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Previous studies have pinpointed the M17 leucyl aminopeptidase ofPlasmodium falciparum(PfLAP) as a
target for the development of new antimalarials. This metallo-exopeptidase functions in the terminal stages
of hemoglobin digestion and is inhibited by bestatin, a natural analog of Phe-Leu. By screening novel
phosphinate dipeptide analogues for inhibitory activity against recombinantPfLAP, we have discovered
two compounds,4 (hPheP[CH2]Phe) and5 (hPheP[CH2]Tyr), with inhibitory constants better than bestatin.
These compounds are fast, tight-binding inhibitors that make improved contacts within the active site of
PfLAP. Both compounds inhibit the growth ofP. falciparum in vitro, exhibiting IC50 values against the
chloroquine-resistant clone Dd2 of 20-40 and 12-23 µM, respectively. While bestatin exhibited some in
vivo activity againstPlasmodium chabaudi chabaudi, compound4 reduced parasite burden by 92%. These
studies establish thePfLAP as a prime target for the development of antimalarial drugs and provide important
new lead compounds.

Introduction

Malaria is the disease caused by apicomplexan parasites of
the genusPlasmodia,with Plasmodium falciparumbeing the
most lethal of the fourPlasmodiumspecies infecting man. The
annual death toll of this disease has been estimated to be 2-3
million.1 In 1998 the World Health Organization, UNICEF,
UNDP, and the World Bank launched The Roll Back Malaria
(RBM) Initiative to provide a coordinated international ap-
proach to fighting malaria, with the target of halving the burden
of this disease by 2010. However, the dramatic decline in the
effectiveness of many antimalarial agents and the increase of
insecticide resistance in the vector population is signif-
icantly impeding progress. Unfortunately, recent reports in-
dicate that malaria morbidity and mortality have increased
since the inception of the program, and it now seems unlikely
that it will reach its goal.2 Accordingly, there is a pressing
need to discover and develop new antimalaria drug treat-
ments.

We have proposed the malaria M17 leucyl aminopeptidase
(PfLAPa), a cytosolic metallo-exopeptidase catalyzing the
removal of amino acids from theN-terminus of peptides
generated during hemoglobin degradation, as a potential target
for new antimalarials.3 Amino acids derived from hemoglobin
are essential to parasite protein synthesis, and hence to their
growth and development within the host erythrocyte.4 Recently,
we showed that recombinantPfLAP is inhibited by the antibiotic
bestatin, a natural analog of the dipeptide Phe-Leu derived from

Streptomyces oliVoretticuli.5 Bestatin also inhibited the in vitro
growth ofP. falciparum, but was less effective against transgenic
parasites that overexpressedPfLAP.3

Highly potent organophosphorus inhibitors of aminopepti-
dases have been designed and synthesized in our laboratory.6

In the present study, these compounds were screened against a
functionally active recombinantPfLAP. We identified two
phosphinate dipeptide analogues,4 (hPheP[CH2]Phe) and5
(hPheP[CH2]Tyr), with superior binding kinetics to rPfLAP than
bestatin and with killing activity against malaria parasites in
culture. More importantly, while bestatin exhibited some
antimalarial activity in vivo against the rodent malariaPlas-
modium chabaudi chabaudi, compound4 reduced parasite
burden in infected mice by 92%. These studies establishPfLAP
as a new antimalarial drug target and identify valuable dipeptide
analogues that can be used as lead compounds for future drug
design and development.

Results

rPfLAP Is Inhibited by Bestatin and Phosphinate Ana-
logues of Dipeptides.A panel of phosphinate analogues of
dipeptides6 were screened for inhibitory activity against a
functionally active recombinantPfLAP.5 Four of these analogues
were selected for further study (compounds2-5, Table 1)
because they exhibited strong inhibition of rPfLAP (Ki < 1 µM);
compounds4 and5 were the most potent, withKi values better
than that of bestatin (Table 1).

