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Abstract Design and discovery of new potential inhibitors
of Plasmodium falciparum dihydrofolate reductase
(PfDHFR), equally active against both the wild-type and
mutant strains, is urgently needed. In this study, a
computer-aided molecular design approach that involved
ab initio molecular orbital and density functional theory
calculations, along with molecular electrostatic potential
analysis, and molecular docking studies was employed to
design 15 1H-imidazole-2,4-diamine derivatives as poten-
tial inhibitors of PfDHFR enzyme. Visual inspection of the
binding modes of the compounds demonstrated that they all
interact, via H-bond interactions, with key amino acid
residues (Asp54, Ileu/Leul64, Asn/Ser108 and Ilel4)
similar to those of WR99210 (3) in the active site of the
enzymes used in the study. These interactions are known to
be essential for enzyme inhibition. These compounds
showed better or comparable binding affinities to that of
the bound ligand (WR99210). In silico toxicity predictions,
carried out using TOPKAT software, also indicated that the
compounds are non-toxic.

Keyword Plasmodium falciparum - Dihydrofolate
reductase enzyme inhibitor- 1H-imidazole-2,4-diamine
derivatives - Computer-aided molecular design

L. Adane - P. V. Bharatam (D<)
Department of Medicinal Chemistry,
National Institute of Pharmaceutical
Education and Research (NIPER),
S.A.S. Nagar-160 062,

Mohali, Punjab, India

e-mail: pvbharatam@niper.ac.in

Introduction

The dihydrofolate reductase domain of the bifunctional
Plasmodium falciparum enzyme dihydrofolate reductase-
thymidylate synthase (PfDHFR-TS) is one of the validated
targets in malaria chemotherapy. PfDHFR catalyses the
nicotinamide adenine nucleotide phosphate (NADPH)
dependent reduction of dihydrofolate (DHF) to tetrahydro-
folate (THF), which is essential for DNA synthesis in the
parasitised cell [1-3]. This enzyme has also been recog-
nised as a specific target for common antimalarial anti-
folates such as cycloguanil (1) and pyrimethamine (2)
(Fig. 1). However, due to the emergence and spread of
drug-resistant strain of the parasite, the therapeutic value of
these drugs has been compromised in many parts of the
world, particularly in sub-Saharan Africa, Latin America,
southern Asia and Oceania [4].

Homology modeling [5-7] and X-ray crystallographic
[8, 9] studies have clearly indicated that accumulation of
genetic mutation at one or more amino acid residues in the
active site of the PfDHFR enzyme is responsible for
resistance of the parasite toward antifolate-based antimalar-
ial drugs. For instance, P. falciparum parasite harbouring
PfDHFR mutations Alal6Val + Serl08Thr showed resis-
tance to 1 but was sensitive to 2, whereas a single mutation
Ser108Asn causes resistance to 2 that is also enhanced by
additional mutations Asn51Ile + Cys59Arg. On the other
hand, cross-resistance occurs to 1 and 2 in a P. falciparum
parasite strain carrying DHFR enzyme with mutations at
amino acid residues 51, 59, 108 and 164 [5-7, 10, 11]. In
all cases, these mutations cause a steric clash that displaces
the drugs from their optimal orientations in their interaction
with key amino acid residues such as Asp54, which is
crucial for inhibitor binding. This displacement, in turn,
ultimately results in a significant loss of affinity and
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Fig. 1 Chemical structures of
cycloguanil (1), pyrimethamine
(2) and WR99210 (3)
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Cycloguanil (1)

consequently the enzyme inhibitory activities of these
drugs. In the parasite harboring Alal6Val + Ser108Thr
mutated DHFR enzyme, it was found that one of the methyl
groups at the 6-position of 1 experiences a severe steric
interaction with Vall6 that decreases the binding affinity of
the inhibitor. In the case of a parasite with a DHFR enzyme
with multiple mutations, steric clashes of the para-Cl
groups of both 1 and 2 with Asnl08 (mutated from
Ser108) result in the loss of inhibitory activities of the
drugs [6].

