C3H6  592.0- 055.0- H H H )hP-lC-p(
53 C4H9  721.1 057.0 H H H 
54 C2H5  085.0- 000.1- H H H 
55 i-C4H9  777.0 004.0 H H H 
56 C3H7  832.1 048.0 H H H 
57 C4H8  858.0 085.0 H H H hP
58 CH3 -CH2  912.0- 075.0- HOO  -O
59 CH3 =CH2  616.0- 099.0- HOO  
60 - CH3 OH  915.0- 098.0- HO-
61 CH3 C5H11  894.0 061.0 H H 
62 CH3 C3H6  876.1 004.1 H H hP
63 CH3 C3H7  711.1 047.0 H H 
64 - CH3 OH CH2CF3  516.0 033.0 
65 - OH CH3 CH2CF3  514.0- 007.0- 
66 - CH3  514.0- 044.0- tEO HO 
67 CH3 CH3 H OOt-C4H9 0.920 1.217 

α

α
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Homology model construction

The homology model of the protein: PfATP6 was built
using Prime [17] accessible through the Maestro interface
(Schrodinger, Inc.). All water molecules were removed and
the bound ligand (TG) was kept for the template. During
the homology model building Prime keeps the backbone
rigid for the cases in which the backbone does not need to
be reconstructed due to gaps in the alignment. The model
was screened for unfavorable steric contacts and remodeled
using a rotamer library database of Prime. Explicit
hydrogen was added to the protein and the protein model
was subjected to energy minimization using the Macro-
model (Prime version 1.5) force-field OPLS-2005. Energy

minimization and relaxation of the loop regions were
performed using 300 iterations in a simple minimization
method. The steepest descent energy minimization was
carried out until the energy showed stability in the
sequential repetition. Model evaluation was performed in
PROCHECK v3.4.4 [18] producing plots which were
analyzed for the overall and residue-by-residue geometry.
Ramachandran plot [19] provided by the program PRO-
CHECK assured very good confidence for the predicted
protein. There were only 0.3% residues in the disallowed
region and 0.9% residues in generously allowed regions.
Nevertheless, PROCHECK assured the reliability of the
structure and the protein was subjected to VERIFY3D [20]
available from NIH MBI Laboratory Servers.

Ligand binding site prediction

Site directed mutagenesis study in catalytic site of PfATP6
of Palsmodium falciparum has revealed that Leu 263 is the
critical residue involved in binding of artemisinin with
PfATP6 [21]. In silico prediction of binding site was done
for the PfATP6 in P. falciparum using SiteMap (Schro-
dinger package). SiteMap treats entire protein to locate
binding sites whose size, functionality and extent of solvent
exposure meet user specifications. SiteScore, the scoring
function used to assess a site’s propensity for ligand
binding, accurately ranks possible binding sites to eliminate
those not likely to be pharmaceutically relevant. It identifies
potential ligand binding sites by linking together “site
points” that are suitably close to the protein surface and
sufficiently well sheltered from the solvent. The given
similar terms dominate the site scoring function; this
approach ensures that the search focuses on regions of the
protein most likely to produce tight protein-ligand or
protein-protein binding. Subsites are merged into larger
sites when they are sufficiently close and could be bridged
in solvent-exposed regions by ligand atoms. SiteMap
evaluates sites using a series of properties. The binding
site with highest site score was taken for docking of the
artemisinin analogues. The binding pocket obtained by in
silico studies on PfATP6 of Plasmodium falciparum was in
consistent with the site directed mutagenesis studies. The
algorithm proceeds as follows: the protein is projected onto
a 3D grid with a step size of 1.0 Å; grid points are labeled
as protein surface or solvent using certain rules. A grid
point is marked in protein if there is at least one atom
within 1.6 Å. After the solvent excluded surface was
calculated the surface vertices’ coordinates were stored. A
sequence of grid points which starts and ends with the
surface grid points which has solvent grid points in between
is called a surface–solvent–surface event. If the number of
surface–solvent–surface events of a solvent grid exceeds a
minimal threshold of 6, then this grid is marked as a pocket.

Table 3 Seco-artemisinin derivatives with anti-malarial activities
against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

O

O

R1

OO
OR

R

R2

Sl. No. R R1 R2 Log RA pIC50 (ng/ml) 
68 CH3 H H -2.370 -1.906 
69 C2H5 H H -1.130 -0.713 
70 - - - -0.260 0.097 

Table 4 11-Aza artemisinin derivatives with anti-malarial activities
against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

O

O

O

N

O

R

Sl. No. R Log RA pIC50 (ng/ml) 
71 C3H6Ph 0.020 0.283 
72 C2H4Ph 0.160 0.439 
73 C5H11 -0.200 0.121 
74 CH2(p-Cl-Ph) -0.160 0.096 
75 CH2Ph 0.340 0.636 
76 CH2-(2-C5H4N) 1.460 1.487 
77 2-Thiophene 0.170 0.458 
78 Acetaldehyde 1.470 1.828 
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Finally, all pocket grid points are clustered according to
their spatial proximity. The clusters are ranked by the
number of grid points in the cluster. The top three clusters
are retained and their centers of mass are used to represent
the predicted pocket sites.

Preparation of the ligands

An initial dataset of 150 artemisinin analogues were
collected from published data [22–27] in which several

different ring systems were represented. All of the
analogues were either peroxides or trioxanes which should
act via similar mechanisms of action and they were
categorized into 10 classes (Tables 1, 2, 3, 4, 5, 6, 7, 8,
9, 10, 11 and 12). Each of these compounds had
associated in vitro bioactivity values (IC50 values reported
in ng/ml) against the drug resistant malaria strain P.
falciparum (W-2 clone). The log value of the relative
activity (RA) of these compounds was used for analysis
and was defined as:

Log RAð Þ ¼ log artemisinin IC50=analogue IC50ð Þ analogue MW=artemisinin MWð Þ½ �:

Molecular models of the artemisinin and its analogues
(Tables 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12) were built
using the builder feature in Maestro (Schrodinger package)
and energy minimized in vacuum using Impact. Each
structure was assigned an appropriate bond order using
ligprep script shipped by Schrödinger and optimized
initially by means of the OPLS 2005 force field using

default setting. Complete geometrical optimization of
these structures was carried out with the HF/3-21G
method using the Jaguar (Schrodinger Inc.). In order to
check the reliability of the geometry obtained we com-
pared the structural parameters of the artemisinin 1,2,4-
trioxane ring with theoretical [28] and experimental [29,
30] values from the literature. All calculations reproduced

Table 5 Artemisinin derivatives lacking the D-ring with anti-malarial activities against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

O

R1 R3

O

O

R4

R2

Sl. 
No. 

