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ABSTRACT. Plasmepsin IV (PIm IV) is one of the aspartic proteases present in the food vacuole of the
malaria parasit®lasmodium falciparunmvolved in host hemoglobin degradation by the parasite. Using

a series of previously synthesized plasmepsin inhibitors [Ersmark, K., et al. (200/d. Chem. 48
6090-106], we report here experimental data and theoretical analysis of their inhibitory activity toward
PIlm V. All compounds share a 1,2-dihydroxyethylene unit as the transition state mimic. They possess
symmetric P1 and PXkide chains and either a diacylhydrazine, a five-membered oxadiazole ring, or a
retroamide at the P2 and P@ositions. Experimental binding affinities are compared to those predicted
by the linear interaction energy (LIE) method and an empirical scoring function, using both a crystal
structure and a homology model for the enzyme. Molecular dynamics (MD) simulations of the modeled
complexes allow a rational interpretation of the structural determinants for inhibitor binding. A ligand
bearing a P2 and P&ymmetric oxadiazole which is devoid of amide bonds is identified both experimentally
and theoretically as the most potent inhibitor of PIm IV. For the P2 arid®2nmetric compounds, the
results are consistent with earlier predictions regarding the mode of binding of this class of inhibitors to
PIm II. Theoretical estimation of selectivity for some compounds is also reported. Significant features of
the PIm IV binding pocket are discussed in comparison to related enzymes, and the results obtained here
should be helpful for further optimization of inhibitors.

Malaria, one of the major infectious diseases in the world, involved in the initial steps of the degradation pathway (
is caused by protozoan parasites of the géPlasmodium and therefore makes for an attractive antimalarial drug target.

Four species can infect humans, namé&jasmodium fal- Up to 10 genes encode plasmepsins HAn falciparum
ciparum Plasmodium malariaePlasmodium oale, and numbered PIm-+PIm X! (3). Among them, only PIm I, PIm
Plasmodiunvivax. Of theseP. falciparumis the most lethal II, HAP (histoaspartic protease, corresponding to PIm III),

and is therefore the main target for drug interventiéh (  and PIm IV are located in the food vacuole. PIm Il has been
There is a growing need for effective drugs with new the most extensively characterized, with several crystal
mechanisms of action, due to the high rate of mutation of structures determine&<{-7) and potent inhibitors developed
the parasite, which leads to the development of resistance(8—12). However, recent studies point to the necessity of
The complete genome @. falciparumhas recently been  blocking more than one plasmepsin to attain effective drugs.
published 2), and structural and functional characterization This is due not only to the demonstrated viability of parasites
of the proteins involved in parasite development is an that lack any one of the four food vacuole plasmepsii8; (
important task. but also to the fact that drug resistance is then less likely to
One of the critical stages of the life cycle of the parasite arise @). Although the level of sequence identity among the
during human infection is the degradation of hemoglobin aspartic proteases of tifdasmodiunspecies is rather high
which provides nutrients for its own growth and maturation (~60%), response to inhibitors can be differet17),
(3). The digestion of hemoglobin occurs within the acidic indicating variations in the specific binding interactions
food vacuole of the parasite through the use of several among the different plasmepsinkSf. Therefore, consider-
proteases that act in a consecutive manner. A family of able efforts have been devoted lately to gathering structural
aspartic proteases, known as the plasmepsins, appears to bend biochemical knowledge about the other plasmepsins
present in the food vacuole. For example, theoretical models
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although unpublished, and considerable biochemical andsubstrate, and the catalyzed hydrolyses were monitored using
pharmacological data for PIm IV have emerged in the past a Cary 50 Bio U\~visible spectrophotometer. The initial
years (4, 15, 17, 22, 23). The interest in PIm IV is also  rates (absorbance units per second) of enzymatic cleavage
motivated by the fact that it is the only plasmepsin located of at least six different concentrations of a chromogenic
in the food vacuole oP. falciparumwhich has orthologs in  peptide substrate in the presence of at least two different
the other thred’lasmodiunspecies infecting humang3). concentrations of inhibitors were measured, andkhelue
In this sense, the crystal structure of one of these orthologs,was determined by fitting the initial hydrolysis rates and
the plasmepsin fromP. malariae in complex with an related substrate and inhibitor concentrations to the equation
inhibitor, has been reported very recenfd), Consequently, v = ([S]Vmax/[[S] + Km(1 + [1)/ K})] of the single-substrate
a characterization of the binding site of PIm IV should be single-inhibitor (competitive) program in Enzyme Kinetic
helpful in the design of new compounds effective in the Module 1.0 of SigmaPlot 2000 (version 6.10).
treatment of malaria. Homology Model of PIm IVA homology model of PIm

Some attempts to design inhibitors with a broad spectrum IV was built using the automated SWISS-MODEL server
toward plasmepsins have been madé),(although these  (29). This method allows the consideration of up to four
inhibitors had limited selectivity against the human related templates in the modeling process. The structures of three
protease cathepsin D (Cat D)2). However, high-affinity different complexes of PIm Il were selected together with
inhibitors for PIm | and Il have been synthesized, which are the structure of Plmvivax complexed to pepstatin A (see
devoid of activity against Cat D9( 10). We have recently  Table 2). The quality of the generated model was checked
reported a series of inhibitors designed against PIm Il, somewith the WHAT-IF suite of programs3(Q).
of which exhibited good binding properties also for PIm IV Docking of Inhibitors Each compound was built up in an
(25). In particular, compound in Table 1 constitutes the  extended conformation with ViewerPr@k). Automated
most potent nonpeptide inhibitor for PIm IV which is totally docking was preformed with GOLD version 2.32j,
devoid of amide bonds, while maintaining high selectivity allowing full flexibility for the ligand while keeping the
over Cat D. In this work, we explore the binding properties protein fixed. The docking exploration consisted of 20
of PIm 1V for a series of previously synthesized inhibitors, independent runs of the docking algorithm with each
both in vitro and in silico. The aim of this approach is to compound, using the default genetic algorithm (GA) search
give a rationale for the binding of these compounds and to parameters and the GoldScore scoring function. The auto-
elucidate features of the binding site of PIm IV that may be mated assignment of protein and ligand atom types was
further explored in inhibitor design. For this purpose, binding checked to ensure a correct treatment of the potential
to Plm IV is evaluated computationally using the linear hydrogen bond donors and acceptors.
interaction energy (LIE)Z6, 27) approach combined with Binding Free Energy Calculation8inding affinities were
molecular dynamics (MD) sampling. Additionally, an em- calculated using the LIE method, described in detail else-
pirical scoring function is used to analyze the MD trajecto- where @6, 27). Basically, this approach estimates the ligand
ries. We discuss the correlation obtained with the experi- free energy of binding from the difference in the ligand and
mental data reported here and point out the characteristicssurrounding interaction energies in both its bound and free
of the binding site of PIm IV responsible for its particular state. The relationship between the ligand intermolecular
profile. interaction energies and the free energy of binding is given