Several structure-activity relationship (SAR) studies
[12-15] and reviews [15—17] have helped increase our
understanding of the molecular level mechanisms of P
falciparum resistance to antifolates, and also in the design
of antimalarial agents. Based on the steric constraint
hypothesis, different research groups have employed
rational drug design approaches to design compounds that
could avoid steric clashes in the active sites, particularly
with the amino acid residue at 108, of the mutant parasite.
McKie et al. shifted the para-Cl of 2 to the meta-position to
design several analogs exhibiting 30-fold higher activity
against Cys59Arg + Serl08Asn double mutant PfDHFR
enzyme as compared to the parent compound [18].
Similarly, Sardarian et al. designed and synthesised several
meta-substituted analogs of 2 that showed generally better
activities than the parent compound against the quadruple
mutant PfDHFR enzyme [19]. Rastelli et al. also reported
analogs of WR99210 (3), replacing one of the methyl
groups at the 6-position with a hydrogen atom. This
resulted in compounds with better inhibitory activities
against the Alal6Val + Ser108Thr mutant PfDHFR enzyme
as compared to 3 [6]. Experimental observations by
Kamchonwongpaisan et al. [20] and Yuthavong et al. [21]
also support the above hypotheses.

It is well established that compounds that are more
flexible than the common antifolates (e.g., 1 and 2) can
effectively inhibit mutant PfDHFR enzymes [8, 11, 22]. A
third-generation antifolate, 3, is a typical example of a
compound designed to avoid steric clash with Asnl108 of
the mutant PfDHFR enzyme. Inhibitory activity tests
indicated that 3 has similar activities (in nM ranges) against
P. falciparum parasites that harbour wild-type and multiple
mutant DHFR enzymes [11]. Because of its flexible side
chain, 3 adopts a conformation that fits into the active site
of the mutant enzyme, and is also devoid of bulky groups in
proximity to Asnl08 and thus effectively inhibits the
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mutant parasite. Unfortunately, because of its gastrointesti-
nal intolerance and poor bioavailability in animal studies,
this compound has not advanced to the clinical trial stage
[23, 24], although it is still being used as a model
compound for designing competitive PfDHFR enzyme
inhibitors of flexible nature [25].

A number of reports are available on the successful
application of computer-aided molecular design (CAMD)
approaches to the design of antimalarial agents [26-29].
Many such reports have shown promising results. However,
no successful drug has come to the market to date.
Therefore, there is an urgent and unmet need for new drugs
to combat malaria. Here, we present 1H-imidazole-2,4-
diamine derivatives designed by employing CAMD ap-
proach as potential inhibitors of PfDHFR. To the best of
our knowledge, these compounds have not previously been
designed as potential inhibitors of PfDHFR enzyme. The
CAMD approaches used in this study include ab initio
molecular orbital (MO) and density functional theory
(DFT) calculations, as well as molecular electrostatic
potential (MESP) calculations, molecular docking and in
silico property predictions. The results indicate that the
designed compounds show properties comparable to those
of 3. Moreover, the 1H-imidazole-2,4-diamine scaffold is
commercially available, suggesting that the designed com-
pounds could be synthetically accessible (feasible). Thus, in
the following sections of this paper, we discuss the details
of the CAMD approaches used to design the title
compounds.

Materials and methods

Ab initio MO [30, 31] and DFT [32, 33] calculations were
carried out using the GAUSSIANO3 package [34]. Com-
plete optimisations on the isomers of the 1H-imidazole-2,4-
diamaine and 1H-imidazole-2,5-diamaine scaffolds were
performed using B3LYP [35-37] method with the 6-31+
G* basis set. Frequencies were also computed analytically
for the optimised isomers to characterise each stationary
point as a minimum or a transition state, and also to estimate
the zero point vibrational energies (ZPE). The calculated
ZPE values (at 298.15K) were scaled by a factor of 0.9806
[38]. The conductor-like polarizable continuum (CPCM)
solvent model was employed during energy calculations in
water medium [39]. Geometry optimisations were carried
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out using the B3LYP/6-31+G* level for solvent effect
calculations.

MESP values were calculated on the B3LYP/6-31+G*
optimized geometries of the isomers of the 1H-imidazole-
2,4-diamaine scaffold using SPARTANPro software [40].
The colour-coded surface provides a location of the positive
(deepest blue, most positive) and negative (deepest red,
most negative) electrostatic potentials. The regions of
positive charge indicate relative electron deficiency (esti-
mated as a function of the repulsion experienced by a
positively charged test probe), and regions of negative
potential indicate areas of excess negative charge (estimated
as a function of the attractive force experienced by a
positively charged test probe).