CIp AR goL 4R 3R 2R 1R 50

(ng/ml) 
79 -O2CCH2 HC H H hP 3 -0.510 -0.217 

HC H H H 08 3 -0.320 0.202 
81 H OCH3  081.0 013.0- H H 
82 C2H4OH H CH3  924.1- 008.1-  
83 C2H4OH CH3  106.0 032.0  H 
84 C2H4  944.1- 008.1-  3HC 3HC HO
85 C2H4OCH2  855.1- 008.1-  3HC 3HC hP
86 OCH3 H C2H4O2CNEt2 H 0.650 0.929 
87 OCH3 H C2H4O2CNPh2  0.650 0.829 
88 H OCH3 C2H4OCH2Ph H 0.750 1.039 
89 H OCH3 C2H4O-allyl H 0.400 0.735 
90 H OCH3 C2H4O2Ph H -0.590 -0.319 
91 H OCH3 C2H4O2C(4-PhCO2C2H4NMe2)  -0.600 -0.446 
92 H OCH3 C2H4O2CCH2NCO2-(t-C4H9) H -0.040 0.174 
93 OCH3 - C2H4OCH2(4-F-Ph)  0.380 0.648 
94 OCH3 - C2H4OCH2(4-Py)  0.140 0.428 
95 H OCH3 C2H4OCH2(4-N-Me-pyridine) H -0.900 -0.647
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most of the structural parameters of the artemisinin 1,2,4-
trioxane ring seen in X-ray structures (Table 13). This
applies especially to the bond length of the endoperoxide
bridge which seems to be responsible for the antimalarial
activity [31–34].

Docking of the ligands

All the ligands were docked to the PfATP6 receptor using
Glide [35]. After ensuring that protein and ligands are in
correct form for docking the receptor-grid files were

Table 6 Miscellaneous artemisinin derivatives with anti-malarial activities against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

Sl. No. Ligand structure Log RA pIC50 (ng/ml) 

96 O

O

O

O

O

O

O
-2.090 -1.755 

97 

O O
O

-1.270 -0.802 

98 
O

O

O
O

O

0.230 0.587 

99 

C

H
2

O

O

O

O

-0.670 -0.353 

100 

O

H

O

O

H

-2.260 -1.862 

101 
O

O

O

O -0.240 0.180 

102 

O

O

O

H

O

-0.960 -0.559 

103 
O

O

O

O

H

-0.790 -0.370 

104 
O

O

O

O

-0.353 0.090 
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generated using grid-receptor generation program using
van der Waals scaling of the receptor at 0.4. The default
size was used for the bounding and enclosing boxes. The
ligands were docked initially using the “standard preci-
sion” method and further refined using “xtra precision”
Glide algorithm. For the ligand docking stage van der
Waals scaling of the ligand was set at 0.5. Of the 50,000
poses that were sampled, 4,000 were taken through
minimization (conjugate gradients 1,000) and the 30
structures having the lowest energy conformations were
further evaluated for the favorable Glide docking score
[36]. A single best conformation for each ligand was
considered for further analysis.

Ligand & structure-based descriptors (LSBD) protocol

The eMBrAcE and Prime MM-GBSA calculations were
performed using the Ligand & Structure-Based Descriptors
(LSBD) application of the Schrödinger software package.

Table 7 9-substituted artemisinin derivatives with anti-malarial
activities against the drug resistant malarial strain P. falciparum
(W-2 clone) used in this work

Sl. No.  Ligand structure Log RA pIC50 (ng/ml) 

105 O

O

O
OCH3

CH3

OOH

-0.739 -0.365 

106 O

O

O
OCH3

CH3

OH

-2.219 -1.821 

107 O

O

O
OCH3

CH3

O

H N

N

H
HH H

-2.447 -2.106 

108 O

O

O
OCH3

CH3

O

H

CH3

H -0.198 0.182 

109 O

O

O
OCH3

CH3

H

OH
OH

H

H

-0.717 -0.325 

110 O

O

O
OCH3

CH3

O

Br

H
Br
H

-1.487 -1.282 

111 O

O

O
OCH3

CH3

O

O
H

H
OH

-0.460 -0.109 

112 O

O

O
OCH3

CH3

O
OH

O
H

H -0.409 -0.058 

113 O

O

O
OCH3

CH3

O
H

H

OH

-0.361 0.013 

Table 8 Dihydroartemisinin derivatives with anti-malarial activities
against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

Sl. No. Ligand structure Log RA pIC50 (ng/ml) 

114 O

O

CH3

O

O

O

CH3H

CH3

HH

H

-0.269 0.129 

115 O

O

CH3

O

O

CH3H

CH3

HH

H

O H

0.310 0.705 

116 
O

O

CH3

O

O

CH3H

CH3

HH

H

O C
H

2

O OH

H

0.176 0.404 

117 
O

O

CH3

O

O

CH3H

CH3

HH

H

O

H

C
H

2

CHCH3

O O CH3

1.524 1.788 

118 
O

O

CH3

O

O

CH3H

CH3

HH

H

O

H

C
H

CH2

CH3

O O CH3

0.599 0.863 

Table 9 Tricyclic 1,2,4-trioxane derivatives with anti-malarial activ-
ities against the drug resistant malarial strain P. falciparum (W-2
clone) used in this work

Sl. No. Ligand structure Log RA pIC50 (ng/ml) 

119 O

O

O
O

H

H

H

O

OO

O

0.660 0.845 

120 O

O

O

O
H

H

H

O

O

O

O

H

H

H

H

N

CH3

CH3

0.205 0.340 

121 O

O

O
O

H

H

H

O

OH

H

N

H

O

O
CH3

CH3

0.312 0.503 
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These calculations were applied to the ligand-receptor
complex structures obtained from Glide docking.

Multi-ligand bimolecular association with energetics
(eMBrAcE)

The eMBrAcE program calculates binding energies be-
tween ligands and receptors using molecular mechanics
energy minimization for docked conformations. eMBrAcE

applies multiple minimizations, during which each of the
specified pre-positioned ligands is minimized with the
receptor. For the energy-minimized structures, the calcula-
tion is performed first on the receptor (Eprotein), then on the
ligand (Eligand), and finally on the complex (Ecomplex). The
energy difference is then calculated as:

$E ¼ Ecomplex � Eligand � Eprotein

eMBrAcE uses the OPLS-AA all-atom force field with
the surface generalized Born implicit solvent model [37,
38]. It uses traditional molecular mechanics (MM) methods
to calculate ligand-receptor interaction energies (Gele, GvdW,
Gsolv) with a Gaussian smooth dielectric constant function
method [39, 40] for electrostatic part of solvation energy
and solvent-accessible surface for the nonpolar part of
solvation energy. A conjugate gradient minimization proto-
col was used in all minimization. After all energies were
calculated factor analysis (FA) and multiple regression
analysis (MRA) were used to derive a LRE-like equation
which could produces a reasonable free energy of binding
(FEB) with the activity of these compounds.

