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Structure—Activity Relationships of the Antimalarial Agent Artemisinin. 6. The
Development of Predictive In Vitro Potency Models Using CoMFA and HQSAR
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Artemisinin (1) is a unique sesquiterpene peroxide occurring as a constituent of Artemisia
annua L. Because of the effectiveness of Artemisinin in the treatment of drug-resistant
Plasmodium falciparum and its rapid clearance of cerebral malaria, development of clinically
useful semisynthetic drugs for severe and complicated malaria (artemether, artesunate) was
prompt. However, recent reports of fatal neurotoxicity in animals with dihydroartemisinin
derivatives such as artemether have spawned a renewed effort to develop nontoxic analogues
of artemisinin. In our effort to develop more potent, less neurotoxic agents for the oral treatment
of drug-resistant malaria, we utilized comparative molecular field analysis (CoOMFA) and
hologram QSAR (HQSAR), beginning with a series of 211 artemisinin analogues with known
in vitro antimalarial activity. COMFA models were based on two conformational hypotheses:
(a) that the X-ray structure of artemisinin represents the bioactive shape of the molecule or
(b) that the hemin-docked conformation is the bioactive form of the drug. In addition, we
examined the effect of inclusion or exclusion of racemates in the partial least squares (pls)
analysis. Databases derived from the original 211 were split into chiral (n = 157), achiral
(n = 34), and mixed databases (n = 191) after leaving out a test set of 20 compounds. HQSAR
and CoMFA models were compared in terms of their potential to generate robust QSAR models.
The r? and ¢? (cross-validated r?) were used to assess the statistical quality of our models.
Another statistical parameter, the ratio of the standard error to the activity range (s/AR), was
also generated. CoOMFA and HQSAR models were developed having statistically excellent
properties, which also possessed good predictive ability for test set compounds. The best model
was obtained when racemates were excluded from QSAR analysis. Thus, COMFA of the n =
157 database gave excellent predictions with outstanding statistical properties. HQSAR did

an outstanding job in statistical analysis and also handled predictions well.

Introduction

The effectiveness of artemisinin (1) and its derivatives
as antimalarial drugs for the treatment of multi-drug-
resistant P. falciparum has received considerable at-
tention in recent years.1~® More often than not, the focus
of these studies has been to demonstrate antimalarial
efficacy in vitro for new structural classes’~1! or modi-
fication of the natural product architecture.’2715 A
rational approach for the discovery of a pharmaceuti-
cally acceptable, economically viable, peroxide-based
antimalarial awaits development of a global mechanism
of action model for organic peroxides!®~24 and/or a
predictive quantitative structure—activity relationship
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(QSAR) based pharmacophore model.2572° With the
advent of parallel synthesis methods and technology,
we might expect the number of antimalarial artemisinin
analogues to be tested to grow dramatically. Combina-
torial methods could also be envisioned as a semira-
tional approach to this above discovery strategy. One
method of orchestrating these strategies is to make use
of quantitative structure—activity relationship (QSAR)
models for the rapid prediction and virtual prescreening
of antimalarial activity.®® Our efforts to furnish new
iterations of QSAR in this area have been chroni-
cled,329-33 |eading to highly bioactive, nonneurotoxic?®
derivatives of artemisinin.3

Traditional QSAR studies have been used since the
early 1970s to predict activities of untested molecules.
Currently, 3D-QSAR techniques such as comparative
molecular field analysis (CoMFA)3:36 have been em-
ployed to build QSAR models for a wide range of
applications.3”73° CoMFA analysis involves the align-
ment of molecules in a structurally and pharmacologi-
cally reasonable manner on the basis of the assumption
that each compound acts via a common binding site. In
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this method, we should have some knowledge or hy-
pothesis regarding active conformations of the molecules
under study as a prerequisite for structural alignment.

Development of a 3D-QSAR model representing the
in vitro antimalarial activity of a database of artemisi-
nin analogues can be a complex process. The in vitro
potency of a drug is dependent on structural features
that affect the sequence of events leading to accumula-
tion of drug at its site of action as well as the mode of
action itself. Peroxidic antimalarial activity might be
disrupted by unpredictable metabolic events,*0-43 pre-
mature deactivation by iron(ll) salts affected by its
accumulation into the cell,234474% or altered by the
molecular details of radical formation.1%24 However, by
judicious selection of analogues and careful model
construction (alignment, conformational predictions), a
3D-QSAR study can lead to a predictive model providing
useful SAR information. Using CoMFA, we have devel-
oped artemisinin pharmacophores based on two distinct
conformational hypotheses. The determination of the
“active” conformation that each compound will retain
is a critical issue. Because of the lack of structural data
supporting a specific “active” conformation, we might
assume that a compound is active in an energetically
minimized conformation. In addition, since an X-ray
structure of the parent molecule is available,? this can
serve as a template upon which other analogues can be
overlaid.

We constructed the second model taking in consider-
ation Meshnick’s mechanistic hypothesis involving com-
plexation of artemisinin to hemin, leading to the gen-
eration of bioactive radicals.’® Here, the docking
interaction with hemin alters the analogue conforma-
tion, and the final structure included in the creation of
the pharmacophore represents the result of a force field
calculation incorporating the influence of the hemin
molecule.5!

