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Abstract—A CoMFA study of artemisinin derivatives with changes of the location and the number of lattice points was performed.
The location of probe atoms in a large lattice has practically no effect on the cross-validated r2 value (r2cv). The selection of only 18
probe atoms around the peroxide bond, considering the action mechanism of artemisinin, provided a less time-demanding and
more reliable CoMFA model, which forecasts better than the large lattice model despite the lower r2cv value. Only 1 Å displacement
of the small lattice caused a reduction of cross-validated r2 value of more than 50%, which indicates the lattice location played an
important role in this small lattice model. # 2001 Elsevier Science Ltd. All rights reserved.

Introduction

The naturally occurring endoperoxide sesquiterpene,
artemisinin,1 is the most promising drug2 for treatment
of malaria, an infectious disease caused by a protozoan
parasite, Plasmodium. It is estimated that between 250
and 500 million people have malaria, with two or three
million of those dying each year.3 The most malignant
of four related protozoa is Plasmodium falciparum.
Artemisinin has been intensely studied because it has
shown low toxicity and high activity against drug-resis-
tant strains of P. falciparum. In addition, artemisinin or
its derivatives are the most rapidly acting of all anti-
malarial drugs (Fig. 1).2 Since 1972, the first isolation
from Artemisia annua, many derivatives of artemisinin
have been synthesized. The synthetic efforts have been
focused on the modification of C-10. The second-gen-
eration artemisinin derivatives are the derivatives of
dihydroartemisinin, the lactol form of artemisinin.4

Deoxoartemisinin derivatives that have no C–O bond at
C-10 are more stable in acidic conditions5 and usually
more active than dihydroartemisinin derivatives.6 In
addition, other derivatives having 1,2,4-trioxane moi-
eties have been synthesized.7

Comparative Molecular Field Analysis (CoMFA) devel-
oped by Cramer III8 can be used when drug receptor

information is unavailable as in this case. It is known
that the CoMFA contours from different locations of
the lattice points appear different even if the statistics of
the CoMFA correlations are very similar and the loca-
tions can also affect the number of latent variables in
the final CoMFA model.9 The CoMFA model will be
better fitted when the probe atom is at the position that
better mimics the locations of similar atoms in the target
macromolecule. Several CoMFA studies on the artemi-
sinin derivatives were reported before,10 but the prac-
tical aspects of CoMFA were not studied. We report the
effect of location and size of lattice on CoMFA of arte-
misinin derivatives as an example of the practical
aspects in this letter.

CoMFA study

A dataset of 124 compounds including deoxo-
artemisinin (their observed activities) has been taken
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Figure 1. Structure and the numbering system of artemisinin and its
derivatives.
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from published results.11 The log value of the relative
activity (RA) of these compounds was used and defined as

Log ðRAÞ ¼ log ½ðartemisinin IC50=analogue IC50Þ�

So, the compounds more active than artemisinin have a
positive sign of log (RA) value. Log (RA) of all the
desoxy derivatives are assigned to �4 (10,000 times less
active)12 because the peroxide bond is essential for the
antimalarial activities of artemisinin derivatives. Molec-
ular models of artemisinin derivatives were built and
fully minimized by the Tripos force field. Atomic char-
ges were calculated using the Gasteiger–Hückel proto-
col in Sybyl 6.3.13 The molecules were aligned to
minimize the root-mean-square (rms) coordinate differ-
ences of 1,2,4-trioxane ring atoms between analogue
molecules and template (deoxoartemisinin in here).
Desoxy compounds that have an ether bond instead of a
peroxide bond were aligned to minimize the rms differ-
ence of C4–O3–C5–C6.

The Effect of Lattice Location

We derived the initial CoMFA model, using all probes
of interest, at 2 Å spacing with 13 different lattice loca-
tions as shown in Table 1. The CoMFA12 shows the
best statistics and is used for more detailed studies. The
difference of highest (CoMFA12—0.805) and lowest
(CoMFA9—0.740) value of r2cv is 0.065 (about 8% of
highest value).

