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Artemisinin derivatives with antimalarial activity against
Plasmodium falciparum resistant to mefloquine are
designed with the aid of Quantum Chemical and Partial
Least Squares Methods. The PLS model with three
principal components explaining 89.55% of total variance,

2=0.83 and R?>=0.92 was obtained for 14/5 molecules in
the training/external validation set. The most important
descriptors for the design of the model were one level
above the lowest unoccupied molecular orbital energy
(LUMO +1), atomic charges in atoms C9 and C11 (Q,)
and (Qy;) respectively, the maximum number of hydrogen
atoms that might make contact with heme (NH) and

RDFO030m (a radial distribution function centered at
3.0 A interatomic distance and weighted by atomic mass-
es). From a set of ten proposed artemisinin derivatives, a
new compound (26), was predicted with antimalarial
activity higher than the compounds reported in literature.
Molecular graphics and modeling supported the PLS
results and revealed heme-ligand and protein-ligand
stereoelectronic relationships as important for antimalarial
activity. The most active 26 and 29 in the prediction set
possess substituents at C9 able to extend to hemoglobin
exterior, what determines the high activity of these
compounds.

1 Introduction

Malaria has been known since ancient times. Hippocratic in
his writings had already mentioned different manifestations
of that disease as the enlargement of the spleen [1]. At the
present time, some 40% of the world’s population is exposed
to the risk of contracting malaria, and that every year about
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2.7 million people die in consequence of that disease. There
are four members of the Plasmodium gender that infect
humans and all are transmitted through the bite of the
Anofeles female mosquito. Most of the deaths are attributed
to the parasite species 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 parasite proteins [2]. The enzymes in parasite
digestive vacuole (cysteine and aspartic proteinases) break
down hemoglobin into amino-acids and heme [3]. While all
amino-acid contents is used for building parasite proteins,
only a small portion of heme is incorporated into parasite
hemoproteins; the rest of heme is detoxified (polymerized)
caused by parasite enzymes [4]. A number of drugs have
been investigated for their efficacy in the treatment of
malaria [5], however, the appearance of resistant strains of
Jalciparum to some of those drugs has made necessary
further investigation of new classes of compounds which
might have effective action against them [6-10]. Also,
computational [5, 11-13] and quantitative structure-activ-
ity relationship (QSAR) studies [6, 8, 14 — 18] of any of those
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drugs have been done aiming to unravel its mechanisms of
action and guidelines for the syntheses of new derivatives
with improved efficiency.

Among the classes of drugs that are effective in the
clinical treatment of the falciparum malaria, there is the
artemisinin or ginghaosu and its derivatives. Artemisinin
was originally extracted from the herb Artemisia annua or
ginghao and used for the treatment of 52 kind of diseases in
China [1, 19]. It is not known yet which is the true mechanism
of artemisinin antimalarial activity. Various experimental and
theoretical studies suggest existence of several processes
involving artemisinin, as inhibition of heme polymerization,
breaking hemozoin into heme units or damaging the parasite
membrane [4]. The first step of artemisinin action includes
heme-catalyzed artemisinin activation into a very reactive
radical, and the next covalent binding of the radical to
parasite proteins or heme [4], hemozoin [20], reduced
glutathione [21] or other parasite molecules.

In this work, Quantum Chemical and Partial Least
Squares methods are employed in the design of the
Artemisinin derivatives with antimalarial activity against
Plasmodium flaciparum. Molecular graphics and modeling
study on artemisinine-heme binding mode, also employing
experimental ligand-heme structures, is performed as an
additional methodology companion to the PLS study.
Docking of atemisinin and some derivatives to hemoglobin
Ais carried out and a new view on artemisinin-heme binding
is proposed. Artemisinin activation seems to be a crucial
point in its antimalarial activity [22], what justifies the study
of artemisinin-heme binding before the activation. The
compounds shown in Figure 1 [23, 24] are initially studied
with the Hartree-Fock (HF)/6-31G* method [25, 26].
Partial Least Squares (PLS) [27, 28] method is then used
to build a multivariate regression model and predict the
unknown antimalarial activity of the new Artemisinin
derivatives shown in Figure 2.