We selected over 100 analogues from our laboratory
and a number from the literature to assemble the 211
artemisinin analogues for the database.® A test set of
20 molecules was removed from the original 211 that
evenly spanned the antimalarial activity range, as well
as the structure diversity of our database. The database
was separated into a training set (191 compounds) and
a test set (20 compounds) to determine the external
predictivity of the resulting model. Further studies were
carried out to examine the effect of chirality on the
analysis. A database with only chiral compounds was
produced from the original 191 by omitting racemates,
where n = 157 (chiral only), and the test set size was
15. The pooled racemates were also subjected to QSAR
analysis with a training set of n = 34 (racemates) and
test set size of 5.

Hologram quantitative structure—activity relation-
ships (HQSAR), a 2D-QSAR protocol (Tripos Associates,
Inc.), eliminates the need for determination of 3D
structure, putative binding conformations, and molec-
ular alignment. In HQSAR, each molecule in the
database is broken down into a series of unique struc-
tural fragments, which are arranged to form a molecular
hologram.52 Unlike other fragment-based fingerprinting
methods, HQSAR encodes all possible molecular frag-
ments (linear, branched, and overlapping). Supplemen-
tary 3D information, such as hybridization and chirality,

Journal of Medicinal Chemistry, 2002, Vol. 45, No. 2 293

may also be encoded in the molecular holograms.
HQSAR models have been compared to other QSAR
techniques, such as CoMFA, and have demonstrated
similar predictive capability. The HQSAR program
highlights substructural features in sets of molecules
that are relevant to biological activity.

In this study, well-characterized training sets of 191,
157, or 34 artemisinin analogues with in vitro antima-
larial activity were examined utilizing CoMFA and
HQSAR to generate predictive QSAR models, providing
a useful guideline for the design of more potent new
artemisinin analogues.

Biological Data

A total of 211 artemisinin analogues were collected
in which several different ring systems were repre-
sented. All of the analogues were either peroxides or
trioxanes (tables are available as Supporting Informa-
tion), which should act via similar mechanisms of
action,37141553-66 or their corresponding biologically
inert reduced oxides (e.g. 1-deoxyartemisinin). Another
important criterion was that the selected compounds
must have been tested using the same assay method,
i.e., in vitro against the chloroquine-resistant, meflo-
quine-sensitive P. falciparum W-2 clone,%” and have a
reported control activity for artemisinin. This approach
is mandatory for a bioassay method that utilizes para-
sitized red blood cells in which there can be interday
and interlaboratory variation in the 1Cso for artemisinin.
Variation is intrinsic to this in vitro assay system in
which exact degrees of parasitemia of the red blood cells
are not readily controllable from day to day. Therefore,
utilization of relative activity (RA) for quantitative
comparisons was essential. The RA was calculated from
the experimentally derived control ICsy of artemisinin
(ICsp values in ng/mL) divided by the ICsy of the
analogue and corrected for molecular weight (eq 1).

log RA =
log[(ICg, of artemisinin/ICg, of the analog) x
(MW of the analog/MW of the artemisinin)]

Before inclusion into the spreadsheets, the RA was
converted to the log RA. In some cases to be discussed
below, the RA was adjusted for racemates in the
database for which it had been assumed that only one
enantiomer was bioactive. In these cases, the RA was
multiplied by 2 before taking the log.

QSAR Method

CoMFA. We created a 3D database (Sybyl 6.5, Tripos
Associates), using the reported crystal structure for
artemisinin as a template.® To best describe the
aromatic side chains of some analogues, as well as the
aliphatic artemisinin backbone, Gasteiger—Huckel
charges were calculated for each of the compounds. The
structures were minimized by applying the Tripos force
field, producing structures close to that of the artemisi-
nin X-ray structure. Because the majority of the com-
pounds were tetracyclic peroxides such as artemisinin
itself, little if any difference from the X-ray structure
could be found upon minimization (gas phase). Side
chains at C-9 and C-3 were able to achieve extended
(staggered) conformations upon repeated minimizations.
Manual realignment of side chains was conducted,
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always leading to higher energy local minima. Struc-
tures with more flexible side chains were minimized
manually, followed by Monte Carlo search methods
(Macromodel v5), confirming that global minima had
been reached for the tetracyclic analogues. For more
flexible peroxides included in the tables, such as Table
4 (seco-artemisinins), extensive NMR, modeling, and
crystallographic work had already been done to estab-
lish a plausible conformation for inclusion into the
database.5568 The other flexible systems included in the
database had crystallographic structure determinations
that agreed with solution NMR and modeling data.6911

In the development of the 3D-QSAR models, choice
of analogue conformation was important in providing a
realistic pharmacophore. The active conformation of
each analogue might be approximated if a crystal
structure of artemisinin interacting with hemin were
available. Since acquisition of these data is not feasible
because hemin reacts rapidly with artemisinin,”® dif-
ferent approaches to select the “active” conformation
were used.

First, if the interaction of a peroxidic drug with hemin
is a relatively rapid and structurally insensitive step
in a potentially complex sequence of events, we could
ignore its contribution to define the potency of this class
of molecules. In this case, it may be possible to use the
Emin (Minimum energy) structures to provide a realistic
3D-QSAR. Alternatively, by modeling the manner in
which artemisinin interacts with hemin, a conformation
can be predicted in which interaction between flexible
side chains and hemin are minimized and focus is placed
on association of the peroxide bridge with hemin. In this
instance, the absolute energy of the peroxidic ligand
might be slightly higher than the lowest energy confor-
mation determined by molecular mechanics methods.

