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Malarial dihydrofolate reductase (DHFR) is the target of antifolate
antimalarial drugs such as pyrimethamine and cycloguanil, the
clinical efficacy of which have been compromised by resistance
arising through mutations at various sites on the enzyme. Here,
we describe the use of cocrystal structures with inhibitors and sub-
strates, along with efficacy and pharmacokinetic profiling for the
design, characterization, and preclinical development of a selec-
tive, highly efficacious, and orally available antimalarial drug can-
didate that potently inhibits both wild-type and clinically relevant
mutated forms of Plasmodium falciparum (Pf) DHFR. Important
structural characteristics of P218 include pyrimidine side-chain
flexibility and a carboxylate group that makes charge-mediated
hydrogen bonds with conserved Arg122 (PfDHFR-TS amino acid
numbering). An analogous interaction of P218 with human DHFR
is disfavored because of three species-dependent amino acid sub-
stitutions in the vicinity of the conserved Arg. Thus, P218 binds to
the active site of PfDHFR in a substantially different fashion from
the human enzyme, which is the basis for its high selectivity. Unlike
pyrimethamine, P218 binds both wild-type and mutant PfDHFR in a
slow-on/slow-off tight-binding mode, which prolongs the target
residence time. P218, when bound to PfDHFR-TS, resides almost
entirely within the envelope mapped out by the dihydrofolate sub-
strate, which may make it less susceptible to resistance mutations.
The high in vivo efficacy in a SCID mouse model of P. falciparum
malaria, good oral bioavailability, favorable enzyme selectivity,
and good safety characteristics of P218 make it a potential candi-
date for further development.

drug resistance | drug target | structure-informed drug discovery |
slow-binding inhibitors | 2,4-diaminopyrimidines

alaria continues to be a major infectious disease, with a glo-

bal estimate of 200-500 million cases per year, and annual
mortality of some 1.2 million (1). The usefulness of such antima-
larials as chloroquine and pyrimethamine (PYR) is now vastly de-
creased owing to the emergence of Plasmodium strains resistant
to these drugs. Although there are now effective drug combina-
tions based on artemisinin (ACTs), signs of emerging resistance
have already been reported in Southeast Asia (2). Some apparent
successes early in the process of identifying new, effective anti-
malarials for human use have been achieved with novel small
synthetic analogs of the artemisinin family of drugs (3, 4), with
whole-organism, high-throughput screens of chemical databases
(5, 6), and with chemical genomic profiling assisted by knowledge
of the Plasmodium falciparum (Pf) genome (7; for recent reviews,
see refs. 8-10). Currently, nevertheless, there still exist very few
well-defined clinically validated targets against which antimalar-
ial drug discovery efforts can be directed. The best known such
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target is P, falciparum dihydrofolate reductase (DHFR), which is
inhibited by the antimalarials PYR and cycloguanil (CG) (Fig. 1).

DHFR and thymidylate synthase (TS) catalyze successive steps
in recycling folates for use in synthesis of thymidylate, purines,
and methionine. DHFR inhibitors have a long history as anti-
cancer agents and as anti-infective drugs against bacterial and
protozoal pathogens. In Plasmodia, DHFR and TS coexist as a
single-chain bifunctional enzyme, in contrast to prokaryotes and
higher eukaryotes where the two proteins are distinct monofunc-
tional enzymes. In bifunctional DHFR-TS, individual DHFR
and TS domains have polypeptide folds closely related structu-
rally to those of their respective monofunctional counterparts
(11). Crystal structures for wild-type bifunctional DHFR-TS from
P, falciparum and for the highly PYR-resistant quadruple mutant
enzyme (QM) have been reported by our group (12). We have
also investigated inhibitor binding to both wild-type and mutant
forms of PIDHFR-TS, revealing a probable structural basis for
reduced binding of PYR and CG to mutation-compromised
PfDHFR-TS targets (13). Clinical isolates of the parasite resistant
to PYR carry various combinations of mainly four point muta-
tions—at codons 51, 59, 108, and 164 (N51I, C59R, S108N, and
[164L)—in the DHFR domain portion of the DHFR-TS gene
(14). S108N, recognized as the first mutation, led to reduced
binding affinities of inhibitors like PYR, with a rigid p-chlorophe-
nyl substituent at the 5-position (8, 9). The binding affinities are
reduced further by additional mutations that result in conforma-
tional and other changes preferentially affecting binding of the
inhibitors with relatively less effect on the substrates (12, 13).
The highly resistant quadruple mutant carries the above muta-
tions at all four codons.

