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Background: The trophozoite stage of the malaria parasite 
infects red blood cells. During this phase of their lifecycle, the 
parasites use hemoglobin as their principal source of amino 
acids, using a cysteine protease to degrade it. We have previ- 
ously reported a three-dimensional model of this cysteine 
protease, based on the structures of homologous proteases, 
and the use of the program DOCK to identify a ligand for the 
malaria protease. 
Results: Here we describe the design of improved ligands 
starting from this lead. Ligand design was based on the 
predicted configuration of the lead compound docked to the 
model three-dimensional structure of the protease. The lead 
compound has an IC,, of 6 FM, and our design/synthesis 

strategy has resulted in increasingly potent derivatives that 
block the ability of the parasites to infect and/or mature in 
red blood cells. The two best derivatives to date have TC+ of 
450 nM and 150 nM. 
Conclusions: A new class of anti-malarial chemotherapeutics 
has resulted fi-om a computational search that was based on a 
model of the target protease. Despite the lack of a detailed 
experimental structure of the target enzyme or the 
enzyme-inhibitor complex, we have been able to identify 
compounds with increased potency. These compounds 
approach the activity of chloroquine (IC,, = 20 r&I), but have 
a distinct mechanism of action. This series of compounds could 
thus lead to new therapies for chloroquine-resistant malaria. 
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Introduction 
The World Health Organization estimates that 280 
million people are infected with malaria yearly [l]. 
Although various classes of anti-malarial agents exist, the 
most valuable are the quinoline-derived compounds, 
such as chloroquine and mefloquine. Chloroquine has 
been an especially effective drug in prophylactic and 
therapeutic settings, and thus the appearance of malaria 
strains resistant to chloroquine, and more recently, to 
mefloquine, poses a serious threat to travelers and to 
people in countries where malaria is endemic. Reports 
of multi-drug resistant strains of these parasites make the 
search for novel therapies especially urgent [2]. 

In this work, a novel target for anti-malarial chemo- 
therapy is pursued. During the erythrocytic stage of their 
lifecycle, malaria parasites infect circulating red blood 
cells (RBCs) and use hemoglobin as their principal 
source of amino acids. Rosenthal and coworkers have 
identified a cysteine protease from malaria parasites that 
mediates host hemoglobin degradation [3]. Blocking this 
enzyme with cysteine protease inhibitors, such as L-tvans- 

epoxysuccinylleucyl amido-(4-guanidino)butane (E-64) 

and peptide fluoromethyl ketones, arrests parasite growth 
in vitro [4] and cures murine malaria (Plur~zoditlm vinckei) 
infection in ho [S]. These results support the therapeutic 
rationale behind using the protease as a target. Inhibiting 
this protease may, either by itself or in conjunction with 
established therapies, offer an alternative treatment for 
malaria. Most cysteine protease inhibitors, however, are 
sulfhydryl reagents that covalently modify the enzyme 
active site, and thus may inactivate some host cysteine 
proteases. Noncovalent angiotensin-converting enzyme 
inhibitors have been successful in the treatment of hyper- 
tension [6], and the clinical success of these compounds 
has motivated us to develop a new class of compounds 
that inhibit the malarial cysteine protease through non- 
covalent interactions. 

Results and discussion 
Initial lead discovery 
The discovery of a nonpeptidic lead compound, oxalic 
bis((2-hydroxy-1-naphthylmethylene)hydrazide) (ZLI48A), 
for the malaria cysteine protease has previously been 
described [7]. Briefly, a model structure for the malaria 
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Fig. 1. The active site of the malarial protease and putative 
binding mode of the original lead compound, ZLl48A. The 
protease is shown in white and the ligand in gray. Oxygen and 
nitrogen atoms near the active site are colored in red and dark 
blue, respectively. The S,, S,, and S,’ binding subsites are shown 
in green, yellow, and cyan, respectively. 

cysteine protease was proposed using the X-ray structures 
of papain and actinidin as a basis for modeling. The 
model structure was then used to search the Fine 
Chemicals Directory of commercially available small 
molecules (the Fine Chemicals Directory distributed by 
Molecular Design is currently known as the Available 
Chemical Directory) for putative ligands using the 
docking program, DOCK 3.0 [8]. Thirty-one 
compounds were finally tested and ZLI48A was identi- 
fied as the best inhibitor of the protease. The IC,, value 
for enzyme inhibition against the substrate benzyloxy- 
carbonyl-Phe-Arg-(7-amino-4-methylcoumarin) was 
6 PM [7]. More importantly, this compound inhibits the 
growth of parasites in culture, as judged by its ability to 
block hypoxanthine uptake by malaria parasites, with an 
apparent IC,, value of 7 FM. 