2 Methodology

2.1 Geometry Optimization and Calculation of Molecular
Descriptors

The compounds in Fig. 1 were tested in vivo against the
human malaria Plasmodium falciparum Sierra Leone clone
D-6 resistant to mefloquine [23, 24, 29]. All the activities
used in this work were logarithms of ICy, relative to
artemisinin (logICs,). As the activities were measured under
three different conditions, the activities for 13-19 [24, 29]
were rescaled with respect to activities for 1-12 [23] by
using logICs, for compounds obtained from two experi-
ments. All the compounds (Figs. 1 and 2) were modeled
using GaussView program [30] and complete geometry
optimization with the ab initio HF/6-31G* method was
performed. The structures obtained by ab initio method
using different basis sets [12, 18] were compared with those
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determined by X-ray crystallography [31, 32] (retrieved
from the Cambridge Structural Database CSD [33] with
REFCODES: QNGHSU10 [31] and QNGHSUO03 [32],
crystallographic R factor 5.72% and 3.60% , respectively). In
Protein Data Bank (PDB) [34] there are no artemisinin
containing experimental structures nor theoretical models.
Table 1 shows the experimental and calculated parameters
of artemisinin 1,2, 4-trioxane ring. It can be seen that the
bond lengths are well described by all calculations per-
formed. Also, all calculated bond angles are nearly close to
the obtained experimental values. The torsion angles of the
twist boat conformation adopted in the artemisinin shows
very good agreement between the HF/6 —31G* [12], HF/6 -
31G [18], HF/6-31G* (this work), and the experimental
values [31, 32].

Quantum chemical descriptors calculation was carried
out using Gaussian 98 program and the DIRECT-SCF
method [35] in the conformation that is the most stable for a
given compound. The atom numbering adopted in Figure 1
(compound 1) is the same utilized by Acton et al. [23, 24].
The oxygen atom at C10, is numbered as O10 and the three
methyl groups in C3, C6 and C9 are referred as 3-Me, 6-Me
and 9-Me, respectively. Quantum-chemical descriptors were
calculated, as for example: molecular HOMO, HOMO —1,
LUMO and LUMO +1 energies, HOMO - LUMO gap,
Mulliken’s electronegativity, molecular hardness and soft-
ness, dipole moment, atomic charges on Nth atom (Qy, N =
1to 15); O1—C2 bond length, C—O—O—C torsion angle. The
atomic charges used in this work were obtained with the
CHELPG keyword through the electrostatic potential [36].
Also, the maximum number of hydrogen atoms (NH) that
can interact with the heme is used in this work. It was
generated from 2D structures, based on chemical knowl-
edge of organic stereochemistry. This descriptor describes
the hydrophobic part of artemisinin, as the maximum
number of hydrogen atoms that could theoretically partic-
ipate in the C—H .. m (heme) interactions. All axial
hydrogen atoms (5a, 8a, 4, 7, 9), one hydrogen from each
methyl group (3-Me, 6-Me, 9-Me), and a certain number of
hydrogens from substituents at C9 (those which would
satisfy the geometrical conditions for C—H ... it interactions)
were counted. Furthermore, molecular descriptors imple-
mented in the Dragon program [37, 38], were calculated, as
for example radial distribution function — centered at 3.0 A
interatomic distances and weighted by atomic masses
(RDFO030 m) [39]. Some physicochemical descriptors were
included also, as for example: the polar surface area,
molecular volume, molecular refractivity and polarizability,
logarithm of the octanol-water partition coefficient, mo-
lecular mass. They were calculated using the ChemPlus
module [40] and Dragon program.

From all the descriptors above mentioned, it can be
considered that some of them give valuable information
about the influence of electronic, steric, and or hydrophobic
features upon the biological activity of drug molecules. In
this work, the molecular descriptors were selected so that
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Figure 1. Artemisinin derivatives with antimalarial activity against Plasmodium falciparum.

they represent the features necessary to quantify the activity
of artemisinin derivatives against Plasmodium falciparum.
Therefore, descriptors that show small correlation to the
activity (0.7 for all descriptors, 0.6 —0.7 in some exceptional
cases) were discarded. Among those highly correlated, it
was selected the ones which can be easier interpreted.

2.2 Chemometrics

Partial Least Squares (PLS) method [41, 42] was employed
to construct the PLS model on autoscalled data for 14
artemisinin derivatives, and the model was validated
through a leave-one-out cross-validation procedure and

832 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim QSAR Comb. Sci. 22 (2003)



Artemisinin Derivatives with Antimalarial Activity against Plasmodium falciparum

Molecule R R, R 2.3 Molecular Graphics and Modeling
20 C=NH  C(H)CH, Database search. The search for the best structures of
o1 Ces  GHICH, artemisinin, artemisinin derivatives and heme in the CSD
November 2002 release (R < 7% ), and the structures of oxy-
22 C=0  CHoO, and deoxyhemoglobin and hemoglobin-polyatomic sub-
2 c0  CHO, strate complexes in PDB [34] was performed. As there were
only a few hits, the PDB retrieval included later on the best
2 C=0 CHCcHO structures of heme-containing proteins (resolution < 1.2 A).
25 C=0  CHO, Molecular graphics. Molecular graphics was performed
26 GO, by using molecular visualization and modeling software
PLATON [44], WebLab ViewerLite [45] and Titan [46].
27 CoHio0; Molecular modeling. Heme, proximal histidine and the
28 C.HO, oxygen molecule coordinated to the heme iron atom from
experimental structure of oxy-myoglobin [47] (PDB: 1A6M,
2 C=0  C(H)CH,0, resolution 1.00 A, R =12.2) were used to build artemisinin-

