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Abstract. Plasmepsins are aspartic proteases involved
in the degradation of the host cell hemoglobin that is
used as a food source by the malaria parasite.
Plasmepsins are highly promising as drug targets,
especially when combined with the inhibition of
falcipains that are also involved in hemoglobin
catabolism. In this review, we discuss the mechanism
of plasmepsins I-1V in view of the interest in transition
state mimetics as potential compounds for lead
development. Inhibitor development against plas-
mepsin II as well as relevant crystal structures are

summarized in order to give an overview of the field.
Application of computational techniques, especially
binding affinity prediction by the linear interaction
energy method, in the development of malarial
plasmepsin inhibitors has been highly successful and
is discussed in detail. Homology modeling and mo-
lecular docking have been useful in the current
inhibitor design project, and the combination of such
methods with binding free energy calculations is
analyzed.

Keywords. Malaria, plasmepsin, inhibitor design, reaction mechanism, molecular dynamics, linear interaction

energy method.

Introduction

Malaria is still one of the most widespread and lethal
diseases in the world, affecting the tropical parts of the
globe, with Africa being the most plagued continent.
Every year there are more than 500 million clinical
cases of malaria and several millions of them are
children [1]. Emerging drug resistance and the lack of
a functioning vaccine are two main reasons behind the
failure to control and eradicate the disease [2—6]. The
malaria parasite life cycle is highly complex and is
characterized by many different life stages in the
human and the mosquito host. For example, one of the
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major reasons for the large number of clinical cases in
Africa is caused by longevity of the mosquito vector,
Anopheles gambiae [4]. Infection in the human host
starts with a mosquito injecting sporozoites that travel
by the blood stream to the liver where they invade the
liver cells. This leads to the development and release
of merozoites that infect red blood cells where they
proliferate. The rupture of the red blood cells and the
release of new merozoites into the blood stream is the
direct cause of the typical malaria fever. Four species
of Plasmodium are known to infect humans: falcipa-
rum, malariae, ovale and vivax. P. falciparum is by far
the most deadly of the human malaria species and has
the highest priority in the search for effective drugs. P.
vivax is less efficient than P, falciparum in the invasion
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of red blood cells, and with this slight difference in
parasite biology, vivax malaria is less lethal [7].

The global effort to defeat malaria has expanded
greatly in the last few years. In this process, a number
of novel strategies to obstruct malarial growth have
emerged. Among the most appealing strategies is an
attempt to produce a long-lasting vaccine which would
help eradicate the disease [8]. The vaccine developed
by Alonso et al. [9] appears promising, but has so far
only given limited protection [9]. Until there is a
vaccine on the market offering full protection against
malaria, we must consider therapeutic drugs for
preventive chemotherapy and treatment of acute
malaria. However, a problem with present drugs is
growing resistance. The limited number of malaria
drugs and their extensive use has led to increasing
resistance among malaria strains. Hence, drugs with
novel mechanisms of action are desperately needed to
combat the disease. In the wake of the full genome
sequencing of P. falciparum, numerous new drug
targets have been proposed. These are quite diverse
and include enzymes from the respiratory chain in the
parasite mitochondria [10, 11], several transport
proteins [12, 13], enzymes in the fatty acid synthetic
pathway [14], a number of proteases [15-17] and
DNA replication and regulation [18].

A trend among ongoing projects is to recycle drugs
and knowledge from previous lead developments.
For example, Yanow et al. [18] have studied alkyla-
tion of DNA by adozelesin. The compound was
originally an anti-tumor drug that targets A/T-rich
regions in the DNA. Remarkably, the drug prevents
malaria parasite growth in a mouse model of malaria
without killing the mice. Further examples of lead
recycling can be found among protease inhibitors,
where lead compounds can be extracted from a large
group of FDA-approved drugs for AIDS. The
proteases from the malaria parasite, named plas-
mepsins (Plm), have previously been validated as
potential drug targets [19-21]. However, recent
results from knock-out experiments raise questions
regarding the validity of plasmepsins as single drug
targets [22]. Liu et al. [22] have validated plasmep-
sins together with falcipains, another protease family
that is involved in hemoglobin degradation, during
the intraerythrocytic life stage when the parasite is
dependent on the hemoglobin as the external food
source. The authors concluded that the doubling time
for the malaria parasite was longer for the plasmep-
sin/falcipain knock-out (plasmepsin I, plasmepsin IV
and falcipain-2) than for either plasmepsin or falci-
pain knock-outs alone. Furthermore, the aspartic
protease inhibitor pepstatin A was highly potent
against falcipain knock-out. Thus plasmepsin inhib-
itors could potentially be part of an effective drug
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cocktail in combination with falcipain inhibitors [22].
Several scaffolds from AIDS drug discovery projects
have been reused to aid malaria drug development
[23,24]. In this article, we will review the advances of
computational approaches in inhibitor development,
with a special focus on plasmepsin inhibitor design.

Computational approaches in inhibitor development

Computational chemistry has gained considerable in-
fluence on the drug design process during the last
decades [25, 26]. Development of faster computers and
improvement of theoretical methods have together
contributed to the rapid progression of the field. The
theoretical methods used in computer-aided drug design
range from statistical approaches such as quantitative
structure —activity relationships (QSARS) to structure-
based techniques including molecular docking and free
energy calculations. Here, we will focus on the latter,
and illustrate their usefulness in the ligand design
process.

Approaches used in structure-based ligand design
usually include some docking algorithm to predict
conformations of inhibitor complexes, followed by a
method to estimate the binding affinity. Popular
programs for docking include AutoDock [27], Dock
[28], FlexX [29], Glide [30, 31] and Gold [32, 33]. The
programs differ slightly in methodology but generally
have an algorithm that at least allows full flexibility of
the ligand while the receptor is kept rigid. The search
space would usually become unreasonably large if full
receptor flexibility were included. The search algo-
rithm is coupled to a scoring function that ranks the
conformations from the search. In addition, the
ligands can be ranked relative to each other by the
same scoring function, or some other method that can
estimate free energies of binding from structural
information.