The mode by which compounds4 and 5 inhibit rPfLAP
differs from that of bestatin; this difference was revealed by
the shape of the reaction curves between enzyme (E) and
inhibitor (I) (Figure 1A,B; only compound4 is shown). Arrival
at steady-state reaction rates was time-dependent for bestatin,
demonstrating that this compound is a slow-binding inhibitor
of rPfLAP. The dissociation constant (Ki) for the formation of
the initial EI complex was calculated to be 425 nM, while the
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overall inhibition constant (Ki*) for formation of EI* was
calculated to be 25 nM (Table 1). The observed rate constants
kobs for the formation of EI* were calculated by fitting the

progress curve data and, when plotted against [I], gave a positive
hyperbolic plot, indicating that bestatin binds to rPfLAP
according to the mechanism shown in Scheme 1.7 Therefore,

Table 1. Data Describing the Inhibition Characteristics of Bestatin and the Phosphinic Acid Dipeptide Analogues When Assessed against rPfLAP and
pkLAP andP. falciparumParasites in Continuous Culture

a Ki* overall inhibition constant for bestatin calculated from steady-state rates; see results in the text.b Nishizawa et al.1977. c Reference 6. ND, not
determined.

Figure 1. Comparaison of kinetics of inhibition ofPfLAP by compound4 and bestatin. (A and B) Progress curves for the hydrolysis of H-Leu-
NHMec by rPfLAP in the presence of increasing concentrations of compound4 (A) and 1 (B). The final concentrations of substrate and enzyme
were 2µM and 26 nM, respectively. The final concentrations of compound 4 were (a) 0 nM, (b) 4.88 nM, (c) 19.53 nM, (d) 78.13 nM, and (e)
312.5 nM. The final concentrations of1 were (a) 0 nM, (b) 19.53 nM, (c) 78.13 nM, (d) 156.25 nM, and (e) 312.5 nM. Double-reciprocal plots for
inhibition of rPfLAP by compound4 (C) (final concentration of enzyme was 26 nM, while the substrate concentrations were 12.5, 25, 50, and 100
µM) and bestatin (D) (final concentration of enzyme was 22 nM, while the substrate was at 25, 50, and 100µM). (Inset) Plot of apparentKm against
compound4 inhibitor concentration [I].
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while formation of the initial EI complex between rPfLAP and
bestatin is fast, the formation of the final EI* complex is slow
and may require conformational change in the substrate and/or
active site of the enzyme.

In contrast to bestatin, rates of substrate hydrolysis by rPfLAP
in the presence of increasing concentrations of4 or 5 were linear,
indicating that equilibrium between the enzyme and these
inhibitors is reached rapidly (compare parts A and B of Figure
1; only compound4 is shown) and that these compounds
are tight-binding inhibitors of rPfLAP (Figure 1A). Lin-
eweaver-Burk plots demonstrate that4 and 5 act through
competitive inhibition (Figure 1C). By plottingKm(app) values
calculated from thex-axis intercepts of the Lineweaver-
Burk plot at different inhibitor concentrations against [I], a
Michaelis-Menten constant,Km, of 13 µM was obtained for
the enzyme (inset in Figure 2C). TheKi for the inhibition of
rPfLAP by 4 and 5 was calculated to be 13.2 and 10.4 nM,
respectively (Table 1), demonstrating that these compounds
have a>2-fold better inhibitory activity against rPfLAP than
bestatin (Ki value of 25 nM). Importantly, these two compounds
showed a 5-6-fold better inhibitory activity against rPfLAP
compared to porcine kidney M17 leucyl aminopeptidase (pkLAP)
(Table 1).

Compounds2 (hPheP[CH2]Gly) and 3 (LeuP[CH2]Leu)
exhibited far less inhibitory activity (Ki ) 524.8 and 97.3 nM,
respectively) compared to4 and5, but they proved useful for
understanding the structure-activity relationship of the anti-
PfLAP activity of the phosphinate analogues of dipeptides (see
below).

Structure-Activity Relationships Using Homology Model
of PfLAP and Docking with Phosphinate Analogues of
Dipeptides. Like other M17 leucine aminopeptidases,PfLAP
consists of a less conserved N-terminal domain and a more
conserved C-terminal domain containing the active site (Figure
2A). The catalytic domain ofPfLAP (residues 280-606)
exhibits 38% overall sequence identity and 56% sequence
similarity to the catalytic domain of BlLAP; therefore, the X-ray
structure of this enzyme was used as a template to build the
3D model ofPfLAP. The amino acids involved in the coordina-
tion of two catalytic zinc metal ions and other active site residues
are conserved between the two enzymes (Figure 2A). The S1
pockets are similar in size and character, but differences were
observed in the residues that lie at the bottom of the pocket
(F398, L492, and S580 inPfLAP correspond to A272, D365,
and M454 in BlLAP). The S1′ pockets are identical (Figure
2A).

