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The cell division cycle is regulated by a family of cyclin-dependent protein kinases (CDKs)
that are functionally conserved among many eukaryotic species. The characterization of
plasmodial CDKs has identified them as a leading antimalarial drug target in our laboratory.
We have developed a three-dimensional QSAR pharmacophore model for inhibition of a
Plasmodium falciparum CDK, known as Pfmrk, from a set of fifteen structurally diverse kinase
inhibitors with a wide range of activity. The model was found to contain two hydrogen bond
acceptor functions and two hydrophobic sites including one aromatic-ring hydrophobic site.
Although the model was not developed from X-ray structural analysis of the known CDK2
structure, it is consistent with the structure-functional requirements for binding of the CDK
inhibitors in the ATP binding pocket. Using the model as a template, a search of the in-house
three-dimensional multiconformer database resulted in the discovery of sixteen potent Pfmrk
inhibitors. The predicted inhibitory activities of some of these Pfmrk inhibitors from the
molecular model agree exceptionally well with the experimental inhibitory values from the in
vitro CDK assay.

Introduction
New chemotherapies to treat malaria are needed in

light of the rapid development of drug resistance.1,2

Malaria drug development efforts in the past have
focused primarily on identifying compounds that inhib-
ited the growth of the parasites in culture. With the
completion of the Plasmodium falciparum genome
project and the emergence of structure-based drug
design methodologies, drug development efforts have
shifted to targeting specific proteins in the parasite that
are unique yet critical for cellular growth and survival.
With a direct role in the regulation of cellular prolifera-
tion, the cyclin-dependent proteins kinases (CDKs) are
attractive drug targets.3,4

CDKs have been identified as potential chemothera-
peutic targets to treat a range of diseases to include
cancer, cardiovascular and neurological disorders, and
infectious disease.5-8 A significant amount of CDK data
from a variety of organisms has helped to initiate efforts

to target the plasmodial CDKs. Sequence alignments,
molecular models, and crystal structures of the plas-
modial CDKs identified several amino acids within the
active pocket that are different from mammalian
CDKs.9-11 Exploitation of these subtle differences can
lead to potent and specific inhibitors. This has been
demonstrated among the highly conserved mammalian
CDKs in which minor active pocket differences were
responsible for inhibitor specificity of CDK4/6 over
CDK1/2.4,12 Commercially available CDK inhibitors
have a broad range of activity toward the plasmodial
CDKs that reflects differences in active pocket binding.13

Compounds have been identified that can discriminate
among host and parasite CDKs. Woodard et al have
shown that oxindole-based compounds are selective for
the plasmodial CDK, Pfmrk, over other plasmodial
CDKs and human CDK1.11 Molecular models suggest
that these compounds fit into the active site in the same
orientation as they do in human CDK2; however, the
compounds make additional contacts that are respon-
sible for its specificity toward Pfmrk. Crystal structures
of PfPK5 bound to inhibitors also demonstrate that
inhibitors can bind to the ATP ribose phosphate binding
site in a similar fashion as human CDKs, and amino
acid differences adjacent to the ATP binding pocket site
can be exploited for specific inhibitor design.10

Plasmodial CDK drug discovery efforts have used the
amino acid sequence variations between the plasmodial
and mammalian CDKs in an effort to identify selective
inhibitors with high specificity.13 The three plasmodial
CDKs that are currently being investigated are PfPK5,
PfPK6, and Pfmrk.14 PfPK5 is most similar to human
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CDK1 and is susceptible to many of the same inhibi-
tors.15,16 Several PfPK5 inhibitors are purine-based and
include compounds such as olomoucine and purvalanol
A. These same inhibitors possess antiparasitic activity
when assayed with the malarial parasites in vitro,
which suggests an essential role of CDKs in parasite
growth and development.17 Pfmrk shares the greatest
sequence identity to human CDK7; however, many of
the well-characterized CDK inhibitors presently avail-
able do not inhibit the activity of Pfmrk.18,19 Novel
amino acid sequence variations in the active site,
homology with global CDK activation, and lack of
inhibition by known CDK inhibitors make Pfmrk a
promising CDK target in the parasite. Two separate
classes of compounds, oxindoles and quinilinones, have
been identified as significant inhibitors of Pfmrk activ-
ity.11,20

