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Abstract Artemisinin and some derivatives with activity
against D-6 strains of Plasmodium falciparum were studied.
Molecular electrostatic potential (MEP) maps were used in
an attempt to identify key features of the compounds that
are necessary for their activities, and then use those to
propose new artemisinin derivatives. The partial least
squares (PLS) method was then used to generate a
predictive model. The PLS model with three latent
variables explaining 88.9% of total variance, with Q*=
0.839 and R?=0.935, was obtained for 15/6 compounds in
the training/external validation set. For construction of the
model, the most important descriptors were the highest
occupied molecular orbital (HOMO) energy, atomic
charges on the atoms Ol (Q;) and C3 (Qj3), molecular
volume (VOL), and hydrophilic index (HYF). From a set of
20 proposed artemisinin derivatives, one new compound
(39) with higher antimalarial activity than the molecules
initially studied was predicted. Synthesis of these new
derivatives may follow the results of the MEP maps studied
and the PLS modeling.
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Introduction

Malaria is the major cause of death among the world’s
population in tropical regions of the planet. Most deaths are
attributed to the parasite Plasmodium falciparum. The severity
of the disease caused by this species results primarily from its
ability to modify the surface of infected red blood cells by
inserting proteins [1]. The enzymes in the parasite digestive
vacuole (cysteine- and aspartic-proteinases) break down
hemoglobin into amino acids and heme [2]. While all the
amino acid content is used to build parasite proteins, only a
small portion of the heme is incorporated into the parasite
hemoproteins; the rest of the heme is detoxified (polymer-
ized) by parasite enzymes [3]. A number of drugs have been
investigated for their use in the treatment of malaria [4-7].
However, new strains of Plasmodium falciparum resistant to
some of those drugs are causing substantial deterioration in
clinical treatment [4—7]. This has motivated the search for
new antimalarial drugs that are effective against this form of
malaria, having thus a very high priority in antimalarial drug
design [8—10]. This led to Chinese researchers introducing a
new compound, ginghaosu (or artemisinin, as it is known in
the West), present in extracts of Qinghao or Artemisia annua
L. that have been used in China for thousands of years [11].
The structure of artemisinin was identified as an endoperox-
ide containing sesquiterpene lactone (Fig. 1, compound 1)
and the presence of the 1,2,4-trioxane-ring system seems to
be essential for its antimalarial activity [12—16]. Studies on
the mode of action of artemisinin and its derivatives have
shown that free heme could be the molecule targeted by
artemisinin in biological systems and that Fe'? ions interact
with the peroxide when artemisinins react with heme [8, 10,
17-20]. An initial step in the action of artemisinin includes
heme-catalyzed artemisinin activation into a very reactive
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Fig. 1 Artemisinin and derivatives with antimalarial activity against D-6 strains of Plasmodium falciparum

radical, and the subsequent covalent binding of this radical to
parasite proteins or heme [4, 10, 18-21], hemozoin [4, 18—
22], reduced glutathione [4, 18-23] or other parasite
molecules. On the other hand, experimental studies by Hynes
and coworkers [24, 25] have demonstrated that the biological
activity of artemisinin derivatives is not always related to
their chemical reactivity.

In a systematic study of the structure of artemisinin and
related molecules, Bernardinelli et al. [12] showed that
active molecules have similar molecular electrostatic
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potential (MEP) around the essential trioxane ring, and that
this property is due to the peroxide linkage. Using the
methodology of Bernardinelli et al., it is not possible to
quantify the activities of the molecules studied, and so
establish a quantitative comparison among those activities.

In a previous study, molecular graphics and modeling
have supported partial least squares (PLS) results, revealing
heme-ligand and protein—ligand stereoelectronic relation-
ships as important factors in the antimalarial activity of
artemisinin derivatives [26]. In this study, using an HF/3-
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21G approach [27, 28], we built MEP maps to a training set
of 21 active compounds (artemisinin and derivatives)
against D-6 strains of P. falciparum from Sierra Leone that
are resistant to mefloquine reported in the literature [29, 30]
(Fig. 1), and 20 derivatives proposed by us (shown in
Fig. 2, test set). The MEP maps were then evaluated and
used in an attempt to identify key features of the derivatives
that are necessary for their activities [12]. The PLS method
[31-33] was then used to generate a predictive quantitative
structure—activity relationship (QSAR) model.