Techniques to determine binding affinities span from
rigorous statistical mechanical methods that rely on
conformational sampling by molecular dynamics or
Monte Carlo to methods optimized for speed, such as
empirical or knowledge-based scoring functions. Em-
pirical and knowledge-based scoring functions are
parameterized on large datasets of three-dimensional
(3D) ligand-protein structures to reproduce binding
free energies. The knowledge-based functions, rather
than employing a designed equation, make use of
statistical structural information available in the
Protein Data Bank (PDB) to derive pairwise atom-
atom interaction terms. Although scoring functions
are easy to use and can screen large libraries of
compounds, they have difficulties in ranking ligands
with small differences in chemical structure, e.g. in
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lead optimization. The resulting binding affinities
from scoring functions are often associated with errors
of the order of 2.5 kcal/mol [34]. Hence, the prime use
of scoring functions as a tool for ranking ligands is
limited to relative rankings of ligands covering a broad
spectrum of affinities, for example in lead identifica-
tion. Some scoring functions that are widely used are
Chemscore [35], Xscore [36], Drugscore [37] and
Goldscore [32].

More thorough methods are required when the differ-
ences between the ligands in a series are more subtle,
e.g. in the case of small substitutions on a conserved
scaffold. These methods are generally based on
thermodynamic and physical principles. Two exam-
ples are free energy perturbation (FEP) and thermo-
dynamic integration (TI), both of which calculate the
difference in free energy of binding between two
ligands by transforming one ligand to the other.
However, the use of FEP/T1 is limited to calculations
of relative binding energies between pairs of mole-
cules with only minor structural differences [38]. The
transformation between the ligands requires extensive
sampling and these methods are therefore quite time
consuming. Furthermore, FEP/TT is not likely to be
successful when perturbations can end up in different
local conformational minima separated by high bar-
riers, because interconversion between binding and
nonbinding conformations is unlikely to occur during
limited simulation time [39]. Due to these problems,
FEP/TI is often of limited use in the drug design
process.

In the intermediate regime between FEP/TI and
scoring functions, both in terms of level of theory and
time requirements, there are a number of additional
techniques. One is the linear interaction energy (LIE)
method developed by Aqvist and co-workers [40] (see
the Theoretical methods section for technical details).
LIE has been successfully applied in several projects
addressing ligand binding as well as protein-protein
interactions [38, 41, 42], and has inspired other related
methods [43-46]. Two examples are SGB-LIE [45]
and LIECE [43], both of which treat the solvent as a
continuum, compared to LIE where water molecules
are explicitly represented. The linear response ap-
proximation (LRA)-based method proposed by War-
shel and co-workers is also a simplification of the FEP
method with a subtle difference in the treatment of the
electrostatic contribution [47, 48]. Another approach
for affinity estimations in the same regime of com-
plexity is the MM-PBSA method, which combines
molecular mechanics (MM) energies with Poisson
Boltzmann (PB) treatment of the electrostatics and
surface area (SA) calculations to account for the
nonpolar interactions [49]. All these methods are
useful in the process of lead optimization as they are
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generally accurate enough to discriminate between
good and bad binders of chemically related com-
pounds. However, they are not fast enough to scan
entire libraries, rendering them unsuitable for virtual
screening purposes. An additional benefit of the
methods is that the sampling of the ligand-receptor
complex allows for a straightforward rationalization
of the calculated free energies of binding. Moreover,
the electrostatic and nonpolar components of binding
are calculated, and their separate contributions can be
assessed. In case of the LIE method, for example, a
recent thermodynamic analysis of the components of
binding has been reported that examines the treat-
ment of entropy effects [S0].

A number of successful examples exist where compu-
tational chemistry has made significant contributions
to the processes of lead discovery and optimization.
Evaluation of binding free energies for diverse sets of
inhibitors, and the separation of the energy compo-
nents, was invaluable to the organic chemists in the
current project for rational design of plasmepsin
inhibitors [16, 23, 51-55]. Haque et al. [56] used a
combination of fragment docking techniques and
synthetic combinatorial library design to find low-
nanomolar inhibitors of Plm. Inhibitors of dihydrofo-
late reductase are used in the treatment of a number of
diseases, both as antifolates for the human enzyme
and for alleviating opportunistic infections. Theoret-
ical methods, for example applied docking/scoring
(utilizing AutoDock) and FEP/LIE, have been ap-
plied successfully in the development of potential
drug concepts and to gain insights into inhibitor
binding to dihydrofolate reductase [57-60]. Reverse
transcriptase, an HIV drug target, has been studied in
detail by computational chemistry techniques (such as
LIE), with progress towards design of efficient
inhibitors [61-64]. A study has recently been report-
ed for the human f-secretase BACE-1, the mem-
brane-bound aspartic protease implicated in Alzheim-
er’s disease. In this case, high-throughput docking was
followed by estimations of ligand binding free ener-
gies using LIECE [65]. A further example of success-
ful use of binding free energy predictions in the
rationalization of binding requirements has been
reported for a series of human cathepsin D inhibitors
[66] using the MM-PBSA method [67, 68]. Moreover,
by an entirely computational approach, Becker et al.
[69] used 3D modeling of a GPCR and high-through-
put screening (HTS) to find novel lead compounds.
During the lead optimization process, each compound
was thoroughly assessed through computational
methods and only 31 compounds were synthesized.
The authors managed to find an approach that
produced a compound that made phase III clinical
trials within 30 months from the project start.
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Computational methods have the advantage of being
faster and far less expensive than standard HTS.
However, the complex nature of medicinal chemistry
is difficult to predict. This is the case especially when
predicting biological effects in vivo, where many
aspects come into play, e.g. bioavailability and metab-
olism. Nevertheless, computational methods provide
a powerful complement to standard HTS and by
combining chemical screening with computational
tools, lead discovery and optimization can be made
significantly more cost and time effective. In this
review, we will discuss our recent efforts to develop
potent plasmepsin inhibitors, with a focus on lead
optimization. In projects like malaria treatment where
budgets may be very limited, computational methods
provide a very cost-effective approach for ligand
design. A number of common problems in medicinal
chemistry have been addressed in the present project:
(i) the identification of a transition state mimetic [70,
71], (ii) the selection of active stereoisomers in the
process of lead scaffold identification [23], (iii)
optimization of inhibitor side chains for improved
binding [51], (iv) bioisostere replacement and macro-
cyclic protection of amide bonds, to improve pharma-
cokinetic properties [16, 52] and (v) exploration of
multiple enzyme inhibition and selectivity issues [54].

