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Application of the linear interaction energy method for rational design
of artemisinin analogues as haeme polymerisation inhibitors
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The anti-malarial activity of artemisinin-derived drugs appears to be mediated
by an interaction of the drug’s endoperoxide bridge with intra-parasitic haeme.
The binding affinity of artemisinin analogues with haeme were computed using
linear interaction energy with a surface generalised Born (LIE-SGB) continuum
solvation model. Low levels of root mean square error (0.348 and 0.415 kcal/mol)
as well as significant correlation coefficients (r>=0.868 and 0.892) between the
experimental and predicted free energy of binding (FEB) based on molecular
dynamics and hybrid Monte Carlo sampling techniques establish the SGB-LIE
method as an efficient tool for generating more potent inhibitors of haeme
polymerisation inhibition.

Keywords: artemisinin; free energy of binding; binding affinity; docking; surface
generalised Born continuum solvation model; linear interaction energy

1. Introduction

Malaria is one of the most widespread and prevalent endemic diseases; it threatens
approximately 40% of the world’s population in more than 107 countries. This disease is
estimated to cause approximately 350-500 million clinical illnesses and up to 3 million
deaths each year [1]. Most deaths are attributed to the parasite Plasmodium falciparum.
The enzymes in the parasite digestive vacuole (cysteine- and aspartic-proteinases) break
down haemoglobin into amino acids and haeme [2]. While all of the amino acid content
is used to build parasite proteins, only a small portion of the haeme is incorporated into
the parasite haemoproteins; the rest of the haeme is detoxified (polymerised) by parasite
enzymes [3].

A number of drugs have been investigated for their use in the treatment of malaria.
However, new strains of Plasmodium falciparum resistant to some of these drugs, e.g.
chloroquine, quinine and mefloquine, are causing substantial deterioration in clinical
treatment [4-8]. This has motivated the search for new anti-malarial drugs that are
effective against this form of malaria, thus having a very high priority in anti-malarial drug
design [9—11]. This led to Chinese researchers introducing a new compound, qinghaosu (or
artemisinin, as it is known in the West), present in extracts of Qinghao or Artemisia annua
L., which has been used in China for thousands of years [12]. It is a potent anti-malarial
drug against the multi-drug resistant strains of Plasmodium falciparum [13,14].
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Figure 2. The structure of the haeme compound.

The structure of artemisinin was identified as an endoperoxide containing sesquiterpene
lactone (Figure 1) and the presence of the 1,2,4-trioxane-ring system seems to be essential
for its anti-malarial activity [15-19]. Studies on the mode of action of artemisinin and
its derivatives have shown that free haeme (Figure 2) could be the molecule targeted by
artemisinin in biological systems and that Fe™ ions interact with the peroxide when
artemisinin react with haeme [9,11,20-23]. An initial step in the action of artemisinin
includes haeme-catalysed artemisinin activation into a very reactive radical, which binds to
the parasite proteins or haeme [5,11,21-24] and haemozoin [4,21-25]. It has been proposed
that haeme iron attacks the endoperoxide linkage of artemisinin either at the O1 [26] or O2
position [27]. In pathway A, haeme iron attacks the compound at the O2 position and
produces a free radical at the O1 position. Later it rearranges to form the C4 free radical.
In pathway B, haeme iron attacks the compound at the Ol position and produces a free
radical at the O2 position. After that the C3—C4 bond is cleaved to give a carbon radical at
C4. Tt has been suggested that the C4 free radical in both pathways is an important
substance in anti-malarial activity [28].

The effectiveness of artemisinin and its derivatives as anti-malarial drugs for the
treatment of multi-drug resistant P. falciparum has received considerable attention in
recent years. More often than not the focus of these studies has been to demonstrate anti-
malarial efficacy in vitro for new structural classes or modification of the natural product
architecture. As a wide variety of molecular scaffolds are available for optimisation, this
diversity presents a significant challenge in determining the essential features for activity.
A rational approach for the discovery of a pharmaceutically acceptable, economically
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viable, peroxide-based anti-malarial awaits the development of a global mechanism of
action model for organic peroxides [29,30] and/or a predictive quantitative structure—
activity relationship (QSAR). With the advent of parallel synthesis methods and
technology, we might expect the number of anti-malarial artemisinin analogues to be
tested to grow dramatically. Combinatorial methods could also be envisioned as a semi-
rational approach to the above discovery strategy.

QSAR models using calculated molecular descriptors of ligand have been developed
earlier for prediction of biological activity of artemisinin analogues [31,32]. However, these
ligand-based models predict the biological activity with high prediction error (0.76) [31]
and also use a smaller dataset (19 compounds) [32]. Another method of orchestrating these
strategies is to make use of structure-based linear interaction energy (LIE) models for the
rapid prediction and virtual prescreening of anti-malarial activity. The LIE approximation
is a way of combining molecular mechanics calculations with experimental data to build a
model scoring function for the evaluation of ligand—protein binding free energies. A LIE
method for rational design of artemisinin analogues for inhibition of haeme polymerisa-
tion has not yet been determined.

The availability of the X-ray structure of haeme helps to facilitate the understand-
ing the structure—activity relationships (SARs) for haeme polymerisation and enables
molecular modelling techniques to be applied for designing novel and more potent
inhibitors. In this study we have applied a structure-based LIE method implementing
a surface generalised Born (SGB) [33] continuum model for solvation, SGB-LIE,
to build a binding affinity model for estimating the free energy of binding for a diverse
set of haeme inhibitors. The LIE method [34,35] has been applied to a number of
protein—ligand systems with promising results [36-38] producing small errors of the
order of Ikcal/mol for free energy prediction [39]. The magnitude of free energy
changes upon binding of inhibitors to haeme that directly correlates with the
experimental potency of these inhibitors. Hence, fast and accurate estimation of
binding free energies provides a means to screen the compound libraries for lead
optimisation and rational design. This could bring about the development of new and
more effective drugs.

2. Materials and methods

2.1 LIE methodology

The LIE method employs experimental data on binding free energy values for a set of
ligands (referred to as the training set) to estimate the binding affinities for a set of novel
compounds. The method is based on the linear response approximation (LRA), which
dictates that the binding free energy of a protein—ligand system is a function of polar and
non-polar energy components that scale linearly with the electrostatic and van der Waals
(VDW) interactions between a ligand and its environment. The free energy of binding
(FEB) for the complex is derived from considering only two states: (1) free ligand in the
solvent and (2) ligand bound to the solvated protein. The conformational changes and
entropic effects pertaining to unbound receptor are taken into account implicitly and only
interactions between the ligand and either the protein or solvent are computed during
molecular mechanics calculations. Among the various formulations of the LIE method-
ology developed in the past, the SGB-LIE method [40] has been shown to be an order of
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magnitude faster than the methods based on explicit solvent with the same order of
accuracy. In the LIE method,

AGping = a(AUee) + B{AUyaw) + v{Asasa) (1

where (AUg.) and (AU,,) denote the average change in the electrostatic and VDW
interaction energy of the ligand in the free and bound states, respectively and (Agasa) 1S
the change in the solvent-accessible surface area (SASA) of the ligand. The «, g and y
terms are adjustable parameters that need to be determined by fitting the experimental
data on the training set compounds.