by the equation
MATERIALS AND METHODS
AGping = aAV{TH BAIVEL [+ y (1)

Assays and KDeterminationsThe expression and puri-
fication of PIm IV were carried out on the basis of the whereV;®y andV5'  denote the Lenard-Jones and electro-
protocol for PIm Il preparation2@). The production of PIm  static interactions between the ligand and its surroundings
I will be published elsewhere (P. Liu et al., manuscript in (I—s), respectively. These interactions are evaluated as energy
preparation). The concentrations of pro-PIm IV and mature averages (denoted by the broken brackets) from separate MD
PIm 1 in the 250uL reaction system were approximately 10 simulations of the free (solvated in water) and bound states.
and 800 nM, respectively. Chromogenic octapeptide substrateThe difference A) between such averages for each type of
1 (Lys-Pro-lle-Glu-Phe*Nph-Arg-Leu, where an asterisk potential is scaled by different coefficients (see2@f giving
denotes a cleavage site and Npp-sitrophenylalanine) and  the polar and nonpolar contributions to the binding free
substrate 2 (Lys-Pro-lle-Leu-Phe*Nph-Arg-Leu) were hy- energy. For the nonpolar contribution, this coefficiea) (
drolyzed by PIm IV and PIm |, respectively. Substrate 1 was has been empirically set to 0.181, while for the polar
dissolved in 10% formic acid and 90% distilled deionized contribution, the scaling factor is dependent on the chemical
water, and substrate 2 was dissolved in 20% DMSO, 10% nature of the ligand. For ligands with at least two hydroxyl
formic acid, and 70% distilled deionized water. Substrate groups, like the ones handled in this study, thealue is
stock solutions (approximately 5 mg/mL) were quantified 0.33 7). Finally, y is a constant term which can be different
by amino acid analysis. Substrate stock solutions were from zero to account for absolute binding free energies.
quantified by amino acid analysis. For kinetic assays, the The starting position of the ligand in the protein binding
PIm IV zymogen needed a preincubation in 0.1 M sodium pocket should be sufficiently accurate that the values
acetate buffer (pH 4.5) at 37C for 5 min to complete  averaged during the MD sampling can converge within a
autoactivation, while mature PIm | was equilibrated in 0.1 reasonable calculation time. In earlier work, the binding mode
M sodium citrate buffer (pH 5.5) at 37C for 3 min. The for some of the compounds studied hete4, 8, and9) was
resulting enzymes were then mixed with the corresponding predicted for PIm 1l 25). Thus, the initial docking position
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Table 1: Experimental Inhibitory Activities of the Compounds Studied
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for 4 and9 was determined by superposition of the Plm Il

. . Table 2: Crystal Structures of Plasmepsins Used in This Work
ligand complex on the PIm IV structure so that the interac-

tions of the ligands with conserved residues were maintained._" 22 &MY protein, inhibitor resolution (A) _ref
The remaining compounds were built up in the Plm IV iSFSZS F‘;m:”%gg%ﬁatm/* ig ?0
binding site _by mutation of the corresponding ligand M43 PIm II. pepstatin A 24 6
structures using ViewerPr@J). 1LEE PIm II, RS367 1.9 7
Molecular dynamics simulations were carried out using 1LS5 PIm IV, pepstatin A 2.8 -