Materials and methods
Computers, software, and compounds

The molecular calculations for this work were performed on
an IBM-RISC-6000 machine and the statistical treatment
was carried out on a PC Pentium IV computer.

In the molecular modeling step, the starting point was
the construction of the structure of artemisinin (1) with the
aid of GasussView software [34]. Complete geometry

Ry
Substituents
Compounds R, Ry Rs
2 -CHO H -CO(CH,),CO(CHOH),CO,H
23 -cocl H -(CH,);CONHC,H;
24 -NO;, -CF; -(CH,),CH(OH)CH(OCH3)(CO,C,Hs)
25 -COCHj; -F -(CH,),CH(CO,CHj3),
R4 Rs Re
26 NO, Br -COCH,CH(OH)CH(OCH;)(CO,C,Hs)
27 O/\O -H -(CH,),C(CH3)C(CO,CHj3),
/
28 -CHO -F CO(CHOH),CO,C,Hs
29 -CCl; -H C(OH)(CH;)4CONH(CH,),COH
(CH,), 1 CO,CH
30 -SO3H H §07 S
31 -NO; -Cl CO(CH;),COH
32 -NO;, -Cl CH,CH(OCH3)(CH;),CO,C,H5
33 -NO, -F CO(CH,),CH(OH)CONH,
34 CN F COCH, — " ICOCH,
O
35 -NO, -NO, (CH,),CH(CH3)(OH)CH(OCH3;)(CO,CHj3)
36 -CO(CH,),CO,H -H COCH,CH(OH)CH(OCHj3;)(CO,C,Hs)
37 O/\O -H (CH,),CH(CO,CH3),
/
(0) O
38 H -CH,CH(OCH5)(CH,),CO,C,Hs
0._0
39 o/\o H -CH,CH(OCH3)(CH,),CO,C,Hs
-/
40 0/\0 -H COCH. *1ICO,CH;
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Fig. 2 New proposed artemisinin derivatives with unknown antimalarial activity against D-6 strains of P. falciparum
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optimization was carried out with the HF/3-21G method (in
this work). 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 [35] and
experimental [36, 37] 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 1). This applies especially to the bond
length of the endoperoxide bridge which, as mentioned
before, seems to be responsible for the antimalarial activity
[12—-16]. All the other structures (Figs. 1, 2) were built with
the optimized geometry of the artemisinin, also using
GaussView software. Complete geometry optimizations of
these molecules were carried out using the Gaussian 98
program and the DIRECT-SCF method [38].

According to the literature, when we compare artemisi-
nin with its derivatives, the MEP maps of active com-
pounds are similar in form to that of artemisinin in the
region of the 1,2,4-trioxane ring [12]. Figure 3 shows that
compounds 1-21 have a region of negative electrostatic
potential of similar form near the trioxane ring, which
indicates that all the compounds in the training set are
active. This evidence is supported by the experimentally
determined activity values shown in Table 2 (see blelow).
Using this premise, and chemical intuition, we introduced
substitutes in the artemisinin derivatives of the training set

(Fig. 1) designed to maintain the antimalarial activity in the
new derivatives shown in Fig. 2. The compounds in Fig. 1
were obtained from the literature [29, 30] and those which
had a small methyl group substituted at the x-methylene
carbon (*C) showed weaker activity than compounds with
a larger carbethoxyalkyl substituent, indicating that steric
effects of these molecule plays an important role in their
antimalarial activity. However, we can infer that com-
pounds (3 — 14) are 2- to 10-times more potent than
artemisinin. In general, compounds containing chloride
atoms (Cl) or bromide (Br) are more potent than analogous
ones containing fluoride (F) or a methoxyl group (OCH3),
thus indicating that electronic effects may play an important
role in the efficacy of these compounds. Compounds (15—
21) are 3- to 9-times more potent than artemisinin;
compounds containing electron-withdrawing groups such
as O,CH;z and NO, substituted in the aromatic ring are
more potent than analogous compounds in which the NO,
group is absent. All the activities used in this article are
logarithms of relative activity (RA) (RA = ICsy of
artemisinin/ICs, of analogue). For each new derivative we
built a corresponding MEP map and compared its form
with those of compounds 1-21 in the region near the
trioxane ring.