The SGB-LIE method also offers better accuracy in treating the long-range
electrostatic interactions. However, the SGB-LIE method used in this studied is based
on the original formulation proposed by Carlson and Jorgensen [40] and implemented in
Liaison (Schrodinger, Inc. Portland, OR) using the OPLS-2005 force field. A novel feature
of Liaison is that the simulation takes place in implicit (continuum) rather than explicit
solvent—hence the name Liaison, for Linear Interaction Approximation in Implicit
Solvation. The explicit-solvent version of the methodology was first suggested by Hansson
and Aqvist [41], based on approximating the charging integral in the free-energy-
perturbation formula with a mean-value approach, in which the integral is represented as
half the sum of the values at the endpoints, namely the free and bound states of the ligand.
The empirical relationship used by Liaison is

AGhind = a({U8) — (US)) + BUU ) — (UL g ) + y((UB) — (US,)) )

Here () represents the ensemble average, b represents the bound form of the ligand,
f represents the free form of the ligand, and «, 8 and y are the coefficients; Ugje, Uyqw and
U.., are the electrostatic, VDW and cavity energy terms in the SGB continuum solvent
model. The cavity energy term, Uy, is proportional to the exposed surface area of the
ligand. Thus, the difference (U%,,) — (UL, ) measures the surface area lost by contact with
the receptor.

The energy terms involved can be computed using energy minimisation, molecular
dynamics or Monte Carlo calculations. In the SGB model of solvation, there is no explicit
VDW or electrostatic interaction between the solute and solvent. The contribution for net
free energy of solvation comes from two energy terms, namely, reaction field energy (U,y,)
and cavity energy (Ucay): Usge = Urxn + Ucay- The cavity and reaction field energy terms
implicitly take into account the VDW and the electrostatic interactions, respectively,
between the ligand and solvent. The application of the SGB-LIE method for a given
protein-ligand system essentially involves computing four energy components, i.e. the
VDW and Coulombic energy between the ligand and protein and the reaction field and
cavity energy between the ligand and continuum solvent. The total electrostatic energy in
the SGB-LIE method is the sum of Coulombic and reaction field energy terms.

2.2 Computational details

Preparation of the receptor and ligands was done using the Schrédinger package from
Schrodinger Inc [42]. All of the calculations for the SGB-LIE method were performed
in the Liaison package from Schrédinger Inc [43]. The Liaison module performs LIE
calculations in the OPLS force field with a residue-based cutoff of 15 A. The OPLS force
field was also used for charge assignment and all energy calculations.
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2.3 Receptor preparation

The X-ray structure of haeme-pdb was taken from the Protein Data Bank (PDB ID: 1CTJ)
and has been used as the initial structure in the preparation of the haeme receptor site.
Haeme is a planar molecule with a strong positive charge on its central iron atom, which
lies slightly above the porphyrin plane (Figure 2). The charge on the iron was assigned as
+2 but the structure was kept the same. Hydrogen was added to the model automatically
via the Maestro interface leaving no lone pair and using an explicit all-atom model.
The multi-step Schrodinger’s protein preparation tool (PPrep) was used for final
preparation of receptor model. The complex structure was energy minimised using the
OPLS-2005 force field and the conjugate gradient algorithm, keeping all atoms except
hydrogen fixed. The minimisation was stopped either after 1000 steps or after the energy
gradient converged below 0.01 KJ/mol. Complete geometry optimisation was carried out
using LACVP** [44] for the iron atoms, followed by single-point calculations using
LACVP** for the iron atom. An unrestricted density functional theory (DFT) was
employed to model effectively the open shell orbital on the two iron atoms. The Jaguar
suite of ab initio quantum chemical program [45] was used to carry out all quantum
mechanics (QM) calculations.

2.4 Preparation of ligands

An initial dataset of 158 artemisinin analogues were collected from published data [46-51]
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 were
categorised into different classes (Table 1a—j). Each of these compounds had associated
in vitro bioactivity values (ICsq 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(RA) = log[(artemisinin ICsy/analogue ICsp)(analogue MW /artemisin in MW)]

Molecular models of the artemisinin and its analogues (Table 1a—j) were built using the
Builder feature in Maestro (Schrédinger package) and energy minimised in a vacuum using
Impact. Each structure was assigned an appropriate bond order using the ligprep script
shipped by Schrodinger and optimised initially by means of the OPLS-2005 force field
using the default settings. Complete geometrical optimisation of these structures was
carried out with the HF/3-21G method (in this work) using the Jaguar (Schrodinger Inc.).
In order to check the reliability of the geometry obtained, we compared the structural
parameters of the artemisinin 1,2,4-trioxane ring with theoretical [52] and experimental
[53,54] values from the literature. All calculations reproduced most of the structural
parameters of the artemisinin 1,2,4-trioxane ring seen in X-ray structures (Table 2). This
applies especially to the bond length of the endoperoxide bridge, which seems to be
responsible for the anti-malarial activity [15-19].

2.5 Docking of the ligands

All of the ligands were docked to the haeme receptor using Glide. After ensuring
that protein and ligands are in the correct form for docking, the receptor-grid files
were generated using a grid-receptor generation program, using VDW scaling of the
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Table la. Artemisinin analogues with anti-malarial activities against the drug-resistant malarial
strain P. falciparum (W-2 clone) used in this work.

Compounds R Log (RA) ICsy (ng/ml)

Training set

1 CH; CH; H 1.00 0.040
2 C4HgPh H H 0.45 0.194
3 CH; H 2-Z-Butenyl —1.10 5.750
4 CH; H H 0.79 0.065
5 CH; H 2-E-Butenyl —0.60 1.818
6 CH; Allyl H —0.10 0.550
7 CH; C4Hy H 0.17 0.311
8 C4HgPh C4Hy H —0.32 1.310
9 CH,CH,COEt  C4Hy H 1.36 0.025
10 C4Ho C4Hy H —0.48 1.568
11 CH; C,H; H 1.40 0.017
12 CH; CeH; H 0.86 0.069
13 CH; i-Ce¢H ;3 H —0.04 0.547
14 CH; i-CsHy, H 0.07 0.408
15 C3;Hg(p-Cl-Ph) H H 0.10 0.457
16 C4Hy H H —0.74 2.416
17 CH,CH,CO,Et H H 0.37 0.214
18 CH; C3Hg(p-Cl-Ph) H 1.37 0.025
Test set
19 CH; Br CH,Br —1.64 27.244
20 CH; =CH, - —0.89 3.083
21 CH; CH,CHj; - —0.36 1.053
22 CH; —CH,CH»— - —0.94 3.632
23 CH; CsHy, H 1.02 0.046
24 CH; C4HgPh H 0.63 0.133
25 CH; C,H,Ph H 0.12 0.400
26 CH; Cs;H, H 1.13 0.033

receptor at 0.4. The default size was used for the bounding and enclosing boxes.
The grid box was generated at the centroid of the haeme. The ligands were docked
initially using the ‘standard precision’ method and further refined using the ‘Extra
precision’ Glide algorithm. For the ligand docking stage, VDW scaling of the
ligand was set at 0.5. Of the 50,000 poses that were sampled, 4000 were taken
through minimisation (conjugate gradients 1000) and the 30 structures having the
lowest energy conformations were further evaluated for the favourable Glide
docking score. A single best conformation for each ligand was considered for further
analysis.
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Table 1b. 10-Substituted artemisinin derivatives with anti-malarial activities against the drug-
resistant malarial strain P. falciparum (W-2 clone) used in this work.