Circulating RBCs are a major target for malaria 
infection, and the magnitude of the infection can be 
quantified by counting the fraction of infected RBCs on 
a thick blood smear. This process is sufficiently laborious 
that it precludes the evaluation of dose-response curves 
for potential therapeutics in an acceptable time frame. 
To overcome this problem, we have developed a high- 
throughput assay that efficiently counts parasitized 
RBCs. Normally, circulating RBCs are enucleate and 
hence lack DNA. Parasitized RBCs contain malarial 
DNA. Thus, RBC staining by the DNA-binding dye 
propidium iodide can be exploited in an assay that uses a 

fluorescence-activated cell sorter (FACS) to count the 
fraction of infected RBCs in a rapid and automated fash- 
ion. In this assay, ZLI48A has an IC,, value of 4.5 PM. 

Berger and Schechter [9] first demonstrated that papain- 
like cysteine proteases contain active sites that can 
accommodate up to seven amino acids. For notational 
convenience, the amino acid residues on the acyl side of 
the scissile bond are denoted P,, P, . . . Pn and those on 
the leaving group side are labeled PI’, P,’ . . P,‘. The 
corresponding binding sites on the enzyme are S,, S, . . 
Sn and S,‘, S,’ . S,‘. The seven-residue binding pocket 
of papain-like cysteine proteases involves the S, through 
S,’ subsites. The S, and S, subsites are those most 
responsible for the peptide cleavage specificity of this 
class of enzymes. The most stable conformer of ZLI48A 
is symmetric about its midpoint, with a second axis of 
pseudosymmetry about the backbone. Thus, there are 
essentially two ways to orient the compound in the 
active site. In both cases, the compound lies across the 
active site cleft of the malaria cysteine protease with one 
naphthyl group fitting into the S, pocket and with the 
other stacking with the indole ring of Trp177 in the S,’ 
pocket. The presumed binding mode is shown in Fig. 1. 
This orientation was chosen as the working model for 
the orientation in the complex, because it maximizes the 
compound’s interaction with the enzyme, with each 
hydroxyl group within hydrogen bonding distance of a 
suitable residue in the enzyme (Serl60 and Gin19). 
Alternatively, the compound could be rotated 180 
degrees about the horizontal axis of pseudosymmetry. In 
this orientation, the hydroxyl groups seem to interact 
with the enzyme less effectively but might interact with 
solvent water molecules. 

Lead optimization 
The starting point for lead optimization was the 
protease-ZLI48A complex generated by the program 
DOCK 3.0 [lo]. Kuntz and colleagues developed the 
DOCK algorithm to capture the static geometric features 
of a molecular recognition site. In the malarial protease 
work, the homology-based model of the enzyme provides 
the template, and the DOCK algorithm identifies a set of 
spheres with approximately atom-sized radii to fill the 
active site cleft. Frequently, many overlapping spheres are 
used to fill the cleft, and a clustering algorithm is used to 
reduce the complexity of the sphere representation. 
Preliminary binding modes for a compound are defined 
through attempts to match the centers of cleft spheres 
with the centers of atoms within the compound of 
interest. Within DOCK 3.0, the quality of a compound’s 
fit to the binding cleft can be evaluated based on its shape 
complementarity (contact score) or molecular mechanics 
interaction energy (AMBER force field score). When 
searching a database of compounds, DOCK 3.0 examines 
only the best orientation of the small molecule within the 
binding cleft (DOCK database screening mode). When a 
single compound is studied, multiple possible binding 
modes can be examined (DOCK single mode). Of course, 
the initial orientation of the compound is dictated, in part, 