We describe the results of an iterative process in which cocrys-
tal structures of PFDHFRs (with their inhibitors and substrate)
along with efficacy and pharmacokinetic profiling have been used
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Fig. 1. Chemical structures of dihydrofolate and DHFR inhibitors. P65 and
P218 are new inhibitors introduced in this study.

in the design, characterization, and preclinical development of
a selective, highly efficacious, and orally available antimalarial
drug candidate that potently inhibits both wild-type PFDHFR and
mutated forms of the enzyme known to have arisen in response to
widespread clinical use of PYR. As other validated antimalarial
drug targets emerge based on current and future research, and as
first-generation drugs against these targets make their way into
clinical use, mutation-mediated drug resistance will likely appear,
necessitating the search for new drugs capable of overriding the
resistance. We foresee the type of integrated, structure-informed
discovery approach described here as having the potential to
identify new drug candidates useful against other validated but
resistance-compromised drug targets.

Results and Discussion

Compound Design: Choice of 2,4-Diaminopyrimidine as the Chemical
Scaffold. The observation that 2,4-diaminoheterocycles antago-
nize the activity of folic acid (15) led to the development of
methotrexate (MTX) (Fig. 1), a powerful antitumor drug still in
clinical use today (16). The chemically simple substitution of a
4-oxo group in folate by a 4-amino group in MTX increases bind-
ing to, and inhibition of, human DHFR (hDHFR) by at least five
orders of magnitude. The molecular basis of this result was
deduced from the cocrystal structure of Escherichia coli DHFR
containing bound MTX (17). Various diamino heterocycles, in-
cluding pteridines, quinazolines, pyridopyrimidines, pyrimidines,
and triazines, have served as scaffolds for good DHFR inhibitors
(15, 16). Certain of these heterocycles have proven superior to
others in terms of their usefulness in achieving species-selective
DHEFR inhibition, which is a required attribute of any nontoxic
antimalarial drug targeting this enzyme. Both PYR, a 2,4-diami-
nopyrimidine, and CG, a 4,6-diamino-1,2-dihydro-1,3,5-triazine
(Fig. 1), bind in the expected manner to quadruple mutant
PfDHFR, making key polar interactions with the enzyme similar
to those for MTX (12).

A 4,6-diamino-1,2-dihydro-1,3,5-triazine WR99210 (Fig. 1) was
advanced as an antifolate-based antimalarial with high activity
against both wild-type and PYR resistance—associated PIDHFR
(18). Yuvaniyama et al. (12) showed crystallographically that
WR99210 could avoid steric clash with the side chain of Asn-108
in PYR-resistant quadruple mutant PEDHFR because of its flexible
(2,4,5-trichlorophenoxy)propoxy side chain. Further development
of WR99210 as an antimalarial was terminated because of its low
bioavailability and severe gastrointestinal toxicity although some
additional work continues on PS-15, a biguanide precursor of
WR99210, which is converted in vivo to the active drug (19, 20).