Glide v4.5 was used for molecular docking studies [41,
42]. During the protein preparation step, only chain A and
cofactor NDP610 of the bifunctional PfDHFR-TS enzyme
were retained. All water molecules and the rest of the
chains (B, C and D) were removed. A radius of 15 A was
selected for the active site cavity during receptor grid
generation [41, 42]. Molecules were drawn in SYBYL7.1
[43] and were imported into a glide window and subse-
quently converted into Maestro format using the LigPrep
module of Glide. The flexible docking option and XP mode
were used in all calculations. The reproducibility of the
docking calculation was evaluated by docking the bound
ligand into the prepared active sites. The output was set to
give ten docking poses/ligand and default values were used
for other parameters [43]. The results indicated the top
scoring conformations of the bound ligand to have root-
mean-square-deviation (RMSD) values of 0.374 and
0.489 A for the wild-type and quadruple mutant PfDHFR
enzymes, respectively, demonstrating that the prepared
protein could be used for docking studies of other
compounds. The binding modes and interactions of the
study compounds with key amino acid residues in the
active site of the enzymes were analysed by visual
inspection. Toxicity and other related parameters were
predicted using TOPKAT software implemented in
Accelrys Discovery Studio 2.5 [44]. The reference com-
pound (3) was also included as control.

Results and discussion

The CAMD approach is becoming common practice in
drug discovery and development programs for several
reasons. For example, it is (1) fast, (2) more economical
compared to in vitro and in vivo biological (high-through
put screening) tests, and (3) it enables the researcher to
predict most of the physico-chemical and biological
properties of a compound before its synthesis [45-47]. As
a continuation of our effort to design potential antimalarial

agents targeting wild-type and mutant varieties of PFDHFR
enzymes, we present the design of 1H-imidazole-2,4-
diamine derivatives. The compounds were designed by
employing different CAMD methodologies in an integrated
fashion as described below.

Close inspection of the interactions and the binding
mode of 3 [8, 9], together with the results of our recent
study [25], indicated that ligands that satisfy the following
three criteria could be potential inhibitors of PfDHFR
enzymes: (1) hydrogen bond donor (HBD) head groups that
can form H-bond interactions with Asp54, Ile14 and Ile/
Leul64; (2) hydrophobic aromatic tails bearing one or more
substituent groups such as Cl and OMe (these tails occupy
the hydrophobic pocket of the active site to enhance
inhibitory activities); and (3) a linker unit between the
HBD head groups and the hydrophobic tails that provides
flexibility to the ligand in order to avoid potential
unfavourable steric clashes with Asn108 in the active site
of the mutant PfDHFR enzyme. Figure 2 shows a schematic
representation of important regions in the active site of
PfDHFR enzymes required for interactions with long and
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Fig. 2 Schematic representation of a important interaction regions in
the active sites of Plasmodium falciparum dihydrofolate reductase
(PfDHFR) enzymes, and b the binding mode of 3 in the active site of
the quadruple mutant PfDHFR enzyme. 4 Hydrogen bond acceptor
amino acid residues
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Fig. 3 Chemical structures of 5-
methyl-1H-imidazole-2,

4-diamine (4) and 4-methyl-1H- ‘ 1

imidazole-2,5-diamine (5)

N
3

N
T,
H,N N

5-Methyl-1H-imidazole-2,4-diamine (4) 4-Methyl-1H-imidazole-2,5-diamine (5)