by the irregular lattice of sphere centers identified origi- 
nally. To overcome some of the scoring distortion that this 
bias could impart, a rigid body minimization algorithm 
has been developed to move the ligand modest distances 
within the binding cleft and optimize the interaction 
energies. The use of a rigid body minimization algorithm 
reflects the trade-off between the need for rapid evaluation 
and the reality that many ligands are flexible. ZLI48A was 
selected based on its score for shape complementarity. 
Rigid body minimization was applied to the ligand posi- 
tioned in a preliminary orientation in the active site cleft 
so that other contributory factors (van der Waals and elec- 
trostatic interactions) required for efficient binding could 
be reflected in the enzyme-ligand complex (see Fig. 2). 

The energetics of the enzyme-ligand assembly depends 
heavily upon the detailed conformation of the complex. 
Unfortunately, errors in the precise geometry of the 
complex are likely given the computational origins of 
the model. Potential problems could result from the fact 
that gross conformational changes can occur between the 
complexed and uncomplexed enzyme structures. In 
papain, the active site cleft widens upon binding a 
peptide-like ligand [ll]. In the HIV protease, the flaps 
around the active site close on the substrate with 
backbone movements as large as 7 A [12,13]. Ligands are 
also able to alter their conformations upon binding to 
the enzyme. For example, the structures of methotrexate 
alone and complexed to dihydrofolate reductase are dra- 
matically different [14]. Consequently, choosing the 
relevant conformations of both enzyme and ligand can 
be critical for successful inhibitor design. Unfortunately, 
such structural changes are difficult to anticipate ti p~iori 
and so our approach to ligand design is guided by, rather 
than dependent solely upon, the model of the 
ligand-enzyme structure. 

Despite these uncertainties, a reasonable structure of the 
enzyme and/or enzyme-ligand complex has proven to 
be very useful. In this project, the malarial cysteine 
protease was modeled by homology to the known struc- 
tures of papain and actinidin. The malarial protease has 
33 % sequence identity with both enzymes. The antici- 
pate6 root mean-square errors average approximately 
1.5 A for the core of the molecule [15]. Fortunately, the 
errors within the active site should be smaller, as it is the 
most conserved portion of the structure. The ligand 
conformation was calculated using CONCORD, an 
algorithm that relies on heuristic rules for translating 
chemical connectivities into three-dimensional co- 
ordinates [16]. This could create errors in the models of 
the ligand conformation. Because of the uncertainties 
inherent in the models of both the enzyme and the 
ligands, sophisticated energy calculations such as free 
energy perturbation are not warranted. The inter- 
pretation of these results would be difficult at best. 

The model of the protease-ZLI48A complex has aryl 
groups filling the S,’ and S,’ pockets, but the S, pocket is 
only partially filled. In addition, although the conjugated 
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eight-atom backbone of ZLI48A is most likely to be 
found in the all anti-conformation, syn isomers are 
possible that should not fit into the protease active site. 
We therefore designed analogs of ZLI48A that have a less 
flexible backbone, fill the S, and S, or S,, S,, and S,’ 
subsites, and effectively interact with the side chains lining 
the subsite specificity pockets. Because malaria is endemic 
principally in developing countries, useful anti-malarial 
agents must be inexpensive to produce. We thus favored 
analogs that are easily synthesized from relatively inexpen- 
sive starting materials in a small number of steps. The 
basic strategy for lead optimization is outlined in Fig. 3. 

Starting with the rigid-body minimized complex of 
enzyme-ZLI48A, and using the strategy highlighted 
above, we explored the S,, S,, and S,’ subsites by varying 
the size of the aromatic rings, the linker lengths, and the 
substituents of the aromatic rings. A third aromatic ring 
system was also introduced (tri-aryl compounds) to study 
the concerted binding of the ligand molecule to the S,, S, 
and S,’ subsites. Newly synthesized compounds were 
tested by FACS assay for their potency in inhibiting 