The binding modes of bestatin and (R)-hPheP[CH2]-(R)-Phe
(4) to PfLAP were calculated using the X-ray structures of
BlLAP in complex with amastatin (1bll in PDB) andL-
leucinephosphonic acid (LeuP, 1lcp in PDB) as templates, and
these binding modes will be subjected to further discussion in
this paper. In addition, we carried out “de novo” docking of
these inhibitors toPfLAP to consider potential alternative
binding modes of4 and bestatin toPfLAP (results described in
the Supporting Information). The modeled binding mode of

bestatin toPfLAP shows that the hydroxyl group of bestatin is
coordinated to the two metal ions (Figure 2B). TheR-amino
group coordinates to one of these metal ions and also forms a
hydrogen bond with D379. The carbonyl oxygen of bestatin is
involved in a hydrogen bond with the backbone amide of G489,
while the carboxylate oxygen forms a hydrogen bond with the
side chain of T488. The hydrophobic side chains at the P1 and
P1′ positions of bestatin fit well into the corresponding S1 and
S1′ binding pockets (Figure 2B). Similar interaction patterns
of bestatin and amastatin to blLAP were reported in the
literature.8,9

Docking of compound4 into the binding site revealed that
two oxygen atoms and an amino group are able to interact with
both metal ions in the active site ofPfLAP (Figure 2C). In
addition, one oxygen atom of4 forms a hydrogen bond with
the side chain of K386, and the N-terminal amino group is
involved in a hydrogen bond with the carboxyl group of D379.
The C-terminal carboxyl of4 forms a hydrogen bond with the
backbone amide of G489 and with the side chain of T488, while
its second oxygen is solvent exposed. The hPhe side chain at
the P1 position of4 fits well into the large hydrophobic S1
pocket of PfLAP, and the Phe side chain at P1′ is well-
accommodated at the S1′ pocket (Figure 2C). A similar
interaction pattern was observed for LeuP with BlLAP active
site and the S1 pocket.10

The low binding affinity of2 for PfLAP can be explained
by the presence of a small amino acid, Gly, in the P1′ position
that does not penetrate the S1′ pocket sufficiently deeply to make
any significant interactions (Figure 2C). The S1 pocket inPfLAP
can easily accommodate the hydrophobic side chains of Leu
and hPhe at the P1 position of3 and4, respectively; however,
the larger hPhe chain of4 enables it to make additional contacts
with the hydrophobic amino acids at the bottom of the S1
pocket, namely with F398, L492, S580, and L395. In addition,
the Phe at position P1′ of 4 can be engaged in more hydrophobic
contacts with the S1′ pocket than3, which contains Leu at the
corresponding position (Figure 2B,C). Collectively, these in-
creased interactions would account for the greater affinity of4
for PfLAP versus3. The binding affinity of compound5 for
PfLAP is comparable to that of compound4 (Table 1), while
the P1 Tyr of5 possesses an additional hydroxyl that is solvent
exposed and not engaged in hydrogen bonding; therefore, no
significant enhancement of the binding affinity over compound
4 was expected nor observed.

The in Vitro Activity of Phosphinate Analogues against
P. falciparum. The antimalarial activity of the phosphinate
analogues2-5 were investigated in vitro. Compounds2 and3
did not reduce parasite growth in culture, even at concentrations
of 100 µM. In contrast,4 and5 were active against both drug
resistant (Dd2) and drug sensitive (3D7)P. falciparumparasites.
Both of these compounds displayed similar antimalarial activi-
ties, with IC50 values against the drug resistant clone Dd2 of
20-40 and 12-23 µM for compounds4 and 5, respectively
(Table 1). These inhibition values were similar to those achieved
with bestatin (IC50 ) 12-21 µM). Although IC50 values were
similar and not statistically different, irrespective of the isolate
used, the multidrug resistant clone Dd2 was consistently more
sensitive to each of the compounds tested (Table 1).