An initial CoMFA run using 10 components and leave-
one-out cross-validation with SAMPLS indicated that
the optimal number of components was 3, as the addi-
tion of one more component did not increase 10% of
the initial r2cv.

Figures 2 and 3 show the steric and electrostatic contour
map of CoMFA12. A yellow contour and a red contour
are placed around the peroxide bond. The yellow con-
tour behind the peroxide bond may remind that the
antimalarial activity of C-10b compounds is generally
higher than that of C-10a compounds.

The Effect of Lattice Size

In the bio-system, the peroxide bond of artemisinin is
broken to generate the carbon-centered radical essential
to the antimalarial activity.14 According to many
experimental proofs,15 it may be the Fe2+ ion or heme
that breaks this peroxide bond. Thus, the chemical cir-
cumstances of the peroxide bond in artemisinin deriva-
tives are important in the in vitro system while the
stability and the solubility of the compound may be more
important in the in vivo systems. Therefore, there should
be high relevancy between the steric and electrostatic

Table 1. Effects of changing the lattice offset on CoMFA models of

artemisinin derivatives

CoMFA
model

Lattice offset
(x, y, z)

r2cv Standard
error

Number of
components

1 (0, 0, 0) 0.775 0.757 3
2 (�0.5, 0, 0) 0.778 0.752 3
3 (0, �0.5, 0) 0.792 0.728 3
4 (0, 0 ,�0.5) 0.783 0.743 3
5 (�0.5, �0.5, 0) 0.783 0.744 3
6 (�0.5, 0,�0.5) 0.749 0.801 3
7 (0, �0.5, �0.5) 0.784 0.742 3
8 (0.5, 0, 0) 0.766 0.773 3
9 (0, 0.5, 0) 0.740 0.814 3
10 (0, 0, 0.5) 0.803 0.709 3
11 (0.5, 0.5, 0) 0.771 0.765 3
12 (0.5, 0, 0.5) 0.805 0.705 3
13 (0, 0.5, 0.5) 0.798 0.719 3

Figure 2. The CoMFA contour map: Steric map indicating areas
where steric bulk is predicted to increase (green) or decrease (yellow)
activity.

Figure 3. The CoMFA contour map: Electrostatic map indicating red
contours around regions where high electron density (negative charge)
is expected to increase activity, and blue contours represent areas
where low electron density (partial positive charge) is expected to
increase activity.
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field around the peroxide bond and the antimalarial
activity. The structural deviation in artemisinin deriva-
tives changes the chemical circumstance of the peroxide
bond, which alters the activity.

The decrease of number of lattice points increases the
chance of finding a CoMFA model and makes the cal-
culations run faster. Moreover, the sensitivity of PLS is
diluted by including a large number of descriptors with

small signal-to-noise ratios.9 Therefore, we were temp-
ted to improve this CoMFA model by eliminating
descriptors that have small correlations with anti-
malarial activity and performed the CoMFA with a far
smaller region containing only 18 probe atoms around
the peroxide bond. The statistical indices of resulting
CoMFA models (CoMFA14 and CoMFA15) are listed
in Table 2. The r2cv of CoMFA14 is 0.653, which is 81%
of one of CoMFA12. The energy fields from these 18
probe atoms contribute more than 80% of the infor-
mation for the CoMFA model.

In the case of this CoMFA model of a far smaller
number of descriptors, the locations of the probe atoms
alters the correlation greatly. When we used far more
descriptors (in Table 1), the locations of probe atoms
have little effect on the r2cv value as stated before but, in
these models (Table 2), the locations have much more
effect such that only 1 Å deviation of region gives cross-
validated r2 0.282, only about a half of that of
CoMFA14. The removed descriptors have low correla-
tion with antimalarial activity, but they play a role of
buffer, which decreases the fluctuation of r2cv according
to the changes of locations of probe atoms. So, when we
use probe atoms selected in correlation of activity, we
should choose the location of the lattice more carefully.