In this study we continue our drug discovery efforts
with Pfmrk by developing a 3D-QSAR pharmacophore
model for inhibitor activity and identify potential inhibi-
tors with the pharmacophore as a template for searching
the WRAIR in-house 3D chemical databases by adopting
the CATALYST procedures.21,22

Results

We developed a 3D-QSAR pharmacophore model for
kinase inhibitory activity from a training set of 15
structurally diverse kinase inhibitors (Chart1). These
compounds display a broad range of inhibitory activity
against Pfmrk with experimental IC50 values ranging

from 0.13 µM to 1100 µM (Table 1). On the basis of the
structure-activity relationships within this set of com-
pounds, pharmacophore models of Pfmrk inhibition
were generated using the CATALYST procedure. The
best model produced by CATALYST consisted of the
spatial arrangement of four functional groups: two
hydrogen-bond acceptors, one hydrophobic group, and
one planar aromatic ring (Figure 1). The model shows
an excellent correlation (R ) 0.9) between experimental
and predicted inhibitory activity of the kinase inhibitors
of the training set. This pharmacophore was then used
to estimate the Pfmrk inhibitory activity of a test set of
15 compounds (Table 2 and Chart 2) created from
known kinase inhibitors that also showed inhibitory
activity in our Pfmrk assay. The estimated IC50 values
were compared with experimentally measured IC50
values in an effort to validate the pharmacophore model.
The predicted and the experimental inhibitory activities
correlate well (R ) 0.7) despite most of the compounds
in the set being CDK2 specific inhibitors. On the basis
of the success of the cross-validation, the pharmaco-
phore was used in an automated multiconformer 3D
database search of the WR-CIS to identify new Pfmrk
inhibitors.23

The CATALYST procedure resulted in the generation
of 10 alternative pharmacophores describing the Pfmrk
inhibitory activity of the training set compounds (see
Experimental Section). These pharmacophore models
were then evaluated by using them to estimate the
inhibitory activity of the training set compounds. The
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correlation between the estimated and experimental
values ranges between 0.9 and 0.7, and the RMS values
range between 0.8 and 1.3. The statistical significance
of the pharmacophores (hypotheses) falls within the
recommended range of values in CATALYST (see *.log
file in the Supporting Information). The difference
between the fixed and the null cost is found to be 68
bits, indicating the robustness of the correlation. The
cost difference between the first and the tenth hypoth-
esis is 9.5 bits, closer to the fixed costs than the null
costs. However, since the cost between the first and the
tenth hypothesis is 9.5 bits and the difference of costs
between these hypotheses and the null hypothesis
ranges from 62.5 to 53 bits, it could be expected that

for all these hypotheses, there is a 78-92% chance of
representing a true correlation in the data. All these
calculated cost differences were found to be well within
the acceptable limits recommended in the cost analysis
of the CATALYST procedure.22 The best pharmacophore
model is characterized by two hydrogen bond acceptor
functions, one aliphatic hydrophobic function, and one
aromatic ring hydrophobic function (Figure 1) and is
also statistically the most relevant model. The estimated
activity values along with the experimental IC50 values
for Pfmrk inhibition are presented in Table 1. A plot of
the experimentally determined IC50 values versus the
calculated activities demonstrates a strong correlation
(R ) 0.9) within the range of uncertainty 3, indicating
a good predictive power of the model (Figure 2). The
most potent compound in the training set, 3, maps well
to the functional features of the pharmacophore, whereas
the least potent member of the series, 4, maps poorly
with the pharmacophore (Figure 3a,b). Inspection of
Figure 3b clearly shows that 4 (olomoucine) fails to map
the second hydrogen bond acceptor feature of the
pharmacophore. Thus, it appears that the second hy-
drogen bond acceptor feature may be a specific require-
ment for binding to Pfmrk.