The MEP maps were computed from the electronic
density and displayed using MOLEKEL software [39]. The

Table 1 Experimental and theoretical values of the 1,2,4-trioxane ring parameters in artemisinin (bond lengths in A; bond angles and torsional

angles in degrees)

Theoretical Experimentald Experimental®
Parameters” 3-21G° 3-21G**¢ 6-31G°
01-02 1.462 1.462 1.447 1.475(4) 1.469(2)
02-C3 1.440 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 1.477 1.477 1.469 1.450(4) 1.461(2)
01-02-C3 107.101 107.070 108.800 107.600(2) 108.100(1)
02-C3-04 107.279 107.310 106.760 107.200(2) 106.600(2)
C3-04-C5 115.674 115.700 117.300 113.500(3) 114.200(2)
04-C5-C6 112.086 112.030 112.280 114.700(2) 114.500(2)
C5-C6-01 111.576 111.589 110.910 111.100(2) 110.700(2)
C6-01-02 111.296 111.286 113.240 111.500(2) 111.200(2)
01-02-C3-04 —74.671 —74.680 —71.840 —75.500(3) —75.500(2)
02-C3-04-C5 32.304 32.150 33.390 36.300(4) 36.000(2)
C3-04-C5-C6 28.274 28.400 25.320 24.800(4) 25.300(2)
04-C5-C6-01 -50.854 —=50.769 —49.410 —50.800(4) —51.300(2)
C5-C6-01-02 9.991 9.792 12.510 12.300(3) 12.700(2)
C6-01-02-C3 50.330 50.522 46.700 47.700(3) 47.800(2)

* Atoms are numbered according to compound 1 in Fig. |
° This work
¢ Values from Ref. [35]

9Values from Ref. [36] (experimental estimated standard deviations in brackets)
®Values from Ref. [37] (experimental estimated standard deviations in brackets)
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Fig. 3 MEP (values in au) maps of artemisinin and derivatives with antimalarial activity against D-6 strains of P. falciparum
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portions of the surface with the most negative MEP values
(red color) are found near the trioxane ring involved in the
heme complex.

Molecular descriptors

In the descriptions of the structural characteristics of com-
pounds 1 to 41 used to obtain valuable information about
the influence of electronic, steric and hydrophobic features
that allow us to quantify the biological activity of the
molecules studied, we considered quantum descriptors
[bond distances, bond and torsion angles, total energy,
highest occupied molecular orbital (HOMO) energy, lowest
unoccupied molecular orbital (LUMO) energy, Mulliken’s
electronegativity, molecular hardness, etc.]. With the pur-

~0.17356
-0.18883
~0.20408
~0.21934

-0.18324
-0.20047
~0.21771

019067
=0.21736

15

o.11088

pose of representing different sources of chemical informa-
tion in terms of molecular size and shape, symmetry and
atom distribution in the molecule, we also included holistic
molecular descriptors. Molecular volume (VOL), molecular
refractivity, and octanol-water partition coefficient descrip-
tors were also considered.

The quantum descriptors were obtained with the Gauss-
ian 98 program. The holistic descriptors were generated
with the WHIM-3D program [40] and the other descriptors
were obtained with the ChemPlus module [41].