Recognizing the importance of conformational flexibility in
avoiding steric clashes with known mutations in PYR-resistant
DHFR (and also to better exploit possibilities for optimizing
inhibitor species selectivity), we decided to focus our design
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efforts on diamino-heterocycle scaffolds with one ring rather than
two (i.e., triazines and pyrimidines). In order to choose between
the two, we needed to understand why WR99210 has very low
bioavailability. Although 4,6-diamino-1,2-dihydro-1,3,5-triazines
and 2,4-diaminopyrimidines both satisfy the canonical geometri-
cal and chemical hydrogen-bonding requirements for binding
deep in the DHFR active site, these inhibitor scaffolds differ
significantly in their basicity. Triazines such as WR99210 and CG
are much more basic (pK, 10-11) than pyrimidines like PYR
(pK, 6-7) (21). Thus, at the slightly acidic pH of the gastrointest-
inal track, the triazines are fully protonated whereas 2,4-diami-
nopyrimidines exist as a mixture of protonated and unprotonated
forms. In order to test the hypothesis that protonation of the free
molecule could affect bioavailability, we synthesized P65 (Fig. 1),
which is the 2,4-diaminopyrimidine analog of WR99210, and
determined for both compounds the enzyme inhibition constants,
in vitro cell-based antimalarial activities, and in vivo antimalarial
efficacies in a mouse malaria model (Table 1, Table S1 and
Fig. S1). The oral bioavailability of P65 in rats was found to be
83%, compared to less than 1% for WR99210 (Table 1). Studies
in Caco-2 cell monolayers confirmed that the poor oral bioavail-
ability of WR99210 was likely the result of poor intestinal perme-
ability, whereas P65 had high permeability in the same model
system. Taken together, these results suggest that WR99210 is
poorly absorbed, consistent with the deleterious effect that pro-
tonation could have on absorption by passive diffusion. The less
basic 2,4-diaminopyrimidine scaffold is better suited for oral
bioavailability, and so this structural core was chosen for further
chemical elaboration.

Table 1 shows that P65 and WR99210 are both low nanomolar
inhibitors of wild-type and quadruple mutant PFDHFR. In order
to study interaction of P65 with quadruple mutant PIDHFR-TS,
we solved the cocrystal structure at a resolution of 2.38 A
(Table S2) and compared it with the previously determined struc-
ture for WR99210 bound to the same enzyme (12). The diamino-
heterocycles of the two inhibitors bind identically at the active site
of the quadruple mutant enzyme (Fig. S24). The better in vitro
efficacy of WR99210 compared to P65 may be because of new
permeability pathways of organic cations (22). However, in spite
of the fact that P65 is 200-fold less potent than WR99210 in an
in vitro cell-based infectivity assay with a Plasmodium falciparum
strain (V1/S) harboring the quadruple mutant PEDHFR, it has
a far greater in vivo activity than WR99210 by the oral route
(Table 1) because of its superior oral bioavailability.

The Side Chain: Opportunities for Tighter Binding and DHFR Selectiv-
ity. The goals of the design process were to build unique chemical
functionality into an analog of P65 that would increase affinity for
wild-type and quadruple mutant PEDHFR while improving selec-
tivity for PEDHFR over its human counterpart in order to reduce
the potential for human DHFR-mediated host toxicity. The 2,4-
diaminopyrimidine anchor of P65 provides the minimum func-
tionality necessary to achieve good binding deep in the DHFR
active site. When combined with a flexible five-atom linker the
conformational rigidity that would occur with the 2,4-diaminop-
teridine, quinazoline, or pyridopyrimidine scaffolds is avoided.
Larger conformationally constrained ligands cannot adapt as
well to changes in the geometry of the binding site and, as a
consequence, are highly susceptible to drug-resistance mutations,
often by steric exclusion (23, 24). Increased flexibility alone, how-
ever, can result in lower specificity and decreased affinity because
of unfavorable entropy changes on binding, effects that can be
compensated for by favorable enthalpic interactions (24).