To cross-validate the pharmacophore, a set of 15
compounds was selected as a test set (Chart 2). These
compounds are inhibitors of protein kinases and were
assayed for Pfmrk inhibitory activity (Table 2).19 Esti-
mated activities were calculated by scoring the phar-

Table 1. Estimated and Experimentally Determined Activity
Values of the Compounds in the Training Set

IC50 (µM)
training

set
(compd

no.) compound name exptl est errora

1 2-amino-2-methyl-1-(1-methyl-1H-
indol-3-yl)propan-1-one
hydrochloride

46.2 130.0 2.7

2 5-nitro-1H-indole-2,3-dione 5.9 5.3 -1.1
3 4-aza-8-nitroindolo[2,1-b]-

quinazoline-6,12-dione
0.13 0.23 1.8

4 olomoucine 1100 69.0 -16.0
5 chloroquine 150.0 93.0 -1.6
6 mefloquine 12.0 21.0 1.8
7 4-(2,4-dihydroxyphenylazo)-3-

hydroxy-naphthalene-1-sulfonic
acid

11.0 30.0 2.7

8 2-hydrazino-3-(1H-indol-3-yl)-
propionic acid

182.0 100.0 -1.8

9 3-(2-oxo-2-phenylethylidene)-1,3-
dihydroindol-2-one

4.0 3.7 -1.1

10 5-bromo-3-(2-oxo-2-phenyl-
ethylidene)-1,3-dihydroindol-2-one

3.1 2.9 -1.1

11 5,7-dimethyl-3-(2-oxo-2-phenyl-
ethylidene)-1,3-dihydroindol-2-one

3.6 3.4 -1.1

12 5-bromo-3-(2-oxo-2-p-tolyl
ethylidene)-1,3-dihydroindol-2-one

2.9 2.7 -1.1

13 3-[2-(4-bromophenyl)-2-oxo-
ethylidene]-1-methyl-1,3-
dihydroindol-2-one

29.0 78.0 2.7

14 3-(2-hydroxybenzylidene)-5-nitro-
1,3-dihydroindol-2-one

35.0 44.0 1.2

15 5-methoxy-3-(4-oxo-2-thioxo-
thiazolidin-5-ylidene)-1,3-
dihydroindol-2-one

17.1 11.0 -1.5

a Values in the error column represent the ratio of estimated
activity to experimental activity, or its negative inverse if the ratio
is less than 1.

Figure 1. Pharmacophore for Pfmrk inhibitory activity.

Table 2. Estimated and Experimentally Determined Activity
Values of the Compounds in the Test Set

IC50 (µM)test set
(compd

no.) compound name exptl est errora

16 indirubin-3-monoxime
{1H,1′H-[2,3′]bisindolylidene-
3,2′-dione 3-oxime}

30.0 1.9 -15.0

17 alsterpaullone
{9-nitro-5,12-dihydro-7H-
benzo[2,3]azepino[4,5-b]indol-6-one}

51.0 12.0 -4.4

18 myricetin
{3,5,7-trihydroxy-2-(3,4,5-tri-
hydroxyphenyl)chromen-4-one}

157.0 25.0 -6.3

19 apigenin
{5,7-dihydroxy-2-(4-hydroxy-
phenyl)chromen-4-one}

7.0 5.3 -1.3

20 staurosporine 4.0 1.7 -2.4
21 bisindolylmaleimide 1

{3-[1-(3-dimethylaminopropyl)-
1H-indol-3-yl]-4-(1H-indol-3-yl)-
pyrrole-2,5-dione}

24.0 6.0 -4.0

22 NSU-45
{3-[3-(2-hydroxyethoxy)phenyl]-
1H-quinolin-2-one}

18.0 8.3 -2.2

23 purvalanol A 26.0 3.1 -8.4
24 kenpaullone

{9-bromo-5,12-dihydro-7H-
benzo[2,3]azepino[4,5-b]indol-6-one}

15.0 43.0 2.9

25 5-(5-fluoro-2-oxo-1,2-dihydroindol-
3-ylidene)thiazolidine-2,4-dione

30.0 6.7 -4.5

26 {2-chloro-N-(4-chlorobenzo-
thiazol-2-yl)acetamide}

38.0 3.5 -11.0

27 {5-methyl-4-nitro-3-phenyl-1H-pyrazole} 394.0 220.0 -1.8
28 3-(4-trifluoromethylbenzylidene)-