Figure 2. New proposed artemisinin derivatives with unknown
antimalarial activity against Plasmodium falciparum.

calculation of activities for 5 molecules from the external
validation set (6,9, 12,17, 18). Hierarchical Cluster Analysis
HCA and Principal Component Analysis PCA [27] on the
same autoscalled data was performed for 19 molecules by
using PIROUETTE program [43]. Incremental linkage
method was used in HCA.

heme-proximal histidine complex. The oxygen molecule
served as —O—O— of artemisinin, whose geometry was
optimized by using MMFF94 [48] in Titan. Proximal
histidine, porphyrin and the propionate directed to the
histidine were frozen in all calculations. Methyl and vinyl
groups and also the propionate directed to artemisinin, as
well as artemisinin, were treated as free in geometry
optimizations. This choice of partial freezing of complex
geometry showed to be necessary as molecular mechanics as
well most of semi-empirical methods do not reproduce well
geometry around Fe and of porphyrine system, while ab
initio calculations could significantly delay. It was supposed
that O1 from artemisinin binds Fe from heme covalently, as

Table 1. Experimental and calculated geometrical parameters of the 1,2,4-trioxane ring for artemisinin

HF/6-31G* (this work) HF/6-31G** HF/6-31G" Experimental® Experimental?
Bond lengths (A)
01-02 1.390 1.390 1.447 1.474(4) 1.469(2)
02—-C3 1.396 1.396 1.435 1.418(4) 1.416(3)
C3-013 1.408 1.408 1.435 1.451(4) 1.445(3)
013—C12 1.376 1.376 1.403 1.388(4) 1.380(3)
Cl12—C12a 1.532 1.532 1.533 1.528(5) 1.523(2)
Cl2a—01 1.429 — 1.469 1.450(4) 1.462(3)
Bond angles (degree)
0102C3 109.5 109.5 108.8 107.7(2) 108.1(2)
02—C3-013 107.8 107.8 106.8 107.1(2) 106.6(2)
C3—-013—C12 115.3 1153 117.3 113.6(3) 114.2(2)
013—C12-C12a 112.3 112.3 112.3 114.7(2) 114.5(2)
C12—C12a—01 110.5 — 110.9 111.1(2) 110.7(2)
C12a—01-02 112.7 — 113.2 111.5(2) 111.1(1)
Torsion angles (degree)
01-02-C3-013 —734 —734 —-71.8 —75.5(3) —75.5(2)
02-C3-013-C12 31.1 31.1 334 36.3(4) 36.0(2)
C3—-013—C12—C12a 274 274 253 24.7(4) 25.3(2)
013—C12—C12a—01 —50.1 - —49.4 —50.8(4) —51.3(2)
C12—C12a—01-02 10.9 — 12.5 12.2(3) 12.6(2)
C12a—01-02—C3 48.7 — 46.7 47.7(3) 47.8(2)
 Values from Ref. 12.
® Values from Ref. 18.
¢ Values from Ref. 31. Experimental estimated standard deviations in brackets.
4 Values from Ref. 32. Experimental estimated standard deviations in brackets.
QSAR Comb. Sci. 22 (2003) © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 833



J. C. Pinheiro et al.

Table 2. Descriptors selected for PLS analysis, experimental logICs, values and the correlation matrix

Compound LUMO + 1(hartree) Qy Qu RDFO030m NH Aog ICy,

1 0.2102 —0.0463 —0.6063 12 8 0

2 0.2072 —0.3045 —0.6484 12 6 0.447

3 0.2137 —0.2299 —0.7625 11 6 0.301

4 0.1839 1.0207 —0.4753 16 6 2.45

5 0.2090 —0.4382 —0.7149 13 7 0.0414

6 0.2094 —0.1482 —0.6590 13 7 0.716

7 0.1978 0.4336 —0.5564 13 6 2.23

8 0.2182 0.0517 —0.5070 14 6 0.580

9 0.1655 0.3708 —0.4804 24 6 2.48
10 0.1561 0.5379 —0.2222 22 6 2.48
1 0.2165 —0.3053 —0.7893 13 7 —0.0458
12 0.2181 —0.2834 —0.8116 13 7 —0.0458
13 0.2071 0.1139 —0.5893 13 7 0.261
14 0.2053 —0.1689 —0.5448 9 6 0.631
15 0.2120 0.1487 —0.5499 16 8 0.518
16 0.2050 —0.0503 —0.6532 9 8 —0.246
17 0.2109 —0.0152 —0.5941 15 9 —0.0938
18 0.2082 —0.0677 —0.5983 12 7 —0.00540
19 0.1852 0.0430 —0.5857 14 6 0.824
LUMO +1 —0.687 —0.769 —0.768 0.435 —-0.832
Qq 0.744 0.577 -0.273 0.832
Qy 0.638 —0.275 0.722
RDF030 m —0.202 0.706
NH —0.604