flexible ligands similar to 3 (Fig. 2a), and the binding mode
of 3 in the active site of the quadruple mutant PfDHFR
enzyme (Fig. 2b). In this study, the 1H-imidazole-diamine
moiety was used as the HBD head group, replacing the 2,4-
diaminopyrimidine and/or 1,3,5-triazine moieties of the
known antifolates (Fig. 1). This moiety can be represented
by two isomers: the 1H-imidazole-2,4-diamine and 1H-
imidazole-2,5-diamine moieties. Therefore, an ab initio MO
and DFT computational study was carried out in order to
determine the most stable (preferred) isomer. The isomers
used in this computational study were 5-methyl-1H-
imidazole-2,4-diamine (4) and 4-methyl-1H-imidazole-2,5-
diamine (5) (Fig. 3). The results demonstrated that isomer 4
is marginally more stable than isomer S in both gas phase
and aqueous medium by 1.23 and 1.44 kcal mol ', respec-
tively (Table 1). The greater stability of isomer 4 can be
attributed to the absence of the 1,3-allyl-type interaction
across C2—-N3—N4 as observed in biguanide derivatives [48,
49]. Thus, several compounds that satisfy the above
mentioned three criteria were proposed based on the 1H-
imidazole-2,4-diamine moiety of isomer 4. H-bond inter-
actions of ligands with the key amino acid residues of
PfDHFR enzyme are crucial for inhibitory activity. There-
fore, 1H-imidazole-2,4-diamine derivatives are expected to
form H-bond interactions with the H-bond receptor residues
(at 14, 54 and 164) of the PfDHFR enzyme that are
comparable to those of the known antifolates (1-3) [6, 8,
9]. This was demonstrated by the observed distances
between the hydrogen atoms of the amino groups of the
1H-imidazole-2,4-diamine core of isomer 4, which are
similar to those of 2 and 3 (Fig. 4). This suggested that the
1H-imidazole-2,4-diamine core could form optimal H-bond
interactions with the enzyme similar to that of the 2,4-
diaminopyrimidine moiety of 2 (b) and/or 1,3,5-triazine
moiety of 3.

For any molecule to elicit the pharmacological activity,
molecular recognition during ligand-receptor interactions is
of a paramount importance. This is governed by the stereo
electronic effects of ligands. Thus, a study of the three-
dimensional MESP and its gradient plots becomes impor-
tant in understanding the complementarity of the electronic
surface of the ligand and the active site. MESP analysis
provides information regarding the surface properties of
ligands, which are crucial for non-covalent interactions with
amino acid residues of protein targets. Colour-coded plots
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of MESP can be drawn to visually model the electrostatic
surface of ligands (drugs), which ultimately helps in
designing a drug that is complementary to a particular
target [49—51]. Thus, MESP analysis was carried out to
investigate the similarities of the 1H-imidazole-2,4-diamine
scaffold and the 2,4-diaminopyrimidine moiety of the
known antifolate drugs such as 2. The results indicated
that the MESP contour of the 1H-imidazole-2,4-diamine
scaffold was similar to that of the Nl-protonated 2,4-
diaminopyrimidine core of 2 (Fig. 5). This also suggested
that, like the protonated antifolates, the 1H-imidazole-2,4-
diamine core could form bidentate H-bond interactions with
both the oxygen atoms of the carbonyl group of Asp54 (of
PfDHFR enzyme). This interaction is believed to increase
the binding affinities and inhibitory activities of antifolate-
based antimalarial agents [52]. Therefore, any surface
(target) complementary to pyrimethamine core or the
HBD head groups of the known antifolates is expected to
show similar complementarity to 1H-imidazole-2,4-diamine
head group/derivatives. Thus, several compounds were
proposed based on this head group as potential inhibitors
of PfDHFR enzyme. Figure 6 shows the chemical struc-
tures of the designed compounds. As can be seen from their
structures, all these compounds fulfill the three criteria
mentioned above [25]. That is, they possess an aromatic
tail, flexible linker units and HBD head groups. Moreover,
the compounds satisfy the drug-like properties suggested by
Lipiniski’s rule-of-five, which states that a compound with
molecular weight <500 Da, number of H-bond donors (the
sum of NHs and OHs) <5, number of H-bond acceptors (the
sum of Ns and Os) <10 and logP <5 is considered as a
drug-like compound [53]. As given in Table 2, most of
these properties are within the acceptable ranges, suggest-
ing that all the designed compounds possess drug-like

Table 1 Zero point vibrational energies (ZPE) corrected relative
energies (RE; kcal mol ') of isomers 4 and 5

Compound RE?* RE®
4 0.00 0.00
1.23 1.44

*In gas-phase

"In aqueous phase
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Fig. 4 Distances between the
hydrogen atoms of the amino
groups of a the 1H-imidazole-
2,4-diamine scaffold of 4; b the
2,4-diaminopyrimidine moiety
of 2; and c¢ the 1,3,5-triazine
moiety of 3. Distances (A) were
obtained from B3LYP/6-31+G*
calculations

properties. Moreover, the number of rotatable bonds is <7,
which also suggests that the compounds are drug-like [54].