Q (33) and the GROMOSS8Y7 force field implemented therein
(34). The parameters needed for the ligands that were Nt accounts for the rotational entropy of the ligand.
present in the original version of the force field were retrieved Finally, AG, is a regression constant.
from earlier work 25). The system was solvated with a 20
A radius simulation sphere of SPC wat&65), centered on
the carbon of the transition state mimic hydroxyl interacting
with the catalytic aspartates. The sphere of simulation was
increased to a 22 A radius in the case of pepstatin A, due to
its larger size. The water surface of this sphere was subjecte
to radial and polarization restraint36) to mimic bulk water
at the sphere boundary. Nonbonded interaction energies wer
calculated up to a 10 A cutoff, except for the ligand atoms
for which no cutoff was used. Beyond the cutoff, long-range
electrostatics were treated with the local reaction field (LRF) ResuLTS
multipole expansion metho@7). Protein atoms outside the
simulation sphere were restrained to their initial positions Enzyme InhibitionThe inhibitory activities of compounds
and only interacted with the system through bonds, angles,1—9 (Table 1) were determined in PIm | and PIm IV enzyme
and torsions. For the ligarebrotein simulations, a heating assays. The activities against PIm Il and Cat D have been
and equilibration procedure was applied before the datareported 25). Three compound$( 6, and9) exhibit activity
collection phase. The equilibration protocol started with 1000 toward PIm IV in the nanomolar range. Among thens
steps of MD using a very short time step (0.2 fs) at 1 K, the most potent non-peptidomimetic inhibitor reported so far
coupled to a strong bath (0.2 fs bath coupling) with positional for this enzyme and also exhibits an interesting selectivity.
restraints on heavy atoms. Then the system was graduallyOn the other hand, compoun8sind9, which demonstrated
heated to 300 K, relaxing the bath coupling to 100 fs and PIm Il activities in the low nanomolar range, appear to be
increasing the time step to 1 fs. During this equilibration 300 and 30 times less active in the PIm IV assay, respec-
process, hydrogen bonding constraints were imposed betweeitively. Among the compounds with systematic variations of
the central hydroxyls and the catalytic dyad, Asp34 and the substitution on the 1,3,4-oxadiazole group (compounds
Asp214, as well as for the hydrogen bonds involving the 1—4), only 2 and3 exhibited moderate activity toward PIm
amide bond isosteres. All these restraints were then graduallylV. Interestingly, the 4tert-butylphenyl substitutent of the
released along the equilibration phase, until no restraint wasmost active compounds$ and 6, is less effective when
applied. Similarly, positional restraints which were initially present only in one of the P2 and 'PRositions as in
imposed on the protein heavy atoms were gradually releasedcompound2.
during this phase. Unrestrained molecular dynamics then Structural Analysis and Homology Modelirthe experi-
followed for more than 2 ns, with energies collected at mental affinity data presented in Table 1 clearly indicate that
regular intervals of 25 fs. Energy averaging was performed there must be differences in the binding site of PIm IV
on the energetically stable phase of this collection period compared to those of PIm | and Il. According to earlier
(never shorter than 1.5 ns). Stability was addressed bystructural and sequence analy€is16, 39), there are some
comparing the average binding free energy values of the first structural differences between the binding sites of these
and second halves of the data collection period. plasmepsins, which we confirmed through a direct superposi-
During MD sampling, a snapshot of the system was tion of different experimental structures of PIm Il and PIm
recorded at regular intervals of 1 ps, and the X-score scoring|lV summarized in Table 2 (see Figure 1). First, the distance
function was calculated for each snapshot belonging to the between the flap region (residues-783) and the proline-
collection period. An average scoring value was then rich loop (residues 290297) varies between the two
obtained for each ligand. The estimated affinity using this enzymes. In all the complexes examined in Table 2, PIm II

The MD sampling of the free ligand was again carried
out with a 20 A SPC water sphere (22 A for pepstatin A).
The solvent was initially equilibrated with a 10 ps MD
trajectory at 300 K, in which the heavy atoms of the ligand

ere restrained through a 10 kcal mbA~2 force constant
o their original position. MD followed for more than 2.5 ns
under the same conditions that were used for the bound state,
But keeping the initial position of the central atom of the
ligand fixed, to ensure a homogeneous solvation.

scoring function has the general fori®38f has a longer distance between @oms in position 78 and
Ca. atoms in position 292 (12-69.9 A) than the PIm I\
AGying = AG 4w T AGy_pong+ AGot T AGyygrophonic pepstatin A complex (8.9 A). This originates from the

AG, (2) following differences in sequence: Val78Gly, Leu292Val,

and Phe294lle (with PIm Il residues first and PIm IV residues
whereAG,qw accounts for the van der Waals energy between last), with the smaller side chains consistently belonging to
ligand and protein, using an 8-4 Lennard-Jones potential. PIm IV. The flexible loop (residues 23&45) is folded
AGh-pond IS @ directional hydrogen bond term. The hydro- toward the S3 binding site in PIm IV, resulting in more closed
phobic effect AGhyarophobig IS Calculated as a combination P2—P3 pockets. The question of the possible biological
of three different algorithms (named hydrophobic contact, relevance of the 2-fold dimeric association of plasmepsins,
hydrophobic surface, and hydrophobic matching). The term which occurs through the aforementioned lo6p bas been
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Table 3: Relative Binding Free Energy Estimates (kilocalories per
mole) of Pepstatin A

le114(The) FLEXIBLE protonation model 1LS5 PIm IV-m
LoorP Asp~34/AspH214 —13.0+ 1.6 —11.4+0.9
AspH34/Asp214 —13.0+0.9 —11.3+05

conformation of the flexible loop, which in PIm IV-m
resembles the conformation adopted by PIm II. The confor-
mation of the side chains from conserved residues in the
plasmepsin family is also in agreement with the conforma-
tions observed in the available experimental structures,
including the orientation of the catalytic aspartates.

Pepstatin Binding.Pepstatin A is a canonical peptide-

/ - % mimetic inhibitor of all aspartic proteases. Its binding

S i constant for PIm IV has been reported in the literatuge (

Ficure 1: Binding site of plasmepsins. PIm IV (PDB entry 1L.S5) = 20 pM) (19), and the crystal structure of the complex
is colored green and PIm Il (PDB entry 1M43) cyan. The surface (1LS5) is available. We therefore also examined the binding
representation of pepstatin A illustrates the different inhibitor of this ligand mainly as a check of docking protocols, the
ISDItze?t;IEé (rsg)(yg f:e%“;agﬁgtgztgazréy;i%ﬁ))y FF’é é?éﬁggi)ﬁgz&le 4 homology model, and the protonation state of the catalytic
according’ to PIm IV séquence, with the colrresponding mutation in aspartates. GOLD3Y) Wa? capal?le Qf redOCk.mg pepstqtln
PIm Il in parentheses. A'into the 1LS5 structure, illustrating its potential for docking
inhibitors into PIm IV. It should be noted that, due to the