ICsy
Compounds R RI R2 R3 log (RA) (ng/ml)
Training set
27 CH; CH; H H 0.75 0.068
28 CH; CH; H OH 0.55 0.114
29 CH3; CH; H OEt 0.34 0.202
30 CH; CH; H OH 0.96 0.051
31 CHj; H Br H 0.28 0.248
32 CH; CH; Br  NH-2-(1,3-thiazole) 0.66 0.134
33 CHj; CH; Br  p-Cl-aniline 0.79 0.105
34 CH; CH; Br  aniline 0.18 0.397
35 CH; Br CH3; NH-2-pyridine —0.09 0.768
36 CH; CH; Br  NH-2-pyridine —0.77 3.667
37 CH; CH; H a -OFEt 0.32 0.212
38 CH; C4Hy H H 1.32 0.021
39 CH; C,H; H H 0.67 0.086
40 CH; Cs;H; H OEt —0.04 0.529
41 CH; H H OEt 0.43 0.157
42 CH; CH; H C3;HsOH 0.78 0.077
43 CH; CH; H C4Hy 0.06 0.400
44 CH; CH; H OCH,CO,Et 0.52 0.158
45 CH; CH; H OC,H4,CO,Me 0.10 0.433
46 CH; CH; H OC;HzCO,Me —0.03 0.605
47 CH; CH; H OCH,(4-PhCO;,Me) —0.07 0.720
48 CH; CH3; H (R)-OCH,CH(CH3)CO,Me  1.79 0.009
49 CH; CH; H (S)-OCH,CH(CH3)CO,Me 225 0.003
50 CHj; CH; H (R)-OCH(CH3)CH,CO,Me  0.87 0.073
51 CH; CH; H (S)-OCH(CH3)CH,CO,Me 1.70 0.011
52 CH,CH,CO,Et H H H 0.70 0.096
53 C4Ho H H H 0.75 0.075
Test set
54 C4HgPh H H H 0.58 0.139
55 CHj; -OCH,~- - OOH —0.62 1.857
56 CH; -CH,0- - OOH —0.57 1.655
57 CH; =CH, - OOH —-0.99 4.131
58 CH; CsHy, H H 0.16 0.318
59 CH; C;H¢Ph H H 1.40 0.021
60 CH; CsH, H H 0.74 0.076
61 CHj; CH; H OOt-C4Hy 0.92 0.061
62 - CH; OH «-OH —0.89 3.303
63 - CH; H CH,CHF, 0.11 0.366
64 - CH; OH OCH,CF; 0.33 0.243
65 - CH; OH OEt —0.44 1.281
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Table 1c. 11-Aza-artemisinin derivatives with anti-malarial activities against the drug-resistant
malarial strain P. falciparum (W-2 clone) used in this work.

Compounds R log RA ICsy (ng/ml)
Training set

66 C;HgPh 0.02 0.522
67 C,H,Ph 0.16 0.364
68 CsHy, —0.20 0.758
69 i-CsHy, —0.04 0.524
70 CH,(p-CI-Ph) —0.16 0.802
Test set

71 CH,Ph 0.34 0.231
72 CH,>—(2-CsHyN) 1.46 0.018
73 Acetaldehyde 1.47 0.015

2.6 LIE calculations

The docked complex corresponding to each analogue was transported to the Liaison
package for subsequent SGB-LIE calculations. Two sampling techniques, molecular
dynamics (MD) and hybrid Monte Carlo (HMC), were used for LIE conformation
space sampling in the present work. A conjugate gradient minimisation was performed
first, starting from the initial docked structures and then a 15 ps MD equilibration is
followed with temperature smoothly increasing from 0 to 310 K by velocity scaling and
re-sampling. Finally, a 25 ps MD simulation was run for the SGB-LIE data collection.
A residue-based cutoff of 12A was set for the non-bonding interactions. The non-
bonded pair list was updated every 10fs. The time integration step of 1.0fs and
sampling of LIE energies in every 10 steps was used. Similarly, the average LIE
energies for the ligand were obtained using the OPLS-2005 force field. The average LIE
energy terms were used for building the binding affinity model and free energy
estimation for artemisinin analogues. The «, B and y LIE fitting parameters were
determined based on Gaussian elimination method using Matlab 6.5 as described by
Thomas and Finny [55] and by fitting the experimental data on the training set
compounds.

In order to explore the reliability of the proposed model the cross validation method
was used. Prediction error sum of squares (PRESS) is a standard index to measure the
accuracy of a modelling method based on the cross validation technique. The cross
validation analysis performed by using the leave one out (LOO) method in which one
compound is removed from the dataset and its activity predicted using the model derived
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Table 1d. Artemisinin derivatives lacking the D-ring with anti-malarial activity against the drug-
resistant malarial strain P. falciparum (W-2 clone) used in this work.

Ro B3 RS

(74-88)
Compounds RI R2 R3 R4 log (RA) (ng/ml)
Training set
74 —0,CCH,Ph H H CH;—-0.51 1.648
75 H H H CH;-0.32 0.628
76 H OCH;H H -0.31 0.660
77 OCH,Ph H H H -0.09 0.530
78 OCH; H C,H,0,CNEt H -0.65 0.118
79 H OCH;C,H,OCHj3 H -0.39 0.996
80 H OCH;C,H,OCH,Ph H 0.75 0.091
81 H OCH;C,H,0O-allyl H 0.40 0.184
82 H OCH,;C,H,0,Ph H -0.59 2.086
83 H OCH;C,H,0,C(4-PhCO,Me) H 0.27 0.343
84 H OCH;C,H,0,C(4-PhCO,H) H -0.81 3.856
85 H OCH;C,H,0,C(4-PhCONE,) H 0.230  0.398
86 H OCH;C,H,0,C(4-PhCO,C,H4;NMe,)H  —0.600  2.790
Test set
87 H OCH;C,H,0,CCH,NCO,-(t-C4Hg) H  —0.04 0.670
88 H OCH;C,H,OCH(4-N-Me-pyridine) H —0.90 4.439
89 C,H,OH H CH; H H —1.80 26.849
90 C,H,OH CH; H H H 0.23 0.251
91 C,H,OH CH; CH; H H —1.80 28.102
92 C,H,OCH,Ph CH; CHj; H H —1.80 36.157
93 C,H,OCH,(4-py) - - - - 0.14 0.373

from the rest of the data points. The cross-validated correlation coefficient (¢7) that
resulted in the optimum number of components and lowest standard error of prediction
were considered for further analysis and calculated using the following equations:
2
Zy (Ypredicted - yobserved)
o 2
Z},- (yobserved - ymean)

PRESS = Z (ypredicted - yobserved)2
)

2:1

where Vpredicteds Vobserved aNd Ymean are the predicted actual and mean values of the
inhibitory activities of the artemisinin analogues and PRESS is the sum of the predictive
sum of squares.
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Table le. Miscellaneous artemisinin derivatives with anti-malarial activity against the drug-

resistant malarial strain P. falciparum (W-2 clone) used in this work.

ICsy (ng/ml)

Compounds Structure log (RA)
Training set
94 0.78
(wQ
b0
0P
95 ; —4.00
0-0
(0]
96 ; 0.23
97 . —-1.20
98 ; —3.30
Test set
99 ; —0.96
H
O,
)
100 . —0.79
(WO, :
b0
H
o]
101 . —0.64
Ao} i
b0
H
0

102 g ~2.09

0.063

6.339

0.259

6.340

684.899

3.622

2.344

1.573

56.889

(continued)
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Table le. Continued.