Current studies point toward the interaction of the
peroxy moiety with the hemin iron(ll) core as a major
component of the antimalarial mode of action. This
artemisinin—hemin association has been modeled,>! and
it has been proposed that activation of artemisinin
proceeds through a radical intermediate occurring at a
point near the minimum intermolecular energy of
interaction.”2=7% In an attempt to create a model that
might reflect the active conformation of each analogue
more accurately, we used the Sybyl Dock protocol to
approximate analogue—hemin binding. Dock calculates
the fields of nonbonded electrostatic and Lennard-Jones
steric interaction between points on a lattice (by default
0.25 A spacing) and the docking site. Associating each
atom of the ligand with the nearest lattice point and
summing the fields over all ligand atoms approximate
the ligand—site interaction.

Initially, an energetically favorable interaction was
achieved by manual manipulation of the ligand with
respect to hemin. Consideration of a large number of
artemisinin analogues required an assumption that the
peroxide docks to the hemin iron in the manner identi-
fied by Shukla et al.?! Docking was complete when the
minimal combined electrostatic and steric docking ener-
gies were found.

To take into consideration the effect the metallopor-
phyrin molecule plays in the active conformation of the
ligand, the ligand structural conformation was mini-
mized with respect to hemin using the Tripos force field.
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In the minimization process, a small amount of transla-
tion occurred, the ligand arriving at a conformational
minimum when a rms gradient energy difference of
<0.05 kcal/mol was achieved. Ligands within the data-
base were realigned on the basis that a common
orientation of the peroxy group with the Fe(ll) core of
hemin is likely a mechanistic bottleneck and would,
therefore, be more important than a minor differences
in gas-phase docking energies. Figure 1 shows the
overlap of the compounds.

In some cases, substituents at C-9 and C-3 had a
significant impact on the docking interaction to an
extent where the critically important contribution of the
peroxide bridge interacting with the hemin iron atom
was diminished. To reduce the significance of nonper-
oxide bridge interaction with hemin, analogue substit-
uents at C-3 or C-9 were rotated to a “local minima”
energy conformation so that the substituent did not play
the primary role in the docking interaction. The tor-
sional angle was modified in the docking process from
dihedral C10—C9—C16—C17 = 174° to give dihedral
C10—C9—-C16—C17 = 58° (Figure 2). The “local minima”
are within energy differences reasonably attainable
under the test conditions. Although some analogues are
not in their lowest energy conformation as calculated
in gas-phase mode, we believe that this process leads
to useful binding information, potentially mimicking the
actual active conformation.

All 211 minimized analogues were aligned with the
assumption that the core ring structure and peroxide
bridge are most meaningful with respect to biological
activity. Though a number of flexible and static align-
ments were tried, the best model was obtained by fitting
atoms C-la, C-3, C-5a, and C-8a.

The deoxyartemisinin analogues included in our
database do not contain the peroxide bridge needed for
antimalarial activity.>® Therefore, the best fit was
accomplished using the atoms that hold the peroxide
or oxide bridge in close alignment, atoms C-1a and C-3.
Overlap of the 211 molecules can be seen in Figure 1.

HQSAR. Molecular fingerprinting (hologram) is a
method that represents a compound as a unique string
of numbers or “bins”. The bins represent all of the
unique fragments included within a particular molecule
and are assigned by a cyclic redundancy check (CRC)
algorithm (Figure 3). Thus, the hologram includes
information on the quantity and type of each fragment
in each molecule. The hashing of more than one type of
fragment into the same bin can sometimes lead to poor
correlation statistics in the pls analysis, and for this
reason, a number of holograms with differing bin
lengths are created for each molecule. The hologram
length that leads to the best pls analysis is used in
development of the pharmacophore.

A number of parameters may be adjusted to optimize
the HQSAR model. By increasing fragment size, the
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Figure 1. Alignment of 211 artemisinin analogues used in the CoOMFA model development: (A) standard alignment; (B) alignment

based on proposed docking conformation.

Figure 2. Torsional angle modified in the docking process.

number of fragments may be reduced and a pseudo-
distance parameter created, though we also concur-
rently limit the number of similar fragments found in
each analogue. Allowing consideration of distinct atom

Fragments
generatmn ( (\
O
CRC algorithm l 1

12 5 3 6

Fragments count / /

Molecular
Hlogram | 2[5 |6 |8 [0 ]9 ]

Figure 3. Generation of the molecular hologram.

types, bond types, atom hybridization, and stereo-
centers, as well as observing hydrogens, which are, by
default, not considered, can augment the nature of the
fragments assigned by the CRC.