In Vivo Antimalarial Activity of 4 and Bestatin. The
clinical significance of the antimalarial activity demonstrated
by bestatin and4 was examined in vivo using a nonlethal murine
malaria model. Parasites appeared in the blood of mice treated
with PBS on day 5 postinfection and rose to a median peak
parasitemia of 44.8% on day 8 before declining (Figure 3). Both

Scheme 1.Mechanism for Slow-Binding Inhibition of rPfLAP
by Bestatin
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bestatin and4 were effective in reducing the parasitemia of mice
infected withP. chabaudi. Mice treated with bestatin displayed
a reduced median parasitemia of 29.7%, which occurred on the
same day as the PBS vehicle control peak parasitemia. Mice
treated with4 exhibited a 3-day delay in the appearance of
parasites, and a median peak parasitemia of only 3.6% (repre-
senting a 92% reduction compared to PBS controls), which
cleared over the subsequent 4 days (Figure 3). Chloroquine
treatment delayed the appearance of parasites by 6 days, with
a median peak parasitemia of 6.9% on day 14, which cleared
over the next 4 days. Similar results were obtained in two
separate trials. No toxicity was observed in any of the treatment
groups.

Discussion

To support their rapid growth and development within the
erythrocyte, malaria parasites must acquire nutrients from the
host cell and the extracellular environment. Although amino
acids can be drawn from the host serum, red cell hemoglobin
is an essential source of amino acids for parasite protein

anabolism.11 Cysteine (falcipains) and aspartic (plasmepsins)
endopeptidases function within the acidic digestive vacuole (DV)
and produce peptides that are transported to the cytosol for
further processing by aminopeptidases.12 We have shown that
one of these aminopeptidases,PfLAP, functions within the
neutral pH environment of the parasite cytosol, can free amino
acids from hemoglobin-derived peptides, and is highly expressed
in trophozoites, the intraerythoctyic stage at which protein
synthesis is at its peak.5 Inhibitors ofPfLAP, such as bestatin,
exhibit antimalarial activity in vitro, with particular activity
against trophozoite stages.12 Transgenic parasites that overex-
pressPfLAP are also less susceptible to bestatin, supporting
our premise that this enzyme is a worthy candidate for
investigation as a target for antimalarial development.3

Using bestatin as a benchmark, we assessed the inhibitory
activity of phosphinate analog against rPfLAP and identified
two, 4 and 5, that exhibited a 2-fold greater affinity for the
enzyme than bestatin. Since the P1 and P1′ side chains of4
and5 are larger than the corresponding side chains of bestatin,
these can interact with the hydrophobic residues at the bottom

Figure 2. (A) Sequence alignment of the catalytic domain of leucine aminopeptidase fromP. falciparum(PfLAP, Pf14_0439, plamodb.org) with
bovine lens leucine aminopeptidase (BlLAP, sequence substracted from PDB file 1lcp) obtained with the ClustalW program. The figure was prepared
using the ESPript program (http://prodes.toulouse.inra.fr/ESPript/). Secondary structures of BlLAP: helices (shown as springs) andâ-sheets (presented
as arrows) are plotted on the top of the alignment. Amino acids conserved in both enzymes are colored white and shown in black boxes, while
similar amino acid (similarity defined by default parameters in ESPript) are colored black and shown in white boxes. Amino acids interacting with
two metal ions present in the active site of both enzymes are indicated by black stars; black circles show the residues involved in the formation of
the S1 pocket; white circles indicate amino acids of the S1′ pocket; the black triangle points to K386 in the active site ofPfLAP engaged in the
hydrogen bond with ligands; the black square indicates S554, which is in a hydrogen bond distance to ligands. (B) Modeled interaction mode of
compound4 with PfLAP. The S1 and S1′ binding pockets and active site residues (thin sticks) involved in interactions with dipeptide analogues
(thicker sticks) are shown. Two active site zinc metal ions are represented by yellow spheres. Hydrogen bonds and interactions of the inhibitor with
metal ions are shown as black dashed lines. Atoms are colored according to atom types: C, green; N, blue; O, red; S, yellow. (C) Modeled binding
mode of bestatin toPfLAP. The coloring and labeling is the same as panel B.
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of the S1 pocket and with the S1′ pocket of thePfLAP.
Additionally, unique contacts take place among the phosphinic
group, the active site metal ions, and residue Lys386 that do
not occur with the corresponding fragment in bestatin. Both of
these features account for the high binding affinity of4 and5
over bestatin forPfLAP.