At the opposite end of the DHFR active site from the sub-
strate’s bound pteridine ring is a conserved Arg (Argl22 in
PfDHFR, Arg70 in human DHFR), which forms charge-mediated
hydrogen bonds with the a-carboxylate of the dihydrofolate sub-
strate. The aliphatic portion of the Arg side chain is tightly packed
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Table 1. Characteristics of flexible triazine (WR99210) and flexible pyrimidine (P65 and P218) inhibitors

Pyrimethamine WR99210 * P65 * P218
Biological activity
K; quadruple mutant P. falciparum DHFR (nM) + SD 385 + 163 1.9+038 5.59 + 0.1 0.54 + 0.12
1Cso wild-type P. falciparum (TM4) (nM) + SD 58 + 33 0.57 £ 0.1 229 + 68 46+ 1.9
ICso quadruple mutant P. falciparum (V1/S) (nM) £ SD >100,000 18 + 12 3,490 + 1,610 56 + 20
Oral EDy, P. chabaudi (mg/kg) * 1.1 74.22 1.53 0.75
Permeability and oral bioavailability properties
Measured pK, + SD 6.8* 10.4 + 0.3 6.6 + 0.2 4.9 + 0.003 (carboxylate)

7.3 = 0.003 (amine)

Caco-2 Py, (cm/s) not available <0.12x 10768 86 x 1076 21x 1076
Oral bioavailability in rats (%) +SD ~100 <1 82.6 + 21 46.3 + 11.4

ICs, inhibitory concentration that reduces parasite growth by 50% in vitro; K;, binding constant.

*WR99210 prepared as hydrochloride; P65 prepared as free base.
'P. chabaudi AS, PYR-sensitive.

*Calculated value using ACD/Labs software (Advanced Chemistry Development, Toronto), Version 9.0.
SAcceptor concentrations were below the lower limit of quantitation (LLQ) of the assay; value represents the maximum value estimated using the LLQ.

by protein residues that restrict side-chain mobility, providing a
rigid docking site for the substrate’s a-carboxylate group. We rea-
soned that a molecule anchored at one end by 2,4-diaminopyrimi-
dine deep in the DHFR active site and at the other end by strong
charge-mediated hydrogen bonds with Argl122 would be a potent
inhibitor of PEDHFR. Joining these chemical groups with a flexible
linker could also reduce the possibility of resistance resulting from
amino acid mutations. DHFR inhibitors designed to interact with
the conserved Arg have previously been reported by other groups
(25, 26). Although Argl2?2 is identically conserved in all chromo-
somally encoded DHFRs, comparison of structures for Pf and
human DHFRs shows species-dependent amino acid differences
for several residues in the vicinity of the conserved Arg. Inhibitor
designs that take advantage of these structural differences to con-
trol access to the Arg docking site provide a mechanism for enhan-
cing species selectivity.

There are three regions of the DHFR active site where non-
homologous single amino acid substitutions in Pf and human
DHEFR in the vicinity of Argl22/Arg70 could affect how an inhi-
bitor carboxyl group might bind differently to these two enzymes.
Met55, Cys/Arg59, and Phe116 in PADHFR are replaced at struc-
turally equivalent positions in human DHFR by Phe31, GIn35,
and Asn64. In addition, proximate to the trichlorophenyl group
of P65 bound to quadruple mutant PFDHFR is a stretch of five
amino acids (112-116) immediately C-terminal to helix «C that
forms a tight turn at Ile112 followed by a single turn of a-helix
aD (see Fig. 2). Comparison of structures for dihydrofolate
bound to wild-type PEDHFR determined here (Fig. 2, Table S2,
and Results and Discussion) and folate bound to human DHFR
[Protein Data Bank (PDB) ID code 2W3M] show that the orien-
tation of aD in PfDHFR is tilted slightly inward toward the
invariant Arg compared to its human counterpart, resulting in
a movement of about 0.5 A toward Argl22 at Phe116 and away
from Argl22 by a similar amount at Ile112. The structure of P65
bound to quadruple mutant PFDHFR shows a further tilt of aD
that places Phe116 almost 1.5 A closer to conserved Argl22 than
in the corresponding residue Asn64 in human DHFR.