Table 3 shows the forecasting capability of these
CoMFA models, CoMFA12 and CoMFA14. This test
set includes deoxoartemisinin derivatives that have an
aryl group at C-10 of artemisinin and 1,2,4-trioxane
derivatives that have an aryl group at the C-3 position.
All of these compounds were synthesized and the anti-
malarial activities toward the chloroquine-sensitive
NF54 parasite were determined by Posner’s group.16,17

CoMFA14 predicts slightly better than CoMFA12 even
though its cross-validated r2 value is lower than those of
CoMFA12.

Conclusion

The location and the size of lattice alter the final
CoMFA model. When we used the region that can
accommodate all the compounds, the location of the
probe atoms had practically no effect on the statistical
indices. All of the cross-validated r2 values of 13
CoMFA models were higher than 0.740. We selected the
probe atoms around the peroxide bond and performed
CoMFA with this reduced region. The energy fields of
only 18 probe atoms could give enough information on
the QSAR. The location of lattice played a more
important role and should be chosen carefully. The 1 Å
deviation of the lattice lowered the r2cv more than 50%.
Though the r2cv value was lower than the previous model
(CoMFA12), CoMFA14 had slightly better forecasting
capability. Therefore, we could get a more reliable
CoMFA model using a small lattice containing only 18
probe atoms instead of large lattice that have generally
several hundreds of probe atoms. These results show
that the mechanism-based selection of lattice points can
reduce the calculation time without reduction of the
forecasting ability of CoMFA model.

Table 2. Effects of changing the lattice offset on CoMFA models of

artemisinin derivatives

CoMFA
model

Lattice offset
(x, y, z)

r2cv Standard
error

Number of
components

14 (0, 0, 0) 0.653 0.941 3
15 (1, 0, 0) 0.282 1.348 2

Table 3. The forecasting capability of CoMFA models

Compounda Observed activity
[log (RA)]

Forecast of
CoMFA12

Forecast of
CoMFA14

4ab 0.372 0.549 �0.053
4bb 0.176 0.537 �0.053
4cb 0.104 �0.568 1.261
4db 0.041 0.814 �0.769
5ab 0.85 1.249 0.25
5bb 0.28 1.182 0.193
5cb 0.061 1.206 0.188
5db �0.004 1.694 0.778
6b 0.288 0.866 0.03
7ab 0.333 �0.031 �0.446
7bb �0.209 0.082 �0.884
7cb 0.023 �0.140 �0.463
7db 0.034 �1.065 �0.357
8b 0.394 0.284 �0.665
9ab �0.046 �0.029 �0.97
9bb 0.077 �0.063 �0.963
9cb 0.071 �0.069 �1.003
5a alphac �1.078 �0.269 �1.009
5a betac �0.616 �1.475 �1.743
5b alphac �0.917 �0.364 �0.988
5b betac �0.869 �1.551 �1.721
5c alphac �1.267 �0.453 �1.055
5c betac �0.68 �1.684 �2.037
5d alphac �0.726 �0.401 �1.044
5d betac �0.777 �1.574 �1.753
5f alphac �1.814 0.073 �0.515
5g alphac �0.928 �0.421 �1.002
5g betac �0.212 �1.288 �1.68
5h alphac �0.627 �0.434 �0.994
5h betac �0.744 �1.275 �1.674
5i alphac �0.934 �0.582 �1.032
5j alphac �0.68 �0.728 �1.07
5j betac �0.337 �1.491 �1.712
5k alphac �0.66 �0.002 �0.995
5k betac �0.398 �1.571 �1.765
5l alphac �0.849 �0.361 �1.07
5l betac �0.513 �1.533 �1.753
5m alphac �1.032 �1.083 �1.518
5m betac �0.568 �2.192 �1.967
5n alphac �0.627 �1.072 �1.197
5n betac �0.761 �2.176 �1.859
Dihydroartemisinin 0.55 �0.543 �0.659

aThe numbers of compounds stand for the same numbers in the refer-
ence. Alpha and beta reveals the stereochemistry at C-3 position of
compounds.
bAntimalarial activity data taken from ref 16.
cAntimalarial activity data taken from ref 17.
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