Reaction mechanism and inhibitor development

The genome sequencing of P. falciparum has lead to
the identification of ten different genes encoding
plasmepsins [72], numbered PIm I to PIm X. Plm I-IV
are situated in the acidic food vacuole and are active
during the intraerythrocytic phase of the life cycle,
providing nutrients for parasite growth. In particular,
these enzymes are involved in the degradation of host
hemoglobin, and as such constitute possible drug
targets. Plm V, IX and X are expressed concurrently
with Plm I-IV, but are not transported to the food
vacuole. The remaining plasmepsins (PIm VI, VII,
VIII) are not expressed during the intraerythrocytic
stage [73]. The plasmepsins are aspartic proteases
with a pepsin like fold (Fig. 1a) [74]. These enzymes
are composed of two domains with the active site
situated in a deep cleft in between and a loop (the flap)
that covers the active site. In contrast, retroviral
proteases, for example HIV-1 protease, consist of two
identical subunits with two equivalent flaps covering
the active site (Fig. 1b) [75]. Upon substrate binding
to this class of enzymes, the flap (or flaps in HIV-1
protease) closes around a substrate part containing
the scissile bond, thereby forming a solvent-shielded
environment inside the enzyme. Between the flap
region and the substrate, a structurally conserved
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water molecule is situated in HIV-1 protease [75]
which is lacking in Plm II. The apparent lack of
symmetry in Plm II can be deceiving, as very potent
symmetrical inhibitors against it have been designed
[51]. Each domain in plasmepsins contributes an
aspartic acid residue to the active site, except for the
histo-aspartic protease (HAP, corresponding to Plm
III), in which one of the catalytic aspartates is mutated
to a histidine residue [70, 73, 76]. The peptide bond of
the substrate is cleaved in Plm I-IV by a catalytic
aspartate (Fig.2) that acts as a general base by
activating a water molecule through abstraction of a
proton. The resulting hydroxide ion attacks the
peptide bond forming a transient tetrahedral inter-
mediate. It has also been shown that the formation of a
tetrahedral intermediate can occur via a concerted
path during which the hydroxide ion is not completely
formed [70, 71]. Breakdown of the transient tetrahe-
dral intermediate species is preceded by proton
transfer to the amide nitrogen from the aspartate
previously involved in water protolysis. The originally
neutral aspartic residue (or charged histidine in HAP)
stabilizes the negative charge developing on the amide
carbonyl oxygen. It is also possible that during this
stabilization, the proton may be transiently trans-
ferred to the tetrahedral oxyanion, forming a short-
lived diol intermediate.

Inhibitors are generally designed to resemble the
structure of a molecular species occurring during the
reaction. A powerful way to characterize high-energy
intermediates is to simulate the reaction mechanism
by quantum mechanics/molecular mechanics (QM/
MM) methods. Bjelic and Aqvist [70, 71] have, for
example, determined the reaction energetics and
intermediates for P. falciparum Plm II and HAP
(Fig.2 and Fig.3) [70, 71]. Reaction free energy
profiles were generated through molecular dynamics
FEP simulations in combination with the empirical
valence bond (EVB) method. The EVB approach is
well documented and has been used successfully for
more than two decades in theoretical investigations of
enzyme catalysis [77, 78]. Compared to ab initio and
semi-empirical molecular orbital QM/MM methods
[79], the greatest advantage of EVB is that it lends
itself to accurate calibration by parameterization
against a suitable uncatalyzed reference reaction in
water to reproduce experimental or high-level ab
initio energetics.

The formation and breakdown of the transient
tetrahedral intermediate was simulated both in a
stepwise and concerted manner for HAP, while in PIm
II, only the concerted tetrahedral intermediate for-
mation was considered. Breakdown of the tetrahedral
intermediate in Plm II was further modeled as
stepwise, with the proton fully transferred to the
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Figure 1. Aspartic proteases plasmepsin II [86] (a) and HIV-1
protease [97] (b) cleave peptides by the use of two aspartic acid
residues situated in the active site. Plasmepsin II consists of two
domains while HIV-1 protease is a dimer as indicated by the
different shading of the subunits.

peptide nitrogen before dissociation. In Figure 2, the
free energy profiles for the concerted formation of the
tetrahedral intermediate and its stepwise breakdown
are presented for Plm II and HAP as well as for the
uncatalyzed water reaction. The experimental reac-
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tion rates for both Plm II and HAP were well
reproduced and the catalytic effect of the enzymes,
with more than 10 kcal/mol stabilization of the high-
energy regime, is clearly evident. These results not
only give insights into the reaction energetics, but also
provide structural information along the reaction
path, which is valuable for inhibitor development.
The high resemblance bewteen the tetrahedral inter-
mediate structure and one of the inhibitors reported
by Ersmark et al. [52] can be seen in Figure 3a,b. The
interactions present between the tetrahedral inter-
mediate and Plm II are important for inhibitor design,
especially the substrate/inhibitor hydrogen bonds that
confer specificity, while side chains can generally be
varied to improve the overall binding affinity (Fig. 3¢).
The oxyanion of the tetrahedral intermediate tran-
siently formed during peptide hydrolysis in HAP
(Fig. 3d) [70] is stabilized by a positively charged
histidine (His34). This histidine has replaced the
corresponding protonated aspartic acid (Asp34) in
Plm II that stabilizes the tetrahedral intermediate in a
similar manner. This is the first enzyme with this type
of active site that has been characterized. Since the
structure was not available, state-of-the-art computa-
tional methods were employed to establish the
reaction mechanism. A homology model of HAP
was constructed using the SWISS-MODEL [80]
modeling server and it was subsequently refined by
molecular dynamics simulations. The substrate con-
formations were also unknown and were determined
by automated docking procedures as implemented in
AutoDock3 [27]. Two possible substrate conforma-
tions, giving rise to catalysis with rates compatible to
experiments, were found. The first conformation of
the peptide substrate was an extended linear form and
the second conformation was similar to that of the
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Figure 3. Inhibitor 15 in Table 1 mimics the tetrahedral intermediate (TI) remarkably well (a, b). In a, the side view is presented with
catalytic aspartates interacting with the inhibitor hydroxyl groups or tetrahedral intermediate hydroxyl and oxyanion. In the top view (b),
the inhibitor side chains occupy approximately the same space as in the tetrahedral intermediate. The catalytic aspartates, D34 and D214,
are responsible for peptide hydrolysis in Plm II (c), while D34 is mutated to a histidine in HAP (d). The structures are obtained from MD