QSAR Descriptors

Calculation of CoMFA Descriptors. CoMFA in-
volves the measurement of the electrostatic and steric
fields around a template molecule and the relationship
of these measurements to the molecule’s biological
activity. These measurements are taken at regular
intervals throughout the lattice using a probe atom of
designated size and charge. In our study, lattice spacing
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Table 1. Statistical Results of COMFA pls Analyses

no. of optimum

entry  compds probe2 g2 r2 S F  component
1 191 2 AIC.3 0.72 0.88 0.53 169.85 6
2 191 2A/H 0.72 0.82 0.54 162.18 4
3 191 (dock) 2 AIC.3 0.72 0.85 0.60 171.45 6
4 191 (chiral) 2 A/C.3 0.72 0.88 0.53 171.35 4
5 157 2 A/IC.3 0.73 0.96 0.35 315.63 9
6 157 2A/H 0.70 0.95 0.39 249.85 4
7 157 (dock) 2 AIC.3 0.68 0.95 0.37 278.80 8
8 34 (racemic) 2 A/C.3 0.24 0.92 0.32 54.76 1
9 34 (racemic) 2 A/H 0.26 0.91 0.35 45.23 1

a | attice spacing (in angstroms), probe atom type (sp3-C or
proton). ® The 191 database without 34 racemates.

was 2 A and either an sp3 carbon or hydrogen with a
probe charge of +1 served as the probe atom.

Calculation of HQSAR Descriptors. The molecular
hologram representation (HQSAR) package in Sybyl 6.5
was used, converting molecules in the database into
counts of their constituent fragments. All linear,
branched, and overlapping substructure fragments in
the size range four to seven atoms were generated for
each molecule. The exact model produced by HQSAR is
dependent on the hologram length (53, 59, 61, 71, 83,
97, 151, 199, 257, 307, 353, 401 bins), but we also
considered the information contained in the generated
fragments. The particular nature of substructure frag-
ments generated by HQSAR and, consequently, the
information contained in the resultant molecular holo-
grams can be altered through the settings of some
parameters.

In our study, 191 artemisinin analogues were as-
signed fragments by the CRC protocol using the default
fragment size and fragment distinction parameters.
Various pls analyses were performed using a variety of
fragment size and fragment distinction selections.

3D-QSAR Analyses

Multivariate statistical analysis using pls produced
predictive QSAR models of the database to correlate
variation of in vitro antimalarial activity with variation
in the descriptors described in the previous sections. The
predictive power of the model was determined by using
“leave-one-out” (LOO) cross-validation and by the use
of a test set of 20 structurally and biologically diverse
artemisinin analogues excluded from the model creation
(Table 1). A cross-validated r? (g?), obtained as a result
of this analysis, served as a quantitative measure of the
predictive ability of the final QSAR models. The g2 value
is a statistical indication of how well a model can predict
the activity of members left out of the model formation.
In contrast, the conventional r? is simply a reflection of
how well the fit equation reproduces input values.3® The
selection of the “best” QSAR model was chosen on the
basis of a combination of g?, r2, predictive-r? (pr?), and
s. With this approach, the optimal model would ap-
proach 3 as s approached 0. This number could be
viewed as [(g%2 + r2 + pr?) — s], in which the perfect
model would equal 3.0 (Table 8). Another aspect of
measuring model goodness-of-fit is to examine the ratio
of the standard error to activity range (s/AR). This ratio
should generally be <10% for good QSAR models.

The standard and docked (n = 191) aligned databases
were analyzed using CoMFA/pls. A number of analogues
in the database were racemates (34), though the data-
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Table 2. Influence of Various Fragment-type Parameters for
the 191 Compound Database Using Fragment Size Default
(4-7)

statistical optimum

parameters g2 r2 S s/IAR  components
none? 0.69 0.79 0.70 9.90 7
ConP 0.73 0.87 0.57 9.50 9
Con—H¢ 0.65 0.77 0.74 8.10 5
Con—H—Chid 0.76 0.89 0.51 9.40 10

aFor all cases, the atom and bond flags are turned on.
b Connectivity flag is on. ¢ Hydrogen and Connectivity are on.
d Chirality option is combined with Con—H.

Table 3. Influence of Various Fragment Size Parameters for
the 191 Compound Database Using Atom/Bond/Connectivity/
Hydrogen/Chirality as Fragment Type

fragment optimum
length g? r2 S s/AR components
2-5 0.73 0.61 0.80 9.40 6
3-6 0.66 0.77 0.73 10.40 6
5-8 0.67 0.76 0.74 9.00 6
6—9 0.68 0.80 0.68 8.80 5
7-10 0.69 0.77 0.74 8.80 4

base itself was constructed using the enantiomer having
the absolute configuration corresponding to (+)-arte-
misinin (1). Analysis using CoMFA/pls of the nonrace-
mic compounds (n = 157) was done in an effort to find
a model that might be able to predict the activities of
each individual enantiomer, taking into consideration
that only the total activity of the mixture is experimen-
tally available.

Considering structural features of artemisinin ana-
logues, the first HQSAR model was generated by use of
various fragment-type parameters: atoms, bonds, con-
nections, hydrogens, and chirality. Table 3 summarizes
the results from the pls analyses associated with the
191 database, as well as the various fragment param-
eters used to improve the statistical analysis. The best
fragment type, fragment length, and optimum number
of the components from pls analyses were chosen on the
basis of the highest ¢2.

Results and Discussion

As shown in Table 1 (entry 1), the pls analysis of the
n = 191 (2 A/C.3) standard alignment database indi-
cated a moderate r? (0.88) value, good predictive g2
(0.72), and a moderate standard error (0.53). Use of the
proton probe atom gave nearly identical results (entry
2).