After designing the compounds based on the results of
the computational studies discussed above, molecular
docking calculations were performed in order to examine
their binding modes and affinities in the active sites of the
PfDHFR enzymes used in the study. The enzymes used for
this study were the wild-type and quadruple mutant
PfDHFR enzymes. The Glide program was used to perform
the docking calculations. Glide (Gride-based Ligand Dock-
ing with Energetics) is one of the most widely used docking
programs. It uses a series of hierarchical filters to search for
possible locations in the active site region of a receptor [41,

Fig. 5 Molecular electrostatic potential (MESP) surfaces of a the 1H-
imidazole-2,4-diamine core of 4, and b the Nl-protonated 2,4-
diaminopyrimidine core of 2. Red Negative potential, blue positive
potential

42]. The property of a receptor/active site region is
represented by a grid that has different sets of fields that
provide progressively more accurate scoring of the ligand
pose. It uses a Glide score (Gscore) to predict binding
affinity and rank ordering of ligands in database screening.
Another scoring function known as Emodel was also used
along with Gscore [41, 42]. The docking pose analyses
indicated that most of the compounds could form H-bond
interactions with the key amino acid residues as expected.
The binding modes almost all the compounds were similar
to that the experimental binding modes of 3 [5, 7-9]. The
aromatic tails of all the compounds occupied the space
occupied by the trichloro phenoxy tail of 3 near the opening
of the active site. These tails were found to interact
hydrophobically with amino acid residues in the hydropho-
bic region of the active site of the enzyme. Their binding
score (Gscore) values are much better than that of 3 for
quadruple mutant PfDHFR enzyme, whereas for the wild-
type enzyme the scores were found to be comparable to that
of 3 (Table 2). Since our objective was to design
compounds with equal probabilities to be inhibitors of the
wild-type and mutant varieties of these enzymes, only those
compounds that were able to dock into the active sites of
the wild-type and quadruple mutant PfDHFR enzymes and
whose binding conformations super imposed on the
experimental conformations of 3 were selected. In most of
the compounds, the 2-amino group of the 1H-imidazole-
2,4-diamine moiety formed a H-bond interaction with
amino acid residue Asp54, whereas the 4-amino group
formed two H-bond interactions with the backbone amino
acid residues Ile14 and Leul64. Moreover, in some of the
compounds the H atom of N'H was found to orient within a
distance <3.00 A from the second oxygen atom of the
carbonyl group of Asp54, suggesting the possibility of
forming a bidentate H-bond interaction. In some of the
compounds, the 2-amino group of the 1H-imidazole-2,4-
diamine moiety was found to form two H-bond interactions
with the backbone amino acid residues Ile14 and Leul64,
whereas the 4-amino group showed a H-bond interaction
with Asp54. In such compounds, the H atom of N'H the
1H-imidazole-2,4-diamine core is oriented towards Leul64.
In all the compounds, the hydrophobic aromatic tails
occupy the hydrophobic region near the opening of the
active site, and were found to interact via hydrophobic
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Fig. 6 The chemical structures NH
. 2 NH,
of the designed compounds HN
RS \N RS HN/\«
N
R4 (@] A{ R4 S
o
1 NH, n NH,
R3 R R® R
R? R2
6:R'=R3=R*=CI,R2=R5=H,n=2 13:R'=R3=R*=CI,R2=R%=H,n=4
7: R'=R%®=R%= OMe, R2=R5=H,n=2 14 R'=R’=R*=0OMe,R?=R°=H,n=4
8: RZ_RS_R4_C| R2_R5_H n=2 15IR1 RS_H R2_R3 R"-Cl,n-4
9:R2=R%=R*=OMe,R'=R5=H n=2 16:R'=R°=H,R?=R%*=R*=0Me,n=4
10:R'=RO=H,R=RO=Ré=Cl,n=1 1T:R'=R%=Ré=Cl R?=R%=H,n=3
11:R'=R5=H,R?=R®=R%=0OMe,n=1 18:R'=R®=R*=0Me, R*=R%=H,n=3
12: RZ_RS_R4_C| R'= R5_H n=1 19:R1 RS_H RZ_R3 R“=Cl,n=3
20:R'=R°=H,R?=R3=R*=0OMe, n=3
interactions with amino acid residues such as Met55, an easy inter-conversion between these isomers. Thus,