simulations [52, 70, 71].

corresponding six-amino-acid fragment in the native
hemoglobin structure [see Fig. 1 in 70]. The extended
conformation was finally predicted to be the active
one, due to its lower internal energy. Although
homology models are obviously associated with
uncertainties regarding fine details of the structure,
if such models are refined and sampled by MD
simulations and the information is incorporated in
the final model, they can be very useful for under-
standing structure—activity relationships as in the
HAP enzyme case [70].

The tetrahedral intermediate in PIm II can serve as a
useful structure for rationalizing the potency of
several reported Plm II inhibitors. The fact that
these are designed to mimic the transition state, or
the closely related tetrahedral intermediate, is evident
from Figure 4 (structures a, b, d and f) [53, 81]. The

inhibitors b, d and f in Figure 4 all have a central
hydroxyl group that interacts with the catalytic
aspartates. The scaffold in structure a even has two
hydroxyl groups, in the 1,2-dihydroxyethylene moiety,
that make strong hydrogen bonds with the catalytic
aspartates. The aminopiperidine compound in struc-
ture c, in contrast, is a novel type of plasmepsin
inhibitor that targets plasmepsins with the flap loop in
the open conformation, i.e. before it folds and closes
around the substrate (cf. Fig. 3c). Moreover, the amide
in this scaffold does not interact with the catalytic
aspartates but, instead there is a water molecule
bridging the interactions to the nitrogen in the six-
membered ring [82]. The remaining two scaffolds,
diamine-clamp and arylpiperidine-based inhibitors
(Fig. 4, structures e and g), stand out as they clearly
do not resemble either the transition state or the
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scissile substrate amide. Arylpiperidines originate
from renin inhibitors, and are an additional example
where the aspartic protease scaffolds from other
research areas are reused for novel purposes [81].
The diamine-clamp inhibitors (Fig. 4, structure e)
interact with the flap in the open conformation as
proposed by Hof et al. [83]. In that respect they are
more similar to aminopiperidine inhibitors (Fig. 4,
structure c), compared to compounds based on scaf-
folds in Figure 4, structures a, b, d, f and g. The
tetrahedral intermediate/substrate-mimetic inhibitors
generally extend on both sides of the catalytic center,
and are intended to optimally fill the S1-S3 and S1'-S3’
subsites (Fig. 5). This extension of the ligand is not
only important for affinity, but also to a high degree
determines the selectivity through the hydrogen-
bonding pattern and shape complementarity with
the rest of the active site upstream and downstream
from the catalytic core [54, 84].

Among the plasmepsins, Plm II has been the most
extensively characterized, with a number of X-ray
structures reported [82, 85-88]. These were co-
crystallized with several different hydroxyethyla-
mine/statin-based inhibitors as well as an achiral
inhibitor [82, 85, 86] (Fig.6). The structures of
uncomplexed plasmepsin [86] and proplasmepsin
have also been determined [87]. Several structures
pending publication have further been deposited in
the PDB (1M43, IME6, 1XDH, 1XES5, 1XE6, IW6H
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Figure 4. Inhibitors against plasmep-
sins mimic the transition state that is
formed during peptide hydrolysis. a)
1,2-dihydroxyethylene, b) hydroxye-
thylamine, ¢) aminopiperidine, d) sta-
tine, e) diamine clamp, f) hydroxyme-
thylcarbonyl , g) 4-arylpiperidne [53,
81, 83, 98].

Figure 5. Representative MD snapshot of inhibitor 15 in Table 1
bound to Plm II [52]. Residues 76-80, the flap loop region, are
represented by lines and dots. The subsites of the receptor are
colored, with S1 and S3 in blue, S2 in cyan, S1" in green and S2" in
magenta. The red patch shows the location of Asp34 and Asp214.

and 1W6I). Most of them are complexed with
pepstatin A or statin-based inhibitors. More recently,
Plm IV has also captured the attention as a drug
target, when it was found that deletion of Plm I and
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Plm IV genes reduced malaria parasite growth rate
[20]. Further, recent reports show that poly-inhibition
of plasmepsins, and other proteases such as falcipains,
may be desirable in potential antimalarials to ensure
clinical efficacy [21, 22].

pepstatin A

EH58

rs367
rs370

achiral inhibitor

SN
N
/
(D~ 3
O
Figure 6. Plasmepsin II structures complexed with statin/hydrox-
yethylamine-based inhibitors (pepstatin A, EH58, rs367 and rs370)

[85, 86, 88] and an achiral inhibitor [82] that have been determined
by X-ray crystallography.
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Using the MD/LIE method in the design of PIm II
inhibitors

The starting scaffold for development of potential
plasmepsin inhibitors in this project was the sym-
metrical 1,2-dihydroxyethylene transition state mim-
etic (see Fig. 3 and Fig. 4, structure a) [23]. Bislactones
were initially allylated or bensylated, and subsequent-
ly the rings were opened using either D- or L-valine.
Chemical synthesis of the scaffold resulted in different
stereochemical configurations with six stereocenters,
denoted with stars in compounds 1 and 2 in Table 1.
Different stereoisomers are generally expected to
have quite different binding profiles and considerable
research resources can be saved by predicting the most
active stereoisomer by computational means. Hence,
the stereoisomer characteristics were evaluated by
MD simulations, and LIE was employed to determine
the binding affinities. Starting structures for the MD
simulations were constructed by manually superim-
posing the transition state mimic scaffold onto the
inhibitor backbone of a structure of Plm II in complex
with pepstatin A (1SME). The same stereochemistry
(SRRRRS) was predicted to be the most active one in
both the benzyloxy and the allyloxy compound series
and, furthermore, the predicted stereochemistry is
compatible with the substrate stereochemistry. Thus,
the best stereoisomer is, not surprisingly, a mimic of a
peptide chain with natural amino acids. Moreover, the
calculated affinities for the best stereoisomers were in
good agreement with experimental values (1 and 2 in
Table 1).