Compounds Structure log (RA) ICsy (ng/ml)

103 . —2.49 123.612

104 —0.80 2.309

Table 1f. 9-Substituted artemisinin derivatives with anti-malarial activity against the drug-resistant
malarial strain P. falciparum (W-2 clone) used in this work.

Compounds Structure log (RA) ICsy (ng/ml)

Training set
105 —0.739 2.320

106 —0.197 0.657
107 —2.298 79.429
108 —1.487 19.143

(continued)
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Table 1f. Continued.

Compounds Structure log (RA) ICsy (ng/ml)
Test set

109 —0.460 1.286

110 —0.409 1.143

111 —0.361 0.971

3. Results and discussions

We have applied the SGB-LIE method to a training set of 101 artemisinin analogues to
build a binding affinity model that was then used to compute the absolute FEB and RA
for a test set of 57 analogues. The whole dataset of 158 analogues was randomly split into
64% of training set and 36% of test set. The training set used for building the binding
affinity model comprised different classes of artemisinin analogues (Table 1a—j). Among
these are endoperoxide artemisinin analogues, deoxy-artemisinin analogues, 10-substituted
artemisinin derivatives, 3-substituted artemisinin derivatives, 9-substituted artemisinin
derivatives, 11-Aza-artemisinin derivatives, artemisinin derivatives without D-ring and
miscellaneous artemisinin derivatives. The experimental RA values for all of the
compounds in the training set were calculated against the drug-resistant malarial strain
P. falciparum (W-2 clone). The ICsy value of these analogues was used for calculation of
the absolute AGpinging €nergy (Table 3). With the wide range of difference in ICs, values
and the large diversity in the structures, the combined set of 101 ligands is ideal to be
considered as a training set as the set does not suffer from bias due to the similarity of the
structures. Also, the training set of 101 analogues has enough data points not to suffer
from over-parameterisation by the SGB-LIE model. Training set compounds were docked
into the haeme and the SGB-LIE calculations were performed using the Liaison module.
The simulations were performed both for the ligand-free and ligand-bound state. The
various interaction energy terms described in the methods were collected and are presented
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Table 1g. Dihydroartemisinin derivatives with anti-malarial activity against the drug-resistant

malarial strain P. falciparum (W-2 clone) used in this work.

Compounds R log (RA) 1Csy (ngjml)
Training set

112 OR=H 0.487 0.123
113 (S)-CH,CH(CH;)COOCH; 2.104 0.004
114 (S)-CH(CH;3)CH,COOCH; 0.599 0.137
115 (R)-CH(CH3)CH,COOCH; 1.429 0.020
116 l-adamantylmethyl 0.007 0.603
117 (S)-CH,CH(CH3)COOH —0.658 2.380
118 (S)-CH(CH;)CH,COOH —0.608 2.123
119 (R)-CH(CH3)CH,COOH —0.383 1.263
Test set

120 OR==0 —0.269 0.743
121 CH,PhCOOH 0.176 0.394
122 (R)-CH,CH(CH3)COOCH; 1.524 0.016
123 (R)-CH,CH(CH3)COOH —0.463 1.520

Table 1h. Tricyclic 1.2.4—trioxanes derivatives with anti-malarial activity against the drug-resistant

malarial strain P. falciparum (W-2 clone) used in this work.

Compounds Structure log(RA) ICsy (ng/ml)
Training set

124 —0.475 1.886

125 0.995 0.057

(continued)
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Table 1h. Continued.

Compounds Structure log(RA) ICsy (ngjml)
126 —0.413 1.771
H,C—O

127 0.632 0.171

128 0.968 0.057

129 0.905 0.057

130 0.991 0.057

Test set

131 0.660 0.143

132 0.787 0.086

(continued)
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Table 1h. Continued.

Compounds Structure log(RA) ICsy (ngjml)

133 0.717 0.057

134 0.434 0.229

135 0.129 0.314

Table 1i. N-Alkyl-11-aza-9-desmethylartemisinins derivatives with anti-malarial activity against
the drug-resistant malarial strain P. falciparum (W-2 clone) used in this work.

Compounds R log (RA) ICsy (ng/ml)
Training set

136 - 0.328 0.400
137 CsH;(n) 0.041 0.435
138 CsHy, (1) 0.173 0.321
139 (CH3),NCH,CH, —0.432 1.300
140 HO,C(CH,)s —0.921 4.492
Test set

141 C¢HsCH, 0.276 0.268
142 p-CIC¢H,CH, 0.045 0.500
143 C¢Hs(CH»), 0.294 0.267

144 C¢Hs(CHo»); 0.312 0.266
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Table 1j. 3C-substituted artemisinin derivatives with anti-malarial activity against the drug-
resistant malarial strain P. falciparum (W-2 clone) used in this work.

Compounds RI R log (RA) 1Csy (ng/ml)
Training set

145 CH; H 0.049 0.357
146 CH;CH,» H 0.828 0.062
147 CH; (CH»), H —0.745 2427
148 CH;CH H —0.347 0.977
149 EtO,CCH, H 0.365 0.216
150 C¢HsCH, H —2.000 50.780
151 p-CICsH4(CH,), H 0.104 0.453
152 Ce¢Hs(CH»)s H 0.449 0.195
153 CH; CH; (CH»)3 0.410 0.187
Test set

154 CH; (CH»), CH; (CH»)3 —0.481 1.573
155 C¢HsCH, CH;3 (CH,); —2.000 58.723
156 p-CICsH4(CH,»), CH; (CH»)3 —0.276 1.239
157 Ce¢Hs(CH»)s CH; (CH,); —0.319 1.306
158 EtO,CCH, CH; (CH»)3 1.359 0.025

in Table 3. The largest contribution for the binding energy comes from the VDW
interactions. This is because the artemisinin analogues used in the study are mostly
lipophilic molecules that interact favourably with a hydrophobic binding site.

The energy values in Table 3 were used to fit Equation (1) to obtain distinct and unique
solution for calculating the values of three unknown parameters, «, 8 and y (see [55]).
The values obtained for the three fitting parameters,

AGbind - a<AUele) + ﬂ(AUvdw> + V(AUcav) (3)

a, B and y are —0.0271, —0.0902 and —1.44 respectively. The large value of the cavity
energy term signifies the fact that binding is largely driven by the ligand’s ability to bury
itself in the binding cavity, which is understandable given that most of the ligands are
highly hydrophobic in nature. Even though the R value is low, VDW interactions
contribute significantly to the FEB owing to the large magnitude of the VDW interaction
term. In Table 3 the experimental free energy values obtained from the RTICs, and the
predicted free energy values estimated using fitting parameters have been presented.
Figure 3 graphically shows the quality of fit between the SGB-LIE binding energy
predictions and the experimental values. If a predicted binding energy agrees exactly with
the experimental value, a data point (represented by diamonds) exactly in the diagonal line
would be shown. To help visualise these data points, a lower and upper bound line are also
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Table 2. Experimental and theoretical values of the 1,2,4-trioxane ring parameters in artemisinin
(bond lengths in Angstroms; bond angles and torsional angles in degrees).