Prime MM-GBSA

This application is used to predict the binding free energy
between a receptor and a ligand. MM-GBSA is a method

surface generalized Born solvation model for polar solva-
tion (GSGB), and a nonpolar solvation term (GNP). The GNP

term comprises the nonpolar solvent accessible surface area
and van der Waals interactions. The total free energy of
binding is calculated as:

$Gbind ¼ Gcomplex � Gprotein þ Gligand

� �

G ¼ EMM þ GSGB þ GNP

In order to explore the reliability of the proposed model
we used the cross validation method. Prediction error sum
of squares (PRESS) is a standard index to measure the
accuracy of a modeling method based on the cross
validation technique. The r2cv was calculated based on the
PRESS and SSY (sum of squares of deviations of the
experimental values from their mean) using the following
formula:

r2cv ¼ 1� PRESS

SSY
¼ 1�

Pn

i¼1
yexp � ypred
� �2

Pn

i¼1
yexp � y
� �2

;

Table 10 N-alkyl-11-aza-9-desmethylartemisinin derivatives with
anti-malarial activities against the drug resistant malarial strain P.
falciparum (W-2 clone) used in this work

Sl. No. Ligand structure Log RA pIC50 (ng/ml) 

122 O

O

O

H

H

O

O

H

H

0.000 0.398 

123 
O

N

O
CH2

H

O
O

H

CH2

CH2

CH3

0.041 0.362 

124 
O

N

O
CH2

H

O
O

H

CH2 CH3CH3

0.173 0.494 

125 

O

N

O

H

O

O

H

CH2

CH2CH2

CH2

CH2

O OH

-0.921 -0.652 

126 
O

N

O

H

O

O

H

CH2

0.276 0.572 

127 
O

N

O

H

O

O

H

CH2

Cl

0.045 0.301 

128 
O

N

O

H

O

O

H

CH2

CH2

0.294 0.573 

129 
O

N

O

H

O

O

H

CH2

CH2

CH2

0.312 0.574 
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where yexp, ypred and y are the predicted, observed and
mean values of the relative activities of the artemisinin
analogues. The cross validation analysis performed by
using the leave one out (LOO) method in which one
compound is removed from the data set and its activity is
predicted using the model derived from the rest of the data
points.

Results and discussion

The atomic coordinates of PfATP6 for the organism
Plasmodium falciparum was not available in Protein Data
Bank which necessitated for developing a protein model.
The final model, which we took for further analysis,
consisted of 895 amino acid residues. We used both
PROCHECK and VERIFY3D softwares to check the
quality of the modeled protein. Ramachandran plot
obtained from the program PROCHECK, which checks
the stereochemical quality of a protein structures, producing
a number of postscript plots analyzing its overall and
residue-by-residue geometry, assured the reliability of the
modeled protein with 91.1% residues in most allowed
region and 7.7% in additional allowed region. There were
only 0.3% residues in disallowed region and 0.9% in
generously allowed region. The assessment with VER-
IFY3D, which derives a “3D-1D” profile based on the local
environment of each residue, described by the statistical
preferences for: the area of the residue that is buried, the
fraction of side-chain area that is covered by polar atoms
(oxygen and nitrogen) and the local secondary structure, also
substantiated the reliability of the three dimensional struc-
ture. The residues that deviated from the standard confor-
mational angles of Ramachandran plot were the members of
N terminal domain of the protein. This was an ignorable
condition since the N-terminal end was not critical in our
study. The distance of these residues to the active site
residues also were found to be more than 10 Å, which
suggested that those residues would interfere little with the
binding of ligands in the active site region of PfATP6. The
structural comparison of template protein and PfATP6
modeled structure (Fig. 3) showed significant similarity in
the binding site residues. Active site was identified with
reference to the studies done on SERCA (pdb ID: 1IWO).
We carried out in silico studies to confirm these active sites
using SiteMap algorithm. The output from the Sitemap
program (Fig. 4) showed coherent active sites for the target
protein as reported in site directed mutagenesis study [21].

One of the key challenges in computer-aided drug
discovery is to maximize the capabilities of the method in
use for predicting and rank-ordering the binding affinities
of compounds for a given target protein. The efficiency of a
prediction method is predominantly determined by these

capabilities. Various descriptors extracted from the struc-
tural information on ligand-receptor complex may provide
an advantageous solution to create a reliable binding-
affinity-prediction model. Here, we combined the results
obtained from a standard docking protocol with the data
from three different structure-based descriptors and then
investigated the utility of these descriptors on the virtual
screening efficiency for artemisinin derivatives.

Docking simulation of artemisinin derivatives to the
homology modeled PfATP6 was performed using the Glide
program (Schrodinger package). All the 150 artemisinin
ligands with known antimalarial activities (W2 clone) and
thapsigargin (TG) were docked into the defined binding
site. The original crystal structure of TG was extracted from
TG-SERCA complex (pdb ID: 1IWO) and was re-docked
into the binding site of PfATP6 in order to validate the
Glide-XP docking protocol. The top 10 configurations after
docking were taken into consideration to validate the result
(Table 14). The RMSD was calculated for each configura-
tion in comparison to the co-crystallized TG and the value
was found to be in between 0.02–0.85 Å. Whereas the
RMSD value calculated out of ten accepted poses for each
configuration was found in between 0.59–1.33 Å. This
revealed that the docked configurations have similar
binding positions and orientations within the binding site
and are similar to the crystal structure. The best docked
structures which are the configuration with the lowest Glide
score is compared with the crystal structure as shown in
Fig. 5. These docking results illustrated that thapsigargin in
PfATP6 maintained the same spatial coordinates as
in SERCA. Docking of artemisinin derivatives to this
binding site was performed using the standardized docking
protocol. The binding mode of both TG and artemisinin
within the binding site is represented in Fig. 6. In this figure
we can observe that both the molecules were well fitted to
the defined binding pocket. All 150 artemisinin analogues
were also found to be good binders with PfATP6. The
binding modes of artemisinin and its derivatives showed
hydrophobic interaction with PfATP6. This binding mode
proved the hypothesis that the artemisinin derivatives bind
to PfATP6 with almost hydrophobic interactions and it
should be the preorganized shape binding between the rigid
structure of artemisinin analogues and the binding pocket of
PfATP6. As the Fe2+-dependent activation and antimalarial
activity of artemisinin do not depend on the heme binding
[41], we can propose that the production of the carbon
centered free radical [32] should not precede the binding to
PfATP6. Therefore, artemisinin should be bound to PfATP6
before activation by Fe2+ ion. For each ligand in the virtual
library, the pose with the lowest Glide score was rescored
using Prime/MM-GBSA and eMBrAcE approaches. These
approaches predict the binding free energy for a set of
ligands to receptor.
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Table 11 3C-substituted artemisinin derivatives with anti-malarial activities against the drug resistant malarial strain P. falciparum (W-2 clone)
used in this work

Sl. 
No. 

Ligand structure 
Log 
RA 

pIC50 
(ng/ml) 

Sl. 
No. 

Ligand structure Log RA 
pIC50 
(ng/ml) 

130 O

O

O

H
H

H

CH3 O
O

0.049 0.447 137 
O

O

O

H
H

H

CH2 O
O

CH2

CH2

0.449 0.710 

131 O

O

O

H
H

H

CH2 O
O

CH3

0.828 1.205 138 
O

O

O

H
CH2

H

CH3 O
O

CH2

CH2

CH3

0.410 0.729 

132 O

O

O

H
H

H

CH2 O
O

C
H2

CH3

-0.745 -0.385 139 O

O

O

H
CH2

H

CH2 O
O

CH2

CH2

CH3

CH2

CH3

-0.481 -0.197 
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O

O

H
H

H

CH
O

O

CH3
CH3

-0.347 0.010 140 O

O

O

H
CH2

H

CH2 O
O

CH2

CH2

CH3

-2.000 -1.769 
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O

O

H
H

H

CH2 O
O

O O

CH2

CH3
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O

O

O

H
CH2

H

CH2 O
O

CH2

CH2

CH3

CH2

Cl

-0.276 -0.093 
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O

O

O

H
H

H

CH2 O
O -2.000 -1.706 142 
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O

O

H
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H

CH2 O
O

CH2

CH2

CH3

CH2

CH2

-0.319 -0.116 
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O

O

O

H
H

H

CH2 O
O

CH2

Cl

0.104 0.343 143 O

O

O

H
CH2

H

CH2 O
O

CH2

CH2

CH3

O O

CH2

CH3

1.359 1.594 
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Building models for prediction of Log RA using Glide
score and Prime/MM-GBSA energy

Prediction models for antimalarial activity were built by
considering the Glide score and ΔGbind as descriptors. The
docking score and the ΔGbind energy of the analogues are
included in Table 15.