In the analysis of the MD simulations, several key
interactions were found between the inhibitors and
PIm II. The two central hydroxyl groups of the ligands
were found to hydrogen bond to the aspartic acid that
was considered negatively charged (Asp214). Fur-
thermore, the hydroxyl on the prime side was found to
accept a hydrogen bond from the protonated aspartic
acid. Another conserved key interaction was discov-
ered between the hydroxyl on the nonprime side and a
water molecule. The water molecule was found to be
hydrogen bonded to the hydroxyl of Thr217, thereby
bridging from the enzyme to the ligand.

When the optimal stereochemistry of the inhibitor
scaffold had been established, the next step was to
improve overall binding by optimizing the interac-
tions in the P2/P2’ position of the ligands [23]. This was
done by introducing a (1S,2R)-1-amino-2-indanol
instead of valine methylamide in the allyloxy com-
pound 1. The resulting compound, 3 in Table 1,
presented a 50-fold increase in binding affinity. The
main contribution to the higher affinity of 3, as
compared to 1, was due to an increase in the nonpolar
component of the free energy of binding. The electro-
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Table 1. Calculated and experimental binding free energies for Plm II and Plm IV inhibitors.

Compound Structure AG\,q (kcal/mol)
Plm II Plm IV
experimental' LIE? experimental' LIE®
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Table 1 (Continued)

Compound Structure AGy;nq (kcal/mol)
Plm IT Plm IV
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Table 1 (Continued)
Compound Structure AGy;nq (kcal/mol)
Plm IT Plm IV
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Table 1 (Continued)

Malaria plasmepsins inhibitors

Compound Structure AGy;nq (kcal/mol)
Plm 11 Plm IV
experimental’ LIE? experimental’ LIE?
O OH (o)
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Table 1 (Continued)
Compound Structure AG,;,q (kcal/mol)
Plm IT Plm IV
experimental’ LIE? experimental’ LIE?
Br
7
8 0 OH O
25 ; uJY\)YOW/\O -78 - -78 87405
HO O OH N-N
=
Br
Br
=
0
-9.4 - —6.7 —-6.5+04

26 v N N Noy
HO HJO OH © HJ\Q\K

Free energies of binding were obtained from experimental affinity values with the equation AG=RT7In K.
Error estimates were obtained by comparing average values from the first and second half of the MD sampling.
Average binding free energies from the Plm IV homology model and 1LS5 structures (the combined LIE model) [54]; for the

macrocyclic compounds 18-21, only the 1LSS5 structure was used for calculations [16].

Asterisks (*) denote the stereocentra, [see ref. 23 for details].
Calculated value is for the charged compound.

static contributions for the two compounds were of
equal magnitude, despite the fact that the number of
hydrogen bond donors and acceptors was decreased.
Thus, the hydrogen bond donors/acceptors of 1 do not
effectively contribute to the binding affinity as they
are equally well solvated in the enzyme and in
solution.

In the next phase, the inhibitor side chains in the P1/
P1’ position were optimized. Allyloxy was exchanged
by benzyloxy (4), or extended by different aromatic
systems (6-9) in the parent compound 3 [51]. The
extension (4-acetylphenyl group) present in com-
pound 7 was predicted to be the best substitution, in
agreement with experimental results. In fact, com-
pound 7 displayed 78% inhibition of parasite growth
at 5 uM. The other substitutions (4, 6, 8, 9) resulted in
improved binding energies in comparison to the
parent compound 3, but not to the same extent as 7.
When the calculated interaction energies for these
compounds were evaluated, the observed trend was
that the major contribution to the binding free energy
was due to nonpolar interactions, while the electro-
static component was generally small and not always
favorable. The linkers in the P1/P1’ substituents were
extended compared to the benzyloxy and allyloxy side
chains of 3 and 4, but were nonetheless well accom-
modated in both the S1 and the S1’ binding pockets.
The P1 extension was aligned along S1-S3, thus
displacing the indanol moiety towards the S2 pocket.
The S1' subsite was shown to be more flexible,
allowing the P1’ of the inhibitor to reach through it

towards the solvent. This led to the conclusion that,
theoretically, there is no limit to the length of the P1’
side chain.

In an attempt to modify the scaffold, the amide linker
between the P1 and P2 side chains in 3 was modified to
methylamine, 5 (Table 1). In this way, the amine of the
inhibitor would be protonated to a greater extent in
the acidic food vacuole compared to the cytosol. The
protonation of the amine could potentially trap the
inhibitor in the food vacuole, as it would not be able to
cross the vacuole membrane into the cytosol. This
should result in a higher concentration of the drug in
the organelle containing the target enzyme. Unfortu-
nately, the inhibitor lost its activity, and from MD
simulations it was concluded that this was related to
the poor stabilization of the positive amine in the
active site when compared to solution. The inhibitor
was assumed to be charged in solution, but in the
enzyme, both the charged and uncharged forms were
considered. The protonated form resulted in better
binding energy than the unprotonated one, but the
enzyme was not able to stabilize the charge sufficient-
ly. In principle, the positive charge of 5 should interact
with the negatively charged catalytic aspartate
(Asp214 in Plm II), mimicking the transiently proto-
nated amine present during the peptide cleavage.
According to our calculations, the amine of compound
5 was, however, located 5 A away from Asp214, which
is clearly not enough for stabilization of the charge. It
should be noted, however, that even though com-
pound 5 was ineffective against PIm I and Plm II, both



2298

S. Bjelic et al.

by computational predictions and in in vitro assays, it
was still found to inhibit parasite growth in cells by
50% at 5 uM. Thus, 5 displayed activity almost in line
with the best Plm II inhibitor but the mechanism of
action was not resolved.