Fig. 2. Optimization of the orientation of ZL148A using rigid 
body minimization. The initial positioning of the ligand in the 
active site cleft (red) was estimated to have an interaction energy 
of 27.7 kcal mol-’ using the AMBER force field. After 12 steps of 
minimization, the ligand (purple) moved 0.74 A and the energy 
was lowered to -35.3 kcal mol-‘. Although the change in the 
position of the l&and was small, the difference between the 
energies of the starting and final conformations is significant. 
Green, yellow, and cyan colors highlight key residues in the S,, 
S,, and S,’ binding subsites, respectively. 
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I Explore the limits of subsites 
1. vary size of rings 
2. vary size of linker 

ZLIV44A 11 ZLlll109A 1 

Shorter linker and replacement 
of one naphthyl ring by a phenyl 
ring increase the inhibition potency 

Further optimization by varying substituents on the ring 
Explore additional binding wbsite 
by attaching another aromatic ring 

Further optimization of tri-aryl compounds 
I. vary substitutents on the ring 
2. vary the size and nature of aromatic rings 

Fig. 3. Strategy for lead optimization. The fit of the compound within the S,, S, and S,’ subsites was explored by varying the size of the 
aromatic rings and the length of the linker, and further optimized by varying ring substituents. A third aromatic system was also intro- 
duced to explore the concerted binding of the ligand to these subsites. Six compounds are shown in this chart to illustrate the strategy. 

parasite growth. The assay results of some representative 
compounds are shown in Fig. 4. 

From a study of analogs with varying linker lengths and 
ring sizes, we found that compounds with half the 
length of the original linker and a phenyl ring instead of 
a naphthyl ring (compound ZLIII109A in Fig. 4) 
seemed to be twice as effective as the original lead, 
ZLI48A. A series of compounds was also made to test 
the role of ring substituents on inhibitor potency. It 
seems that hydroxyl groups at the 2, 2’, and 4’ positions 
are required for effective inhibition. The most potent 
compound (ZLIV44A) has an IC,, value of 150 nM. 
The best tri-aryl inhibitor tested so far, ZLIV114A, has 
an IC,, value of 450 nM. Overall, the four compounds 
listed in Fig. 4 have absolute IC,, values at or below 
1 PM. It is clear from Fig. 4 that there is a progressive 
increase in inhibition potency following the design, 
synthesis, and testing paradigm. 

Modeling of ligand binding 
DOCK calculations (in DOCK single mode) of the 
binding of a series of his aromatic compounds with one 
naphthyl ring, a short linker, and one smaller aromatic 
ring reveal some interesting insights. The results indicate 
that there are essentially two ways to orient an asymmet- 
ric ligand. Both binding modes are similar to that for the 
symmetrical ZLI48A, shown in Fig. 1. In one binding 

mode (Fig. 5a), the larger naphthyl ring interacts with 
the deeper, well-defined S, specificity subsite, whereas 
the phenyl ring binds to the more accessible, but less 
well-defined, S,’ subsite. Alternatively, the ligand 
molecule can be rotated 180 degrees around the S, 
subsite (Fig. 5b). In this binding mode, the naphthyl ring 
now interacts with the S,’ subsite, whereas the phenyl 
ring binds to the S, and S, subsites. Compounds with 
three aromatic components seem more likely to adopt 
the binding mode shown in Fig. 5a. In this orientation, 
the larger naphthyl ring binds to the well-formed S, 
subsite and the third ring now interacts fully with the 
more accessible, less well-defined S,’ subsite. 