addressed. Recent studies also point to the importance ofarge size of pepstatin A, one H-bond constraint between
this loop for the catalytic efficiency in plasmepsin II, the central hydroxyl group of the inhibitor and the carboxy-
suggesting its relevance for enzyme inhibitidi®)( Another late of Asp214 was needed to obtain the correct solution,
difference is due to the Met75lle substitution in the' S2 With a rmsd with respect to the native conformation of 1.3
pocket of PIm IV. Previous computational and experimental A. With regard to binding free energy calculations with the
work on PIm Il has shown the importance of the flexibility LIE approach, the case of pepstatin A was examined under
of the Met side chain at this position for the accommodation different conditions. First, both the crystal structure (1LS5)
of large P2 substitutions 7, 25). Finally, the geometry of ~ and the homology-generated model (PIm IV-m) were used
the hydrogen bond network between the catalytic aspartatess starting protein conformations. This was done in an
(Asp34 and Asp214) and the central hydroxyl group of attempt to assess the validity of the generated homology
pepstatin A is not conserved. The double hydrogen bond model for detailed binding simulations. Second, the proto-
(Asp34--ROH:---Asp214) present in all inhibitor complexes nation state of the catalytic dyad was explored. This is a
in Table 2 is not observed in the PIm IV crystal structure. nontrivial aspect of aspartic proteases, which has been
In this case, the distances and angles between the hydroxyRddressed by a number of computational studies (see refs
group of the inhibitor and the OD atoms of Asp214 are not 41—-43 and refd4 for a review). However, it is hard to draw
optimal (pairwise distances of 3.1 and 3.5 A, with the anunambiguous conclusion from these studies, and it seems

hydroxyl of the inhibitor displaced 1.9 A out of the plane that both the protonation state and the location of the proton-
formed by the carboxylates). (s) may be dependent on the inhibitor that is bound. In earlier
To check the importance of these particularities of the Works by us and other®(45), a monoprotonated form was
1LS5 structure, we decided to build a homology model for assumed, with the proton located on the oxygen of Asp34
Plm IV, hereafter called PIm IV-m. Three different com- (OD1) which is closest to Asp214 (i.e., AspH34/A214).
plexed structures of PIm Il and the crystal structure of Pim However, since the 1LS5 structure shows deviations from
vivaxin Comp|ex with pepstatin A (Tab|e 2) were chosen ideal hydrogen bonding distances, the other possible location
as templates, with an aim of combining all the structural for the proton on Asp214 (OD1, the oxygen closest to Asp34)
information available for close homologues of PIm IV. In was also examined (i.e., Asp4/AspH214). The terminal
this respect, PIm Il offers information about the adaptation P3 carboxylate group of pepstatin, which is solvent-exposed,
of a protein to different inhibitors, while Plmivax is the was neutralized in the calculations since an adequate solva-
closest ortholog of PIm IV with a known three-dimensional tion of this net charge would require a larger simulation
structure (78% level of sequence identity). The homology sphere and since we are not concerned with its absolute
model performs somewhat better than the 1LS5 crystal binding affinity.
structure in terms of several quality indicators, as reported The results (Table 3) show that very similar binding
by WHAT-IF analysis 80). This is perhaps not so surprising affinities are predicted from the 1LS5 structure for the two
since the crystal structure has only “intermediate” resolution monoprotonated models of the catalytic aspartates. When the
of 2.8 A. In particular, the Ramachandran plot for the PIm IV-m structure was used as starting geometry for the
homology model showed no residues in the forbidden region enzyme, the calculated relative free energy of binding was
and less than 5% of the residues in unfavorable regions, whilehigher than in the former case but again comparable between
this value is 12% for the 1LS5 structure. The overall rmsd both protonation models. Two conclusions can be derived
of the Gu trace between this homology model and 1LS5 is from these results. First, our data do not favor either location
1.19 A, with the largest differences associated with the of the proton in the catalytic dyad, since both alternatives




10534 Biochemistry, Vol. 45, No. 35, 2006 Gutiarez-de-Teta et al.

yield the same result. Second, the homology model seemsnonprimebinding mode was selected as the hypothesized
to perform reasonably well in binding calculations. It is binding mode. Reasonable starting structures were generated
perhaps not surprising that the relative binding energy is by superposition of the previously modeled Plm-% and
lower in the simulation starting from the crystal structure, Plm I[I—4 complexes Z5) into the PIm IV (1LS5 or PIm
since the proteirtligand interatomic distances presumably [V-m) structure, and the remaining compounds were built
are optimal in the crystal structure of the pepstatin A up in the PIm IV binding site by mutation of the correspond-
complex. As noted above, the carboxylate group of the P3ing ligand structures. Manual docking was followed by an
side chain was kept neutral in these calculations, whereforeequilibration phase in which the conserved hydrogen bonds
its effect on the absolute binding constant is not included. were constrained, allowing the ligands to fit into the target
The relative affinities discussed here should, however, not position. In addition to LIE, the MD trajectories were
be affected since the carboxylate is solvent-exposed in allanalyzed with the scoring function X-scor@8f to obtain
cases. an average binding estimate for each ligand.

Docking of Inhibitors All the compounds in our series of When we used the 1LS5 structure as a model for the
inhibitors share a 1,2-dihydroxyethylene moiety acting as a protein, the correlation with experiments was excellent for
transition state analogue, which is located close to the seven compounds, as can be seen from Table 4 and Figure
catalytic dyad. However, several possible docking orienta- 2A, but two well-defined outliers were identified (compounds
tions may fulfill this condition; i.e., the positions of the P1, 3 and8). It should be noted here that the optimal value of
P1, P2, and P2substituents in the available S1,'S$2, the constant termy in the LIE equation (eq 1) was found to
and S2 binding pockets, respectively, are not straightfor- be 1.2 kcal/mol, while it is 0.0 in PIm 1110, 25). This
wardly assigned. Another common feature of these inhibitors constant, which has been shown to be protein spedfy; (

is the symmetry of the P1 and Pdubstitutions (bisvinyl- does not affect the relative affinity values for a given protein
bromide in all compounds excef}, which are assumed to  but can be relevant for selectivity.
bind in the S1 and Slpockets of the enzymed( 10, 25). The inability to find a consensus docking orientation for