Theoretical
Parameters” 3-21G* 3-21G**¢ 6-31G¢ Experimental®  Experimental®
01-02 1.463 1.462 1.447 1.475(4) 1.469(2)
02-C3 1.441 1.440 1.435 1.417(4) 1.416(3)
C3-04 1.436 1.436 1.435 1.448(4) 1.445(2)
04-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)
C6-01 1.478 1.477 1.469 1.450(4) 1.461(2)
01-02-C3 106.9 107.070 108.800 107.600(2) 108.100(1)
02-C3-04 107.0 107.310 106.760 107.200(2) 106.600(2)
C3-04-C5 115.6 115.700 117.300  113.500(3) 114.200(2)
04-C5-C6 112.0 112.030 112.280 114.700(2) 114.500(2)
C5-C6-01 111.1 111.589 110.910 111.100(2) 110.700(2)
C6-01-02 111.2 111.286 113.240 111.500(2) 111.200(2)
01-02-C3-04 —74.9 —74.680 —71.840  —75.500(3) —75.500(2)
02-C3-04-C5 31.8 32.150 33.390 36.300(4) 36.000(2)
C3-04-C5-C6 29.4 28.400 25.320 24.800(4) 25.300(2)
04-C5-C6-01 —51.8 —50.769 —49.410 —50.800(4) —51.300(2)
C5-C6—01-02 10.1 9.792 12.510 12.300(3) 12.700(2)
C6—01-02-C3 50.8 50.522 46.700 47.700 47.800(2)

4Atoms are numbered according to Figure 1.

"From this work.

“Values from [52].

4Values from [53] (experimental estimated standard deviations in brackets).
“Values from [54] (experimental estimated standard deviations in brackets).

plotted in the figure, with 1.0 kcal/mol below or above the experimental values. From
the figure most of the data points (100 out of 101) are within or very close to these two
bound lines, which means most of them have either less than or about 1.0 kcal/mol error.
The only data point that shows large deviation from the experimental value is ligand 98
which has 2.187 kcal/mol errors. The overall root mean square error (RMSE) between the
experimental values and the values obtained by the fit was 0.328 kcal/mol, which is an
indicator to the robustness of the fit. The correlation coefficient +* is 0.845 indicating a
good correlation with experiment. The statistical significance of the SGB-LIE model is
evaluated by the correlation coefficient (%), standard error (s), F-test value, significance
level of the model (P), LOO cross-validation coefficient (¢%) and predictive error sum of
squares (PRESS):

AG = (_0'0271)<AU€16> + (_00902)(AUVdW> + (_1-44)(AUcav>
n=102, r* =0.845, s = 0.465, F=234.1, P =0.0001, ¢* = 0.844, PRESS = 21.38
4)

The SGB-LIE model developed in this study (Equation (4)) is statistically (¢> =0.844,
r*=0.845, F=234.1) best fitted and consequently used for the prediction of anti-malarial
activities (pICsp) of the training and test sets of molecules as reported in Tables 3 and 4.
The predicted activity calculated from the FEB is satisfactory with small deviation
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Table 3. Average electrostatic (ele), van der Waals (vdw) and cavity (cav) energy terms as well as
binding affinity model calculations for the training set inhibitors using the SGB-LIE method.

<Uele>a ( du (U(’av>a AGbind’expfb AGbind'LlE(

Ligand keal/mol kcal/mol kcal/mol keal/mol keallmol ~ RAY,,  RAS,,,
1 —2.516 —17.145 2.118 —1.906 —1.435 10.000 4.514
2 3.418 —16.108 1.619 —0.970 —0.971 2.818 2.821
3 —3.078 —18.372 1.323 1.036 —0.165 0.079 0.603
4 —3.853 —14.546 2.051 —1.620 —1.537 6.166 5.360
5 —1.981 —18.983 1.162 0.354 0.092 0.251 0.391
6 —1.958 —19.826 1.308 —0.354 —0.043 0.794 0.470
7 —2.338 —18.840 1.213 —0.692 0.016 1.479 0.447
8 —1.081 —22.970 1.939 0.160 —0.691 0.479 2.012
9 —2.327 —14.082 2.291 —2.175 —1.966 22.909 16.074

10 —5.208 —20.827 1.119 0.266 0.408 0.331 0.261

11 —0.814 —9.738 2.163 —2.423 —2.214 25.119 17.656

12 —2.665 —18.442 2.426 —1.584 —1.758 7.244 9.713

13 —0.697 —17.834 1.180 —0.357 —0.072 0.912 0.564

14 —4.569 —12.307 0.958 —0.531 —0.146 1.175 0.613

15 —1.426 —22.362 1.882 —0.463 —0.654 1.259 1.737

16 —2.462 —17.382 0.729 0.522 0.585 0.182 0.164

17 —2.614 —19.968 2.039 —0.912 —1.064 2.344 3.028

18 —2.953 —14.843 2.393 —2.175 —2.027 23.442 18.261

27 —3.078 —18.792 2.191 —1.595 —1.377 5.623 3.885

28 —3.834 —19.631 2.379 —1.288 —1.551 3.548 5.529

29 —2.707 —18.188 1.967 —0.946 —1.119 2.188 2.926

30 —2.849 —14.030 1.794 —1.766 —1.241 9.120 3.757

31 —3.244 —14.159 1.724 —0.826 —1.118 1.905 3.117

32 —3.131 —21.131 2.154 —1.191 —1.111 4.571 3.990

33 —1.162 —18.59%4 2.534 —1.333 —1.940 6.166 17.204

34 —2.097 —15.063 1.988 —0.546 —1.447 1.514 6.920

35 —3.044 —15.843 1.056 —0.156 —0.009 0.813 0.634

36 —2.157 —19.793 0.994 0.769 0.412 0.170 0.310

37 —1.920 —17.825 1.928 —0.919 —1.116 2.089 2915

38 —0.706 —13.997 2.419 —2.286 —2.202 20.893 18.102

39 —3.972 —18.487 2.191 —1.456 —1.380 4.677 4.111

40 —3.144 —16.665 1.376 —0.377 —0.393 0.912 0.937

41 —1.522 —16.466 1.654 —1.096 —0.855 2.692 1.791

42 —1.155 —15.515 2.148 —1.520 —1.662 6.026 7.657

43 —2.053 —18.557 0.903 —0.542 0.430 1.148 0.222

44 —2.414 —17.032 2.148 —1.091 —1.491 3.311 6.512

45 —1.365 —19.248 1.247 —0.496 —0.023 1.259 0.566

46 —3.597 —18.110 0.966 —0.298 0.340 0.933 0.318

47 —1.575 —23.515 1.558 —0.195 —0.080 0.851 0.702

48 —1.994 —11.342 2.789 —2.822 —2.939 61.660 75.041

49 —1.754 —9.730 3.019 —3.449 —3.422 177.828  169.651

50 —2.485 —18.383 2.019 —1.546 —1.182 7.413 4.007

51 —2.661 —14.790 2.954 —2.678 —2.848 50.119 66.731

52 —2.601 —16.296 2.197 —1.386 —1.623 5.012 7.476

53 —2.497 —17.867 2.303 —1.536 —1.637 5.623 6.662

66 —0.334 —21.951 1.454 —0.385 —0.105 1.047 0.652

67 —6.696 —19.333 1.102 —0.598 0.338 1.445 0.297

68 —2.908 —18.273 1.455 —0.164 —0.368 0.631 0.890

69 —1.570 —16.242 1.024 —0.383 0.033 0.912 0.452

70 —1.949 —13.471 1.085 —0.131 —0.294 0.692 0.912

74 —0.811 —14.935 0.948 0.296 0.004 0.309 0.506

75 —2.003 —15.996 0.746 —0.275 0.423 0.479 0.147

76 —3.262 —13.216 0.874 —0.246 0.021 0.490 0.312

77 —0.448 —18.855 1.058 —0.375 0.190 0.813 0.313

(continued)
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Table 3. Continued.