A recent report on the structures of inhibitors bound 
to the serine protease elastase, with K,s as small as 
10 nM, shows that chemically similar inhibitors can 
adopt different binding modes and interact with 
different subsites [17]. Several inhibitors were found to 
bind to the enzyme in an orientation opposite to that 
of natural substrate and other chemically similar 
inhibitors. The compounds with two-fold degeneracy 
that we have designed and tested may also bind to the 
malarial protease with more than one binding mode. 
Obviously, this could complicate the development 
of a structure-activity relationship. Further work is 
under way to explore the availability of alternative 
binding modes. 
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In either binding mode, it seems that polar substituents 
on either aromatic ring can potentially form hydrogen 
bonds with a number of side chains lining the binding 
subsites as well as with backbone oxygen and nitrogen 
atoms from some loop residues. This observation is con- 
sistent with our finding that the 2 and 2’ hydroxyl groups 
are required for effective inhibition. Substitutions at 
other positions, such as 4 and 4’, are also associated with 
increased potency. For example, calculation of the model 
of the protease-ZLIII109A complex suggests possible 
hydrogen bonding interactions between residues Gln19, 
His67, Cys25, Asn133, His159, Serl60, Trp177 and the 
ligand oxygen and nitrogen atoms. Presumably, this 
explains part of the correlation between these ligand 
hydroxyl groups and compound potency. The modeling 
studies also provide a basis for the design of other tri-aryl 
compounds, a group of ligands that could lead to even 
more potent inhibitors via their extensive interactions 
with the protease subsites. 

Conclusions 
We report here the results of a structure-based approach 
for inhibitor design targeted toward a critical malarial 
protease. Starting with a lead compound identified 
by computer screening of a three-dimensional small 
molecule database, we have designed molecules with 
significantly increased inhibition potency against malaria 
parasites. This method provides a practical strategy for 
future work on structure-based drug design even in the 
absence of a crystallographic structure of the target 
enzyme. Our approach not only emphasizes the 
structural rationale for inhibitor design, but also uses 
simple chemistry and commercially available starting 
materials for inhibitor synthesis. This approach permits 
us to screen a relatively large number of potential 
inhibitors rapidly and inexpensively. 

The potency of this new class of compounds in preventing 
parasite growth in vitro begins to approach that of available 
traditional quinoline-based drugs. As their target is distinct 
from that of chloroquine, these compounds should be 
effective against chloroquine-resistant strains of the malaria 
parasite. The FACS assay we used in this report provides a 
practical and relevant method for evaluating inhibitor 
potency. The combination of structure-based screening 
and design coupled with simple chemical synthesis and a 
relevant biological assay has rapidly led to identification of 
a series of increasingly potent anti-malarial agents. 
Although therapeutic candidates will need to be active at 
low nanomolar concentrations, we anticipate that modi- 
fications of existing analogs will result in molecules that 
are suitable for preclinical efficacy and toxicology studies. 

Significance 
Malaria parasites, usually Plasmodium falciparum and 
Plasmodium vivax, infect 280 million people 
annually [l], and multi-drug resistant I? falciparum 
has become a significant pathogen in areas where 
the disease is endemic. We have chosen a cysteine 
protease that is central to the parasite’s life cycle 
but distinct from the target of chloroquine action 
as a target for a structure-based drug development 
program. The choice of this target means that the 
chemotherapeutics that we develop should be 
active against chloroquine-resistant organisms. 

Structure-based drug design usually depends upon 
the experimental determination of the target 
structure by X-ray crystallography or NMR spec- 
troscopy. We have circumvented this step and 
relied exclusively on the sequence homology 
between the malaria enzyme and other cysteine 
proteases of known structure. A homology-based 

Fig. 4. Inhibition of the growth of 
malaria parasites in red blood cells by 
ZL148A, the initial lead compound, and 
selected derivatives. 

0.1 

[Inhibitor], PM ’ 
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Fig. 5. Two putative binding modes of a representative his-aryl compound ZLIV44A. In (a) the larger naphthyl ring interacts with 
S,, whereas in (b) it interacts with the S, subsite. The protease is shown in white and the ligand in gray. Oxygen and nitrogen 
atoms near the active site are colored in red and dark blue, respectively. The S,, S,, and S,’ binding subsites are shown in green, 
yellow, and cyan, respectively. 

model of the malaria enzyme was used as the 
template for a computer-based ligand docking cal- 
culation that identified a useful lead compound. 
Lead optimization was achieved by a combined 
approach of computational and synthetic analysis. 
Derivatives of the lead were first optimized for fit 
using the computer docking program, then synthe- 
sized and experimentally tested. 

The entire process of lead optimization was 
completed in eighteen months and resulted in the 
identification of compounds that are about ten 
times more effective than the initial lead and are 
simple and inexpensive to produce. This study 
shows that it is possible to start with a protein 
sequence and end with non-peptidic small 
molecule inhibitors of a medically relevant target 
enzyme. Thus, there may be many more systems 
amenable to structure-based drug development 
efforts than was previously believed. 