With regard to the P2 and Pgide chains, only compounds this series using the 1LS5 protein structure suggested that
5 and6 present symmetry for these positions. For the seven the novel ligand structures do not necessarily fit well in the
remaining compounds, it is not trivial to decide whether to preorganized binding pocket of the PIm +Hpepstatin A
place the P2 or PXide chain on the enzyme prime side. complex. We felt therefore encouraged to repeat the LIE
Computational studies of PIm Il predicted the indanol simulations using PIm IV-m as a starting structure for the
substituent on the nonprime sid25], but this need not  protein. The initial docking position for each ligand was the
necessarily be true for PIm IV. Therefore, we performed same that was used in the 1LS5 calculations. The results
automated docking on the whole series of compounds, obtained with this model system are also summarized in
searching for a consensus solution for the unsymmetrical Table 4 and Figure 2B. In this case, we find that the optimal
compounds. It should be noted that several docking orienta-value of the constantis 1.6 kcal/mol, which encouragingly
tions did not attain all the expected interactions (i.e., is very close the value obtained with the 1LS5 model. As
hydrogen bonding pattern), and the fit of a given ligand can be observed in Figure 2B, the ability to distinguish
substituent (P1, PLP2, or P2 in a given protein cavity = between good and bad binders is clear, and no real outlier is
(S1, S1, S2, or S?2 was used as a criterion for the identified in this case.
identification of the binding modes. We will refer to the two The two structural models 1LS5 and PIm IV-m thus give
major alternate binding modes as theme mode, if the very reasonable predictions of the experimental data with
amino indanol substitution is on the prime sidenonprime rms errors of 0.98 and 0.77 kcal/mol, respectively. However,
if it is positioned in the S2 site. Unexpectedly, when the a significant improvement is obtained when the energetic
1LSS5 structure was used as the rigid protein conformation, data from the two structures are combined, and we will refer
GOLD did not find any solution that placed the P1 and P1 to this as the “combined model” (Table 4). This gives an
side chains docked into the S1 and Bdckets, respectively, impressively low rms error of only 0.55 kcal/mol, and the
but it mainly placed the amino indanol in the S1 pocket and corresponding plot of calculated versus experimental binding
the vinylbromide in the S2 pocket. Since the binding pocket free energies is shown in Figure 2C (the constait eq 2
is less collapsed in the PIm IV-m structure, we decided to is 1.4 kcal/mol in this case). The fact that combining the
use this conformation also for flexible ligand docking. This energetic data from MD trajectories with different initial
time GOLD found botlprime andnonprimebinding modes models leads to such an improvement clearly shows that
along the series, although the score and the distribution ofincreased conformational sampling is translated into a gain
the solutions were different for each inhibitor. Tienprime in statistical accuracy. It therefore suggests that the use of
orientation was the solution found for six of seven com- several experimental and/or homology models may be a
pounds (all excepl). Among these, th@rime orientation generally viable strategy for enhancing the predictive power
was also identified in three cases (compouBd8, and9), of binding free energy calculations.
but only in the case @ did this binding mode have a higher Some structureactivity relationships can be understood
score. Hence, the docking experiments reveahthweprime with these models as follows. Compounds with the oxadia-
mode as the consensus binding mode within the series, andzole moiety (the symmetricah and the seried—4) are
this is therefore in agreement with the previously proposed generally well predicted in terms of relative free energies of
binding mode in Plm Il 25). binding. Compound4—4 offer a systematic exploration of
Binding Free Energy Calculationg-he binding affinity the P2 side chain, which yields substantial variations in the
of all compounds in the series was estimated with the LIE experimental affinities. The trend of this small series of
method 26, 27). On the basis of the docking results, the inhibitors is reasonably well predicted using all protein



Table 4: Experimental and Calculated Energetics (kilocalories per mole) of PIm IV Inhibition Using the Homology Model (PIm IV-m), the CrystaleSttu&5), and the Combined Results from th

Model and X-ray Structure

water

Plm IV-m

1LS5

combined

ligand-surrounding interact

ligand-surrounding interactions

ligand-surrounding interactions  x_score

Vi
—76.3+04
—75.84+ 0.6
—75.1+£ 0.6
—76.7+0.1
—66.4+0.1
—68.34+ 0.1
—68.3+0.1
—71.74+0.2
—73.1+0.1
—73.14+0.1
—73.6+0.2
—73.64+0.2

3 The binding free energy calculated from experimentally determiGe@lues using the relatiohGping.exs = RTIN Ki. ® Average binding free energy from the 1LS5 and PIm IV-m structures (the constant
y term in eq 2 is 1.4 kcal/moly. Calculated binding free energy with the 1LS5 structure (the congtaetm in eq 2 is 1.2 kcal/moly Calculated binding free energy with the PIm IV-m structure (the

constanty term in eq 2 is 1.6 kcal/mol}f.LIE values in PIm Il for compound are calculated as described in the text. Protein simulation values for comp®amdkd have been taken from réfb (the

18
constanty term in eq 2 is 0.0 kcal/mol).The experimental value from the PIm | assay is used since PIm | and PIm Il affinities have usually been found to be veryl6jraBar (

MGW
—47.2+0.3
—61.0+0.3
—54.8+ 0.6
—56.3+£0.1
—69.6+ 0.5
—67.5+0.2
—67.5+0.2
—63.9+ 0.4
—55.3+0.1
—55.3+£0.1
—67.4+0.3
—67.4+0.3