( Ue/())“ ( Uvdn')“ ( Ucav)“ AGI)ind,exptb A Ghind,L]EL
Ligand kcallmol keallmol keallmol kcallmol keallmol ~ RAY,,, — RAS, ,
78 —3.355 —15.598 1.739 —1.266 —1.006 4.467 2.878
79 —1.541 —13.995 0.408 —0.002 0.716 0.407 0.121
80 —0.327 —15.482 1.739 —1.417 —1.099 5.623 3.283
81 —2.100 —16.519 1.843 —1.002 —1.107 2.512 2.998
82 —3.419 —15.003 0.852 0.435 0.219 0.257 0.370
83 —2.704 -21.131 1.634 —0.634 —0.373 1.862 1.199
84 —1.926 —12.919 0.496 0.799 0.503 0.155 0.255
85 —2.775 —11.353 0.835 —0.545 —0.103 1.698 0.805
86 —2.526 —11.029 0.090 0.607 0.934 0.251 0.145
94 —3.020 —16.659 1.824 —1.641 —1.042 6.026 2.192
95 —0.808 —13.499 0.387 1.093 0.682 0.054 0.108
96 —2.531 —15.943 1.721 —0.800 —0.972 1.698 2.268
97 —1.705 —16.422 0.406 1.094 0.943 0.063 0.081
98 —3.483 —21.475 0.244 3.866 1.680 0.001 0.020
105 —8.768 —13.714 0.696 0.498 0.472 0.182 0.190
106 —5.534 —16.037 1.213 —0.249 —0.149 0.635 0.537
107 —6.589 —17.617 0.229 2.590 1.438 0.005 0.035
108 —7.804 —15.997 0.352 1.748 1.148 0.033 0.090
112 —3.988 —13.850 1.473 —1.242 —0.764 3.071 1.370
113 —1.586 —11.374 3.017 —3.229 —3.276 127.092  137.458
114 —1.020 —20.888 2.248 —1.176 —1.325 3.972 5.106
115 —2.372 —21.331 2.839 —2.308 —2.100 26.850 18.879
116 —3.801 —21.520 1.347 —0.300 0.104 1.016 0.514
117 —2.574 —15.816 0.757 0.513 0.407 0.220 0.263
118 —2.678 —16.410 0.819 0.446 0.373 0.247 0.279
119 —2.424 —15.593 1.151 0.138 —0.185 0.414 0.716
124 —2.894 —20.405 0.787 0.376 0.786 0.335 0.168
125 —2.022 —17.400 2.432 —1.695 —1.878 9.879 13.450
126 —1.210 —21.164 0.849 0.339 0.719 0.386 0.203
127 —1.761 —16.138 1.842 —1.044 —1.149 4.286 5.114
128 —2.492 —18.765 2.484 —1.695 —1.817 9.284 11.402
129 —1.684 —17.108 2.319 —1.695 —1.751 8.043 8.833
130 —3.207 —14.210 2.117 —1.695 —1.680 9.805 9.556
136 —0.640 —19.898 1.455 —0.543 —0.283 1.000 0.645
137 —3.500 —18.708 1.107 —0.493 0.188 1.100 0.348
138 —3.401 —13.899 1.004 —0.673 —0.100 1.490 0.566
139 —2.207 —16.793 0.772 0.155 0.463 0.370 0.220
140 —1.375 —19.543 0.788 0.890 0.665 0.120 0.175
145 —2.199 —10.135 0.534 —0.610 0.205 1.120 0.283
146 —3.199 —16.606 2.338 —1.643 —1.782 6.730 8.511
147 —2.036 —12.098 0.337 0.525 0.661 0.180 0.143
148 —2.081 —17.176 1.154 —0.014 —0.056 0.450 0.483
149 —2.937 —20.664 2.147 —0.906 —1.148 2.320 3.490
150 —1.725 —19.374 0.286 2.326 1.382 0.010 0.049
151 —1.522 —20.360 1.647 —0.468 —0.494 1.270 1.326
152 —1.084 —21.884 2.107 —0.968 —1.031 2.810 3.121
153 —1.788 —21.281 2.014 —0.994 —0.932 2.570 2.314

The data are collected from a 15 ps MD simulation after a 15 ps MD equilibration.
Ueles Uvaw and Ug,, energy terms represent the ensemble average of the energy terms calculated as
the difference between bound and free state of ligands and its environment.

®AGhind expt Tefers to free energy of binding with haeme and is computed using the relationship
AGbmdmgw RT In(ICs0 expr), Where 298 K is used in the work for temperature 7.

AGbmd Lie refer to the absolute free energy values obtained using SGB-LIE method.

RAexpt and RA[q refers to the experimental and predicted relative activity and is calculated as
RA =1C5q of artemisinin/ICs, of the analogue) x (MW of the analogue/MW of the artemisinin).
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UE Prediction of Binding Affinity (MD Sampling)
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Figure 3. LIE binding energies for the training set from MD sampling. The overall RMS error is
0.328 kcal/mol for 101 ligands studied here. If LIE results agree perfectly with the experimental
values, the data points (represented by diamonds) should be on the diagonal line.

compared with the experimental activity of the training and test sets of molecules. The
calculated FEB represents the experimental activity well.

Satisfied with the robustness of the binding affinity model developed using the training
set, we applied the LIE model to the artemisinin analogues comprising the test set. The test
set includes 56 compounds categorised into different subgroups as mentioned in Table 1.
The analogues comprising the test set were obtained from different sources [46-51]. As the
experimental values of ICs, for these inhibitors are already available, this set of molecules
provides an excellent dataset for testing the prediction power of SGB-LIE method for new
ligands. Table 4 presents the free energy values estimated for the 56 test compounds. The
free energy values were estimated based on optimised SGB-LIE parameters «, 8 and y
from the training set. The quality of fit between the SGB-LIE binding energy predictions
and the experimental values is shown in Figure 4. We can see from the figure that most of
the data points (55 out of 56) are within or very close to these two bound lines, which
means most of them have either less than or about 1.0 kcal/mol error. The only data point
that shows large deviation from the experimental value is ligand 102, which has 2.025 kcal/
mol errors. The reason for the large error in 102 is not very clear: it could be due to the
force field parameters used since this is the only case whose R group has been substituted
with oxygen atoms. The root mean square (RMS) error between the experimental and
predicted free energy values was 0.348 kcal/mol, which is comparable to the level of
accuracy achieved by the most accurate method such as free energy perturbation. The
squared correlation coefficient between experimental and SGB-LIE estimates for the free
energy of the test set compounds is also significant (r> = 0.868). The predicted relative anti-
malarial activity of artemisinin derivatives estimated using LIE free energy is also very
close to experimental RA for the test set (Table 4).

To test how sensitive the LIE method is to the underlying sampling techniques, in other
words, how good the sampling technique is in surfing the local conformation space, we
also implemented LIE with the HMC sampling [56,57]. A Metropolis accept/reject
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Table 4. Average electrostatic (ele), van der Waals (vdw) and cavity (cav) energy terms as well as
binding affinity model calculations for the test set inhibitors using SGB-LIE method.