Molecular modeling of the phosphinate dipeptide analogues
within the active site ofPfLAP demonstrated that the size of
hydrophobic substituents, both at P1 and P1′, influence their
binding affinities (Table 1). Simple phosphonic analogues of
amino acids (LeuP, hPheP;Ki > 10 µM; data not shown) and
compound2 (Ki ) 524.8 nM) were poor inhibitors of rPfLAP,
suggesting that a larger substitute than Gly at the P1′ position
is required for inhibition. Indeed, replacement of Gly with a
larger and aromatic Phe side chain at P1′ in compound4 resulted
in a 40-fold increase in inhibitory potency (Table 1). Simulta-
neous replacement of Leu at the P1′ position by Phe and Leu
at the P1 position by hPhe was also significant, as compound4
had a 7-fold greater binding affinity compared to compound3
(Table 1). Compound5 differed from4 by having a Tyr in the
P1′ position rather than a Phe, but this did not alter the binding
kinetics, since the extra hydroxyl group did not make additional
contacts within the active site ofPfLAP.

Notwithstanding the similarities in the active site architecture
of PfLAP and mammalian LAPs, specificity of binding was
observed. For example, the phosphonic analogues of amino acids
(LeuP, hPheP) that exhibited poor inhibition ofPfLAP are
relatively potent inhibitors of porcine kidney leucine aminopep-
tidase (Ki values of 230 and 215 nM, respectively),5,6 More
relevantly, compounds4 and5 were 5-6-fold more effective
againstPfLAP as compared to pkLAP.5 The higher affinities
of 4 and5 for rPfLAP can be explained by differences in amino
acids at the bottom of their S1 pockets, most particularly the
presence of F398 and L492 inPfLAP compared to A272 and
D365 in BlLAP. These data argue well for the development of
inhibitors that are selective forPfLAP compared to the host
enzymes and, hence, have reduced probability of inducing side
effects in the host.

The activity of the phosphinate analogues against malaria
growth in culture correlated with their inhibitory activity against
rPfLAP. Compounds2 and3 were not effective inhibitors of

parasite growth in vitro, whereas4 and 5 demonstrated
antimalarial activity. However, although the activities of4 and
5 against rPfLAP were 2-fold better than bestatin, their IC50

values against malaria parasites in culture were similar. This
small discrepancy could be explained by differences in their
chemical properties, including stability and solubility in aqueous
media, and/or differences in their relative ability to penetrate
membranes to reach their site of action. Previously described
transgenic parasites that overexpressPfLAP3 are also less
susceptible to inhibition by compound4 or 5 (IC50 values>100
µM and 88+ 10 µM, respectively) compared to wild-type D10
parent parasites (IC50 values of 67+ 17 and 53.3+ 18 µM,
respectively) or parasites transfected with a control vector (pHH1
without the AP14cmyc cassette) (data not shown), confirming
that PfLAP is a target for these phosphinate inhibitors.

We assessed the antimalarial activity of compound4 in vivo
using the rodentP. c. chabaudimodel. At a treatment dose of
100 mg/kg twice a day, compound4 reduced parasite burdens
in treated mice by 92% compared to controls and, under the
regime employed, proved better than treatment with chloroquine
(85% reduction in parasitemia). Bestatin treatment (100 mg/kg
twice daily) also provided protection, although the parasitemia
was reduced by only 34%. The 2-fold increase in the ability of
compound4 to inhibit rPfLAP over bestatin would not ac-
count for its far superior in vivo antimalarial activity (particularly
taking into account their similar in vitro activity). Pharmaco-
kinetic factors including rates of elimination, cellular uptake,
and metabolism are likely to be more important. Bestatin
enters red blood cells very slowly (0.3%/min in vitro) and is
rapidly eliminated from serum (half-life> 2 h in mice).13 The
half-life and tissue and cellular penetration of4 is not known,
but because of its hydrophobicity, these are expected to be
significantly greater than those of bestatin. It is also important
to note that all of the compounds tested in this study were
mixtures of four diastereomers, and it is known that bestatin
isomer (2S,3R)-AHPA-(R)-Leu is at least 10-fold more active
against BlLAP than the remaining stereoisomers.14 There-
fore, the activity of the stereoisomers (R)-hPheP[CH2]-(R)-Phe
(4) and (R)-hPheP[CH2]-(R)-Tyr (5) should also be better than
that observed for the mixture of the four isomers used in this
study.