In the literature, many peroxidic racemates (34
compounds) have been tested for in vitro antimalarial
activity. The artemisinin-like enantiomer of each pair
was included in the n = 191 database under the
assumption that this was the active isomer. In an
attempt to better understand the contribution of each
enantiomer, these compounds were removed from the
database, and a third model (n = 191—34 racemates =
157) was developed. The notable predictivity of the
model was indicated by a high g2 (0.73) value for the
default probe atom and lattice size (entry 5). Judging
by the standard error of 0.35, the lowest among the valid
models, r2 (0.96), and F test values (315.63), the model
reproduced the input data somewhat better than the
n = 191 precursor. The proton probe atom did not give
substantially different results from the default probe
(entry 6).
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Figure 4. CoMFA contour maps about (+)-artemisinin for the standard alignment database (n = 191, 2 A/C.3). In the steric
contour map to the left, green contours indicate areas where steric bulk is predicted to increase antimalarial activity, while red
contours indicate regions where steric bulk is predicted to decrease activity. The electrostatic contour map on the right displays
yellow polyhedra where partial negative charge is correlated with antimalarial activity; the blue polyhedra indicating a relationship

between partial positive charge and activity.

Prediction of the in vitro activity for the racemic pair
of compounds leads to a less clear interpretation of the
data. Is only one enantiomer active? If so, should the
biological activity value (RA) be “doubled”, assuming
only half of the assayed material is active? If the
enantiomers are unequally active, how should the data
be treated? The model in which the RAs were doubled
before taking the log [or 191 (Chiral), entry 4] was also
used to predict the activities of the test set, providing
some insight into the answers to these questions.

To aid in visualization, Figure 4 shows the electro-
static and steric maps for the pls analysis with n =191,
2 AIC.3. In the steric map, red contours correspond to
regions in space where steric bulk would be predicted
to decrease antimalarial activity. The red regions appear
around the endoperoxide and other areas on the a-face
of the molecule, suggesting that increased steric bulk
on the underside of the molecule would be detrimental
to the activity. Conversely, green contours represent
areas around the template molecule, where an increase
in antimalarial activity due to increased steric bulk is
anticipated.

In Figure 4, green polyhedra surround the regions
near the C-9 methyl, C-3 methyl, and the 75-H of
artemisinin, suggesting that greater steric bulk in these
areas would increase activity. It is interesting to note
how an active analogue, for example, compound 70 (9-
butyl), fits within the contours compared to the natural
product artemisinin or an inactive analogue. Also, an
increase in lipophilicity resulting from removal of the
carbonyl at C-10 is generally favorable, as seen in Table
3. Compound 70 (log RA = 1.32) is simply the reduced
product of the less active lactone 8 (log RA = 0.17).

Within the CoMFA electrostatic map (Figure 4),
yellow contours are displayed in areas where partial
negative charge is associated with increased activity of
the database analogues. Yellow contours are visible near
the peroxide bridge, supporting the important role the
peroxide plays in activity, and near O-11 (or N-11). Blue
contours indicate areas within the lattice where elec-
tropositive properties of a molecule are predicted to
increase activity. These regions include the partial
positive charges associated with hydrogen atoms bound

to carbon, and can be correlated with lipophilic interac-
tion. A broad band of blue extends from the C-9 methyl
toward the carbonyl at C-10. Since no analogues bearing
electropositive groups in this area of the dataset were
included in the analysis, the blue contour may be an
accidental byproduct of the dataset.

The CoMFA protocol was repeated for the n = 191
dock-aligned database, and pls analysis indicated that
the model (entry 3) was comparable to that found with
the standard alignment. Overall, the dock alignment led
to a model with comparable r2 (0.85) and F-test (171.45)
but higher standard error (0.60).

Contour maps for the n = 191 2 A/C.3 dock model
(Table 1), representing electrostatic and steric volumes
deemed important to antimalarial activity, can be seen
in Figure 5. Some major visual differences are apparent
between the dock and standard models. For example,
in the dock alignment rule models, the contribution of
the yellow contours, displayed in areas where negative
charge is associated with increased activity, is dimin-
ished (Figure 5) relative to the standard alignment
model (Figure 4). Perhaps this difference can be ex-
plained by the possibility that groups that interfere with
hemin binding are negatively correlated with potency.
In the dock models, where the side chains have been
artificially moved out of the region occupied by hemin,
the yellow contours are much smaller.

In the steric map, green contours indicate areas where
steric bulk is predicted to increase antimalarial activity
(Figure 5). The green contours in the dock model are
much stronger than those in the standard models and
are incidentally along the periphery of the artemisinin
skeleton corresponding to the C-9, N-11, and C-3 sub-
stituent space.

There are also variations in the electrostatic contours
between the docked and standard models. For example,
in the standard model, yellow contours appear near the
C-6 methyl but are absent in the docked model. This
point is supported by the increase in activity from
arteether (60) to the more negative charged difluoro
analogue 181. In addition, in the electrostatic COMFA
maps (Figure 4), the yellow contours surrounding the
peroxide spanned slightly different areas of the trioxane/
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Figure 5. CoMFA contour maps about (+)-artemisinin for the dock aligned database (n = 191, 2 A/C.3). In the steric contour
map to the left, green contours indicate areas where steric bulk is predicted to increase antimalarial activity, while red contours
indicate regions where steric bulk is predicted to decrease activity. The electrostatic contour map on the right displays yellow
polyhedra where partial negative charge is correlated with antimalarial activity; the blue polyhedra indicating a relationship

between partial positive charge and activity.