The Eq. 1 of the model and the corresponding statistics
are shown below:

Log RA ¼ �3:18 �0:241ð Þ � 0:509 �0:038ð Þ � G‐score ð1Þ
ðN ¼ 150; r2 ¼ 0:538; s ¼ 0:601; F ¼ 178:22; r2cv ¼ 0:525;

PRESS ¼ 56:811Þ

Table 12 Various derivatives of artemisinin and artemether with antimalarial activity against the drug resistant malarial strain P. falciparum (W-2
clone) used in the work

Compound 
no. 

Analogue 
structure 

Log RA 
pIC50

(ng/ml) 
Compound 

no. 
Analogue 
structure 

Log RA 
pIC50

(ng/ml) 

144 O

O

O

H

O

O

H

0.437 0.083 
148 O

O

O
O

O

F

F

C H 3

1.549 0.497 

145 O

O

O

C H 3

O

O

C H 3

O H
H

H

2.188 0.672 
149 O

O

O

CH 3

O

O

C H 3

H
H

O H

0.054 -0.938 

146 
O

O

O

O

CH3

O

F -0.120 0.192 
150 

O

O

O

O

O

CH3

O

0.160 0.495 

147 O

O

O

H

O

O

H

0.016 
-1.347 

Parametersa Theoretical Experimentald Experimentale

3-21Gb 3-21G** c 6-31Gc

O1-O2 1.463 1.462 1.447 1.475(4) 1.469(2)

O2-C3 1.441 1.440 1.435 1.417(4) 1.416(3)

C3-O4 1.436 1.436 1.435 1.448(4) 1.445(2)

O4-C5 1.407 1.408 1.403 1.388(4) 1.379(2)

C5-C6 1.529 1.530 1.533 1.528(5) 1.523(2)

C6-O1 1.478 1.477 1.469 1.450(4) 1.461(2)

O1-O2-C3 106.9 107.070 108.800 107.600(2) 108.100(1)

O2-C3-O4 107.0 107.310 106.760 107.200(2) 106.600(2)

C3-O4-C5 115.6 115.700 117.300 113.500(3) 114.200(2)

O4-C5-C6 112.0 112.030 112.280 114.700(2) 114.500(2)

C5-C6-O1 111.1 111.589 110.910 111.100(2) 110.700(2)

C6-O1-O2 111.2 111.286 113.240 111.500(2) 111.200(2)

O1-O2-C3-O4 −74.9 −74.680 −71.840 −75.500(3) −75.500(2)
O2-C3-O4-C5 31.8 32.150 33.390 36.300(4) 36.000(2)

C3-O4-C5-C6 29.4 28.400 25.320 24.800(4) 25.300(2)

O4-C5-C6-O1 −51.8 −50.769 −49.410 −50.800(4) −51.300(2)
C5-C6-O1-O2 10.1 9.792 12.510 12.300(3) 12.700(2)

C6-O1-O2-C3 50.8 50.522 46.700 47.700 47.800(2)

Table 13 Experimental and the-
oretical values of the 1,2,4-tri-
oxane ring parameters in
artemisinin (bond lengths in Å;
bond angles and torsional angles
in degrees)

a Atoms are numbered according
to Fig. 1
b This work
c Values from Ref. [28]
d Values from Ref. [29] (experi-
mental estimated standard devia-
tions in brackets)
e Values from Ref. [30] (experi-
mental estimated standard devia-
tions in brackets)

**Represents the polarization
functions on all the atoms except
the transition metal ions which is
used in the basis set 3-21G for
optimization of structure
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The root mean square error (RMSE) between the experi-
mental RA and the predicted RA obtained by the regression
model was 0.524 which is an indicator of the robustness of the
fit and suggested that the calculated RA based on Glide score
is reliable. The quality of the fit can also be judged by the
value of the squared correlation coefficient (r2), which was
0.538 for the data set. Figure 7 graphically shows the quality
of fit. The statistical significance of the prediction model is
evaluated by the correlation coefficient r2, standard error, F-
test value, leave-one-out cross-validation coefficient r2cv and
predictive error sum of squares PRESS. The regression model
developed in this study is statistically (r2cv ¼ 0:525, r2=0.538,
F=178.22) best fitted and consequently used for prediction
of antimalarial activities (log RA) of the artemisinin
analogues as reported in Table 15.

We have used Prime/MM-GBSA protocol for rescoring
Glide XP poses of the artemisinin analogues. We did find a
better correlation between ΔGbind energy and experimental
RA (r2=0.688) (Fig. 8). Rescoring using Prime/MM-GBSA
leads to minor changes of the ligand conformations (due to
energy minimization of the ligand in receptor’s environ-
ment) and consequent stabilization of receptor and ligand
complex. A linear regression model for prediction of
predicted antimalarial activity (log RA) has been developed
by considering analogues with known experimental activ-

ity. In this model we have taken ΔGbind energy as a
descriptor. The Eq. 2 of the model and the corresponding
statistics are shown below:

Log RA ¼ �1:66 �0:098ð Þ � 0:102 �0:006ð Þ � $Gbind ð2Þ

ðN ¼ 150; r2 ¼ 0:688; s ¼ 0:495; F ¼ 333:24; r2cv ¼ 0:679;

PRESS ¼ 37:997Þ:

The regression model developed based on ΔGbind energy
is statistically (r2cv ¼ 0:679, r2=0.688, F=333.24) best fitted
and consequently used for prediction of antimalarial activ-
ities (log RA) of the artemisinin analogues as reported in
Table 15. The average root mean square error between
predicted and experimental RA values was found to be 0.445
by using leave-one-out cross validation technique which
further revealed the reliability of the model for prediction of
antimalarial activity. However, we may observe that model
using ΔGbind descriptor is better for predicting antimalarial
activity than model using Glide score as a descriptor.

Linear optimization of energy parameters vs. activity

One docking structure with better Glide score from each
molecule docking result was picked up as final docked
structure in PfATP6 for further calculations. As the Glide
program treats a receptor rigidly during docking simulation an
energy minimization was performed to the docked complex.
The vdW energy and electrostatic energy between ligand and

Fig. 3 Schematic display of (a) SERCA (above) and (b) PfATP6
(below) generated using DS Visualizer for windows. Helices and
sheets are represented as red cylinders and cyan arrows, respectively.
The ligand TG (in brown stick) is included in the structure

Fig. 4 Ligplot of PfATP6- artemisinin binding site along with
artemisinin
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receptor were calculated for each minimized complex. Also
desolvation energy and solvent accessible surface area
(SASA) change was calculated using eMBrAcE (Schrodinger
package). All these energies are listed in Table 16. By
graphing these energies vs. activity (log RA) of these ligands
all have bad correlation to experimental activity of the set of
ligands. SASA has some degree correlation to activity for
some subset ligands. A scheme similar to linear response
was used to develop a free energy of binding (FEB)
relationship based on these energies which can express the
activity of these artemisinin derivatives. A multiple regres-
sion was performed using Minitab statistical package. The
properties of the final regression model are listed in Table 17.
From the results of correlation factor analysis it can be seen

that ΔGvdW has most significant correlation to the activity
(log RA) and electrostatic energy (ΔGele) has less significant
correlation. It indicates that the binding of these artemisinin
derivatives to PfATP6 is almost hydrophobic. ΔGvdW may be
a major driving force to their binding.