Prol13, Lys46 and Serl11. Substituents such as OMe and
Cl on the aromatic tail are also expected to contribute
positively to enhancing the hydrophobic interaction of the
compounds with the amino acid residues. These amino acid
residues are also known to interact with trichloro phenoxy
tail of 3 [6, 8, 9, 22, 52]. As demonstrated by the quantum
chemical computations, isomer 5 is marginally less stable
than isomer 4 (Table 1). This suggested that there could be

Table 2 Molecular weight (MW), number of hydrogen bond donors
(HBD), number of hydrogen bond acceptors (HBA), and estimated
LogP and Gscore values of the designed compounds in the active sites

molecular docking studies were also carried out on
compounds with a 1H-imidazole-2,5-diamine core. The
results were similar to those of the compounds with 1H-
imidazole-2,4-diamine core (data not shown). The details of
the binding poses of the designed ligands (with 1H-
imidazole-2,4-diamine core) will be discussed by taking
some of the compounds (6, 10, 13 and 17) as examples.
Unless otherwise stated specifically, all discussion is based

of quadruple mutant and wild-type Plasmodium falciparum dihydro-
folate reductase (PfDHFR) enzymes

Compound MW No. of HBD No. HBA Estimated LogP? Gscore (Emodel)
Quadruple mutant Wild-type

3 (reference) 394.68 2 5 2.92 —8.44" (-80.2) -10.66" (—82.4)
6 351.62 3 3 3.10 -10.62° (-74.6) —9.58" (—69.7)
7 338.36 3 6 1.06 —9.56° (=73.0) —9.54" (-72.3)
8 351.62 3 3 3.10 —9.69° (—72.7) —10.20? (—64.6)
9 338.36 3 6 1.06 —8.98" (-72.9) -9.86" (—72.3)
10 337.59 3 3 3.04 —11.03° (-72.4) —9.40" (-70.2)
11 32433 3 6 0.99 —9.69% (-72.0) —9.45" (—68.4)
12 337.59 3 3 3.04 —-10.52" (—68.9) —10.05" (-57.3)
13 347.07 3 1 497 —-10.58" (—68.7) -10.87" (=70.2)
14 32433 3 4 2.93 —9.46" (=69.2) -9.97" (—66.0)
15 347.07 3 1 4.97 —9.62" (=69.1) -10.45" (-73.3)
16 334.41 3 4 2.93 -9.11° (-73.8) —9.68" (—61.4)
17 333.64 3 1 4.51 —10.67" (—66.8) —9.36° (—73.3)
18 320.39 3 4 2.47 —9.25" (-68.0) —9.68° (—72.3)
19 333.64 3 1 4.51 —9.22% (59.4) -10.98" (—67.0)
20 320.39 3 4 2.47 -10.28* (=70.1) —-10.21* (—66.3)

# Compounds showing H-bond interactions with amino acid residues at 14, 54 and 164

b Compounds showing H-bond interaction with amino acid residues at 54,14 and 164. In these compounds, there is additional H-bond interaction between

Asp54 and N'H

¢ Compounds showing H-bond interactions with amino acid residues at 14, 54, 164 and 108 in the active sites of PfDHFR enzymes

d LogP values were estimated using TOPKAT software implemented in Accelrys Discovery Studio 2.5 [44]
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only on the docking results obtained from the active site of
the quadruple mutant PEDHFR enzyme.

The docking mode of compound 6 shown in Fig. 7a
shows all the key H-bond interactions with amino acid
residues Ilel4 and Asp54. The observed H-bond length
values are 2.230 and 1.805 A, respectively. One of the
oxygen atoms of the linker unit formed an H-bond
interaction with the amino groups of Asnl08 (2.161 A).
The corresponding interactions of 3 with Ile14 and Asp54
are 1.600 and 2.000 A, respectively. Moreover, the H atom
of N'H interacts with one of the oxygen atoms of the
carbonyl group of Asp54 to form a bidentate H-bond. This
type of interaction is common in protonated antifolates, and
is believed to increase the binding interactions of ligands
with DHFR enzyme. Consistent with that of the trichlor-
ophenyl tail of 3, the aromatic tail (and substituents on the
aromatic tail) of 6 interacts hydrophobically with the amino
acid residues near the opening of the active site (e.g.,
Met5S5, Serl11 and Prol13).