2 ICs, nmol/mL relative to ICs, for artemisinin in Figure 1 (compound 1).

some recent docking studies have demonstrated recently
[49]. Complexes including derivatives 8, 29, 31 were built by
modification of artemisinin from the MMFF94 optimized
complex. Two active (1, 26) and two non-active (7, 24)
artemisinins were selected to perform the MMFF9%4 con-
formational search about Fe—O1 systematically, by fixing
torsion angle O2—0O1-Fe—C (C from porphyrin, meso
position between the two propionate groups) to 0°, +15°,
+30° .., £165° 180° (negative angle is in clockwise
direction from the meso-C). Plots of MMFF94 energy vs.
02—01-Fe—C angle (not represented) showed the same
form for all complexes, and that the global minima were
concentrated in region — 105° to — 135°. Structures of the
complexes with angle — 120° were considered as the most
stable. The final MMFF94 optimization of the complexes
was performed by using the unconstrained angle of the most
stable conformers.

Docking of some artemisinins to hemoglobin. Docking of
1, 7, 24, 26 and 29 to heme, based on the preferential
orientation for the ligands observed in the MMFF9%4
conformational studies, was performed by Titan. Artemisi-
nin from the artemisinin-heme-proximal histidine complex
was incorporated into the A chain of hemoglobin A after
replacing the original ligand by artemisin (PDB: 2HBE
[50]). Derivatives 7, 24, 26 and 29 were obtained by
modifying the docked artemisinin.

834 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3 Results and Discussion

PCA and HCA analysis. Five molecular descriptors were
selected for data analysis. The descriptors (LUMO + 1, Qo,
Q,;, NH and RDFO030 m), the experimental values of
activity ICs, for the antimalarial artemisinin derivatives,
and correlations including all data for 19 molecules can be
seen in Table 2. The correlation between descriptors is less
than 0.77, as can be seen in Table 2. The first three Principal
Components PCs describe 91.79% of the original informa-
tion for the first 19 molecules. The PC1-PC2 scores and
loadings plot are shown in Figures 3 and 4. From Figure 3,
one can see that the molecules are distributed into three
distinct regions mainly in PC1. The highly active compounds
are on the left side (1, 5,11, 12,16 - 18) and the less active are
on the right side (4, 9, 10,).

Hierarchical cluster analysis (HCA) [27], gives results,
which are similar to those in PCA (see dendogram in
Figure 5). The compounds are fairly grouped according to
their activity. The minus cluster contains less active com-
pounds with st-bond rings at C9 and C10 (4,9, 10). There are
two clusters of moderately active compounds, the small one
with C=0 groups incorporated in the substituent at C9 (7,
19), and the big one with different small substituents at C9
and/or C10 (2, 3, 6, 8, 13, 14, 19). Molecule 18, although
among highly active in PCA, is positioned with moderately
active compounds probably due to its long chain at C9. Two
clusters of highly active compounds include predominantly

QSAR Comb. Sci. 22 (2003)
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Figure 3. PCI1-PC2 scores plot for the 19 artemisinin derivatives
with antimalarial activity against Plasmodium falciparum.
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Figure 4. PC1-PC2 loadings plot using the five descriptors
selected to build the PLS model for the 19 artemisinin derivatives
with antimalarial activity against Plasmodium falciparum.

alkyl substituents at C9 (1, 5, 11, 12, 16, 17, 18) and
moderately active 15 with alkyl substituents at the same
position. 11 and 12 have similarity index 0.98, what agrees
with their structural similarity and identical activity.
According to Figure 4 the highly active compounds have
main contribution of LUMO + 1 and NH, while the less
active have major contribution of Q,, Q;; and RDF030m
descriptors. The negative correlation of LUMO + 1 with the
log ICs, indicates that radical reactions, as heme-mediated
artemisinin activation by cycloalkane ring openings [4],
might be in question. Some high energy interaction (Fe—O
bonding, hydrogen bond or polar interaction) or many weak
interactions (hydrophobic) may be related also to NH and
LUMO + 1. As many artemisinin derivatives have electro-
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Figure 5. HCA dendogram for 19 artemisinins with highly active
(plus sign), moderately (no sign) and less active (minus sign)
compounds.