The predicted activity (log RA) of these artemesinin
derivatives are listed in Table 16. The correlation between
predicted activity and actual activity is shown in Fig. 9. The
calculated activity has good correlation to the actual activity.
The linear optimization of energy parameters represents the
actual activity very well. Theoretically, the binding affinity
of drug molecules can be partitioned into several compo-
nents: vdW, electrostatic, solvation and entropy. Generally
the entropy is the most difficult component to calculate.
Different methods have been suggested to estimate the
entropy contribution. To relative rigid molecules the entropy
is relatively small and normally ignored or cancelled in
relative free energy calculation. In the rational drug design
the calculation of relative binding free energy rather than
absolute binding free energy is normally pursued. Several
papers have been reported on reasonable correlation between
calculated FEB and activity for a small set of ligands.
Although these energy components are added directly

Fig. 6 Binding mode of artemisinin and TG within the binding site of
PfATP6. TG: brown stick model and Artemisinin: gray stick model

Fig. 5 Superposition of all docked configurations of TG on crystal
structure (red-stick). RMSD (heavy atom)=0.37–1.57 Å

Configuration Glide score ΔGscore
a RMSDb (Å) RMSDc (Å)

1 −9.33 0 0.37 0.04

2 −9.28 1.24 0.53 0.05

3 −8.04 1.29 0.57 0.02

4 −8.02 1.31 0.74 0.03

5 −8.01 1.32 0.81 0.02

6 −7.93 1.4 0.85 0.02

7 −7.53 1.8 1.02 0.02

8 −7.33 2.0 1.27 0.02

9 −6.99 2.34 1.36 0.01

10 −6.41 2.92 1.57 0.05

Table 14 The RMSD and dock-
ing score from the docking
simulation of 10 lowest config-
urations of crystal structure of
TG with PfATP6

a$Gscore ¼ Ei � Elowest ,
b RMSD, RMSD between docked
and crystallographic thapsigargin
structure, c RMSD, RMSD
between docked poses
corresponding to each
configuration
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Table 15 Predicted antimalarial activities of (a) analogues using Glide score (XP) and Prime/MM-GBSA energy as a descriptor and experimental
activity

Ligand Glide Score ΔGbind (kcal/mol) Expt. Log RA aPred. Log RA (Gscore) bPred. Log RA (ΔGbind)

(a) Artemisinin derivatives

1 −6.62 −20.21 1.00 0.19 0.40

2 −5.25 −12.66 0.45 −0.51 −0.37
3 −4.16 −10.00 −1.10 −1.06 −0.64
4 −6.37 −28.32 0.79 0.06 1.23

5 −6.56 −12.27 −0.60 0.16 −0.41
6 −6.28 −12.14 −0.10 0.02 −0.42
7 −7.50 −23.47 0.17 0.64 0.73

8 −7.25 −17.19 −0.32 0.51 0.09

9 −7.67 −12.10 −0.28 0.72 −0.43
10 −7.27 −24.49 1.36 0.52 0.84

11 −7.74 −26.16 1.40 0.76 1.01

12 −7.11 −22.75 0.86 0.44 0.66

13 −6.18 −18.36 −0.55 −0.03 0.21

14 −7.17 −12.49 −0.04 0.47 −0.39
15 −6.80 −18.99 −0.04 0.28 0.28

16 −6.88 −22.64 0.07 0.32 0.65

17 −6.28 −14.73 0.37 0.01 −0.16
18 −5.47 −12.79 0.05 −0.40 −0.36
19 −6.28 −19.12 0.83 0.01 0.29

20 −8.20 −28.54 1.37 0.99 1.25

21 −5.16 −20.63 −0.36 −0.56 0.44

22 −6.54 −27.74 1.02 0.15 1.17

23 −7.26 −17.00 0.63 0.51 0.07

24 −7.68 −16.62 0.12 0.73 0.04

25 −7.86 −21.75 0.78 0.82 0.56

(b) 10-Substituted artemisinin derivatives

26 −6.10 −17.61 0.75 −0.08 0.14

27 −5.61 −18.11 0.55 −0.32 0.19

28 −5.57 −11.91 0.34 −0.35 −0.45
29 −6.96 −28.89 0.96 0.36 1.29

30 −5.10 −5.53 −1.08 −0.58 −1.10
31 −7.85 −22.45 0.28 0.82 0.63

32 −6.51 −21.46 0.66 0.13 0.53

33 −7.38 −12.05 0.18 0.58 −0.43
34 −7.28 −17.18 −0.09 0.52 0.09

35 −6.78 −8.39 −0.77 0.27 −0.80
36 −6.76 −21.43 0.28 0.26 0.53

37 −8.03 −23.15 0.32 0.91 0.70

38 −7.40 −27.96 1.32 0.59 1.19

39 −8.24 −20.83 0.67 1.01 0.46

40 −7.79 −20.43 −0.04 0.78 0.42

41 −8.32 −16.40 0.50 1.05 0.01

42 −5.92 −16.69 0.78 −0.17 0.04

43 −7.95 −15.18 0.52 0.87 −0.11
44 −6.84 −16.97 0.10 0.30 0.07

45 −6.53 −10.43 −0.03 0.14 −0.60
46 −5.49 −8.64 −0.07 −0.39 −0.78
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Table 15 (continued)

Ligand Glide Score ΔGbind (kcal/mol) Expt. Log RA aPred. Log RA (Gscore) bPred. Log RA (ΔGbind)

47 −8.24 −29.13 1.79 1.01 1.31

48 −8.88 −28.91 2.18 1.34 1.29

49 −6.55 −21.56 0.87 0.15 0.54

50 −7.98 −28.76 1.70 0.88 1.27

51 −6.68 −15.59 0.70 0.22 −0.07
52 −7.09 −14.27 −0.55 0.43 −0.20
53 −5.99 −26.30 0.75 −0.13 1.02

54 −5.36 −11.18 −1.00 −0.45 −0.52
55 −5.67 −15.15 0.40 −0.29 −0.11
56 −6.72 −18.20 0.84 0.24 0.20

57 −7.67 −14.17 0.58 0.72 −0.21
58 −5.30 −17.61 −0.57 −0.48 0.14

59 −5.59 −12.91 −0.99 −0.33 −0.34
60 −5.40 −13.48 −0.89 −0.43 −0.29
61 −6.98 −13.50 0.16 0.38 −0.28
62 −7.31 −25.49 1.40 0.54 0.94

63 −6.41 −28.33 0.74 0.08 1.23

64 −6.13 −23.29 0.33 −0.06 0.72

65 −5.38 −14.84 −0.70 −0.44 −0.15
66 −6.14 −8.72 −0.44 −0.06 −0.77
67 −6.45 −22.30 0.92 0.10 0.61

(c) Seco-artemisinin derivatives

68 −3.33 −1.26 −2.37 −1.49 −1.53
69 −4.68 −5.91 −1.13 −0.80 −1.06
70 −5.59 −20.41 −0.26 −0.33 0.42