1,3-dihydroindol-2-one
138.0 17.0 -8.1

29 {5-bromo-3-[2-(4-fluorophenyl)-
2-oxoethylidene]-1,3-dihydro-
indol-2-one}

1.4 2.0 1.4

30 genistein
{5,7-dihydroxy-3-(4-hydroxy-
phenyl)chromen-4-one}

93.0 9.0 9.8

a Values in the error column represent the ratio of estimated
activity toexperimental activity, or its negative inverse if the ratio
is less than 1.
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macophore model on the test set and comparing with
the experimental IC50 values. The overall correlation
between the estimated and experimental activities was
0.7, highlighting the predictive quality of the pharma-
cophore model. On average, the model-based estimated
activities were slightly under predicted activities (nega-
tive error in Table 2) when compared with the experi-
mental activities. The mapping of the pharmacophore
on a few compounds of the test set is presented in Figure
4: 16 (Figure 4a), 20 (Figure 4b), 24 (Figure 4c), and
27 (Figure 4d).

We used the pharmacophore model template to con-
duct an in silico screen of our multiconformer 3D CIS
chemical database at the Walter Reed Army Institute
of Research. This screen evaluated the goodness of fit
between the compounds in the chemical database and
the pharmacophore model. The database search algo-
rithm in CATALYST accounts for molecular flexibility
of the compounds by considering each compound as an
ensemble of conformers. The CIS database has ap-
proximately 290000 compounds.23 For each compound,

multiple conformations were generated (using the catDB
utility algorithm of CATALYST) and conformational
energies were assigned with respect to an energy-
minimized structure. Through repeated refinement and
search of this database in an iterative manner (see
Compound Selection paragraph in Experimental Sec-
tion), we were able to identify and shortlist 16 com-
pounds with estimated activities below 25 µM (Chart
3) in our Pfmrk assay. The experimental IC50 values
together with their predicted activities and conforma-
tional energy costs and the fit score (see Experimental
Section for details) when mapped on the pharmacophore
are shown in Table 3.

Discussion
The pharmacophore model developed in this project

is composed of only four chemical functions localized in
space, yet it proved to be an efficient predictive tool. We
found that the pharmacophore was instrumental in
conducting a targeted assay of the 290000 compounds
in the WR-CIS. Even though we have developed an

Chart 2
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automated, plate-based in vitro assay for Pfmrk activity,
time and resource costs prohibited an exhaustive search
of the entire chemical database. Thus, it was essential
to our effort to develop a predictive tool that would allow
us to identify a limited number of compounds for in vitro
screening. The pharmacophore was developed for this
purpose. Before database screening, however, the model
was validated on a test set of 15 compounds known to
inhibit human CDK2 (Table 2 and Chart 2). The Pfmrk
inhibitory activities that were estimated using the
model were well correlated (R ) 0.7) to the experimen-
tally measured activities (Table 2).

The pharmacophore model was then used to screen
the WRAIR chemical database. Sixteen compounds with
predicted inhibitory activity below 25 µM were selected
and tested in the in vitro Pfmrk assay. All of these
compounds (Chart 3) displayed Pfmrk inhibitory activity
below 100 µM, demonstrating the predictive value of the
pharmacophore (Table 3). Eight of these compounds, 31,
36, 39, 40, 42, 43, 44, and 46, map well to the four
features of the pharmacophore, whereas the other eight
map well to only three features. Figure 5a,b shows 31

and 36 mapped to all four features of the model while
Figure 5c shows 33, which maps well to three features,
but is missing a hydrophobic feature, and Figure 5d

Figure 2. Correlation (R ) 0.9) line displaying the observed
versus estimated IC50 values (µM) of the training set by using
the statistically most significant pharmacophore derived from
the experimental Pfmrk activities. (Y-axis shows the experi-
mental activity, and X-axis represents the predicted activity.)

Figure 3. Mapping of (a) the most potent analogue, 3, and
(b) the least potent analogue, 4, onto the pharmacophore
model.

Figure 4. Mapping of compounds from the test set onto the
pharmacophore: (a) 16, (b) 20, (c) 24, and (d) 27.