negative atomsin C9 and/or C10 substituents, mostly oxygen
atoms, such interactions might be expected. Partial atomic
charges at C9 (Q,) and O11 (Qy,) are positively correlated to
log ICs,. High valence electronic density in C9 substituents
(mainly electronegative atoms involved in double bonds)
means that Q, becomes more positive (4, 7—10). In some
cases this can lower the activity, specially when decreasing
NH. On the other hand, conformational properties around
C9 are mostly unfavorable for artemisinin ring to approach
heme (4, 7, 9, 10). Less negative Q,, means having small
charge in the neighboring C10, and so the artemisinin polar
area is reduced. This is very much pronounced for com-
pounds 4,7,9,10 where electron delocalization/conjugation
weakens the artemisinin polar area, and also changes the
ring conformation to be more planar moving the ring farther
from the porphyrine plane.

NH is a variable which describes the C—H ... winteractions
of artemisinin with heme. Hydrogen atom in a C—H bond
which is nearly perpendicular to the heme plane, and at
distance up to 3.1 A from the plane satisfies the geometrical
conditions for C—H ...  interactions which are important in
organic synthesis, crystal packing and biological events
(activity), especially in heme — amino-acid interactions in
hemoglobin [49]. In artemisinin, two hydrogen atoms at C9
are available for more than one C—H ... 7w interaction. These
interactions weaken or disappear due to substitution by
large cyclic groups (4,9, 10), hydrogen deficient groups (2, 3,
7), or by other modifications (8, 13, 14).

PLS modeling. QSAR model was built by PLS using 14
compounds (calibration set). Three PCs showed to be
significant and explained 89.55% of the total variance. In
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Figure 6. Measured versus the predicted log ICs, by PLS model
using three PCs. Symbols have the same meaning as in Figure 4.

Figure 6 is shown the plot of the correlation between the
measured and the predicted log ICs, for the 3 PCs model,
where the highly active compounds are located in its lower
part. Samples from the external validation set (6, 9, 12, 17,
18) are included also. Molecule 7 was classified as moder-
ately active by PCA and HCA, but is less active according to
experimental and predicted activities (Table 2). The quality
of the PLS model can be better demonstrated by the SEP, Q?
and R? parameters and by numerical comparison between
the measured and predicted activities, all listed in Table 3.
From this table, one can see that the statistical parameters
are quite meaningful (Q*>=0.83, R2=0.92) and the agree-
ment between measured and predicted values is in general
quite satisfactory, taking into account that artemisinin is a
complicated molecular system. Predicted ICs, values for the
external validation set (Table 3) agree well with experimen-
tal data for 12 and 17, while 6 and 9 are overpredicted and 18
underpredicted by less than 0.5 in ICs, units. The regression
model was applied to predict the unknown antimalarial
activity of ten new artemisinin derivatives included in
Figure 2 (prediction set, Table 4). Artemisinin derivative 26
is predicted to be more active than any among 1-19 with
known antimalarial activity, while 20, 28 and 29 have
activities predicted higher than artemisinin and even some
other highly active compounds (5, 11, 12 and 16). Thus,
compounds 20, 26, 28 and 29 can be considered as new
potent antimalarial artemisinins.

Classical molecular descriptors had lower correlation
with activity than selected descriptors and/or produced
worse PLS models: molecular weight (0.598), HOMO
(0.553), LUMO ( —0.664), molecular refractivity (0.538),
logP ( —0.620). Pictorial representation of frontier orbitals
clearly shows that there is practically no distinction in the
activity classes based on HOMO or LUMO orbitals (results
not shown). The distinction can be clearly noticed when

836 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 3. Experimental and estimated antimalarial activity (log-
ICyy) by PLS? and the goodness of the model.

Compound Experimental Estimated Residuals
1 0 —0.0198 0.0198
2 0.447 0.383 0.064
3 0.301 0.352 —0.051
4 2.45 2.59 —0.14
5 0.0414 —0.205 0.247
6* 0.716 0.220 0.496
7 2.23 1.55 0.68
8 0.580 0.893 —0.313
9% 2.48 2.03 0.45

10 2.48 242 0.06

11 —0.0458 —0.123 0.0772

12%* —0.0458 —0.118 0.0717

13 0.261 0.637 —0.376

14 0.631 0.572 0.059

15 0.518 0.350 0.168

16 —0.246 —0.0691 —0.177

17%* —0.0938 —0.288 0.194

18* 0.00540 0.349 —0.344

19 0.824 113 —0.307

Descriptors LUMO+1 Qq Qu RDF030m NH

Regr. vector —0.156 0.577 0.073 0.077 —0.339

Q? SEP R?