Figure 3. In vivo efficacy of compounds4, 1, and chloroquine againstP. c. chabaudimurine malaria. Data are presented as mean( SE parasitemia
for each group of six mice.
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Drug resistance is such a major problem for the control and
treatment of malaria that novel targets and lead compounds for
the development of new drugs are in continual demand.15 This
study establishesPfLAP as an antimalarial drug target by
demonstrating a clear relationship between the ability of
inhibitors to inactivate the enzyme and to kill malaria parasites
in vitro and in vivo. It has been recently reported that methionine
aminopeptidases are also promising targets for antimalarial
development.16,17While studies in our laboratory have demon-
strated little or no synergy between inhibitors ofPfLAP and
those of DV endopeptidases, falcipains and plasmepsins,18

perhaps because these enzymes function in different cellular
compartments, it is plausible that synergism would occur with
PfLAP and methionine aminopeptidases inhibitors, raising the
possibility of a combination drug therapy. It is also appropriate
to mention that malaria parasites express three other aminopep-
tidases, a M1 alanyl aminopeptidase, a prolyl aminopeptidase,
and an aspartyl aminopeptidase (plasmodb.org). Studies in our
laboratory indicate that the M1 alanyl aminopeptidase is
inhibited by the inhibitors described here; hence, its inactivation
may be relevant to their antimalarial activity. The prolyl and
aspartyl aminopeptidases, however, are not targets of these
inhibitors and could also be exploited for future combination
drug therapies.

Compounds4 and5 are the most potent inhibitors of M17
LAPs reported to date.6 Their potency, together with their greater
selectivity forPfLAP over bovine and porcine LAP, makes them
attractive lead compounds for the development of antimalaria
therapeutic agents. Although we observed no toxicity in the
present in vivo studies, it is unknown if4 and 5 will cause
significant toxicity in humans. Bestatin has little toxicity in
animals (LD50 ) >4000 mg/kg in mice19) and humans.20,21

Clearly, more detailed information on the pharmacodynamic and
pharmacokinetics properties of the inhibitors described in this
study are required to understand their activity against malaria
parasites and to guide future medicinal chemistry approaches
to optimize their potency and properties.

Experimental Section

Synthesis of Compounds.Compound 1 (bestatin, (-)-N-
[(2S,3R)-3-amino-2-hydroxy-4-phenylbutyryl]-L-leucine) was ob-
tained from Sigma-Aldrich, Sydney, Australia. Phoshinic pseudo-
dipeptides2-5 were synthesized in our laboratories according to
the procedure described previously.6 The only novel final compound
(2) was obtained by standard deprotection of methyl 3-[[1-(N-
benzyloxycarbonylamino)-4-phenylbutyl]hydroxyphosphinyl]-
propionate (Cbz-hPheP[CH2]-Gly-OMe),22 purified by means of the
reverse phase HPLC, and separated as the trifluoroacetate after
lyophilization. For the details of its synthesis and characterization,
see the Supporting Information. The analogues3-5 are fully
characterized elsewhere.6

Production and Isolation of Enzymatically Active Recombi-
nant PfLAP . The production of functionally activePfLAP in
baculovirus-transformed insect cells along with its purification and
biochemical characterization are described elsewhere.5 Briefly, the
pENTR construct housingPfLAP (Pf14_0439, plamodb.org),
pENTR-LAP, was recombined with BaculoDirectC-Term linear
DNA (Invitrogen Corp.) and transfected into Sf9 (Spodoptera
frugiperda) cells. For protein expression, Sf9 insect cells were
infected at the cell density of 3× 106 cells/mL with PfLAP
recombinant baculovirus at a moiety of infection of 2-5 PFU/cell.
The infections were allowed to proceed for 48 h at 28°C before
the cell pellets were harvested by centrifugation at 8000g for 15
min at 4°C and stored at-80 °C. The cell pellets were lysed into
PBS, pH 7.3, by three cycles of freeze-thaw and sonication and
then centrifuged at 15 000 rpm for 30 min at 4°C. The supernatant
was filtered through a 0.45µm HA Millipore membrane, diluted

5-fold with 50 mM sodium phosphate buffer, pH 8.0, containing
300 mM sodium chloride and 10 mM imidazole, and passed over
a nickel-agarose column (Qiagen) equilibrated with the same
buffer. The column was then washed with 50 mM sodium phosphate
buffer, pH 8.0, containing 300 mM sodium chloride and 20 mM
imidazole andPfLAP eluted into 50 mM sodium phosphate buffer,
pH 8.0, containing 300 mM sodium chloride and 250 mM
imidazole. The eluate was dialyzed against PBS, pH 7.3, for 16 h.