Table 3. Sixteen Compounds Discovered Using the
Pharmacophore through Multiconformer 3D CIS Database
Searches along with Their Experimental and Predicted
Activities

activity
(µM)

compd
no. compd name

fit
score

coforma-
tional
energy

(kcal/mol) est exptl

31 4-aza-9-chloroindolo[2,1-b]-
quinazoline-6,12-dione

7.1 0.0 0.2 3.5

32 2-{(2-hydroxyethyl)[5-(4-
methoxyphenyl)[1,3,4]oxa-
diazol-2-yl]amino}ethanol

5.9 11.3 2.7 35.8

33 3-oxo-1-phenyl-1,3-dihydro- 5.0 13.3 25.0 70.0
isobenzofuran-1-yl)thiourea

34 2-chloro-N-(4-chlorobenzo-
thiazol-2-yl)acetamide

5.3 2.4 13.0 38.3

35 1-(3-nitrophenyl)-3-phenyl-
propenone

6.5 2.6 0.8 10.0

36 5-chloro-4-nitrothiophene-2-
sulfonic acid

(4-trifluoromethylphenyl)-
amide

7.5 4.8 0.1 2.5

37 1-(4-nitrophenyl)-3- pyridin-
2-ylpropenone

6.1 2.5 2.0 18.0

38 3,9,11-trichloro-5,6-dihydro-
benzo[c]acridine-7-carbonyl
chloride

6.0 0.0 2.2 25.0

39 (4-chlorophenyl)-[3-(4-chloro-
phenyl)-2,4-dioxooxazolidin-
5-ylidene]acetonitrile

6.5 0.0 0.8 14.0

40 ethyl 2-chloro-5-nitrobenzoate 7.4 2.1 1.0 87.0
41 2-pyridin-2-ylmethylene-3,4-

dihydro-2H-naphthalen-1-one
5.1 0.0 18.0 17.0

42 ethyl 2-(4-nitrobenzoyl)-3-
pyridin-2-ylacrylate

6.9 7.0 0.3 61.0

43 1-(2,4-dichlorobenzoyl)-3-
(2-hydroxy-5-nitrophenyl)-
thiourea

7.1 0.0 0.2 10.0

44 N-(4-chloro-2-methylphenyl)-
3-nitrobenzamide

7.8 0.0 0.04 69.0

45 N-[4-(3-phenylacryloyl)-
phenyl]acetamide

6.0 2.4 2.7 17.0

46 4-aza-8-fluoroindolo[2,1-b]-
quinazoline-6,12-dione

7.0 0.0 0.2 4.7
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shows 41 mapping well to three features, but missing
one H-bond acceptor.

The group of compounds that match all four features
of the model includes the best inhibitors (31, 36, and
46), but this group also includes compounds with the

worst inhibitory activity (37, 40, and 44). This latter
group shares a structural feature: a nitrophenyl group.
The pharmacophore model contains a hydrogen-bond
acceptor 3.4 Å from the centroid of a planar aromatic
ring. These features map very well to a nitrophenyl
group both in distance and in orientation, perhaps
explaining why six of the sixteen compounds identified
by the screen contain this moiety. As discussed below,
nitrophenyl groups may not be well tolerated in the
Pfmrk active site despite the fact that they map well to
the pharmacophore model. The six compounds contain-
ing nitrophenyl groups have an average estimated
activity of 0.7 µM while the average experimental value
is 61-fold higher (43 µM). For the remaining 10 com-
pounds, the average estimated activity and average
experimental activity differ by less than 4-fold.

A wealth of structural information exists for CDKs.
Crystal structures of human CDK2 account for most of
this information: over 75 structures have been deter-
mined of this enzyme. Structures of human CDK2 have
been determined with bound cyclin, bound substrate
(ATP), and bound inhibitors, as well as with phospho-
rylation of key regulatory sites on the kinase. Combined,
these structures provide a basis for understanding the
activity, regulation, and inhibition of CDKs.24-27 Struc-
tures of CDK2 with bound small molecule inhibitors are

Chart 3

Figure 5. Mapping of the Pfmrk inhibitors discovered through
database searches onto the pharmacophore: (a) 31, (b) 36, (c)
33, and (d) 41.
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particularly useful for interpreting the results of our
pharmacophore-based screen. In most of these struc-
tures (44 of 48 structures examined), the main chain
amide group of Leu83 forms a hydrogen bond with an
acceptor group on the inhibitor.26,28 This hydrogen bond
mimics the one formed between the amide of Leu83 and
the adenine N1 when ATP is bound in the CDK2 active
site. A homology model of Pfmrk, based on the struc-
tures of CDK2, indicates that Met94 occupies this
position in Pfmrk and that this hydrogen bond is
important for ATP and inhibitor binding to Pfmrk.11,19