Examination of the X-ray cocrystal structure of P65 with
quadruple mutant PfDHFR suggested that substitution at the
2’-chloro or the 3’-hydrogen of the trichlorophenyl group by an
alkyl or alkyloxy group carrying a terminal carboxylate could favor-
ably position the carboxylate group for interaction with Argl22
(Fig. 2). P218 (Fig. 1) is such a molecule with the trichlorophenyl
group of P65 replaced by a 2’-carboxyethylphenyl group. All to-
gether, a total of 14 molecules were designed, synthesized, and
characterized in this series. P218 was identified as the best com-
pound out of this larger series that will be described elsewhere.
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P218 Binds Differently to Plasmodium falciparum and Human DHFRs.
In order to study binding modes of P218 to PIDHFR-TS and to
human DHFR, we solved the respective cocrystal structures at
resolutions of 2.40 A and 2.05 A (Table S2). The carboxylate of
P218 bound to quadruple mutant PEDHFR makes two charge-
mediated hydrogen bonds with Argl22, but in human DHFR the
P218 side chain has no direct interaction with Arg70 (Fig. 3).
Rather, it folds back toward the inhibitor’s pyrimidine ring displa-
cing the phenyl side chain of Phe31, which rotates into a new posi-
tion at the back of the substrate binding site (SI Text, Fig. S2D).
These remarkable differences in P218 binding to Pf and human
DHEFR can be understood in terms of how species-specific binding
determinants mentioned above stabilize carboxyethyl interactions
with Argl22 in PEDHFR but destabilize interaction with structu-
rally equivalent Arg70 in the human enzyme.

P218 Is a Slow-Off Tight-Binding Inhibitor of Both Wild-Type and Quad-
ruple Mutant DHFR. P218 binds to PEDHFR with biphasic kinetics,
suggesting a two-step mechanism (27, 28) (Fig. S3):

k3 k5
E+I2El2 E*I

\ 'Ser/Asn108

. oAD' N

Fig. 2. Superposition of active-site regions for P65 bound to quadruple
mutant PfDHFR-TS (light purple), and for dihydrofolate bound to wild-type
PfDHFR-TS (orange). Note that the 2-chloro atom (green) of P65 points
toward the side chain of Arg122.
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Fig. 3. Binding of P218 in quadruple mutant PfDHFR-TS (protein, green; in-
hibitor, light green) and human DHFR (protein, purple; inhibitor, brown),
highlighting the different side-chain conformations for bound P218. Dashed
lines indicate hydrogen bonds. W marks the ordered water molecule position
in the PfDHFR-TS structure linking the P218 carboxylate and the backbone
carbonyl of Phe116. Note that the P218 carboxylate interacts with the gua-
nidinium of conserved Arg122 in the complex with the PfDHFR-TS but not in
human DHFR. The different binding modes are a result of nonhomologous
amino acid substitutions at positions 55, 59, and 116 (Pf numbering).

The first step is rapid equilibrium binding of inhibitor to en-
zyme forming the encounter complex (EI), followed by a second
step involving slow enzyme isomerization to form a higher-affinity
complex (E*I). Kinetic constants for P218 and PYR are shown in
Table 2 along with the respective dissociative half-lives ¢, , from
the high-affinity final DHFR conformational state. P218 is a
subnanomolar inhibitor of both wild-type and quadruple mutant
DHEFR with binding to the high-affinity DHFR conformational
state up to 20 times stronger than that for the initial encounter
complex. Although the slow-on/slow-off binding is also shown for
PYR with wild-type PEDHFR, it is absent in the binding of PYR
with the quadruple mutant, which is weakly bound compared with
P218. Both P218 and PYR bind poorly to human DHFR, and
show no subsequent slow-on/slow-off phase.