<Uele)a <Uvdw)a (U('av>a AGhind’e,\’ptb AGbind,LIEC
Ligand kcal/mol kcal/mol keallmol keallmol kcal/mol RAL,XP,‘J RA,,,.(,,,d
19 —3.281 —21.784 0.487 1.957 1.353 0.023 0.064
20 —-2.613 —18.200 0.694 0.667 0.713 0.129 0.119
21 —2.740 —16.044 1.053 0.030 0.006 0.437 0.455
22 —3.833 —14.495 0.429 0.764 0.794 0.115 0.109
23 -2.919 —18.198 2.060 —1.826 —1.246 10.471 3.929
24 -3.139 —19.419 1.938 —1.195 —0.954 4.266 2.841
25 —0.555 —21.367 1.692 —0.542 —0.494 1.318 1.215
26 —2.136 —18.608 2.248 —2.027 —1.501 13.490 5.543
54 —3.294 —19.805 2.180 —1.168 —1.264 3.796 4.456
55 —1.837 —16.930 0.576 0.366 0.748 0.240 0.126
56 —1.815 —11.207 0.534 0.298 0.291 0.269 0.272
57 —2.520 —17.954 0.693 0.840 0.690 0.102 0.132
58 —1.891 —16.900 1.168 —0.678 —0.106 1.445 0.549
59 —2.806 —13.592 2.332 —2.287 —2.056 25.119 16.986
60 —1.133 —20.846 2.348 —1.523 —1.470 5.495 5.025
61 —2.241 —18.266 2.207 —1.659 —1.470 8.318 6.040
62 —2.837 —14.729 0.481 0.708 0.713 0.129 0.128
63 —3.090 —16.208 0.905 —0.596 0.243 1.288 0.313
64 —1.302 —17.980 1.877 —0.838 —1.046 2.138 3.035
65 —3.185 —16.301 0.936 0.147 0.209 0.363 0.327
71 —1.949 —13.565 1.463 —0.868 —0.830 2.192 2.055
72 —2.525 -9.035 1.969 —2.364 —1.952 28.840 14.354
73 —-2.217 —14.830 2.495 —2.493 —2.195 29.512 17.842
87 —3.360 —21.074 1.579 —0.237 —0.282 0.912 0.983
88 -3.718 —13.614 0.490 0.883 0.623 0.126 0.195
89 —-2.617 —21.764 0.342 1.948 1.542 0.016 0.032
90 —3.202 —14.273 1.356 —0.820 —0.578 1.698 1.130
91 —3.343 —20.539 0.350 1.975 1.439 0.016 0.039
92 —3.115 —20.933 0.287 2.124 1.559 0.016 0.041
93 —3.708 —18.669 1.060 —0.584 0.258 1.380 0.333
99 -2.202 —20.718 0.973 0.762 0.527 0.110 0.163
100 —1.739 —17.415 0.473 0.504 0.937 0.162 0.078
101 —2.296 —15.944 0.688 0.268 0.510 0.229 0.152
102 —3.180 —18.111 0.939 2.393 0.368 0.008 0.248
103 —3.304 —-21.937 0.263 2.852 1.690 0.003 0.023
104 —2.504 —12.637 0.533 0.496 0.441 0.158 0.174
109 —6.627 —15.768 0.884 0.149 0.330 0.346 0.255
110 —7.339 —10.394 0.453 0.079 0.484 0.390 0.197
111 —6.277 —15.199 0.811 —0.017 0.374 0.435 0.225
120 —1.345 —12.865 0.572 —0.176 0.373 0.538 0.213
121 —1.874 —22.404 2.144 —0.551 —1.016 1.500 3.289
122 —-2.973 —20.845 2.894 —2.438 —-2.207 33.445 22.608
123 —2.698 —14.775 0.847 0.248 0.186 0.344 0.382
131 —3.370 —20.572 2.342 —1.152 —1.426 4.567 7.244
132 —-3.772 —18.720 2.473 —1.455 —1.770 6.123 10.429
133 —3.675 —23.555 2.664 —1.695 —1.612 10.823 9.404
134 —2.567 —21.808 2.349 —0.874 —1.346 2.718 6.029
135 —-2.910 —13.930 1.174 —0.685 —0.355 1.345 0.770
141 —3.131 —18.025 1.822 —0.780 —-0.913 1.890 2.366

(continued)
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< Ue/())” <Uvdw>a (U(*av>a AGbind,e.\'ptb A Ghiml,LIE(
Ligand keallmol keallmol keallmol keallmol keallmol  RAewp  RApred
142 —2.166 —19.803 1.773 —0.411 —0.708 1.110 1.833
143 —1.677 —22.034 2.181 —0.782 —1.108 1.970 3.416
144 —1.197 —18.325 1.843 —0.783 —0.969 2.050 2.802
154 —1.597 —21.077 1.347 0.268 0.005 0.330 0.515
155 —2.852 —21.381 0.704 2412 1.626 0.010 0.038
156 —1.402 —19.480 1.361 0.127 —0.165 0.530 0.867
157 —1.654 —22.698 1.482 0.158 —0.043 0.480 0.674
158 —2.392 —18.213 2.581 —2.174 —2.009 22.850  17.291

The data are collected from a 15 ps MD simulation after a 15 ps MD equilibration.

Ueqter Uyaw and U,,, energy terms represents the ensemble average of the energy terms calculated as
the difference between bound and free state of ligands and its environment.

bAGbi,mLemt refers to free energy of binding with haeme and is computed using the relationship
AGpinding = RT In(ICs expp), where 298 K is used in the work for temperature 7.

°AGpinaLie refer to the absolute free energy values obtained using SGB-LIE method.

dRACxpt and RA, 4 refers to the experimental and predicted relative activity and is calculated as
RA =1C5q of artemisinin/ICs, of the analogue) x (MW of the analogue/MW of the artemisinin).
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Figure 4. LIE binding energies for the test set from MD sampling. The overall RMS error is
0.348 kcal/mol for 57 ligands studied here. If LIE results agree perfectly with the experimental values,
the data points (represented by diamonds) should be on the diagonal line.

criterion is checked every five steps of the HMC’s underlying MD simulation. The time
step used in the HMC’s underlying MD is 3.0 fs with the RESPA algorithm [58,59]. Using
the same three-parameter model, the LIE predictions are shown in Figure 5. Again, as we
can see from the figure, most of the data points (99 out of 101) are within or very close to
these two bound lines, which mean most of them have either less than or about 1.0 kcal/
mol error. The data point 98 again has a large error, 2.992 kcal/mol but the data points
105 and 113 also show some significant error of 1.603 and 1.315kcal/mol, respectively.
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UE Prediction of Binding Affinity (HMC Sampling)
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Figure 5. LIE binding energies for the training set from HMC sampling. The overall RMS error is
0.415kcal/mol for 101 ligands studied here. If LIE results agree perfectly with the experimental
values, the data points (represented by diamonds) should be on the diagonal line.