(d) 11-Aza artemisinin derivatives

71 −6.31 −15.84 0.02 0.03 −0.04
72 −7.66 −13.00 0.16 0.72 −0.33
73 −5.84 −14.60 −0.20 −0.21 −0.17
74 −5.35 −11.67 −0.16 −0.46 −0.47
75 −6.10 −16.28 0.34 −0.07 0.00

76 −7.78 −27.77 1.46 0.78 1.17

77 −5.14 −23.04 0.17 −0.56 0.69

78 −8.00 −27.17 1.47 0.89 1.11

(e) Artemisinin derivatives lacking the D-ring

79 −7.36 −8.13 −0.51 0.56 −0.83
80 −6.19 −7.71 −0.32 −0.03 −0.87
81 −5.97 −12.73 −0.31 −0.14 −0.36
82 −3.56 −4.78 −1.80 −1.37 −1.17
83 −5.30 −14.26 0.23 −0.48 −0.21
84 −3.91 −3.66 −1.80 −1.19 −1.29
85 −3.74 −3.88 −1.80 −1.28 −1.26
86 −5.95 −19.29 0.65 −0.15 0.31

87 −8.42 −17.92 0.65 1.11 0.17

88 −6.30 −22.34 0.75 0.02 0.62

89 −6.52 −14.00 0.40 0.14 −0.23
90 −6.75 −16.35 −0.59 0.26 0.01

91 −6.67 −6.14 −0.60 0.22 −1.03
92 −5.74 −8.81 −0.04 −0.26 −0.76
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Table 15 (continued)

Ligand Glide Score ΔGbind (kcal/mol) Expt. Log RA aPred. Log RA (Gscore) bPred. Log RA (ΔGbind)

93 −7.15 −25.27 0.38 0.46 0.92

94 −5.72 −14.82 0.14 −0.27 −0.15
95 −6.55 −13.79 −0.90 0.15 −0.25
(f) Miscellaneous artemisinin derivatives

96 −3.33 −1.30 −2.09 −1.49 −1.53
97 −4.45 −8.39 −1.27 −0.91 −0.80
98 −6.33 −14.42 0.23 0.04 −0.19
99 −5.84 −16.94 −0.67 −0.21 0.07

100 −3.20 −1.43 −2.26 −1.55 −1.51
101 −4.73 −9.31 −0.24 −0.77 −0.71
102 −5.03 −11.61 −0.96 −0.62 −0.48
103 −5.04 −11.09 −0.79 −0.62 −0.53
104 −4.62 −20.00 −0.35 −0.83 0.38

(g) 9-substituted artemisinin derivatives

105 −4.38 −6.79 −1.49 −0.95 −0.97
106 −4.96 −6.29 −0.46 −0.66 −1.02
107 −5.55 −10.90 −0.41 −0.35 −0.55
108 −5.71 −18.53 −0.36 −0.28 0.23

109 −5.64 −12.88 −0.74 −0.31 −0.35
110 −3.62 −2.11 −2.22 −1.34 −1.44
111 −3.17 −0.56 −2.45 −1.57 −1.60
112 −5.25 −19.30 −0.20 −0.51 0.31

113 −5.76 −14.00 −0.72 −0.25 −0.23
(h) Dihydroartemisinin derivatives

114 −5.04 −11.92 −0.27 −0.62 −0.44
115 −5.70 −21.73 0.31 −0.28 0.56

116 −6.37 −12.91 0.18 0.06 −0.34
117 −7.35 −26.00 1.52 0.56 0.99

118 −6.03 −23.09 0.60 −0.11 0.70

(i) Tricyclic 1,2,4-trioxane derivatives

119 −7.88 −27.37 0.66 0.83 1.13

120 −8.16 −24.67 0.21 0.97 0.86

121 −8.30 −13.42 0.31 1.04 −0.29
(j) N-alkyl-11-aza-9-desmethylartemisinin derivatives

122 −5.10 −21.65 0.00 −0.58 0.55

123 −6.37 −10.45 0.04 0.06 −0.59
124 −5.45 −16.18 0.17 −0.41 −0.01
125 −5.95 −6.54 −0.92 −0.15 −0.99
126 −6.89 −16.82 0.28 0.33 0.06

127 −5.61 −12.99 0.05 −0.32 −0.34
128 −6.73 −20.51 0.29 0.24 0.43

129 −6.48 −15.26 0.31 0.12 −0.10
(k) 3C-substituted artemisinin derivatives

130 −5.15 −22.00 0.05 −0.56 0.58

131 −6.53 −20.00 0.83 0.14 0.38

132 −6.54 −15.43 −0.74 0.15 −0.09
133 −6.24 −19.37 −0.35 −0.01 0.32

134 −5.19 −24.15 0.37 −0.54 0.80

135 −3.50 −2.68 −2.00 −1.40 −1.39
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together in most of these applications it is still a challenge to
apply these methods to a large set of ligands. Normally, these
different energy components (vdW, electrostatic, solvation)
were calculated using more than one method. To the same
set of structure the use of different force fields or different
methods will produce different values of energy. This
suggests that these energy components need to be scaled
before an equation is obtained to get a better expression for
these energy components. A set of weights can be used to
get free energy expression by linearly combining these
energies. In this work a linear combination strategy was used
to express FEB by four energy components calculated from
different methods. An expression of free energy, whose
weight coefficients were optimized by a multiple regression,
was obtained and successfully predicted the activity of a

large set of ligands. As stated earlier, the major interest in
drug design is to express the variance of free energy over a
set of active molecules. In this study the ΔGvdW is the
biggest contribution; SASA is the next contributor; electro-
static part and electrostatic part of solvation are the smallest
contributor to the free energy variance. Equation 3 of the
model and the corresponding statistics are shown below:

Log RA ¼ �1:37� 0:0035 SASA� 0:0314 $GvdW

þ 0:0029 $Gele � 0:00398 $Gsolv ð3Þ

ðN ¼ 150; r2 ¼ 0:815; s ¼ 0:291; F ¼ 141:99; r2cv ¼ 0:802;

PRESS ¼ 11:65Þ:

Table 15 (continued)

Ligand Glide Score ΔGbind (kcal/mol) Expt. Log RA aPred. Log RA (Gscore) bPred. Log RA (ΔGbind)

136 −8.47 −24.36 0.37 1.13 0.82

137 −6.98 −24.72 0.45 0.37 0.86

138 −7.51 −9.22 −0.43 0.64 −0.72
139 −5.79 −4.78 −0.92 −0.23 −1.17
140 −6.89 −25.68 0.41 0.33 0.96

141 −6.31 −19.12 −0.48 0.03 0.29

142 −3.76 −1.80 −2.00 −1.27 −1.48
143 −7.64 −8.32 −0.28 0.71 −0.81
(l) Various derivatives of artemisinin and artemether

144 −7.15 −8.89 −0.36 0.46 −0.75
145 −5.37 −12.07 0.34 −0.44 −0.43
146 −3.61 −5.03 −1.79 −1.34 −1.15
147 −5.07 −14.17 0.19 −0.60 −0.21
148 −4.30 −4.21 −1.27 −0.99 −1.23
149 −5.51 −9.81 −0.12 −0.37 −0.66
150 −4.79 −14.26 0.16 −0.74 −0.21