Materials and Methods 
Computer modeling 
The three-dimensional structures of potential inhibitors were 
constructed interactively using the molecular modeling program 
SYBYL and the CONCORD conversion algorithm (Tripos 

Associates, St Louis, MO). The Cambridge Crystallographic 
Database was used to determine probable low-energy conforma- 
tions of certain ligand groups. Partial charges of ligands were 
calculated using the Gasteiger-Marsili method. DOCK 3.0 was 
used in single ligand mode to aid inhibitor design. All plausible 
binding orientations of a single ligand that meet certain user- 
defined criteria (contact and force field scores) were obtained 
by DOCK. Rigid body minimization of DOCK-derived 
ligand-protease complexes were performed to optimize the inter- 
action energy between the protease and the ligand. This method 
provides a detailed profile of potential binding orientations of a 
ligand molecule in the active site of the malarial protease. All 
computer-assisted modeling and docking studies were carried out 
using a Silicon Graphics workstation IRIS4D/35 or Indigo2. All 
color figures were produced using the MidasPlus program from 
the Computer Graphics Laboratory, University of California, San 
Francisco (supported by NIH RR-01081) [18,19]. 

Biological assay 
An assay based on FACS analysis was used to evaluate the 
potency of the compounds reviewed in this paper against 
parasite growth. Synchronized trophozoite-stage parasites were 
cultured in human blood at various inhibitor concentrations. 
The parasites were allowed to mature, lyse the host cell and 
attempt invasion of fresh red blood cells. Using propidium 
iodide to stain DNA, the FACS can discriminate between 
infected and uninfected cells and between stages of intra- 
erythrocytic parasite development, as only infected red blood 
cells contain DNA [20]. 
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Because all of the clinical manifestations of malaria are caused 
by the erythrocytic cycle of lysis and reinfection, this assay is 
especially relevant for evaluating the efficacy of potential anti- 
malarial agents. The full dose inhibition curves for oxalic 
bis((2-hydroxy-1-naphthylmethylene)hydrazide) and several of 
the key derivatives are shown in Fig. 4. 

Chemical syntheses 
2-Hydroxy-l-naphthaldehyde, oxalic dihydrazide, salicylic 
hydrazide, methyl 2,4_dihydroxybenzoate and 4-nitrobenzyl 
bromide were all purchased from Aldrich. 2,4-Dihydroxy- 
benzoic hydrazide was obtained from Trans World Chemicals. 
2,4_Dihydroxynaphthaldehyde was prepared from 1,3- 
dihydroxynaphthalenes (Aldrich) according to published 
procedures [21]. 

General procedure for condensation of aldehyde with acyl- 
hydrazine: to a solution of the aldehyde (1 mmol) in 
methanol (20 ml) was added the corresponding acylhydrazine 
(1 mmol) in one portion. The resulting mixture was heated at 
reflux for 3 h. In most cases, a precipitate was observed after 
10 min. The precipitate was filtered, washed with hot 
methanol (50 ml) and dried in vacuum (2 mm Hg). If needed, 
additional purification was performed by recrystallization 
using appropriate solvents. 

For the tri-aryl compounds, the acylhydrazine was made as 
follows: a mixture of benzyl bromide (10.0 mmol), methyl 
hydroxybenzoate (10.0 mmol) and cesium carbonate 
(10.0 mmol) in acetone (80 ml) was heated at 56 ‘C for 18 h. 
This mixture was filtered, and the filtrate was concentrated to 
give the corresponding methyl phenylmethyleneoxybenzoate. 
This crude methyl ester was then dissolved in EtOH (80 ml) 
and treated with hydrazine monohydrate (5.01 g, 100.0 mmol). 
The resulting mixture was stirred overnight at 20 ‘C and then 
concentrated to give the corresponding acylhydrazide, which 
was further purified by recrystallization from EtOH/H,O (7:3, 
v/v). The structures of these compounds were confirmed by 
spectroscopic methods. 
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