The compounds discussed so far (1-9) are peptide
mimetics. The approach of using substrate-like com-
pounds for inhibitor design is often very successful
when it comes to finding potent inhibitors. However,
for a compound to be useful as a drug, it requires not
only reasonable affinity to the receptor, but also
promising properties concerning absorption, delivery,
metabolization and excretion (ADME). The ADME
profiles for peptide mimetics are generally poor due to
the proteolytic action of host enzymes. Consequently,
we aimed to substitute one or both amide bonds in the
previously designed inhibitors with one of two select-
ed bioisosteres, diacylhydrazine or 1,3,4-oxadiazole.
Seven compounds comprising one of the two amide
bond replacements were investigated through docking
and LIE calculations [52]. A consequence of intro-
ducing the amide bond bioisosteres is that the C,-
symmetry of the compounds in the series is broken.
Hence, two binding orientations had to be considered
for each compound, to find the most favorable binding
mode. These were compared with LIE calculations
but did not initially show any significant preference for
any of the binding modes. However, in the MD
simulations, we observed considerable flexibility of
the S2’ pocket, mainly originating from movements in
the side chain of one amino acid (Met75). According
to the simulations, when the pocket was widened
compared to the initial crystal structure, the flexible
phenylethyl sidechain (P2’ in 13) was able to fit in the
pocket. Once the phenyl ring was accommodated in
the S2’ pocket, the simulation was extremely stable.
The enlargement of the S2’ pocket and the insertion of
the aromatic moiety reproduced an induced fit event,
where the phenylethyl docked to the open S2' and
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Figure 7. Compound 13 in two
different conformations in the
1ISME structure of Plm II. On
the left side is shown the starting
conformation of the MD simula-
tion. On the right side is a snap-
shot of the MD simulation where
the S2’ pocket has opened up to
accommodate the large P2’ sub-
stituent.

locked itin that conformation. The flexibility of the S2'
pocket was confirmed in subsequent crystal structures
(e.g. 1LF2 vs 1ISME) [85, 88], where a 180° rotation of
the Met75 side chain could indeed be observed. The
rotation of the Met75 side chain in 1LF2 resulted in a
large expansion of the S2’ pocket to accommodate the
bulky P2 moiety of the co-crystallized inhibitor in
1LF2. Our simulations with the bioisostere com-
pounds were rerun, starting from the conformation
with the expanded S2’ pocket. The new simulations
yielded consistently stronger binding affinities for the
binding mode with the bioisostere on the prime side.
We therefore concluded a consensus binding mode for
the new asymmetrical ligands in Plm II. In addition,
the calculated binding affinities showed excellent
correlation with experimental binding data. The
predicted conformation of the potent compound 13
is shown in Figure 7, illustrating the induced fit of the
S2' pocket.

Subsequently, the impact of cyclization was investi-
gated in four compounds (18-21 in Table 1) [16]. The
general idea of cyclization is to preorganize the ligand
in a bioactive conformation thereby reducing the
entropy loss upon binding [89]. Further benefits of
cyclization are protection of the amide bonds from
proteolytic cleavage and improved cell permeability
[90]. Due to the structural difference of compounds
18-21 compared to our previous ligands and to any of
the available co-crystallized inhibitors with Plm I1[82,
85, 86], automated docking was performed to identify
the binding mode of the new ligand structures (see
Theoretical methods section below). The more con-
strained cyclic scaffold made it possible to find
consensus docking solutions, in contrast to the linear
compounds where the high flexibility made docking
extremely difficult.

MD simulations and LIE calculations were carried out
in both Plm II and Plm IV (1LS5 [O. A. Asoja, S.
Gulnik, E. Afonina, R. Randad and A. Silva, unpub-
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lished data]), enabling us to elucidate the mechanisms
of selectivity by deriving important differences in
interaction patterns. The docking poses resulted in
well-defined binding modes for the four compounds in
Plm II. In Plm IV, there emerged a number of
plausible binding modes, but from MD simulations
we could conclude that only the docking solutions
consistent with the PIm II solutions were stable during
simulations. The result is in agreement with the
general hypothesis of a conserved binding mode
among different plasmepsins [91, 92]. In contrast to
the binding mode identified for previous asymmetric
inhibitors, the amino indanol fragment was placed in
the S2" pocket in all cases. The conformations of the
macrocycles depended on their size ; the 13-membered
ring of 18 and 19 was docked in the S1-83 cleft, while
the 16-membered ring of 20 and 21 fitted in the S2 site
(Fig. 8). For 20 and 21, the transition state mimicking
hydroxyl groups were forced to point in opposite
directions, with only one of them able to form
hydrogen bonds with the catalytic aspartates. These
conformations give a plausible explanation for the
lower affinity of these compounds. The excellent
agreement between calculated and experimental
affinities for the four compounds in the two enzymes
(see Table 1) provided a strong argument for the
reliability of the predicted binding modes [16].

Analysis of the MD simulations showed that the
different experimental affinities observed between
18 and 19in PIm I'V originated from differences in the
electrostatic interaction between the active site
aspartates and the two hydroxyl groups in the
transition state mimic core [16]. The introduction
of the double bond in the macrocycle produced a
constrained conformation of the cycle in the S1-S3
pocket for 18. This in turn caused a shift of the ligand,
thereby disrupting the important hydrogen bond
pattern of the transition state mimic hydroxyl. This
pattern was not observed in the more open S1-S3
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Figure 8. Macrocyclic inhibitors
19 (cyan) and 21 (magenta)
docked to Plm II. The surface
representation of the flap has
been replaced with a cartoon for
clarity. The 40-fold affinity differ-
ence between 19 and 21 can be
explained by the conformations
of the rings. The 13-membered
ring of 19 fits perfectly in the S1-
S3 subsite, whereas the 16-mem-
bered ring of 21 spans from S2 to
P1’ and forces the central hydrox-
yl groups into unfavorable con-
formations.

pocket of Plm II, which explains the experimental
equipotency measured for 18 and 19 in PIm II. This
example clearly demonstrates the use of MD simu-
lations for predicting selectivity of an inhibitor
towards related enzymes.