Table 4. Influence of Fragment-type Parameters on the r2, g2,
Optimum Number of Components, Standard Error of Estimate
(s) after pls Analysis for 157 Database Using Fragment Size
Default (4—7), and Atom/Bond/Connectivity/Hydrogen/Chirality
as Fragment Type

fragment length optimum
(fragment type) g? r2 S components
4—7 (Con—H—Chi) 0.72 0.86 0.62 6

pyran oxygen atoms. Nonetheless, the yellow contour
just below the peroxide, assumes a greater magnitude
than the standard model. Further, the exact location of
the contours about the peroxy group is somewhat
different in the standard model, with the contours
tracking the location of the lone pair electrons of the
peroxide (Figure 5 versus Figure 4).

In the first HQSAR approach, we have used default
values for the fragment type and fragment size variables
(4—7). The best model was found when the “atoms”,
“bonds”, “hydrogen”, “chirality”, and “connectivity” op-
tions were used as fragment types, with 10 components
being optimum. The pls analyses for HQSAR are sum-
marized in the Table 2.

The best model using Con—H—Chi (g2 = 0.76) had
default fragment lengths (4—7). This model was used
to investigate if different fragment lengths could im-
prove the statistical parameters. Fragment size param-
eters control the minimum and maximum length of
fragments to be included in the hologram fingerprint.
The HQSAR results for the different fragment sizes are
summarized in Table 3.

Choice of the default value for fragment lengths above
led fortuitously to the better statistical result as a
general erosion of statistical quality was seen with other
fragment lengths in Table 3.

HQSAR was also applied to the n = 157 database
(chiral model). The new HQSAR model was built using
atom/bond/connectivity/hydrogen/chirality as fragment
type and 4—7 as fragment size (Table 4). In this final
case, we see little loss in fidelity between the 191 and
the 157 datasets for g2 or r2 and only a slight difference
in s value (~0.1).

Validation of the 3D-QSAR Models

CoMFA Validation. The ¢? value of a COMFA model,
together with other statistical information from the pls
analysis, provides information on the predictive capabil-
ity of the model. In this study we have generated
CoMFA models that describe the pharmacophore either
with or without the involvement of hemin, both of which
provide good g2 values. Selection of the model that most
accurately depicts reality is not trivial, since many
variables are inherent in the cell-culture bioassay
results. However, it may be possible to distinguish
between models by the appropriate choice of test
molecules. If one model were more consistent in predict-
ing the activities of novel compounds, then perhaps it
would be more realistic and therefore preferable over
the other model in drug design efforts.

The log RA predicted by CoMFA (standard alignment)
and HQSAR are highly consistent with the experimental
data and in good agreement with each other. Though
the CoMFA (dock alignment) model leads to a pharma-
cophore with good predictive statistical results (accept-
able r?2 and @?), it is less accurate in predicting the
activities of the 20 compound test-set. Further, there
does not exist sufficient data regarding the biological
activity for each enantiomer in the racemic analogues
used. To help define the antimalarial contribution made
by each enantiomer, a model was developed in which
34 racemates were placed as single (+)-artemisinin-like
enantiomers in the original database of 191 compounds.
By doing this it was implied that the opposite enanti-
omers are as active as their counterpart, and an
optically pure compound is not necessary for antima-
larial activity. These “mixed chiral and achiral” models
have been discussed as 191 (2 A/C.3) and 191 dock.
Databases without the racemates, or “chiral” models 157
(2 A/C.3) and 157 dock, were also included in our study.
Finally, adjustment to an “achiral” model was attempted
in which the relative activities of the racemates in the
191 (2 A/C.3) model were multiplied by 2 (before taking
the log), leading to model 191 (chiral) (2 A/C.3). Finally,
all of the 39 racemates were excised from the 211
database and split into a n = 34 training set with a test
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Table 5. Prediction Values for the Test Set in the QSAR Models
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predicted log RA

191 CoOMFA 191 CoMFA 191 CoMFA 191 CoMFA 157 CoMFA 157 CoMFA 157 CoMFA
compdno. log RA 157 HQSAR (2 AiC.3) 2 AH) (dock) (chiral)a (2 Aic.3) 2 AIH) (dock)
9 —-0.32 0.58 0.62 0.35 —-0.29 0.52 0.92 0.75 1.10
14 0.86 0.20 0.49 0.17 0.47 0.44 0.23 0.62 —0.10
40 0.78 0.86 0.60 0.51 0.81 0.64 1.03 0.88 1.15
52 —4.00 —4.44 —3.47 —4.30 —4.12 —3.44 —3.16 —2.80 —2.56
67 —-0.77 —0.05 0.12 —0.05 0.23 0.07 0.80 0.08 1.12
81 1.79 0.99 0.83 0.43 0.79 0.78 0.73 0.49 0.65
119 —0.12 —1.13 0.60 0.06 0.19 0.58 0.42 0.02 —0.04
124 0.19 -0.83 0.66 0.36 0.69 0.92 0.18 0.13 0.25
129 —0.04 —0.08 —0.09 0.30 0.34 -0.11 0.00 —-0.13 0.00
141 1.47 0.75 0.59 0.37 —0.63 0.63 0.92 0.79 0.57
143 —4.00 —3.23 —2.62 —3.08 —2.72 —2.68 —3.02 —3.60 —3.67
180 —1.24 —1.24 1.15 0.62 0.91 0.37 —0.66 —-0.91 —0.24
186 —4.00 —-4.09 —4.21 —-3.27 —3.85 —-4.10 —4.23 —4.26 —3.78
199 0.31 0.58 0.86 0.21 0.76 0.85 1.29 —0.01 —1.38
204 1.07 1.54 0.30 0.25 0.42 0.47 1.13 1.44 0.43
112 —0.97 —1.38 —1.30 —-1.27 —1.08
115 —0.56 0.19 —0.08 0.42 0.50
148 0.95 0.65 0.83 0.91 0.97
160 —0.29 0.05 —0.05 0.09 0.34
166 0.62 0.38 0.35 0.52 0.67