AN
—81.94+0.3
—81.1+0.3
—82.14+0.0
—83.54+ 0.6
—78.44+0.8
—85.5+ 0.7

adw
sl

A

LIE
AGpind
—6.1+0.4

—75+04
—8.2+0.4
—7.6+04
—9.6+0.4
—10.6+ 0.3

AGping

A

—79.9+ 0.7
—76.8+ 0.6
—81.2+1.0
—80.7+ 0.2
—75.2+0.5
—76.4+ 0.4
—72.2+0.3
—72.2+0.3
—82.2+ 0.6
—73.4+0.9
—75.6+ 0.4
—75.8+ 0.7

dw,
s\

Vi
—83.0+0.8
—106.1+ 0.9
—101.0£ 0.0

LIE
AGpind®
—6.5+ 0.6
—7.34+0.6
—-9.1+ 0.6
—6.44+ 0.1
—-8.7+ 0.3
—-9.3+0.3

X-score
AG‘bmd

LIE
AGpind

exptk

compound  AGping

InhLEJitor Birgling to Plasmepsin IV
o

—79.5+£ 0.5
—101.4+ 0.3
—96.4+ 0.4
—94.6+ 0.6
—109.9+ 0.0
—103.4+£ 0.0

—7.8
—-111
—10.3

—-9.9
—-11.9
—-11.4

—90.9+ 0.0
—108.4+ 0.1
—110.5+ 0.8
—112.9+ 0.1
—100.9+ 0.5

—-9.8
—-11.2
—-11.1
—10.1
—-11.8
—-12.7
—-12.3
—10.3
—10.2
—-11.6
—-12.3
—13.6

—6.3+05
—7.44+05
—8.7+£05
—7.0+£0.3
—9.2+04
—9.94+0.3
—9.5+0.2
—6.5+0.4
—8.4+0.4
—9.7+04
—8.3+0.3
—-11.8+0.4

—6.9
—-8.1
—-7.8
—6.8
—-8.7
—10.2
-8.7
—6.7
-7.8
—-11.2

—Plm 1I®

AN IO O O~

—77.3+0.7
—75.3+0.3
—72.3+0.2

—104.2+ 0.2
—99.0+ 0.5
—120.8+ 0.1

-75+04
—-7.1+0.3
—7.6+0.2

—10.8
—10.0
—12.0

—99.1+ 0.5
—108.2+ 0.4
—119.9£ 0.0
—128.9+ 0.3

—5.6£0.3
—9.7+£ 0.4
—9.0£0.3

—8.8
—-10.9

8—PIm II¢
9

9—PIm II¢
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models. In the MD simulations, we observed that the S2
pocket (lle75, Thr77, Leul31, and lle133) is optimally filled
with the 44ert-butylphenyl substitution present in compound
2. Smaller side chainsly reduce the predicted binding
affinity of the inhibitors, due to instability of the hydrogen
bonds observed on the prime side, in agreement with the
experimental data. Larger side chaid§ élso reduce the
activity, which is correctly predicted using the 1LS5 structure
but not observed with the PIm IV-m model. On the other
hand, compoun@®, with an activity very similar to that of

2, is overpredicted by 1.3 kcal/mol with the 1LS5 structure,
due to exaggerated electrostatic interactions with the protein.

The symmetrical compoun@, in which the P2 position
of ligand2 is replicated at the P2 position, is the most potent
ligand of the seriesK; = 35 nM), and its high affinity is
reproduced in our models. In addition to the good fit of the
P2 substituent in the Sdocket, we also observed a shape
complementarity of the P2 side chain to the S2 and S3
hydrophobic pocket formed by residues Leul4, Metl5, and
lle114. This pocket undergoes structural reorganization upon
binding of this compound, detected after a few hundred
picoseconds of the MD trajectories, and the £114 loop
approaches the tert-butylphenyl group of the ligand. The
resulting conformation of the protein displays good shape
complementarity with the ligand, resulting in favorable
nonpolar interactions (in particular with lle114) and also
contributing to keeping the ligand in the initial position, thus
making electrostatic interactions in the complex more favor-
able (Figure 3). These involve double hydrogen bonding
between the central diol system and the catalytic aspartates
and a single hydrogen bond between each of the oxadiazole
rings to the flap loop, with the backbone of residues Gly78
and Ser79. This pattern of interactions does not differ too
much between the MD simulations performed with the two
protein models, even though the PIm IV-m structure yields
a more pronounced electrostatic binding component.

Our data explain why the P2 substitutiondmvorks better
than the indanol substitution present in the4 series. In
that series, the ligand can make three additional hydrogen
bonds to the protein, observed between the amide group and
the backbones of Gly78 (flap) and Ser218, and a third
hydrogen bond is occasionally observed between the side
chain of Thr219 and the hydroxyl of the indanol. This might
seem at variance with the single hydrogen bond between the
oxadiazole ring and Ser79 on the flap predicted for ligand
6. However, the indanol amide group is more polar than the
5-(4+ert-butylphenyl)-[1,3,4-oxadiazole] o, which is
translated into more negative electrostatic solvation energies
in water for the former. The resulting electrostatic (polar)
contribution to the free energy of binding is therefore less
favorable. A comparison of the interaction energies in the
bound and unbound states (Table 4) for ligé&rahd2, which
only differ in this P2 substitution, illustrates this point.

It is interesting to note that two of the key residues that
support the binding of compourgare not conserved in PIm
[I. 1le75 of PIm IV is a Met in PIm I, which was found to
be flexible and to affect the shape of the’ acket in that
protein (7, 25). The Gly78 at the tip of the flap is a Val in
PIm II, and the hydrophobic lle114 is replaced by a Thr in
PIm 1l, in the S3 pocket. All three of these positions have
been shown to exhibit high variability among the different
plasmepsins fror®. falciparum(16), while there is a higher
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FiGure 2: Scatter diagram of calculated vs experimental binding free energies using the different models and methods discussed in the
text. LIE results are given for simulations utilizing (A) the 1LS5 structure, (B) the PIm IV-m structure, and (C) the combined model.
X-Score results averaged over MD trajectories are shown for (D) the 1LS5 structure and (E) the PIm IV-m structure. The dotted lines show
least-squares fitting of calculated X-score values with a constant offset (3.0 kcal/mol for panel D and 2.7 kcal/mol for panel E).

calculations. However, selectivity for Plm IV is only
predicted if we consider the calculations using the PIm IV-m
structure or the combined model. The hydrophobic interac-
tions are slightly more pronounced in PIm I, due to favorable
interactions with Val78 on the flap loop, while the electro-
static component of binding is more pronounced in PIm 1V,
especially when the homology model was used as the input
structure. Again, the explanation comes from a more
tightened position in the binding site of PIm IV, due to the
relatively more closed S2S3 and S2sites. However, the
structural difference between the two proteins at thes§@

is smaller than expected, since Met75 in PIm Il maintained
a closed conformation of this pocket along the MD simula-
tion.