The binding mode of compound 10 (Fig. 7b) also forms
all the required H-bond interactions with the key amino

Fig. 7 The binding modes of 6
(a), 10 (b), 13 (c) and 17 (d) in
the active site quadruple mutant
PfDHFR enzyme (113K:pdb).
For the sake of clarity, only
important amino acid residues
are shown

acid residues Ile14, Asp54 and Leul64. The observed H-
bond length values are 2.063, 1.969 and 1.961 A, respec-
tively. These values are also comparable to that of
compound 3. An additional H-bond interaction was
observed between one of the oxygen atoms of the linker
with Asnl08. The aromatic hydrophobic tail and its CI
substituents are also expected to interact hydrophobically
with amino acid residues such as Serlll, Proll3 and
Met55.

As shown in Fig. 7c, compound 13 forms all the
required H-bond interactions with the key amino acid
residues Ile14, Asp54 and Leul64. The corresponding H-
bond length values are 1.989, 1.879 and 2.273 A, respec-
tively. As expected (cf. 6), the H atom of N'H group
formed a bidentate H-bonding interaction with Asp54.
Visual inspection also showed that its side chain interacts
with amino acids (Met55, Serlll and Proll3) in the
hydrophobic region of the active site.

Figure 7d shows the binding mode of compound 17. The
interactions of this compound show that the compound
forms the expected key H-bond interactions with Ilel4,

/
r*‘}——{.. _PRO 113

L e
SER 111 -.(

e
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Asp54 and Leul64. The corresponding bond length values
are 2.029, 2.010 and 2.066 A, respectively. As with the
compounds discussed above, the 1H-imidazole-2,4-diamine
moiety of this compound forms strong H-bond interactions
with the H-bond acceptor key amino acid residues of the
enzyme. Like the compounds discussed above, 17 also
interacts with amino acids (Met55, Serl11 and Prol13) in
the hydrophobic region of the active site (Fig. 7d).
Moreover, no potential steric clash is expected with
Asnl08.

Drugs (or drug candidates) may fail at a late stage of
development or may show unexpected side effects in
humans because of poor absorption, distribution, metabo-
lism, elimination and toxicity (ADMET) properties. A
significant number of approved and marketed drugs have
also been withdrawn due to severe adverse effects [55, 56].
This indicates that in vitro and in vivo tests alone cannot
help to make accurate predictions of human drug safety to
avoid the marketing of drugs with potential (or unantici-
pated) adverse effects. This is also a common problem with
currently used antimalarial drugs [57, 58]. Therefore, a new
paradigm for toxicity testing that combines the strengths of
the in vivo, in vitro and in silico approaches is being used
to aid prediction of the ADMET profiles of drug candidates
in order to reduce attrition rates at the late drug develop-
ment stage and also to avoid human health risk [59, 60].

One approach to in silico toxicity predictions involves
statistical comparison of the characteristics of chemical

Table 3 TOPKAT-predicted properties of the designed compounds

interest and those compounds with known properties in a
database. TOPKAT (Toxicity Prediction by Komputer
Assisted Technology) is a widely used system of this type.
TOPKAT is a commercially available method used for in
silico prediction of toxicities of compounds, and is used by
pharmaceutical companies and academic institutions in
drug discovery and development programs [61, 62]. It
accurately and rapidly assesses the toxicity of chemicals
solely from their 2D molecular structure. TOPKAT applies
statistically robust, cross-validated quantitative structure—
toxicity relationship (QSTR) models for assessing specific
toxicological effects [63]. The potential toxicities of our
compounds were predicted using this software implemented
in Accelrys Discovery Studio 2.5 [44].