Multivariate analysis

All multivariate analyses were performed with the Pirouette
program [42].
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Table 2 Molecular parameters of training set compounds selected for
partial least squares (PLS) analysis, experimental log relative activity
(RA)* and the correlation matrix. HOMO Highest occupied molecular
orbital, YOL molecular volume, HYF hydrophilic index

Compound HOMO (Q Q3 VOL HYF log RA
(hartree) A% (D-6)
1 -0.412 -0.3634 0.5418 759,95 —0.738 0.000
2 -0.350 —0.3615 0.5455 1107,80 —0.346 —0.017
3 -0.347 -0.3613 0.5454 1308,32 —0.758 0.637
4 -0.333  —0.3639 0.5478 1301,79 —0.758 0.731
5 -0.334 -0.3671 0.5467 1290,37 —0.758 1.000
6 —0.328 —0.3643 0.5482 1263,71 —0.758 0.958
7 —0.343  —0.3613 0.5457 1269,90 —0.758 0.803
8 —0.322  —0.3652 0.5480 1318,96 —0.758 0.765
9 —0.335 —0.3622 0.5453 1325,61 —0.758 0.588
10 -0.300 —0.3654 0.5489 1331,08 —0.765 0.675
11 —0.348 —0.3612 0.5452 1249,21 —0.349 0.212
12 -0.329 -0.3644 0.5480 1204,45 —0.349 0.248
13 -0.344 —-0.3613 0.5456 1210,44 —0.349 0.225
14 -0.301 —0.3655 0.5487 1271,65 —0.360 0.011
15 -0.330 —0.3606 0.5464 1202,65 —0.831 0.605
16 -0.337 -0.3639 0.5501 1200,38 —0.774 0.885
17 -0.362 —0.3609 0.5452 1153,35 —0.743 0.429
18 -0.331 -0.3621 0.5457 126191 —0.781 0.897
19 -0.332  —-0.3609 0.54610 1254,81 —0.781 0.930
20 -0.368 —0.3617 0.5437 1320,24 —0.717 0.842
21 -0.345 —0.3612 0.5459 1212,40 —0.774 0.628
HOMO -0.408 0.839  0.744  0.067 0.280
Q -0.537 -0.133 -0.002 -0.123
Qs 0.519  0.003 0.317
VOL =0.111 0.563
HYF —0.758

*RA=ICs of artemisinin/ICso of analogue

Principal components analysis

The underlying purpose of principal components analysis
(PCA) is dimension reduction. The use of this method
produces a new set of variables called principal components
(PCs), which is a linear combination of all the initial
variables so that the first new variable (PC1) describes the
largest variance in the data set, the second new variable
(PC2) chosen must be orthogonal (uncorrelated) to the first,
and in a direction such that it describes as many variances
left as possible, and so on [31, 32].

Hierarchical cluster analysis

The primary purpose of hierarchical cluster analysis (HCA)
is to display the data set in such a way as to emphasize its
natural clusters and patterns in two-dimensional space. The
distances between samples or variables that appear in
the dendograms are calculated and compared through the
similarity index, which ranges from 0 (i.e., no similarity
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and large distance among samples) to 1, for identical
samples [31, 32].

Partial least squares analysis

In PLS analysis, a regression model was built between the
X block of independent variables (given by the descriptors)
and the Y vector (given by the activities). PLS is a
projection method that uses projection of the matrix X
onto a lower dimensional orthogonal basis, or at least a
linear independent set [31-33].

Validation of the PLS model

The PLS model is validated through a cross-validation
procedure (the leave-one-out technique) in order to verify
the accuracy of the model in future predictions. The
usefulness of the model is checked by SEP (Standard Error
of Prediction), R? (correlation between the estimated values
found by the model built with the full data set and actual
values of y), Q* (crossvalidated correlation coefficient), and
PRESS (predicted residual error sum of squares) parameters
as well as the F-test.

Autoscaling

The purpose of autoscaling is to allow variables to be com-
pared to each other on the same scale. In applying autoscaling,
the data matrix was mean-centered followed by division by
the standard deviation (autoscaling to unit variance).

Results and discussion
MEP maps

The MEP maps of artemisinin and artemisinin derivatives
(1-21) are shown in Fig. 3. From this figure we can see that
compounds (2-21) have similar MEP to artemisinin (1)
around the essential trioxane ring.