0.833 0.375 0.917

2 PLS models using three principal components and leave-one-out cross-
valiation.
* Samples from the external validation set.

Table4. Predicted antimalarial activity (logICs,) for the com-
pounds in Figure 2

Compound 2log ICs,
20 —0.0250
21 0.103
22 0.752
23 0.801
24 0.437
25 0.749
26 —0.382
27 0.234
28 —0.228
29 —0.0400

2 ICy, nmol/mL relative to ICs, for artemisinin in Figure 1 (compound 1).

LUMO +1 orbitals are compared, as is shown in Figure 7
where one can see a representative molecule with high (1)
and low (9) activity from the training & external validation
set, and also a derivative with high (26) and low (23)
predicted activities. LUMO + 1 orbital lobes in highly active
compounds are positioned mainly on atoms C4—C8a, C14
and corresponding hydrogen atoms. Some lobes in all such
compounds are directed towards possible heme position,
indicating the importance of C—H...t [51] and other orbital

QSAR Comb. Sci. 22 (2003)
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QSAR

Figure 7. LUMO + 1 orbital for two highly active (1, 26) and less
active (9, 23) artemisinins viewing the side that contains peroxide
group and can be complexed with heme. Positive lobs are colored
blue, and negative are red.

interactions with heme delocalized system. Small lobes on
peroxide group can be observed also, while there are very
little or no lobes at C9, C10 and substituents at these
positions. Less active molecules exhibit LUMO + 1 orbital
lobes concentrated mainly on C9, C10 and substituents at
these positions. Such substituents are mainly rigid and large
and possess m-bonds which do not fit well to heme in spatial
sense, and at the same time these substituents overtake the
function of orbital overlap with heme what does not provide
optimal orbital overlap as in complexes including highly
active artemisinins. These factors may explain why mole-
cules with such LUMO +1 orbital distribution are less
active, and why LUMO +1 energy is a good molecular
descriptor in PLS model in this work. Before mentioned
radical mechanism of the cycloheptane ring is another
possibility to account for large LUMO + 1 lobes at the
artemisinin skeleton on its side which does not react with
heme.

Artemisinin-heme binding mode. Some O...O non-bond-
ing distances in artemisinin crystal structure are rather short
[2.171(3)-3.073(3) A in QNGHSUO03 [32] and 2.180(4) -
3.072(4) A in QNGHSO10 [31]], while maximal are around
45 A [4.460(3) A in QNGHSUO3 and 4.443(4) A in
QNGHSU10]. On the other side, there is C—O bond length
alteration in artemisinin. The range 1.390(11)-1.477(8) A
and mean 1.434 A for C,—O(2) bonds in organic crystals
was observed by Allen et al. [52]. The two artemisinin crystal
structures and of artemisinin derivatives from the CSD
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database, FAWBEK [53], JEXGUO [54], SIKLAZ [55],
WIMMEK [56], ZILMUC [57] and ZILNAD [57] (R < 0.07,
exp. errors for bond lengths <0.01 A) exhibit very short
(1.34-1.36 A) C10—-O11 bond in the presence of double
C10=010, and shortened (1.39-1.41 A) C12—013 bond.
02—C3, C12—013, C10—011 bonds are significantly short-
ened, O1—0O1la, C3—013, O11—C12 lengthened with respect
the standard mean 1.434 A. Probably steric (the presence of
quaternary carbon) and electronic (conjugation, hyper-
conjugation) effects are responsible for the bond length
alteration. Jiang et al. [58] noticed that C—O bond orders and
other electronic properties for peroxide group and O10 can
be QSAR descriptors. It is highly possible that the oxygens
are connected to each other via mechanism of through-bond
and through-space interactions [59]. Thus, substituent and
conformation effects might affect the charge distribution at
the oxygens, and even Fe—O bond. Recent experimental
evidences for O..; through-space interactions [60, 61]
indicate that some artemisinin oxygens, that from the
peroxyde group which is not bound to iron, could participate
in such interactions. A recent finding by Ziegler et al. [62]
“that substrate recognition is based on porphyrin moiety
rather than specific metal recognition”, supports the possi-
bility of various heme-artemisinine non-bonding interac-
tions.