Recent structures of a malaria CDK (PfPK5) show that
bound inhibitors also form this hydrogen bond to the
CDK active site.10 Thus, analysis of the Pfmrk homology
model combined with the X-ray crystal structures of
CDK/inhibitor complexes highlights the importance of
a hydrogen-bond acceptor in the inhibitor that can form
a hydrogen bond with the amide group of residue 94
(Pfmrk numbering).

The pharmacophore model contains two hydrogen
bond acceptor features, one of which may represent the
interaction with Met94 in the Pfmrk active site. As
discussed above, one of these hydrogen-bond acceptors
is 3.4 Å from the centroid of the aromatic ring feature
in the pharmacophore. It is these two pharmacophore
features that appear to account for the important
binding properties of the adenine base of substrate ATP.
These features also map well to all of the compounds
identified in our screen that demonstrate potent Pfmrk
inhibition. It has been reported that there are some
areas of the ATP binding pocket that are occupied by
flat aromatic rings of CDK2 inhibitors, such as rosco-
vitine, flavopiridol, and staurosporin.29,30 These areas
in CDK2 are surrounded by hydrophobic amino acid
residues, Ile10, Val18, Ala31, Val64, Phe80, Phe82,
Leu134, and Ala144 in a narrow cavity. This cavity is
occupied by aromatic rings in all structurally character-
ized interactions between CDK2 and small molecule
inhibitors. Amino acid alignment between Pfmrk and
CDK2 identify a similar hydrophobic pocket within the
active site of Pfmrk which consists of Leu16, Val24,
Ala37, Met75, Met91, Ile93, Phe143, and Ala153.13 The
structures of PfPK5 also show that the aromatic rings
of the bound inhibitors are bound in a hydrophobic
pocket lined with these residues.10 Thus, the aromatic
ring and hydrogen bond acceptor features of the phar-
macophore may represent general requirements for
inhibitor and ATP binding to CDKs.

The Pfmrk pharmacophore contains two additional
features: a second hydrogen-bond acceptor and a hy-
drophobic group. These features are difficult to rational-
ize on the basis of the X-ray crystal structures of CDK2
and PfPK5 and the binding modes of inhibitors found
in these structures. These features may be requirements
for specific binding to Pfmrk rather than general
features shared by CDK inhibitors. Inhibitor selectivity
is a key concern in drug discovery projects that target
cyclin-dependent kinases. The malaria parasite appears
to have several CDKs, and humans have at least nine
more. Inhibitor specificity can rely on relatively subtle
differences between CDK active sites. A good example
is the selectivity between human CDK4 and CDK2.
Recent efforts to target CDK4 used a CDK2 variant that
contained three active site amino acid substitutions.12,24,31

The mutant CDK2 displayed activity and inhibitor
selectivity similar to that of CDK4. Binding require-
ments specific to Pfmrk must be encoded in the phar-
macophore since it is able to predict Pfmrk inhibition
(R ) 0.7) when presented with a series of potent CDK2
inhibitors (Table 2). Specificity is an important quality
of the pharmacophore model since most CDK inhibitors
are poor inhibitors of Pfmrk activity. Recent work on
oxindole-based inhibitors of Pfmrk suggests that hydro-
phobic active site residues may be responsible for the
selectivity of these Pfmrk inhibitors.11 In particular,
three residues (Leu16, Tyr96, and Phe143) are unique
to Pfmrk and could create additional hydrophobic
interfaces not present in PfPK5 and CDK2. The hydro-
phobic feature (nonaromatic) of the pharmacophore may
be targeting these unique aspects of the Pfmrk active
site.