Compounds such as P218 that display slow-off rates have been
shown in certain cases to have significant clinical advantages
over rapidly reversible inhibitors (29). Once such a compound
is bound to its target, receptor activity is shut down for a period
of time even after the concentration of compound in systemic
circulation has been significantly depleted. In vivo, the extended
duration of cellular efficacy for such slow-off inhibitors is often
seen to be much longer than predicted simply on the basis of
the dissociative half-life. This has been attributed to a proximity
effect whereby dissociation of the inhibitor from its target creates
a high local concentration of ligand in the vicinity of the binding
pocket (30). Following dissociation, immediate rebinding may
also be favored by slow relaxation of the high-affinity conforma-
tional state of the target protein.

In Vitro/in Vivo Activity and Exploratory Safety Studies of P218. P218
was found to be highly active against PYR-resistant P. falciparum
with quadruple mutant PEDHFR in vitro (Table 1). It was also
highly active in vivo both against Plasmodium chabaudi in CD-1
mice (Table 1) and against quadruple mutant P falciparum in
SCID mice (EDs, = 0.3 mg/kg, EDgy = 1 mg/kg). As expected,
PYR was not efficacious (up to 50 mg/kg) in this model. P218
shows good drug-like physicochemical properties, is a potent and
selective inhibitor of wild-type and resistant malaria, is safe, and
has a good pharmacokinetic profile in preliminary studies in
rats and mice (Table S1 and Fig. S1). Oral administration of
P218 to rats at 30 mg/kg resulted in good oral bioavailability
(46%), a reasonable half-life (7.3 h), and minimal distribution
into the brain. P218 did not induce gene mutations in the Ames
test. Also, it did not significantly reduce the human ether-a-go-go
related gene (hERG) currents in stably transfected CHO cells
at concentrations up to 30 pM, and did not inhibit cytochrome
P450 enzymes at concentrations up to 30 pM. In an exploratory
repeat-dose oral-toxicity study in rats conducted over 5 d with
a 5-d recovery period, some toxicity signs were observed at
300 mg/kg/d; however, effects were minimal at a dose of
100 mg/kg/d, and the no observed adverse effect level (NOAEL)
was considered to be approximately 100 mg/kg/d.

The Binding Mode of P218 May Make It Less Susceptible to Drug Re-
sistance than PYR. There is growing awareness that drug discovery
efforts against evolving infectious diseases should attempt to deal
with potential drug-resistance issues early in the drug discovery
process, aided by high-resolution structural information. For ex-
ample, most primary active-site drug-resistant mutations in HIV
protease occur where the bound inhibitors protrude beyond the
substrate-binding footprint or envelope (31). Similarly, for hepa-
titis C virus NS3/4A protease, mutations conferring severe resis-
tance occur where the protease extensively contacts the drugs but
not the natural viral substrates (32). These results suggest that
drugs designed to fit within the substrate envelope will be less
susceptible to resistance because mutations blocking inhibitor
binding will also interfere with substrate binding (33, 34).

In the case of PFDHFR, similar mechanisms have led to PYR
resistance. From bacterial surrogate studies it was found that
three evolutionary pathways account for almost 90% of the simu-
lated emergence of PYR resistance, and in all three cases the
stepwise acquisition of full PYR resistance begins with the ST08N
mutation (35). These conclusions are consistent with those from
earlier work in which kinetic studies of putative intermediates
found as PfDHFR polymorphisms in natural populations indi-
cated similarly favored pathways of drug resistance initiated by
the S108N mutation (36). Our group has previously shown that
the S108N mutation compromises binding of PYR to PEDHFR by
sterically interfering with binding of the inhibitor’s chlorophenyl
group (12).

In order to understand protein/substrate interactions for
PfDHFR at the molecular level, we determined the cocrystal
structure of dihydrofolate bound to PFDHFR-TS at a resolution

Table 2. Kinetic characteristics for binding of P218 and PYR to WT and QM PfDHFR and hDHFR

Inhibitor/enzyme ks (s") kg (s7") t;/2 (min) *  Residence time (min) * KPP (nM) KPP (nM)
PYR/WT 0.025 + 0.0004 0.0024 + 0.0006 5x1 7x2 8.20 = 1.65 2.08 £ 0.13
P218/WT 0.048 + 0.0036 0.0017 + 0.0002 7=+x1 101 11.61 £0.62 0.51 +0.032
PYR/QM * - - - - 2996 + 1048 -
P218/QM 0.031 = 0.0031 0.00125 + 0.00056 113 164 7.37 £ 1.30 0.53 £ 0.13
PYR/hDHFR * - - - - 5,406 -
P218/hDHFR * - - - 2,841 = 319 -

Kinetic parameters are defined as in S/ Materials and Methods.