Enzymatic Assay, Substrate and Inhibitor Kinetics with
Fluorogenic Peptide Substrates.Rates of hydrolysis of the
fluorogenic substrate H-Leu-7-amino-4-methylcoumarin (H-Leu-
NHMec) were measured by monitoring the release of the-NHMec
fluorogenic leaving group at an excitation wavelength of 370 nm
and an emission wavelength of 460 nm using a Bio-Tek KC4
microfluorimeter. RecombinantPfLAP was activated in 50 mM
Tris-HCl, pH 8.0, containing 1 mM CoCl2 for 20 min prior to the
addition of substrate (10µM). Inhibitors were initially screened
by adding these at various concentrations ranging from 10 to 001
µM to the assay mix 10 min prior to adding substrate.

The binding constant,Ki, for the inhibition of rPfLAP by
compounds2-5 was determined at 37°C in 50 mM Tris-HCl, pH
8.0, by measuring the initial rateVi over a range of inhibitor
concentrations (2.44-78.13 nM). The enzyme concentration was
26 nM and the substrate concentration was varied (2.5-100µM).
Ki was calculated from a plot of 1/Vi versus inhibitor concentration
[I] by the method of Dixon.23 Because bestatin was found to be a
time-dependent inhibitor of rPfLAP, the overall inhibition constant
Ki* was determined by monitoring progress curves until a final
steady-state velocityVs was reached. Progress curves were moni-
tored at 2µM substrate over a range of inhibitor concentrations
(19.53-312.5 nM) and at a fixed enzyme concentration of 26 nM.
The Ki* was calculated from a Dixon plot of 1/Vs versus [I]. The
dissociation constantKi was calculated from a Dixon plot of 1/Vi

versus [I] whereVi is the rate from the initial portion of the progress
curve.

To determine the mechanism by which bestatin binds enzyme,
progress curves were fitted to the integrated rate equation

whereP is the amount of product formed at timet, V0 andVs are
the initial and final steady-state velocities, andkobs is the observed
first-order rate constant for the establishment of the equilibrium
between the initial (EI) and final (EI*) enzyme-inhibitor com-
plexes.24 kobsvalues were plotted against [I], and the data were fitted
to the equation

where Ka is the Michaelis constant for substrate A,Ki is the
dissociation constant for the EI complex, andKi* is the overall
inhibition constant for the formation of EI*. This equation describes
kobs when formation of EI* from the initial EI complex is slow, as
outlined in Scheme 1.7

Homology Modeling of PfLAP Structure and Calculation of
Ligand Binding Mode. Bovine lens aminopeptidase (BlLAP,
sequence and 3D structure coordinates subtracted from PDB file
1lcp) andPfLAP exhibited good sequence similarity: 38% overall
sequence identity and 56% sequence similarity in the catalytic
domain. The pairwise sequence alignment ofPfLAP with BlLAP
was performed using ClustalW (http://www.ebi.ac.uk/clustalw) and
was then applied to calculate the 3D model of the catalytic domain
of PfLAP (residues 280-606) by employing the Modeller program25

(http://guitar.rockerfeller.edu/modeller.html) with the default pa-
rameters.

The hydrogen atoms were added to thePfLAP model in the
InsightII/Builder program (Molecular Simulations Inc, San Diego),

P ) Vst + (V0 - Vs)(1 - e-kobst)/kobs

kobs) k6[1 + I
Ki*(1 + A/Ka)

1 + I
Ki(1 + A/Ka)