aThe RA for the racemates in the model was multiplied by 2.

Table 6. Predictions of COMFA Test Set (n = 5) log RA for
Racemic Database (n = 34)

34 racemic 34 racemic
compd no. log RA (2 Aic.3) 2 AIH)
112 —-1.27 —-1.63 —-1.81
115 —0.86 -1.33 —0.60
148 0.65 0.58 0.79
160 —0.59 —0.06 —0.25
166 0.32 0.54 0.39

set of 5. In each case, data was subjected to the
statistical pls analysis (Table 1). Relative antimalarial
activities were predicted for the test set using these
databases, as shown in Tables 5 and 6.

The prediction r? was obtained by simple regression
analysis of the test set log RA values versus the
predicted values for each model, as shown in Table 7.
Comparing the performance of the models in predicting
the test set data (Table 5) indicated the following four
models: the chiral COMFA model 191 (2 A/C.3), which
includes corrections for the racemates, with an r? of 0.84;
both chiral COMFA models 157 (H and C.3 probe), with
r2 = 0.86 and 0.89; and finally, the HQSAR model,
which, with r2 = 0.89, reflected experimentally derived
antimalarial activities best. It is interesting to note that
the best HQSAR model incorporated chirality coding
(Con—H—-Chi).

The exceptionally poor g2 value for the racemic
dataset (Table 1, entries 8, 9) was easily explained by
examining the residual values for the pls analysis. There
were several instances of residuals with values over +2
or —2. How this CoMFA model did so well in prediction
is a matter of coincidence. It is clear that the model
probably should not be used for predictions with the low
g? value at the outset. This poor performance of race-
mates should be a clear warning to others carrying out

Table 7. Standard Error in Model Predictions of Test Set (r?)?2

QSAR studies that one cannot mix racemates with
chiral compounds. If it is know unequivocally that only
one of the enantiomers of the racemate is responsible
for the compound’s activity, then provision can be made
to adjust the activity value accordingly.

It is tempting to conclude that chirality does seem to
be important for antimalarial activity in this class of
drugs. While this is inconsistent with isolated reports
demonstrating that the in vitro antimalarial effects of
selected enantiomers gave the same potencies,920.77 it
is also consistent with in vitro studies involving exten-
sive numbers of enantiomeric pairs of trioxanes.”® While
the chirality issue is currently unresolved, one can
envision that changes in metabolism and distribution
from enantiomer to enantiomer would lead to unpre-
dictable and variable activities for enantiomeric pairs.
In order for this model to be sensitive to these complex
issues, it will be necessary for numerous enantiomeric
pairs to be added to the database, and an alignment rule
will need to be devised.

As we can see, in the contour map generated from
the “dock-aligned” database, interaction with the hemin
iron is a predominant component of the dock-minimized
model. It follows that the predictivity of the 157-docked
model might favor compounds in which this interaction
is influenced by the dock-minimization process.

HQSAR Validation. Because the structure and
molecular properties of a molecule can be encoded
within a 2D fingerprint (including biological activity),
we should be able to predict the activity of a molecule
from its fingerprint. To visualize this principle, Figure
6 shows the most important fragments of artemisinin
(1) labeled by the results of the final pls analysis.

Twenty compounds were excluded from the database
to serve as test compounds to evaluate the predictive

191 191 191 191 157 157 157 34 34
model  HQSAR  (2A/C.3)  (2AMH)  (dock)  (chiral) (A/C3)  (2AMH)  (dock) (AIC3)  (2AMH)
r2 0.89 0.77 0.81 0.74 0.84 0.86 0.89 0.72 0.87 0.90

a Regression analysis of actual log RA vs predicted log RA.
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Table 8. Model Selection Based on [(r? + g2 + pr?) — s]2
191 191 191 191 157 157 157 34 34
model HQSAR (2A/c3) (2AMH) (dock) (chiral) (A/C3) (AMH) (dock) (A/C3) (2AH)
[(r2 + g2 + pr?) — s] 2.03 1.84 1.81 1.71 1.91 2.20 2.15 1.98 1.71 1.72

ar2, g2, and s from Table 1; pr2 from Table 7.

Positive
contribution

Neutral

Negative
contribution

Figure 6. The HQSAR contribution map for artemisinin.

ability of the present QSAR models. Table 5 summarizes
a comparison of the experimental log RA values and the
predicted log RA values following the CoMFA and
HQSAR results.