With regard to the compounds sharing a diazylhydrazine
linker in P2 (5 and7—9), there is also a broad spectrum of
FiGURe 3: Surface representation of PIm IV in complex with  experimental activities, and some interesting differences with
compounds. The shape complementarity of theett-butylphenyl the previously reported values for PIm Il. Our calculations
substitutions with both S2 and S&ites of the enzyme can be . .
appreciated. The positions of the catalytic aspartates are coloreddenerally explain the experimental values, although some
red. inconsistencies are found between the MD trajectories from

the two protein models. These variations are smoothed when
degree of conservation among the PIm IV orthologs from the combined model is considered, leading to more robust
different Plasmodiumspecies 22). To investigate the role  results. Two compound$ @nd9) exhibit nanomolar activity
of these differences, we have calculated the binding affinity in PIm 1V, and of these, compoundl is a very potent
for compoundb also in PIm II. The crystal structure of PIm  inhibitor of PIm Il. These experimental results are correctly
II'in complex with pepstatin A (LSME)] was used in these  reproduced in our calculations using any of the three LIE
calculations. As can be seen from the data reported in Tablemodels. The binding mode of compouBdis depicted in
4, the affinity of 6 for PIm Il is also well reproduced in our ~ Figure 4. It can be appreciated that the ligand folds the P2




Inhibitor Binding to Plasmepsin IV Biochemistry, Vol. 45, No. 35, 2006.0537

observed previously9j, and our interest is rather focused
on the relative values. It should also be noted here that the
\ scoring with X-score was calculated as an average value of
Ser79 /_;,/ shapshots from the MD trajectories discussed above. With
this, we not only increased the precision of the results
compared to single-point scoring on the initial positions
(Figure 5) but also ensured that the ligand binding mode we
were evaluating was the same as in the LIE calculations (i.e.,
relaxation of the initial complex was allowed).

It can be appreciated that the ranking is slightly better
when the trajectories generated with the 1LS5 structure are
used, with only small deviations from the experimental
ranking in the less active compounds (Figure 2D, rms error
= 0.40 kcal/mol). The predictions with the scoring function
using the trajectories generated with the homology model

- also reproduce the trend of the series rather well (Figure 2E,
FIGURE4: Complex of PIm IV with compoun@. Hydrogen bonds ~ 'Ms error= 1.29 kcal/mol). The three compounds with
are represented by dashed lines. Note the folding of the P2 nanomolar activity §, 6, and9) are the top-ranked ones.
substitution toward the solvent since there is no space in the rigid However, the ranking among them is not correct, and
S2 pocket to accommodate it. compound is estimated to be the most active in the series.

. ) . . .. There is also a difficulty in the prediction of inactive ligand
side chain back onto the rest of the ligand, since the rigid 7, which has a very stable conformation along the MD
SZ pocket of PIm IV does not allow expansion of the large trajectories.
phgn_ylethyl group, as prewously. opserved n P|m25)§ . Selectiity. It is a major challenge in the drug design field
This is transla@ed into a decrease in just the nonpolar blndlngto understand the reasons for specificity and selectivity of
component, since the hydrogen bond network between thebinding. This issue can be addressed by molecular modeling

Iiganld afnd I;:))rloteil? is corjlisebr;/edélwit_lbhrespect to prl_evious techniques, like the ones used herein. Thus, the LIE equation
results Odrs T] o ((js_fefe ? eg ). H epiamz ggg('jes 0 can easily be rewritten to obtain relative binding affinities
compounadd, which differs irom$ in the P1 an 1€ of a given compound in different proteins. If LIE equations

chains and .has a_marked selectivity for PIm II. Ho.wever, for two different proteins (pl and p2) are subtracted, the
the calculation using the 1LS5 structure overpredicts the contributions from the free state will cancel, yielding

activity of this particular compound due to an overestimation
of the polar binding component. In fact, the electrostatic o dw. AW |
interactions for8 stand out from the rest of the series and 2AGoind = (Vi = V%S )+ ﬁ(wfle*sql -

also from the PIm H-8 simulations previously reporte@%) m/i'_sgl) + Vpr-p2 (3)
(see Table 4).

It is interesting to comparé& and 6, since the only where ypi—p2 = yp1 — Yp2. In this case, sincep = 0 for
difference between the two symmetric ligands is the linker Pim Il, the constant parameter in eq 1 equalgy, that is,
(oxadiazole ir6 and diazylhydrazine i6). The replacement  the calculated’ for PIm IV in the particular protein model
of the oxadiazole with the diazylhydrazine leads to a 10- used with an inverted sign. With this formulation, we can
fold decrease in the observed binding affinity (35 nM vs obtain selectivity estimates avoiding the water simulations,
478 nM). This effect is reproduced in our models, which which are commonly the main source of variance in the
confirms the good shape complementarity of théedt- computed average energieds).
butylphenyl substituent with either oxadiazole or diazylhy-  Selectivity is not necessarily desirable between different
drazine linkers, being slightly better in the first case. plasmepsins, since recent investigations point toward the
Surprisingly, the combination of this side chain in" RAath concurrent function of these proteases in the hemoglobin
an indanol amine at P2 leads to a huge decrease in tthegradation pathwayl ). However, our compounds present
predicted affinity for compound. The simulations using  some difference in the affinities between PIm I/PIm Il and
1LS5 show a conformational change in the Bifle chain,  pIm |V. This property might be used as a pharmacological
which leads to a considerable loss of interactions with the tool for the characterization of differences between the two
protein and also affects the geometry of the double hydrogenenzymes and the specific role of each in the hemoglobin
bonding with the catalytic dyad. However, the compound degradation. One of the inhibitors (compoujdexhibited
remains more stable around the initial docking position if the highest affinity for PIm 1V, being 10 times less potent
the PIm IV-m structure is used, and the compound is not toward PIm | and PIm II. As shown in Table 5, this property
properly ranked as the less active binder in this case. is qualitatively reproduced in both PIm IV-m and the