MMFF9%4 conformational search around Fe—O bond for
the four heme-ligand complexes (ligands — 1, 7, 24, 26)
revealed practically the same Fe coordination geometry.
Significant differences are observed in ligand conformation
and its orientation with respect to the heme, and in
conformation of the free propionate chain. Descriptor NH
used in PLS can be visualized through the number of
artemisinin hydrogens which are placed at most 3.1 A from
the heme carbons and the number of C—H...ww interactions
involving these hydrogens: active compounds 1 and 26 have
6 hydrogens included in 19 (1) or 18 (26) C—H..n
interactions, less active 7 has 4 hydrogens in 6 such
interactions, and 24 has 6 hydrogens participating in 20
C—H...minteractions. C10=010bondin 1, 7,24 is close to the
meso-CH between the propionates (at distance being 2.9 —
3.1 A). C9=0 in 24 is parallel to the closest pyrrole at short
distance (~3.2 A). These C=O...n through-space interac-
tions could additionally stabilize the complexes. The free
(not frozen in calculations) propionate is directed towards
C9, C10 substituents in 1, 24, 26 via polar-polar interactions,
but is apart from them in 7 (Figure 8). Although the
geometry of the complexes explains most of molecular
descriptors in PLS/HCA study, the heme-ligand mode stays
partially unexplained in terms of ligand-protein orientation.

Search for experimental heme-containing crystal struc-
tures with high accuracy and low resolution in CSD and
PDB databases confirmed the findings from MMFF9%4
conformational study. There are a few heme-ligand com-
plexes, where ligand is a polyatomic molecule inside
hemoglobines (nicotinate in 1FSL [63], Figure 9 left; N-
butyl isocyanide in 2HBE [50]; N-propyl isocyanide in
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Figure 8. A proposed heme-ligand binding mode based on
MMFF9%4 calculations with the four ligand (1, 8, 24, 26)
preferencial orientation. Top view of complex with 1 is shown
below in space-filling and electrostatic potential representation.

swogaetauy apgoydorpiy

polar interactions

| proximal
|| watex ' histidine

at)

-

propionates

2HBF [50]) or in free heme-ligand complex (p-nitrotiolate
in NTPROT10 [64]). The most accurate cytochrome struc-
ture (1CTJ [65]) includes N-butyl isocyanide as the heme
ligand. Orientation of the ligand with respect to heme
exhibits well defined regularities already observed in the
MMFF94 conformational study: polar/hydrophobic parts of
the ligand are directed towards the polar (Fe-N central area
and the propionates)/hydrophobic (methyl and vinyl groups
opposite to the propionate groups) parts of the heme system
(see Figure 9 left).

Itis known that the main amino-acid residues that occlude
the space above the heme in hemoglobin are mostly
hydrophobic (Lys E10, Val E11, Leu G8, Phe CD4, His
E7) [66]. More general map of polar/hydrophobic group
distribution (including ligands, residues, solvents) around
heme was constructed (Figure 9 right) based on heme-
ligand structures, where ligands are proximal histidine and
polyatomic molecules (PDB: 1FSL, 2HBE, 2HBF) in
human or soya bean hemoglobine, and diatomic or polya-
tomic molecules (CSD: NTPTOT10, R=7.1%, methoxy
derivative of heme; PDB: 1A6M, 1C75[67], 1CTJ, R < 14%,
resolution < 1.1 A) in various heme-containing proteins
(except NTPROT10, where heme is alone) from the most
accurate crystal structures. The placement of two polya-
tomic molecules nicotinate (9 non-H atoms; PDB: 1FSL,
Figure 9left) and N-butylisocyanide (8 atoms; PDB:2HBE)
can be useful as a model for artemisinin (20 atoms) binding.
The presented crystal structures exhibit well that amino-
acids are oriented to the heme and the ligands so that more
polar/hydrophobic amino-acids or their fragments are
directed towards proximal polar/hydrophobic parts of
heme-ligand complex. Artemisinin molecule in crystal
structure (CSD: QNGHSUO03) participates in 40 interac-

Figure 9. Left: An example of retrieved heme-containing crystal structures from the PDB database: Heme (green) complexed with
nicotinate (PDB: 1FSL [63]) and proximal histidine. The closest amino-acid residues and a water molecule are presented also. Right: The
average hydrophobic character of ligands and residues around heme based on retrieved crystal structures from the CSD and PDB
databases: predominantly polar (green), hydrophobic (pink) and amphiphilic (gray).
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tions: weak hydrogen bonds C—H...O, and weak contacts
C-H..H-C. Shukla eral. [68] reported that the main
contribution to binding to heme have hydrophobic inter-
actions, but the specificity of the binding is contributed by
hydrogen bonds and electrostatic interactions (this can be
noticed for nicotinate in Figure 9 left). Substituent side
chains on artemisinin could interact even more with the
surrounding flexible residues (it is known that positional
displacement of the residues goes up to 6 A during oxygen-
ation [66]), but the main binding contribution remains to
heme-artemisinin interaction. Orientation of artemisinin
derivatives with respect to polar-polar and hydrophobic-
hydrophobic interactions is reasonable. Grigorov et al. [5]
concluded that the antimalarial activity of certain 1,2,4-
trioxanes requires two hydrophobic sites located at heme
and a hydrogen bond donor site, probably from solvent
(as is the case in hemoglobin — nicotinate complex, see
Figure 9 left). Furthermore, they noticed that face-to-face
wt...7t stacking between phenyl and pyrrole contribute to
binding.