Inhibitor binding to Plm IV: influence of the protein
structure

To further examine the mechanism of selectivity
between different plasmepsins, nine more compounds
were selected for computational studies in PIm IV (see
Table 1) [54]. This set of inhibitors offered large
chemical diversity in the P2 and P2’ side chains and
displayed a broad spectrum of experimental inhibitory
activities against Plm IV. Two different protein models
were used, the crystal structure 1LS5 [O. A. Asojo et
al., unpublished data] and a homology model. The
homology model of PIm IV was built to complement
the low resolution (and unpublished) crystal structure
and, in addition, enabled a comparison of affinity
predictions using two different structural models of
the same enzyme.

Four templates available in the PDB were used to
create the homology model: three structures of Plm II
(1LF2, 1LEE [85] and 1M43 [86]) and PIm IV from P.
vivax (1QS8) [93]. Information about protein flexi-
bility was implicitly included into the protein model
structure through the use of various templates that
possess structural differences. One example of the
usefulness of this approach is the docking performed
with the homology model. When the 1LS5 structure
was used as protein model in the docking, no
consensus binding orientation could be identified for
the asymmetrical inhibitors (compounds 12,13, 16,17,
24-26). However, when the same dockings were
repeated with the homology model, the same binding
orientation as previously described for PIm II [52] was
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easily identified. Thus, the flexibility of the protein
was to some extent incorporated into the homology
model.

The differences between the homology model and the
crystal structure were also assessed in MD/LIE
calculations. Reasonable agreement was achieved
between calculated and experimental binding affin-
ities with both models. Remarkably, however, a
significant improvement in the root mean square
errors of the predictions was obtained when the
energetic data of the two structures were combined
(‘combined LIE model’, see Table 1 and Fig. 9). This
gave a satisfactory answer to the question of depend-
ence of the LIE results on the initial protein geometry,
leading to the conclusion that different starting points
can, in fact, improve the statistical sampling and
consequently the predictive power of the method [54].
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Figure 9. The combined LIE model, with binding energies calcu-
lated both from the Plm IV crystal structure and the homology
model, reproduces the experimental binding energies very well
(triangles). The asterisks correspond to the macrocyclic com-
pounds only simulated in the 1LS5 crystal structure.

A detailed analysis of the MD simulations followed, in
order to rationalize the binding characteristics of the
inhibitor series in PIm IV. The most potent PIm IV
inhibitor in the series (22) was selective toward Plm IV
over Plm II. This selectivity was explained by the
shape complementarity of the S2/S2’ substitution to
their respective subsites, thereby anchoring the inhib-
itor in the binding site, and thus supporting the
interactions with the catalytic residues. In contrast to
what was observed in Plm II simulations, the S2’ site
always remained rigid during the MD simulations. The
presence of a rigid Ile in position 75 of PIm IV, instead
of the flexible Met in Plm II, was identified as the
source of the different dynamic behavior of the two
enzymes. This was also the structural basis for the
interpretation of the decreased activity observed for
compounds with a bulky P2’ sidechain (12, 13) with
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respect to Plm II. Thus, not only the structural
rationale for affinity but also for selectivity between
two closely related enzymes (Plm II and PIm IV) could
be addressed with our computational strategy.

In all of the discussed calculations on reaction profiles
and Plm IT and IV inhibitors, the protonation state of
the catalytic aspartates with Asp34 protonated has
been found to yield consistent results. However, we
recently also carried out simulations of Plm IV com-
plexes with a class of allophenylnorstatin inhibitors
after a crystal structure in complex with P. malariae
PIm IV had been published [94]. These calculations
surprisingly showed that in this case it is Asp214 that
instead is protonated [55]. This demonstrates that it is
essential to consider the possibility of different pro-
tonation states for different classes of inhibitor.

Are scoring functions reliable for binding energy
prediction?

In addition to the LIE method, the use of scoring
functions was evaluated within the present project.
The Chemscore scoring function of Eldrige et al. [35]
was initially found not to yield a correct ranking of the
different stereoisomers [23]. That is, scoring of single
minimized complexes between the enzyme and the
inhibitor resulted in energies that scored the allyloxy
stereoisomers incorrectly (1). On the other hand the
scoring function performed satisfactorily using the
same methodology on the benzyloxy stereoisomers
(2). By averaging the score over 100 snapshots, the
scoring function managed to rank the isomer series
according to their binding affinity. Taking a single
complex demonstrates how vulnerable the scoring
functions are to choosing an inhibitor conformation
that is not representative of the available conforma-
tional ensemble. On the other hand, scoring single
structures of course has the advantage of reducing
computational costs considerably. The X-score scor-
ing function [36] was used to examine the simulations
of PIm IV with the linear compounds (binding free
energies for 12, 13, 16, 17, 22—-26 are presented in
Fig. 10a). A good agreement with experimental results
was again obtained when we considered average
scores obtained from the MD snapshots. It is, however,
worth noting that in most cases, significant differences
existed between mean scoring values obtained by MD
sampling and the scoring of the static initial pose
(Fig. 10b). This indicates that thermal conformational
sampling by MD simulations, although time consum-
ing, can be used for improving the accuracy of
empirical scores.
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Figure 10. Scatter plot for calculated versus experimental free energies of binding for Plm IV inhibitors, using the X-score function (left).
Triangles correspond to average values from MD simulations, while asterisks depict the score of the initial docking pose. Separate
regression constants were added to the two series. The right panel illustrates the effect of conformational sampling on the scoring for ligand
22. The black dot represents the score from the single conformation score, and the histogram displays the distribution of scores for MD
snapshots. The experimental value is represented by a vertical dotted line.