The pharmacophore model developed by using the
CATALYST procedures in this study proved to have
useful predictive value. However, the pharmacophore
model has limitations due to the simplicity of the model.
A good example is the selection of compounds containing
nitrophenyl groups discussed above. The nitrophenyl
group maps very well to two features in the pharma-
cophore (hydrogen-bond acceptor 3.4 Å from the centroid
of a planar aromatic ring); however, compounds con-
taining this group are poor inhibitors of Pfmrk. As
discussed above, these pharmacophore features prob-
ably map to the binding site of the purine ring of
substrate ATP. Purine analogue inhibitors bind well,
but charged groups like nitrophenyl do not. No CDK/
inhibitor complexes have been structurally determined
with a charged group in this region of the active site.
The pharmacophore model does not contain this level
of discrimination and overpredicts the binding affinity
of some compounds.

Conclusion

Our in silico pharmacophore model accounts for
Pfmrk-specific inhibitory activity and allowed us to
identify several potent Pfmrk inhibitors through 3D
database searches. The model was developed solely from
compound structure-activity relationships, yet it is very
consistent with what is known from nearly 50 X-ray
crystal structures of CDKs with bound inhibitors. The
pharmacophore model contains features that appear to
be shared by a wide range of general CDK inhibitors,
as well as features that appear to be Pfmrk-specific.
Despite the complexity of P. falciparum cyclin-depend-
ent kinase activity, the predicted Pfmrk inhibition from
our pharmacophore model is robust (Table 3). We are
currently involved in the design of highly selective
Pfmrk inhibitors based on this binding mode and
structure-function information about the differences
between Pfmrk and other kinases.

Experimental Section

Kinase Drug Screen. Pfmrk, PfPK5, and Pfcyc-1 were
expressed and purified from Escherichia coli as GST tagged
(Pfcyc-1) or 6xHIS tagged (Pfmrk, PfPK5) as previously
reported.19,32 Plasmodial CDKs were screened in a filter bottom
microtiter plate assay to identify selective inhibitors as previ-
ously described. Briefly, 3.0 µg of kinase was assayed in a
50 µL reaction containing kinase buffer (40 mM Hepes pH 7.5,
30 mM MnCl2, and 2.0 mM DTT) supplemented with 2.0 µg of
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Pfcyc-1 and 5.0 µg of carboxy-terminal domain of RNA polym-
erase II (CTD). Kinases were preincubated for 5 min at 30 °C
with kinase reaction buffer and various concentrations of
compounds to facilitate binding of compounds to the kinases.
Following preincubation, the reaction was started by the
addition of 2.0 µCi of [γ-32P]ATP, 3000 Ci/mmol (Amersham),
and 12.5 µM adenosine triphosphate (ATP tris salt). The
activity was then assayed at 30 °C for 35 min. Plates were
washed on a vacuum manifold (Whatman) with 5% phosphoric
acid. Scintillation fluid was added to each well and activity
measured in a Topcount microtiter plate scintillation counter
(Packard). Each reaction was assayed in triplicate and counts
per minute averaged with a variation of less than 5%. Selected
inhibitors were assayed across a broad range of concentration
to calculate IC50 values.

Procedure for Generation of the 3D QSAR Model. The
three-dimensional pharmacophore was developed using the
CATALYST 4.7 software (Accelrys Inc., San Diego, CA).22 This
is an integrated commercially available software package that
generates pharmacophores, commonly referred to as hypoth-
eses. It enables the use of structure and activity data for a set
of lead compounds to create a hypothesis, thus characterizing
the activity of the lead set. At the heart of the software is the
HypoGen algorithm that allows identification of hypotheses
that are common to the “active” molecules in the training set
but at the same time not present in the “inactives”.33 Struc-
tures of 15 kinase inhibitors of the training set were either
built from the fragments or imported into CATALYST from
other directories and energy minimized to the closest local
minimum using the generalized CHARMM-like force field as
implemented in the program. The CATALYST model treats
molecular structures as templates comprising chemical func-
tions localized in space that will bind effectively with comple-
mentary functions on the respective binding proteins. The most
relevant chemical features are extracted from a small set of
compounds that cover a broad range of activity. Molecular
flexibility is taken into account by considering each compound
as an ensemble of conformers representing different accessible
areas in 3D space. The “best searching procedure” was applied
to select representative conformers within 20 kcal/mol from
the global minimum.34 The conformational model of the
training set was used for hypothesis (pharmacophore) genera-
tion within CATALYST, which aims to identify the best
3-dimensional arrangement of chemical functions explaining
the activity variations among the compounds in the training
set. The automatic generation procedure using the HypoGen
algorithm in CATALYST was adopted for generation of the
hypotheses. In order to obtain a reliable model which ad-
equately describes the interaction of ligands with high predict-
ability, the method recommends a collection of 15-20 chemi-
cally diverse molecules with biological activity covering 4-5
orders of magnitude for the training set.