A recent artemisinin — heme docking study [49] ration-
alized the artemisinin antimalarial activity: 1) the biological
activity is highly correlated to heme-drug binding energy,
and moderately to weakly to Fe—O distances (excluding
010); 2) long hydrophobic chain substituents at C9 (equa-
torial positions) weakens the binding to heme, even in the
absence of O10; 3) hydrophobic substituents at C3 (equa-
torial) can also involve in interactions with the porphyrine
system; 4) C10 substituents, if having both polar and
aromatic groups, can increase the activity. Docking study
in this work included heme-ligand (ligand =1, 7, 24, 26)
interactions in monomer unit of hemoglobin A. In general,
the docking results are in accordance with MMFF9%4
conformational search and the CSD/PDB database struc-
tural observations on ligand-heme stereoelectronic rela-
tionships.

Figure 10 represents heme-proximal histidine-26 com-
plex. The main differences in the four ligand-hemoglobin
complexes are in region including C9, C10 substituents. The
placement of polar/hydrophobic amino-acids and their
fragments follow the distribution map in Figure 9 right. 3-
Me and 6-Me are positioned into small hydrophobic
pockets. Big amphiphilic pocket formed by proximal His
58,Gly 59, Lys 61, Val 62, Ala 63,Leu 83, Asp 64 can bury the
heme propionates with neighboring Me, and C9, C10
substituents. Introducing O atoms into C9 substituent (26),
the artemisinin polar area increases and also the space with
polar interactions between heme, ligand and globin; as a
consequence, terminal Me group of the C9 substituent in 26
penetrates the pocket up to the hemoglobin surface, close to
the channel formed by insertion of heme into globin (see
Figure 11). This placement of C9 substituent with respect to
the globin can explain the highly predicted antimalarial
activity of 26. MMFF94 conformational study revealed that
—C9(H) —CH, fragment (x = 1,2, 3) in artemisinins is placed
between the CH, of the closer propionate and the closest Me

QSAR Comb. Sci. 22 (2003)
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Figure 10. Artemisinin derivative 26 docked to hemoglobin A
(A chain from 2HBE [50]) and optimized by MMFF94, shown
surrounded by some twenty closest amino-acids.

in the heme molecule. The docking study shows that this
hydrophobic fragment is situated in a small hydrophobic
sub-pocket, which is completed with hydrophobic parts of
Lys 61, Val 62 and Gly 59 residues. C10=010 group in 7 is
involved in unexpected hydrogen bond with N—H of the
proximal histidine. Besides, C9=0 group falls into the small
hydrophobic sub-pocket, what results in unfavorable polar-
hydrophobicinteraction. The intermolecular forces can turn
7 from the best position required for artemisinin activation.
24 possesses polar substituent at C9 participating polar-
hydrophobic interactions. This can be a reason for 24 being
less active, but still more active than 7. 29 shows similar
behavior as 26. Figure 11 exhibits different stage of C9,C10
ligand extension to the protein exterior in terms of its
projected surface area (green) which is proportional to
antimalarial activity (results not shown).

4 Conclusions

Significant regression model was obtained by PLS method
for artemisinin derivatives with antimalarial activity against
Plasmodium falciparum reported in literature, based on the
descriptors LUMO +1 energy, charges Q, (C9) and Qy
(O11), number of hydrogen atoms NH and a radial
distribution function RDF030 m. The regression model
showed statistical significance but also predictive ability and
revealed that higher values for the LUMO + 1 combined
with high negative charges on the atoms C9 (Q,) and O11
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o=t N,

Y showing heme (yellow), proximal histidine (orange), and the

\ y ‘ /4 » artemisinin derivative (green).
710y YA
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» - { |
A .',* \& - (Qy;), higher NH and lower values for RDF030m increase

b ‘!.‘ . - - % | the antimalarial activity against Plasmodium falciparum.

\ o . o> { A new artemisinin derivative 26 was predicted to be active

against Plasmodium falciparum resistant to mefloquine
higher than the compounds reported in literature. Synthesis
of novel artemisinin derivatives as potent antimalarial drugs
may follow the results of quantum chemical and Partial
Least Squares methods in this work, supported by molecular
graphics, modeling and structural studies. Compounds 26
and 29 are the most active in the prediction set, and both
possess equatorial C9 substituents with polar and hydro-
phobic groups which are able to fit into corresponding polar/

hydrophobic regions of the hemoglobin pockets, and even to
extend to the hemoglobin exterior.
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