*Residence time = 1/kqs, and t1, = 0.693/kotr, Where kot is kske/ (ks + ks + kg)). In the two-step mechanism, k,; > ks and kg, then ko is

approximately equal to kg.
"No slow-binding phase observed.
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Fig. 4. Superposition of P218 (green) and the dihydrofolate substrate
envelope (orange) bound to quadruple mutant and wild-type PfDHFR-TS,
respectively, showing the fit of the P218 in the substrate envelope. Note
that one of the carboxyethyl oxygens slightly penetrates the dihydrofolate
substrate envelope (arrow).

of 2.5 A (Table S2). Fig. 4 shows a superposition of the P218
cocrystal structure with PfDHFR-TS onto the dihydrofolate
substrate cocrystal structure with the substrate envelope rendered
as a transparent surface. For P218 bound to PEDHFR-TS, one
carboxylate oxygen slightly penetrates the dihydrofolate substrate
envelope (Fig. 4). Phe58 contacts this oxygen in the P218 cocrys-
tal structure with quadruple mutant PFDHFR-TS. Mutation of
Phe58 could affect the carboxylate interaction with Argl22 and
weaken inhibitor binding. However, this residue makes important
stabilizing interactions with the substrate’s pteridine ring and
benzoyl group, and is identically conserved in all known DHFR
sequences, making mutation of Phe58 highly unlikely because
of the expected adverse effect on substrate binding and parasite
fitness. The above arguments suggest that, unless other changes
not foreseen from our structural analysis occur, clinical resistance
to P218 may take longer to emerge than was the case for PYR.

Conclusions

PYR targets malarial DHFR, but resistance to the drug is now
widespread owing to site-specific amino acid mutations in DHFR
that reduce drug binding. Extensive efforts to discover a second-
generation DHFR-targeted antimalarial drug with efficacy against
PYR-resistant strains have been unsuccessful. In this study, we
report the results of an iterative drug discovery process in which
X-ray structures of Pf and human DHFR cocrystallized with sub-
strates and inhibitors were used along with efficacy and pharma-
cokinetic profiling in the design and characterization of a selective,
highly efficacious antimalarial drug development candidate. P218
is a subnanomolar inhibitor of both wild-type PfDHFR and the
clinically relevant highly PYR-resistant quadruple mutant enzyme.
P218 is a significantly weaker binder to human DHFR despite the
high amino acid sequence homology between the malarial and
human enzymes, thus minimizing the potential for human DHFR-
associated host toxicity.

In order to reduce the potential for resistance, P218 was de-
signed to incorporate significant intramolecular flexibility, linking
polar groups having highly favorable enthalpic interactions with
conserved enzyme residues at opposite ends of the substrate-
binding site. Selectivity for PEDHFR, compared to the human
enzyme, is achieved by designing the linker portion of P218 to
allow inhibitor access for binding to a conserved Arg in the case

Yuthavong et al.