To obtain the new artemisinins (22—41), we used the
information reported by Lin et al. [30], and then considered
the fact that a small methyl group substituted at the o-
methylene carbon (*C) shows weaker activity than com-
pounds with a larger carbethoxyalkyl substituent, which
would increase the steric effect of the molecules and,
concomitantly, their antimalarial activity. Compounds with
electron-withdrawing function also substantially increase
antimalarial activity.

The MEP maps to the new artemisinins (22—41) are
shown in Fig. 4. In this figure, one can see that, around the
essential 1,2,4-trioxane ring, the proposed compounds also
present similar MEP to artemisinin (1).
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Fig. 4 MEP (au) maps to new proposed artemisinin derivatives with unknown antimalarial against D-6 strains of P. falciparum

Principle components and hierarchical cluster analysis

The analysis was started with 200 molecular descriptors
and, in order to give each variable an equal weight in the
analysis before applying the PCA, HCA, and PLS
methods, ecach variable was auto-scaled. The selection

of descriptors was done by PCA through matrix
correlation of the variables, and those that showed little
correlation with activity (<0.20, exception Q;) were
discarded. The PLS model was then built with descriptors
that in general supply larger regression vectors (>0.20,
exception Q; and Qj3).
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Analysis of the data facilitated the selection of five
descriptors. Table 2 shows the descriptors (HOMO, Qq, Qs,
VOL, and HYF), the activity values of the antimalarial
artemisinin derivatives, and correlations—including all data
for 21 compounds. For the descriptors the correlation is less
than 0.84, as can be seen in Table 2. The results of the
selection for the first three PCs explained 91.7% of the total
variance for the first 21 molecules from the training set.
Figures 5 and 6 show the PC1-PC2 scores and loadings
plots. From Fig. 5, one can see that PC2 discriminates
between the most active (3-9, 10, 15-21) and the least
active (1, 2, 11-14) compounds. According to Fig. 6, the
most active compounds have the main contribution of
HOMO, Q, Q3, and VOL in the first principal component,
while the least active compounds have a major contribution
of the HYF descriptor in PC2.

The results of the HCA are displayed in the dendogram
in Fig. 7 and are similar to those of PCA. The compounds
are fairly well grouped according to their activity. From
Fig. 7 one can see that the two clusters (+ and —) mirror the
same two classes determined by PCA (Fig. 5).

PLS modeling

To build the PLS model, 15 compounds (n=15, calibration
set) were used. Three latent variables (LVs) sproved
significant: the explained variance (%EV) is 88.9% of the
total variance, the correlation coefficient (R) is 0.967, and F
(5,10)=25.892. Figure 8 shows the plot of the correlation
between the measured and predicted logRA for the three
LVs model, with the highly active compounds located in its
lower part. The quality of the PLS model can be seen by
numerical comparison between the measured and predicted
activities listed in Table 3 and by Qz, Rz, and SEP. From
Table 3, it can be seen that the agreement between
measured and predicted values is quite satisfactory; taking

2 o4 ol2-
o
3-
4
1 —
1-
~ .
|©)]
~
0 — ¢5+
10+ §+ ‘1 6+
6+ett J7t
9 JSHZJ‘ZH 20+
*3+
-1 — 19% o1or
I I I I I I I I I
-3 -2 -1 0 1 2 3 4 5
PCI
Fig. 5 Plot of the PC1-PC2 scores for artemisinin and derivatives. +
Most active, — less active in activity against D-6 strains of P,
falciparum
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Fig. 6 Plot of the PCI-PC2 loadings obtained with the four
descriptors selected to build the PLS model of artemisinin and
derivatives with activity against D-6 strains of P. falciparum

into account the complex molecular structure of artemisi-
nin. The parameters considered as criteria for explaining the
performance of the PLS model are quite meaningful (Q*=
0.839, R?=0.935).

log RA = 0.2105HOMO + 0.024Q; + 0.1976Q,
+ 0.261VOL — 0.7006HYF
n=15 %EV=288.9 R>=0.935 Fs = 25.8926
Q?>=0.839 SEP =0.152 PRESS = 0.347

Table 4 shows the predicted activities against D-6 strains
of P. falciparum resulting from application of the regression
model.