Fig. 7 Models for predicting antimalarial activity (Log RA) of the
artemisinin derivatives based on Glide score

Fig. 8 Models for predicting antimalarial activity (Log RA) of the
artemisinin derivatives based on Prime/MM-GBSA energy (ΔGbind)
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Table 16 Predicted antimalarial activities of artemisinin derivatives based on linear response scheme of energy parameters and experimental
activities for selected analogues

Sl. No. SASA ΔGvdW ΔGele ΔGsolv Log RA aLog RApred

(a) Artemisinin derivatives

1 459.0 −122.2 −116.4 106.2 1.00 1.02

2 624.5 −120.4 −97.4 104.9 0.45 0.01

3 591.7 −92.2 −138.6 118.4 −1.10 −0.69
5 512.5 −93.3 −66.3 65.4 −0.60 −0.16
6 436.8 −80.5 −87.7 103.2 −0.10 −0.12
7 633.3 −123.8 −31.7 87.8 0.17 0.09

8 690.3 −117.3 −29.0 61.4 −0.32 −0.44
9 741.4 −131.4 −123.1 144.6 −0.28 −0.35
12 609.6 −144.1 −203.2 199.6 0.86 0.76

13 521.3 −90.4 −152.6 127.5 −0.55 −0.34
14 477.4 −96.5 −36.5 66.4 −0.04 0.16

15 635.7 −119.6 −18.5 48.2 −0.04 −0.04
16 543.8 −105.0 −152.5 136.8 0.07 −0.03
17 475.0 −109.6 −76.8 90.1 0.37 0.56

18 479.9 −95.2 −94.7 61.0 0.05 0.08

19 508.2 −120.5 −48.3 83.0 0.83 0.71

20 654.6 −163.8 −77.2 107.1 1.37 1.17

21 521.8 −101.5 −80.9 95.7 −0.36 0.03

22 584.6 −142.0 −121.9 132.7 1.02 0.89

23 670.0 −141.4 −110.3 125.6 0.63 0.38

24 622.9 −119.5 −190.1 196.0 0.12 −0.06
25 647.4 −141.9 14.6 47.6 0.78 0.59

(b) 10-Substituted artemisinin derivatives

26 497.3 −131.1 −133.6 120.4 0.75 1.06

27 475.3 −121.6 −93.8 85.2 0.55 0.92

28 663.6 −144.5 −670.9 620.4 0.34 0.20

29 574.3 −143.0 −221.9 198.8 0.96 0.93

30 532.7 −77.5 −68.6 59.1 −1.08 −0.76
31 637.0 −137.3 −41.0 63.3 0.28 0.48

32 532.3 −132.2 −47.9 56.8 0.66 0.93

33 574.9 −96.4 −121.2 103.3 0.18 −0.45
34 620.6 −126.7 −61.8 119.3 −0.09 0.24

35 654.1 −103.1 −68.0 76.2 −0.77 −0.68
36 711.9 −139.5 −134.4 156.8 0.28 0.06

37 694.7 −139.9 −183.3 205.5 0.32 0.15

38 674.6 −143.8 −67.2 137.1 1.32 1.03

39 827.3 −171.1 20.8 38.8 0.67 0.45

40 529.9 −111.2 −56.1 85.0 −0.04 0.30

41 658.8 −127.6 −168.1 165.6 0.50 −0.01
42 568.1 −131.4 −63.7 77.8 0.78 0.69

43 702.2 −141.0 −62.6 87.5 0.83 0.20

44 678.0 −126.2 −16.7 38.6 0.10 −0.08
45 688.1 −121.9 −42.0 57.6 −0.03 −0.29
46 669.7 −120.7 −34.1 62.1 −0.07 −0.21
47 681.1 −125.4 −15.0 57.2 1.79 1.53

48 551.1 −155.4 −106.0 77.2 2.18 1.84

49 504.0 −126.6 −51.9 69.0 0.87 0.92
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Table 16 (continued)

Sl. No. SASA ΔGvdW ΔGele ΔGsolv Log RA aLog RApred

50 631.1 −105.4 −47.0 67.2 1.70 1.48

51 575.1 −110.1 −42.9 54.4 0.70 0.01

52 673.1 −113.1 −38.7 97.9 −0.55 −0.47
53 536.8 −112.7 −109.5 107.7 0.75 0.27

54 581.8 −88.5 −22.5 45.5 −1.00 −0.68
55 501.5 −116.3 −33.5 35.7 0.40 0.63

56 512.4 −124.2 −107.3 98.8 0.84 0.77

57 659.9 −124.9 −56.1 118.8 0.58 −0.04
58 531.8 −96.8 −48.5 58.3 −0.57 −0.15
59 501.3 −77.6 −100.7 78.9 −0.99 −0.59
60 485.2 −72.4 −180.9 141.2 −0.89 −0.70
61 582.2 −105.5 −123.8 124.3 0.16 −0.22
62 627.7 −151.3 −17.9 70.3 1.40 0.98

63 521.1 −75.4 −34.0 41.2 0.71 0.49

64 535.3 −104.1 −76.4 56.7 0.33 0.04

65 548.8 −92.5 42.8 −12.0 −0.70 −0.33
66 548.9 −107.8 −78.7 88.1 −0.44 0.07

67 492.7 −117.8 −168.6 117.6 0.92 0.66

(c) Seco-artemisinin derivatives

68 419.9 −46.7 −63.0 86.8 −2.37 −2.51
69 459.9 −56.6 −113.0 119.8 −1.13 −1.00
70 542.4 −118.8 −83.9 98.3 −0.26 0.44

(d) 11-Aza artemisinin derivatives

71 651.8 −119.3 −77.7 119.6 0.02 −0.18
72 623.5 −119.2 −55.8 82.3 0.16 0.00

73 606.9 −119.2 −179.5 148.0 −0.20 0.03

74 628.8 −108.7 −14.2 47.2 −0.16 −0.33
75 581.9 −137.1 25.6 3.4 0.34 0.83

76 616.5 −157.6 −255.6 161.6 1.46 1.12

77 551.0 −118.1 −0.5 57.0 0.17 0.41

(e) Artemisinin derivatives lacking the D-ring

78 592.5 −107.8 −68.6 74.6 1.47 1.64

79 611.6 −104.3 −360.5 411.6 −0.51 −0.57
80 418.9 −73.7 −87.9 77.2 −0.32 −0.22
81 419.0 −85.3 −73.7 94.6 −0.31 0.14

82 527.2 −52.5 −39.8 43.5 −1.80 −1.48
83 522.8 −116.9 −89.4 89.8 0.23 0.50

84 558.1 −63.0 −16.8 35.1 −1.80 −1.33
85 688.8 −136.4 −64.7 75.1 0.65 0.14

86 754.9 −144.2 −43.6 72.5 0.65 0.01

87 759.8 −133.6 −49.8 68.5 0.65 0.53

88 649.3 −129.9 −32.6 60.0 0.75 0.19

89 606.3 −115.5 −107.9 138.4 0.40 −0.05
90 659.8 −113.6 −59.8 69.5 −0.59 −0.39
91 874.4 −158.0 −480.8 531.2 −0.60 −0.51
92 695.1 −117.5 −159.8 155.8 −0.04 −0.53
93 657.1 −129.3 −74.0 89.3 0.38 0.10