The pharmacophores/hypotheses are described by a set of
functional features such as hydrophobic, hydrogen-bond donor,
hydrogen-bond acceptor, and positively and negatively ioniz-
able sites distributed over a 3D space. The hydrogen-bonding
features are vectors, whereas all other functions are points.
The statistical relevance of the obtained hypotheses is assessed
on the basis of their cost relative to the null hypothesis and
their correlation coefficient.

Pharmacophore generation was carried out with the 15
kinase inhibitors (Chart 1) by setting the default parameters
in the automatic generation procedure in CATALYST such as
function weight 0.302, mapping coefficient 0, resolution 297
pm, and activity uncertainty 3. An uncertainty ∆ in the
CATALYST paradigm indicates an activity value lying some-
where in the interval from “activity divided by ∆” to “activity
multiplied by ∆”. Hypotheses approximating the pharmaco-
phore of the kinase inhibitors are described as a set of aromatic
hydrophobic, hydrogen-bond acceptor, hydrogen bond acceptor
lipid, positively and negatively ionizable sites distributed
within a 3D space. The statistical relevance of various gener-
ated hypotheses is assessed on the basis of the cost relative to
the null hypothesis and the correlation coefficients. The

hypotheses are then used to estimate the activities of the
training set. These activities are derived from the best
conformation generation mode of the conformers displaying
the smallest root-mean-square (RMS) deviations when pro-
jected onto the hypothesis. HypoGen considers a pharmaco-
phore that contain features with equal weights and tolerances.
Each feature (e.g., hydrogen-bond acceptor, hydrogen-bond
donor, hydrophobic, positive ionizable group, etc.) contributes
equally to estimate the activity. Similarly, each chemical
feature in the HypoGen pharmacophore requires a match to
a corresponding ligand atom to be within the same distance
(tolerance).35 Thus, two parameters, such as the fit score and
conformational energy costs, are crucial for estimation of
predicted activity of the compounds. The method has been
documented to perform better than a structure-based phar-
macophore generation.34-36

The pharmacophore developed in the study was used as a
template to search the in-house Chemical Information System
(CIS) database and identify new Pfmrk inhibitors. The CIS
database has over 290000 compounds, and the structure of
each of these compounds was transformed into all conforma-
tions ranging from 0 to 20 kcal/mol and stored into a multi-
conformer form CIS database by using the catDB utility
program of the software. The catDB format allows a molecule
to be represented by a limited set of conformations, thereby
permitting conformational flexibility to be included during the
search of the database.

Compound Selection. The pharmacophore mapped on one
of the potent inhibitors was converted into a shape-based 3D
template to account for the steric factors associated with the
binding. This template was used to search of the chemical
inventory system at Walter Reed Army Institute of Research
(CIS-WRAIR). Each compound in the CIS was converted into
3D multiconformations with an energy range of 0-20 kcal/
mol using the catDB algorithm of CATALYST and stored in
an SGI Octane workstation. The down selection of the identi-
fied compounds was carried out by evaluating the in silico
ADME/toxicity properties and choosing only those compounds
that have favorable properties. ADME/toxicity evaluations
were carried out by using Cerius2 and TOPKAT37 methodology
as implemented in these software. The overall procedure of
compound identification and selection was carried out in an
iterative manner by generating several shape-based pharma-
cophore templates on a few other potent Pfmrk inhibitors.
Ultimately, we were able to shortlist 16 compounds to be
assayed as potential inhibitors of plasmodial CDKs.

Supporting Information Available: Statistical signifi-
cance of the reported pharmacophores with a table showing
the details of the statistics. High-resolution mass spectral data
analysis and chromatographic data of six representative
compounds, provided to establish their homogeneity and purity
criteria for the target compounds. This material is available
free of charge via the Internet at http://pubs.acs.org.
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