For the compounds in the test set, the results showed
that the increase in the steric effect in the o-methylene
carbon (*C) characterized by the introduction of substitu-
ents in this carbon or in the benzene ring in the position
ortho to the methylene group reflects the increase in
antimalarial activity predicted by the PLS model.

Similarity
4278 - Less active
+ Most active

61.85 _|

80.93 _|

sl

T
1- 3+ 7+ 21+ 9+ 18+ 15+ 19+ 17+ 20+ 4+ 6+ 8+ 10+16+ 5+ 2- 11- 13- 12- 14-

Fig. 7 Hierarchical cluster analysis (HCA) dendogram for artemisinin
and derivatives with activity (+ most active; — less active) against D-6
strains of P. falciparum
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For compounds in the test set predicted as less active
(22, 23, 28, 30, 33), small substituent groups in R; and Rg
did not contribute to the increase in the molecular volume,
thereby diminishing the antimalarial activity. However, for
compounds (27, 37-41) with large substituent groups in Rg,
we noticed an increase in the molecular volume and,
consequently, an increase in antimalarial activity. The
results of predictions for compounds in the test set reveal

Table 3 Experimental and estimated antimalarial activity (log RA) by
PLS*

Antimalarial activity Residuals
(log RA)
Compound Measured Predicted Experimental-
predicted

1 0.000 —0.552 0.552
2 -0.017 0.100 —0.118
3 0.637 0.729 —0.092
4 0.731 0.851 -0.120
5° 1.000 0.769 0.231
6 0.958 0.806 0.152
7 0.803 0.702 0.101
8 0.765 0.920 —0.156
9° 0.588 0.769 —0.180
10° 0.675 1.007 -0.332
11 0.212 0.153 0.059
12 0.248 0314 —0.066
13 0.225 0.143 0.082
14° 0.011 0.440 —0.429
15° 0.605 0.843 —0.238
16 0.885 0.838 0.048
17 0.429 0.567 —0.139
18 0.897 0.749 0.148
19 0.930 0.780 0.150
20° 0.842 0.545 0.297
21 0.628 0.712 —0.084

#PLS model using three principal components and leave-one-out
cross-validation
®Samples from the external validation set

Table 4 Predicted antimalarial activity (log RA) of the compounds in
Fig. 2 according to the PLS model

Compound log RA
22 -1.132
23 0.296
24 0.248
25 0.763
26 0.311
27 0.965
28 —0.407
29 —0.906
30 0.105
31 —0.085
32 0.668
33 —0.642
34 0.536
35 0.146
36 —0.122
37 0.937
38 0.885
39 1.025
40 0.782
41 0.652

that compounds (25, 27, 37, 38 and 40) have predicted
activities greater than that of artemisinin and some of the
most potent derivatives in the training set (3, 4, 7, 8 and
21).

Thus, information from QSAR models in combination
with MEP maps can provide valuable insight into the
experimental processes of syntheses and biological evalu-
ation of the studied compounds.

Conclusions

MEP maps were built for 21 compounds reported in the
literature with antimalarial activity against D-6 strains of
Plasmodium falciparum. Key features of the molecules that
are necessary for their antimalarial activity together with
chemical intuition allowed the introduction of substituents
in derivatives of artemisinin to obtain 20 new artemisinins
active against the malaria falciparum.

For the antimalarials reported in the literature, a significant
regression model was obtained using the PLS method, based
on the HOMO energy, charge Q; (O1), charge Qs (C3),
molecular volume (VOL), and hydrophilic index (HYF). The
regression model showed statistical significance and revealed
that higher values for the HOMO energy combined with
lower negative charge on the atom O1 (Qy), higher positive
charge on the atom C3 (Qs), higher values for the VOL, and
generally lower values for the HYF, increase antimalarial
activity against P. falciparum. The use of the QSAR model
along with MEP maps can provide valuable insights during

@ Springer



48

J Mol Model (2008) 14:39-48

the experimental processes of syntheses and biological
evaluation of the studied compounds.
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