Table 3 summarises the results of the toxicity predictions
of the designed compounds using five models (Ames
mutagenicity, female rat NTP carcinogenicity, male rat
NTP carcinogenicity, skin irritation and rat oral LD50). The
results indicated that all the compounds (including the
reference compound 3) are non-mutagenic in the Ames
mutagenicity prediction model. Experimentally, compound
3 is known to show a negative response in Ames
mutagenicity tests [64]. This suggests that the designed
compounds will most likely be non-mutagenic in in vivo
and in vitro tests. In the NTP carcinogenicity models
(female rat NTP carcinogenicity and male rat NTP
carcinogenicity) most of the compounds are predicted to
be non-carcinogenic. In these models, only compound 7

Compound Ames prediction Rat female NTP prediction Rat male NTP prediction Skin irritancy Rat oral LD50*
6 Non-mutagen Non-carcinogen Carcinogen None 1.00745
7 Non-mutagen Carcinogen Carcinogen None 1.98700
8 Non-mutagen Non-carcinogen Non-carcinogen None 0.70707
9 Non-mutagen Non-carcinogen Carcinogen None 1.77181
10 Non-mutagen Non-carcinogen Non-carcinogen None 1.29214
11 Non-mutagen Non-carcinogen Carcinogen None 1.85202
12 Non-mutagen Non-carcinogen Non-carcinogen None 0.90688
13 Non-mutagen Non-carcinogen Non-carcinogen None 1.22225
14 Non-mutagen Non-carcinogen Non-carcinogen None 1.59095
15 Non-mutagen Non-carcinogen Non-carcinogen None 0.57700
16 Non-mutagen Non-carcinogen Non-carcinogen None 1.32511
17 Non-mutagen Non-carcinogen Non-carcinogen None 1.10082
18 Non-mutagen Non-carcinogen Non-carcinogen None 1.43050
19 Non-mutagen Non-carcinogen Non-carcinogen None 0.51968
20 Non-mutagen Non-carcinogen Non-carcinogen None 1.19147
3 (ref) Non-mutagen® Non-carcinogen Non-carcinogen Mild 0.30362°

 g/kg body weight
b Reported to show negative test [64]

¢ Reported rat oral LD50 of compound 3 is 1.980 g/kg body weight [65, 66]
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was predicted to be carcinogenic whereas compounds 6, 9,
11 and 13 were predicted to be carcinogenic in male rat
NTP carcinogenicity model (Table 3). Moreover, all the
compounds were predicted to be non-irritant in the skin
irritancy model. The results also show compound 3 as
mild skin irritant. The rat oral LD50 values of all the
compounds were predicted to be less than 2 g/kg body
weight (Table 3).

Conclusions

The main objective of the CAMD approach is to expedite
and facilitate hit identification, hit-to-lead selection and
lead optimization by improving pharmaceutical and
ADMET properties with reduced time and expense. In our
study, we employed this approach to design 1H-imidazole-
2,4-diamine derivatives as potential inhibitors of wild-type
and quadruple mutant PfDHFR enzymes. The compounds
have flexible side chains that could avoid unfavourable
steric clashes with mutated amino acid residue (e.g.,
Asnl08) in the active site of mutant varieties of PfDHFR
enzymes. The 1H-imidazole-2,4-diamine core of the com-
pounds could form optimal H-bond interactions with the
enzyme, similar to those of the 2,4-diaminopyrimidine and
1,3,5-triazine cores of known antifolates. The results of
molecular docking studies also showed that the compounds
have similar binding modes with that of the experimental
ligand (3) in the active site regions of both wild-type and
quadruple mutant PEDHFR enzyme. The docking scores are
also comparable to those of 3. Moreover, the results suggest
that the compounds could be effective inhibitors against the
other mutant varieties of the PFDHFR enzymes harbouring
double and triple mutations. The in silico toxicity predic-
tions also indicate that the designed compounds are non-
toxic. Our literature survey indicated no reports on
antimalarial activities of 1H-imidazole-2,4-diamine deriva-
tives. All these facts suggest that these compounds are
suitable candidates for further pharmacological studies to
explore their antimalarial activities. During the design of
the compounds, their synthetic accessibility was also
considered. Since reagents with a 1H-imidazole-2,4-di-
amine scaffold are available commercially, the designed
compounds are synthetically accessible. Thus, we encour-
age research teams working in the area of antimalarial drug
discovery to take up the synthesis and activity test steps so
that compounds with high activity against the wild-type and
mutant PfDHFR enzymes can be identified to combat
malaria.
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