94 611.3 −112.3 −37.5 54.2 0.14 −0.13
95 701.5 −102.6 −63.1 90.8 −0.90 −0.97
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Table 16 (continued)

Sl. No. SASA ΔGvdW ΔGele ΔGsolv Log RA aLog RApred

(f) Miscellaneous artemisinin derivatives

96 481.6 −59.6 −85.1 93.3 −1.27 −1.02
97 492.7 −106.4 −56.2 66.9 0.23 0.37

98 612.7 −91.5 −107.1 132.5 −0.67 −0.82
99 618.4 −114.3 −160.5 211.6 −0.67 −0.37
100 473.8 −92.0 −87.8 79.1 −0.24 0.02

101 486.5 −75.2 −61.5 77.4 −0.96 −0.56
102 472.5 −75.3 −59.8 75.1 −0.79 −0.47
103 444.9 −91.8 −54.5 67.1 −0.35 0.20

104 516.9 −83.7 −77.9 87.2 −0.35 −0.72
105 508.1 −58.0 −155.3 151.3 −1.49 −1.26
106 484.3 −86.2 −142.6 135.4 −0.46 −0.25
107 490.3 −89.4 −141.0 131.1 −0.41 −0.19
108 470.1 −98.0 −144.3 153.8 −0.36 0.19

109 472.4 −73.5 −107.6 91.5 −0.74 −0.55
110 591.6 −69.6 −113.1 193.3 −2.22 −2.08
111 501.6 −73.4 −105.1 94.8 −2.45 −2.19
112 498.2 −101.8 −106.8 107.2 −0.20 0.17

113 464.5 −78.1 −159.8 174.5 −0.72 −0.40
(h) Dihydroartemisinin derivatives

114 469.7 −106.4 −104.5 98.6 −0.27 0.48

115 472.4 −114.4 −72.1 48.6 0.31 0.72

116 465.8 −108.6 −22.2 43.4 0.49 0.61

117 651.1 −155.4 6.0 27.2 1.52 0.98

118 649.6 −147.6 −37.2 52.0 0.60 0.73

(i) Tricyclic 1,2,4-trioxane derivatives

119 699.3 −141.2 −196.5 230.3 0.66 0.15

120 857.5 −162.5 −199.5 240.9 0.21 −0.12
121 765.0 −149.8 −194.1 199.7 0.31 0.04

(j) N-alkyl-11-aza-9-desmethylartemisinin derivatives

122 473.4 −115.9 −63.4 70.2 0.00 0.77

123 578.7 −136.5 −98.0 142.1 0.04 0.76

124 591.5 −103.8 −44.3 46.9 0.17 −0.28
125 646.4 −109.2 −689.3 646.8 −0.92 −0.79
126 596.0 −136.6 −10.8 83.5 0.28 0.71

127 610.1 −141.0 −16.8 44.5 0.05 0.76

128 637.4 −131.4 −103.0 120.6 0.29 0.27

129 664.3 −128.2 −135.7 145.8 0.31 −0.01
(k) 3C-substituted artemisinin derivatives

130 482.0 −112.9 −83.1 100.7 0.05 0.61

131 513.0 −121.3 −44.4 78.5 0.83 0.71

132 543.2 −87.5 −109.1 118.5 −0.74 −0.54
133 530.4 −102.0 −76.2 88.0 −0.35 0.00

134 610.6 −130.5 −174.8 185.1 0.37 0.35

135 581.6 −109.6 −125.3 143.7 −2.0 −1.68
136 642.6 −144.0 −23.4 65.6 0.37 0.66

137 622.4 −131.5 −250.5 252.9 0.45 0.28

138 812.2 −148.7 −325.0 396.0 −0.43 −0.35
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The regression model developed basing on linear
response scheme is statistically (r2cv ¼ 0:802, r2=0.815,
F=141.99) best fitted and consequently used for prediction
of antimalarial activities (log RA) of the artemisinin
analogues as reported in Table 16. The average root mean
square error between predicted and experimental RA values
was 0.291 obtained by leave-one-out cross validation
technique further revealed the reliability of the model for
prediction of antimalarial activity. However, we may
observe that model using linear response scheme is better
for predicting antimalarial activity than model using Glide
score and ΔGbind as descriptors.

Conclusions

We have presented herein an FEB calculation on the
binding affinity of 150 artemisinin derivatives with
PfATP6. The binding structures of these ligands in
PfATP6 were predicted by flexible docking simulations.
The docking result demonstrated that the docking
simulation could satisfactorily reproduce a binding
structure from a crystal structure of a SERCA/TG
complex. Superposition of the binding structure of a

whole set of ligands from docking simulations shows that
these structurally similar ligands bind in a very similar
pattern in PfATP6. They all bind at the same orientations
which have been found in crystal structures of SERCA/
TG. They bind in a similar position inside the PfATP6
active site and try to fit the binding pocket well. The
calculated FEB for these ligands reasonably predicted the
activity of this set of ligands. The calculated activity has
good correlation to the experimental activity. The result
shows that the linear combination of four energy terms:
vdW, electrostatic, solvation (electrostatic part) and
nonpolar energies optimized by regression has the power
to express the binding affinity of a large set of ligands in
the receptor. The Dock-MM-GBSA and eMBrAcE
demonstrate a good ability on the binding structure
prediction and binding energy determination to produce
reasonable energies. The GBSA method predicted a

Table 16 (continued)

Sl. No. SASA ΔGvdW ΔGele ΔGsolv Log RA aLog RApred

139 786.8 −117.3 −324.9 413.9 −0.92 −1.17
140 657.1 −129.4 −62.1 86.6 0.41 0.94

141 547.5 −163.9 −78.9 94.9 −0.48 −0.47
142 593.5 −128.4 −151.0 136.0 0.41 0.40

143 619.9 −129.3 −79.7 107.3 −0.48 0.32

(l) Various derivatives of artemisinin and artemether

144 435.4 −78.8 −141.0 151.5 −0.36 −0.20
145 555.6 −104.8 68.7 −45.2 0.34 0.02

146 567.1 −100.2 −78.1 58.3 −0.12 −0.27
147 531.8 −101.4 −65.7 57.8 0.16 −0.02
148 564.4 −104.7 −87.6 68.9 0.21 −0.12
149 554.0 −101.9 −54.6 42.3 0.19 −0.12
150 521.7 −73.3 −46.3 64.5 −1.27 −0.81

a Predicted RA is calculated from optimized linear combination of ΔGele, ΔGvdW, ΔGsolv, and SASA from regression

Table 17 Regression properties of energy parameters with experi-
mental activities (Log RA)

SASA ΔGvdW ΔGele ΔGsolv

Correlation factor with
log RA

0.018 0.587 0.009 0.001

Intercept (B) −0.492 −3.24 0.087 0.099

SE of B 0.34 0.241 0.081 0.088 Fig. 9 Models for predicting antimalarial activity (Log RA) of the
artemisinin derivatives based on free energy of binding (FEB)
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reasonable solvation energy terms to enable a satisfactory
FEB expression. In this work it is noticed that among
these energy terms the ΔGvdW has the most significant
correlation to the activity (log RA). The binding modes of
artemisinin and its derivatives showed hydrophobic inter-
action with PfATP6. In this work, GB and SASA methods
were used to estimate the electrostatic and the nonpolar
parts of solvation and produced satisfactory results in
terms of good correlation to experimental activity.
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