of the protozoal enzyme but not for human DHFR. Cocrystal
structures of P218 with Pf and human DHFRs show that the com-
pound binds much differently to the two enzymes. Moreover,
P218 binds to PfDHFR within the envelope footprint of the
dihydrofolate substrate itself, which could reduce emergence of
resistance to P218 owing to the expected adverse effect mutations
could have on substrate binding and parasite fitness. We also
show that P218 binds to both wild-type and quadruple mutant
PfDHFR, but not to human DHFR, according to a two-step
mechanism involving an initial encounter complex followed by
a slower enzyme isomerization that further tightens binding for
P218 to the protozoal enzymes by at least 20-fold. Thus, inhibi-
tion of PEDHFR by P218 follows tight-binding/slow-off kinetics,
with the inhibitor having a long residence time on the tight-bind-
ing conformational state of the enzyme. This study demonstrates
that P218 not only has potent in vitro and in vivo antimalarial
activity against wild-type and PYR-resistant malarias, but it also
possesses suitable pharmacological, metabolic, and safety profiles
to warrant further consideration for clinical development. For such
purpose, its combination with another antimalarial compound
might be warranted to delay further possible future resistance.

Materials and Methods

Synthesis of Inhibitors. In this study, a modified procedure (37-39) has been
employed for the preparation of P65 and P218. The synthetic route involved
O-alkylation of 5-hydroxy-6-substituted-2,4-diaminopyrimidine with appro-
priate alkyl bromides, using lithium hydroxide monohydrate as a base, in N,
N-dimethylformamide at room temperature. An alkylation of 5-hydroxy-6-
methyl-2,4-diaminopyrimidine with 3-(2,4,5-trichlorophenoxy)propyl bro-
mide (40) gave P65. The analogous reaction between 5-hydroxy-6-ethyl-2,4-
diaminopyrimidine and methyl 3-(2-(3-bromopropoxy)phenyl)propanoate,
which was prepared from methyl 3-(2-hydroxyphenyl)propanoate (41), pro-
vided P218 (S/ Text).

X-Ray Structural Studies. Preparation and crystallization of recombinant
PfDHFR-TS and human DHFR enzymes were carried out as previously reported
(42-44). X-ray data collection and structure determination are described in
Table S2.

Enzyme Kinetic Studies. Preparation of PfDHFR and hDHFR (43, 45) and pre-
liminary kinetic properties and binding affinity (K;) in microplate format
were as described previously (28) (S/ Text).

In Vitro Antimalarial and Cytotoxicity Studies. P. falciparum, TM4 (wild type),
and V1/S strain (N511+C59R+S108N+1164L) were maintained, and antimalarial
activity was determined by [3H]-hypoxanthine incorporation assay as de-
scribed in detail elsewhere (45-47). Cytotoxicity against Vero cells, a kidney
fibroblast line from African green monkey, was determined as previously
described (48).

In Vivo Antimalarial Efficacy Studies. All in vivo tests were performed under
the UK Home Office Animals (Scientific Procedures) Act, 1986. Oral efficacy
was determined in CD-1 mice infected with P. chabaudi AS (S/ Text).

Caco-2 Permeability Studies. Unidirectional permeability studies were
conducted in the apical to basolateral (A-B) direction in the presence of a
pH gradient across Caco-2 cell monolayers (S/ Text).

In Vivo Pharmacokinetic Studies. Pharmacokinetic studies were approved by
the Monash University Animal Ethics Committee. All studies were conducted
in accordance with National Health and Medical Research Council (NHMRC)
Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes, sixth edition, 1997. Pharmacokinetic studies were conducted in
adult male Sprague-Dawley rats or male Swiss outbred mice, and compounds
were administered by either i.v. injection (i.v. infusion in rats) or oral gavage.
Blood samples were taken in rats via a cannula inserted in the carotid artery,
or, in mice, via terminal cardiac puncture under anesthesia, and plasma was
assayed for compound by liquid chromatography/MS. Concentration-versus-
time data were analyzed using noncompartmental methods (S/ Text).

Exploratory Safety Studies. In vitro Ames and hERG tests were conducted by
Harlan Laboratories SA (Barcelona) and bSYS, GmbH (Witterswil, Switzer-
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land), respectively. A repeat-dose oral-toxicology study (Harlan Laboratories
SA) was conducted in male Wistar rats with once daily dosing for 5 d followed
by a 5-d recovery period. Treatments included a vehicle control, 100 mg/kg
P218, and 300 mg/kg P218 (S/ Text).
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