Concluding remarks

The 1,2-dihydroxyethylene-based inhibitors reported
in Table 1 are the result of successful efforts to
generate new lead compounds that inhibit the growth
of P. falciparum [16, 23, 51, 52]. These inhibitors were
designed to obstruct the function of plasmepsins that
are part of the catabolic pathway in the parasite. The
effectiveness of the inhibitors was supported by
experiments on cells, where 78% inhibition of parasite
growth rate in red blood cells was achieved for the
most potent inhibitor, 7. Furthermore, none of the
discussed inhibitors interfere with human cathepsin D,
which is rather unique and makes them particularly
interesting for further development. The approach of
combining computational techniques with organic
synthesis was shown to be useful in delivering highly
potent inhibitors and in providing directions for
further improvements. The affinities of this series of
ligands were evaluated and supported by both exper-
imental and theoretical techniques. The strength of
combining experimental and theoretical techniques is
also, e.g. illustrated by the fact that the affinity was
remeasured for two compounds due to large differ-
ences from the predicted values, resulting in reeval-
uated experimental binding affinities in better accord
with the calculated ones. In conclusion, the discussed
efforts in designing new inhibitors against malarial
plasmepsins very clearly demonstrate the effective-
ness of employing a range of computational tools in

the design process, including homology modeling,
automated docking, enzyme reaction simulations and
microscopic calculations of binding free energies.

Theoretical methods

The LIE method

Absolute binding free energies were determined by
the LIE method [40] for the investigated Plm II and
Plm IV inhibitors 1-26 [16, 23, 51, 52]. The LIE
method employs MD simulation averaging of the
intermolecular interactions between the ligand and its
surrounding environment in the two relevant states,
i.e. the ligand solvated in water (free state) and the
solvated protein-ligand complex (bound state). MD
sampling of the protein-ligand complex allows struc-
tural and energetic relaxation of the starting struc-
tures. This is a major difference compared to the use of
scoring functions, where binding energy is usually
determined from a single energy minimized receptor/
ligand complex. Prior to all simulations, the ligand or
the ligand—protein complex was solvated with explicit
water molecules, and restrained spherical simulation
boundaries were used in all calculations. Further
details regarding the MD simulation protocols can be
found in the original papers [16, 23, 51, 52].

The electrostatic (el) and van der Waals (vdW)
potential energies of the ligand with its surroundings
are collected from the simulations. The difference for
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each potential energy contribution (U® or U'"Y),
between the bound and free states is determined and
translated into the corresponding polar and nonpolar
components of the binding free energy (AG™*" and
AG™™" ) through the use of the electrostatic linear
response approximation and an empirical correlation
between the van der Waals energies and the hydro-
phobic (nonpolar) contribution [40, 95, 96]. The LIE
equation is written as

A Ghind =a (< Ulvf;w>bound_ < Ulv—d;V >frce)

(1)
+ ﬁ(<Ule£5>bound_<Uleis>ﬂe€) +7

where <-> denotes an ensemble average of intermo-
lecular interactions between the ligand (/) and sur-
rounding (s) for the bound and free state. The
parameters a and 8 are empirically and theoretically
derived, respectively [40, 95, 96]. Furthermore, all Plm
II calculations yield a good correlation between
calculated and estimated affinities with no constant
term (y) added (Fig.11). In the Plm IV system,
however, there was a tendency to underestimate the
absolute free energies of binding, and the addition of a
nonzero y improved the results.

AGbind,calc (kcal/mol)

-13 1“; -1|1 -1‘0 .lg fa ‘7 s
AGbind,exp(kcal/mol)
Figure 11. Calculated binding free energies reproduce very well

the experimentally determined values for PIm II inhibitors [16, 23,
51, 52]. Dashed lines denote a 1 kcal/mol mark.

Docking

Manual docking and automated docking with Auto-
Dock3 [27] or GOLD2.2 [32] were used to obtain
starting inhibitor conformations necessary for the
molecular dynamics simulations. Manual docking was
performed on the linear compounds (1-17) by super-
imposing the central part of the compounds onto the
corresponding part of pepstatin A (1SME [88]). Here,
it is initially assumed that the hydrogen bond network
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is conserved for the backbone of the ligands. The side
chains of the ligands were then fitted to each
corresponding subsite to minimize steric clashes. The
first part of the equilibration phase in the MD
simulations corresponds to a minimization procedure,
and relaxes ligand-protein strain. In the studies
involving PIm IV [54] and the macrocyclic inhibitors
18-21 of PIm II [16] GOLD2.2 [32] was employed.
Both the Goldscore and Chemscore functions of
GOLD2.2 were utilized in parallel docking runs. To
capture the flexible nature of the plasmepsins, we used
multiple protein models (1LF2 and 1LF3 for Plm II
[85]; 1LS5 [91] and a homology model for Plm 1V).

Scoring

Two empirical scoring functions were used to predict
the inhibitor binding affinity and ranking. The Chem-
score scoring function [35] was used initially to select
the most potent stereoisomer [23]. It consists of five
different terms that account for hydrogen bonding,
interactions with metal ions, lipophilic interactions
and the number of rotatable bonds, each consisting of
an empirical constant (AG,) that multiplies the
number of occurrences:

A Gbind = A GH—bondNH—hond
+ A Gmetaleetal + A GlipoNlipo (2)
+ 4 GrotNrDt + 4 GO

In addition the X-score function [36]

AGping = AGqw + AG y_pong

+ A Grot + A Ghydrophobic + A GO (3)

was employed in the characterization of the PIm-I'V-
binding site [54]. In eq. 3, AG,,y accounts for the van
der Waals energy between ligand and protein and
AG\ponq 1s @ hydrogen bond term. The hydrophobic
effect (AG)y4opnonic) 18 calculated as a combination of
three different algorithms (named hydrophobic con-
tact, hydrophobic surface and hydrophobic matching).
The term AG,,, accounts for the rotational entropy of
the ligand.
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