Conclusions

In CoMFA, a suitable sampling of the steric and
electrostatic fields around a set of aligned structures
provides the information required for the development
of a predictive pharmacophore model. Although many
CoMFA models are statistically excellent and offer good
predictive performance, they are inherently limited by
the need to align the database molecules correctly
within 3D space. Because experimental evidence about
ligand—receptor binding conformations is frequently
lacking, the bioactive conformation must be postulated
on the basis of information about the receptor binding
site and/or the common conformational space accessible
to different known ligands. The global minimum-energy
conformation is commonly selected and a considerable
amount of time and expertise is required for molecular
modeling. This latter process, if performed correctly, can
yield useful information about the nature of the receptor
site and receptor—ligand interaction. Unfortunately,
statistically sound but misleading models can often be
constructed from the same datasets using other confor-
mational hypotheses. The resulting models can still be
predictive of a test set, but they are not suited to drug-
design, because of a false conformational hypothesis.

On the other hand, HQSAR requires only information
about the 2D molecular structure, requiring little or no
molecular modeling for development of an alignment
rule. Generations of descriptors using CoMFA involves
time-consuming processes, such as structural align-
ment, that often can be carried out effectively only by
laborious “trial and error” based attempts. In contrast,
the generation of molecular holograms as the chemical
descriptors in HQSAR takes considerably less time and
expertise. It is worthwhile to mention that construction
of the regression equation through standard pls analysis
takes less time in HQSAR than CoMFA, because the
number of descriptors generated is generally far less.

Due to dependence of a CoMFA model on molecular
conformation and structural alignment, in which small
perturbations can become magnified in the final QSAR
model, much care must be taken when generating these
models to ensure reproducibility. Because the calcula-
tion of HQSAR descriptors from counts of substructural
molecular fragments is straightforward, model repro-
ducibility is readily achieved in minimal time. On the
basis of the information derived from these QSAR
models, we have attempted to determine the properties
of the molecules in this study that are responsible for
antimalarial activity.

The computer aided pharmacophore modeling was
used to better define the complex structure—activity
relationships of artemisinin and its analogues as anti-
malarial compounds. Accordingly, with a database of
191 artemisinin analogues, we developed various
CoMFA pharmacophore models based on two different
hypotheses. First, the bioactive conformation of the
analogues corresponds to the minimum energy struc-
tures, and second, the bioactive conformation of the
analogues is based on their interaction with the pro-
posed molecular target in the parasite, hemin. Also we
have examined the assumptions that enantiomers in a
racemate have identical activity or those enantiomers
have different activities.

In some models, racemates have been included or
excluded from the analysis, while in other studies, the
analogues are docked to hemin prior to being placed in
the molecular database or the analogues are simply
minimized and aligned to the template artemisinin. The
results initially indicate that the chiral model (n = 157)
may be best but that the effect of docking on improved
performance of these models was not seen. This finding
does not invalidate Meshnick's original hypothesis
regarding parasitic hemin being the mechanistic trigger
for the action of the drug but merely suggests that it is
a fast insensitive step late in the overall cascade of
events leading to accumulation of drug at the site of
heme in the food vacuole. The issue of how peroxide
chirality effects activity is worth mention. According to
Boukouvalas,’8 for an extensive collection of trioxanes,
in some cases enantiomeric pairs of trioxanes have
equivalent potency, but more often than not, the pairs
have quite different in vitro potencies. Other researchers
have concluded that chirality is not a requirement for
potency and that both enantiomers of a set should have
equivalent antimalarial activity. Regardless of these
opposing results, it seems intuitively obvious that the
kinetics (and even outcome) of metabolic processes
should vary from one enantiomer or diastereomer to the
other. Unpredictable and variable metabolism occurring
in whole cell assay should be expected to lead to
unpredictable antimalarial potencies for enantiomers or
diastereomer pairs.

We believe that the best solution to this issue is to
construct enantiomeric pairs for a diverse set of perox-
ides and trioxanes in order to seed the QSARs. If the
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hemin hypothesis were correct, the resulting model
would reflect hemin docking, differences in metabolism,
lipophilicity, and topology along with other factors
defining antimalarial potency, such as drug accumula-
tion into the parasitized erythrocyte.”

In terms of validation of such a model, a measure of
internal consistency is available in the form of the g?
value. However, the ultimate test of a model is its ability
to predict activities for newly reported compounds. The
hemin-docked artemisinin pharmacophore is quite com-
plex, as indicated by a predictive character inconsistent
with previous trials with these database. On one hand
we have a pharmacophore which, judging by its notable
statistical data, adequately predicts the activity of
compounds, which encompass a range of activities and
structural variation. However, neither of the docked
models performed as well as the undocked models.

All of the models emerging from CoMFA (n = 157, no
racemates) and HQSAR (n = 191, mixture) were of
utilizable quality (high r?) and exhibited good predictive
ability (good g?). In particular, the chiral database
having no racemates (n = 157, Table 1, entry 5) provided
the best overall statistical and predictive properties with
a score of 2.20 (Table 8). Predictions made with CoOMFA
and HQSAR models on test set compounds were in
reasonable agreement with the experimentally deter-
mined values. The CoMFA model reveals regions in 3D
space around these artemisinin analogues that are
important to antimalarial activity.
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