The reason for the large errors in these data points is not very clear. The overall RMS
error is 0.415kcal/mol and the correlation coefficient is 0.758, which are comparable to
those from MD sampling. The new parameters are found to be « =—0.0078, 8= —0.0735
and y=—1.20:

AG = (—0.0078)(AUgle) + (—0.0735)(A Uydw) + (—1.20)(A Ucay)
n =102, r* =0.758, s = 0.588, F =133.6, P =0.0001, ¢* = 0.757, PRESS = 36.51
®)

The SGB-LIE model developed in this study (Equation (5)) is statistically (¢>=0.757,
r*=0.758, F=133.6) best fitted and consequently used for prediction of anti-malarial
activity of the training and test sets of molecules. For the test set of 56 compounds the
SGB-LIE model was able to predict their activity with an overall RMS error of 0.371 kcal/
mol. Figure 6 graphically shows the quality of fit between the SGB-LIE binding energy
predictions and the experimental values of the test set. We can see from the figure that
most of the data points (55 out of 56) are within or very close to the two bound lines. The
only data point that shows large deviation from the experimental value is ligand 103,
which has 1.677kcal/mol errors. The squared correlation coefficient between the
experimental and SGB-LIE estimates for the free energy of the test set compounds is
also significant (r>=0.891).

Except for the analogue 98 mentioned above, the LIE calculations agree with
experiments quite well. A close look at the components in the LIE binding energy for
each ligand reveals some important points. For example, the experiments showed that
analogues of artemisinin substituted at C-3 were found to be less active than those at
C-9. For increasing alkyl bulk at C-3a drop in anti-malarial efficacy was noted (145,
RA=1.12; 147, RA=0.2). Upon butyl substitution at C-9, the corresponding dual
substituted analogues (3-alkyl, 9-butyl) showed a doubling of activity (153, RA =2.6;
154, RA=0.33). For the C-3 arylalkyl-substituted analogues alone, an increase in
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Figure 6. LIE binding energies for the test set from HMC sampling. The overall RMS error is
0.371 kcal/mol for 57 ligands studied here. If LIE results agree perfectly with the experimental values,
the data points (represented by diamonds) should be on the diagonal line.

activity was observed with increasing chain length between the ring system and the aryl
ring (two carbons for 150, RA =0.01; three carbons for 151, RA=1.3; four carbons
for 152, RA=2.8). Dual substituted arylalkyl analogues (3-arylalkyl, 9-butyl) were
generally less active than 3-substituted arylalkyl analogues alone (e.g. 151, RA=1.3;
156, RA =0.53). This has also been confirmed in our SGB-LIE predictions. The reason
behind this is the fact that the binding site or acceptor for artemisinin and analogues
exists with limited dimensions at both C-9 and C-3, more tolerant of aryl and ester
substitution on n-alkyl chains than of branches alkanes of any length. This is evident
from the loss of cavity energy due to burial of solvent accessible surface area. Further,
dual substitution at C-3 and C-9, explored for only 9-butyl analogues, was on the
whole detrimental to activity with the exception to 158. The high potency of the dual
substituted analogue 158 is due to the formation of hydrogen bond between haeme and
158 as suggested by Avery et al. [50]. In another class of analogues (tricyclic 1,2,4-
trioxanes) it has been seen that a benzyl ether substituent is more potent as anti-
malarial activity than a methyl ether substituent (135, RA =1.34; 128, RA =9.28). Our
SGB-LIE model also revealed a similar conclusion. Apparently, one important factor
contributing to very high anti-malarial potency is the presence of a lipophilic and bulky
substituent capable perhaps of sterically ‘protecting’ the trioxane moiety from
biological reducing agents, thereby making the trioxane a more selective oxidising
agent [60]. The superior anti-malarial activity of the substituted esters over the
substituted acid groups once again suggested that lipophilicity may play an important
role in determining the anti-malarial activity. For example, the ester derivatives (113—
115 and 122) possess superior in vitro activity to artemisinin in comparison to their
corresponding acids (117-119 and 123). The probable reason behind this may be the
fact that the ester derivatives being more lipophilic have strong VDW interaction
(SGB-LIE model) than acid derivatives with haeme receptor. Also it is evident from the
result that increased polarity and increased water solubility is associated with decreased



Downloaded by [University of California Santa Cruz] at 05:49 16 November 2014

SAR and QSAR in Environmental Research 351

Table 5. Average electrostatic (ele), van der Waals (vdw) and cavity (cav) energy terms as well as
binding affinity model calculations for the validation set inhibitors using the SGB-LIE method.

E)Cpl IC50 AGbi}zd,e,\‘pt A(;bind,LlE
Name Structure (Ueie) (Upars)  (Uecar) ng/ml kcal/mol  kcal/mol

Artemisinin —2.516 —17.145 2.118 0.099 —1.371 —1.435

Dihydroartemisinin —3.988 —13.85 1.473 0.282 —0.750 —0.764
Artemether —2.910 —13.930 2.474 0.023 —2.239 —2.227
Artesunate —2.147 —15.930 1.251 0.557 —0.347 —0.306

anti-malarial activity (e.g. analogues 105-111) [61] and resulted in low VDW
interaction (SGB-LIE model).

To evaluate the accuracy of the SGB-LIE estimation for haeme polymerisation
inhibition potencies, we have taken a separate dataset called the validation set consisting
of four analogues of artemisinin (Table 5). Their experimental activity and chemical
structures were obtained from the literature [62,63]. The experimental activity (ICs, value)
of these compounds has been obtained from an in vitro study of haeme polymerisation
inhibition. For all of the compounds, SGB-LIE predictions produce exactly the same trend
for haeme polymerisation inhibition even though the exact magnitudes of these values
do not match very well to experimental values (Table 5). The difference in the exact
magnitudes of estimated versus experimental FEB for compounds in the training set and a
few ligands in the test set may be due to the limitations imposed by inadequate sampling
and force field parameterisation. In addition, the calculation of absolute binding free
energy from experimental ICsy values for anti-malarial activity obtained from the in vitro
cell line is only an approximation. Practically the ICsy value of a drug molecule is
dependent upon a number of factors including solubility, membrane permeability,
p-glycoprotein activity against the compound, etc. However, the SGB-LIE model
developed is able to predict the binding energy of the validation set quite accurately
in comparison to the binding kinetics in vitro.

Overall, we found that the binding affinities for this binding set of artemisinin
derivatives are largely coming from the VDW interaction between ligands and haeme
receptor (i.e. needs a good geometric fit) and the net loss of the cavity energy, which is the
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same as the burial of solvent accessible surface area. As the parameters «, 8 and y are
crucial to the LIE method, a natural question arises: how close are these parameters from
one fit to another fit? If the LIE model really has the ability to predict binding affinities,
one might expect that the parameters should be comparable to different fittings for the
same binding set. Of course, we should not expect them to be identical due to the "best
possible fit’ fitting procedure. As we have already seen from above experiment, the
parameters are indeed comparable to the LIE fitting using either MD sampling or HMC
sampling.

4. Conclusion

We have demonstrated that the SGB-LIE method can be applied to estimate the FEB
with a high level of accuracy for a range of compounds with varying inhibition
potencies. Despite the limitation imposed by the insufficient sampling inherent in the
MD and HMC protocols, the methods have reproduced experimental data with
reasonably small error for the majority of artemisinin analogues. A detailed study on
the SARs for artemisinin analogues can throw light on the moieties and functional
groups important in determining the inhibition potency. The close estimation of
inhibition potencies of a wide range of compounds has established the LIE
methodology as an efficient tool for screening novel compounds with very different
structures. Compared with the empirical methods, such as scoring function approaches,
the LIE method is more accurate owing to the semi-empirical approach adopted in
which experimental data are used to build the binding affinity model. The SGB-LIE
method seems promising when compared with the free energy perturbation or
thermodynamic integration methods in achieving comparable accuracy at much faster
speed even for structurally very different ligands.
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