]
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using the standard protonation states for amino acids at pH 7.0.
The X-ray structure of the BlLAP-LeuP complex (encoded as 1lcp
in PDB) and the model of BlLAP-LeuP[NH]Leu reported by our
laboratory6 allowed docking of4 ((R)-hPheP[CH2]-(R)-Phe) to the
PfLAP binding site by superimposition of the BlLAP-ligand
complexes onto thePfLAP model. The Leu side chains at the P1
at P1′ positions of BlLAP ligand LeuP[NH]Leu were replaced with
hPheP and Phe side chain, respectively, to obtain thePfLAP-4
complex. Subsequently, the protein was soaked in a 5 Å layer of
water molecules, and the complex was optimized using the Amber
force field within the Discover/InsightII program (Molecular
Simulaltions Inc., San Diego, CA). The backbone of the protein
was kept frozen during the optimization process, while the protein
side chains, inhibitor molecules, and water molecules were allowed
to move. The distance constraints between the active site metal
ions and their ligands, both protein amino acids and ligand atoms
interacting with them, were applied with the force constants of 500
kcal/mol Å2 during the energy minimization procedure. The
switched smoothing function, with gradually reduced nonbonding
interactions to zero from 18 Å inner radius to 20 Å outer radius,
was applied during the simulations. The optimization was performed
using the conjugate gradient algorithm until the maximum derivative
was<0.02 kcal/mol Å.

Since the complex of BlLAP-bestatin is not available, the X-ray
structure of BlLAP-amastatin (encoded as 1bll in PDB) was used
to dock bestatin to thePfLAP binding site. As a first step the
BlLAP-amastatin complex was superimposed onto thePfLAP
model, and then the Leu side chains at P1 and the Val side chain
at P1′ of amastatin were replaced with Phe and Leu, respectively,
while P2′ and P3′ fragments were deleted. The optimization of
bestatin in thePfLAP binding site was performed in the same way
as described above for4.

De novo flexible docking of4 {(R)-hPheP[CH2]-(R)-Phe} and
bestatin toPfLAP was also carried out using the Glide program
with the XP (extra precision) docking module.26 The 100 lowest
energy conformers (docking poses) of4 and bestatin were saved
and clustered using rms) 1.5 Å as a clustering criteria. The results
of docking with Glide are described in the Supporting Information.

In Vitro Sensitivity of P. falciparum to Inhibitors. P. falci-
parumclones 3D7, D10, and Dd2 were derived fromP. falciparum
isolates NF58, FC27, and W2MEF, respectively, and were obtained
from The Walter and Eliza Hall Institute, Melbourne, Australia.
Parasites were cultured as described.27 Stock solutions of inhibitors
were prepared in 100% DMSO. Dilutions of all drugs were prepared
from stock solutions in culture medium when required. Vehicle
controls were included on each assay plate.

The in vitro sensitivity of each parasite population to the
aminopeptidase inhibitor bestatin and the phosphinate analogues
was determined using [3H]hypoxanthine incorporation.28 Briefly,
serial dilutions of each inhibitor were prepared in culture media
(0.05-50 µM) and added with [3H]hypoxanthine (0.5µCi/well) to
asynchronous cultures at a 0.5% parasitemia and 2% hematocrit.
After a 48 h incubation, the amount of [3H]hypoxanthine incorpora-
tion was measured, and the concentrations of inhibitor required to
prevent incorporation by 50% (IC50) were determined by linear
interpolation of inhibition curves.29 Each assay was performed in
triplicate on three separate occasions.

In Vivo Studies againstP. c. chaubaudi. The in vivo antima-
larial activity of 1 and 4 was determined using the nonlethalP.
chabaudimurine malaria model in 8-week-old C57BL/6J female
mice. Compound5 was not included in these trials due to issues
of supply. Mice were housed in a reverse light cycle cabinet
(daylight 10 p.m. to 10 a.m.) to ensure drug exposure during the
trophozoite stages. Mice (average weight,∼20 g) were infected
intravenously in the tail vein with 5× 105 parasitized erythrocytes
from an infected donor mouse. Drugs were diluted from stocks into
PBS, pH 7.3, and treatment initiated 24 h postinfection. Groups of
six mice received 2 mg of compound4 or 1, via interperitoneal
injection, twice daily for 7 consecutive days. Control groups
received PBS alone twice a day for 7 days or 0.1 mg of chloroquine
in PBS once daily for 4 consecutive days. The parasitemia was

monitored from day 3 postinfection by daily microscopic examina-
tion of Giemsa-stained thin blood smears. Animals were housed in
the Queensland Institute of Medical Research (QIMR) animal
facility under specific-pathogen-free conditions. Ethical approval
for all animal work was obtained from the QIMR Animal Ethics
Committee using protocols complying with guidelines set out by
the National Health and Medical Research Council of Australia
Animal Code of Practice. Each experiment was performed on two
separate occasions with similar results. As the peak parasitemia in
control mice varied slightly in each experiment, data from only
one experiment are shown.
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