The binding estimates using the empirical scoring function combined model, but not observed using the 1LS5 structure.
were also very good in the relative ranking of the compounds With regard to the other two compounds with different
(see Figure 2D,E). The absolute values for the predicted affinities between the two protein8 &nd9), the results again
affinities were, however, shifted by an average overprediction show a better correlation if the PIm IV-m structure is used
of 3.0 and 2.7 kcal/mol for 1LS5 and PIm IV-m, respectively. for calculations on PIm IV. The nonoptimal fitting of the
The overprediction in the estimation of binding affinity using P2 substituent in the case of compou@dccounts for the
scoring functions for this class of compounds has been difference with respect to PIm Il, while in the case9this
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Ficure 5: Distribution of calculated X-score affinities along MD trajectories using the 1LS5 structure. Frequencies are calculated in bins
of 0.5 kcal/mol. The value for the single-point calculation using the initial structure is represented with a dot.

Table 5: Experimental and Calculated SelectivihAGpind) Qur approach to analyZin_g features governing- binding
between PIm IV and PIm il included homology modeling, automated docking, and
AAGeaoL® AAGearc xscore calculations of binding affinities for PIm IV, comparing the

obtained results with previous studies of PIm Il. As a

compound AAGoss 1LS5 Pim IV-m combined 1LS5 Pim IV-m preliminary step, direct comparison of X-ray structures of

o e o e e e 02 both enzymes revealed important differences in the P2 and
9 21 -28 —42 36 -13 -16 P2 binding sites, as well as some discrepancies in the

aAs a convention, selectivity for PIm IV is denoted by a positive hydrogen bond pattern involving the catalytic aspartates. A

sign for AAGng, While a negative sign indicates selectivity for Pim 1. major problem with highly flexible proteins, like the malarial
b AAGping as calculated with eq 3. aspartic proteases considered here, is the difficulty in

modeling a given class of inhibitors using three-dimensional

effect is partially counterbalanced by the good fit of the P1 information from structurally unrelated inhibitor§, @5). Our

and P1 substitutions in the S1 and Sfiockets of PIm IV. docking studies supported this idea, since it was not possible
The combined model, which was shown to be the most to find a consistent solution for our series of inhibitors using
predictive model for the relative ranking of compounds, is the crystal structure of the PIm Fpepstatin A complex.
also affective in the characterization of selectivities between We thus created a homology model based on four different
the two plasmepsins considered in this work. The selectivities templates, aiming to incorporate information about the
calculated from the X-score values are also given in Table flexibility. The use of different templates was motivated by

5 for comparison. In this case, the strong selectivit{ &br the observation that there are indeed big differences between

PIm IV is not particularly well reproduced. the pepstatin complexes and the complexes with larger
inhibitors 6—7). Three different conformations of PIm I

DISCUSSION were then used together with the crystal structure of PIm

vivax (the closest ortholog of PIm V). The crystal structure
of PImmalariae(24) has been released during the preparation
of this work and, therefore, could not be considered as a

We have investigated the binding properties of PIm IV
with a series of previously reported inhibitors initially
designed against PIm Il. The determination of the affinities R a )
for PIm IV revealed a broad spectrum of activities. Three €Mplate in this work. The resulting model was found to be
compounds exhibite®; activities in the nanomolar range, & Useful tool for identifying the binding mode and for
and the most potent inhibitor of the seried) (vas also estimating the binding of a chemically diverse set of
selective for PIm IV. On the other hand, some compounds compounds.
with high activity toward PIm Il 8 and9) had lower affinities Each compound was simulated by MD using ttoaprime
for PIm IV. The selectivity that these compounds show binding mode as a starting point in parallel calculations,
makes them interesting in our attempt to understand theutilizing both the crystal structure and the homology model.
structural differences between the active sites of plasmepsinsThis binding mode was determined by automated docking
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using the homology model and was in agreement with predictions (LIE and X-score), each of them applied to two
previous studies on PIm II. The trajectories generated by MD different protein models, strongly argues in favor of the
simulations were used both for the estimation of binding free binding mode proposed for this series of compounds. The
energies with the LIE approach and for calculating average comparison of the results with recent data for the same type
scores using the empirical X-score functi@8), Analysis  of compounds in PIm Il also supports this binding mode.
of the binding profile with the LIE method allowed a Furthermore, with the more accurate LIE approach (using
reasonable interpretation of the experimental data. All the pjm |vV-m or the combined model), the experimental
compounds exhibited a high component of nonpolar binding, selectivity is well reproduced for the three cases that are
while the electrostatic interactions with the protein mainly considered (see Table 5).
counterbalanced the desolvation process, adding only a small
contribution to the total free energy of binding. This is in
agreement with previous observations that electrostatic CONCLUDING REMARKS
(dipolar) interactions are mainly important for specificity,
while a large part of the overall affinity is attained through  In this work, we have reported three potent inhibitors for
nonpolar contacts4(). PIm 1V with K; values in the nanomolar range. One of these
When the homology model was used for the calculations, inhibitors (compound®) also exhibits a high potency against
the results showed more robustness within the series, and®Im | and PIm Il, thus constituting a hit in the identification
no outlier was identified. These results support the idea that of multitarget inhibitors against plasmepsins, which may be
homology models can be used for detailed ligand binding desirable for therapeutic succeds); On the other hand,
calculations with the LIE method, as was shown in recent the most potent compound of the series exhibited some
studies of these and other syster®@, @8, 49). However, to  selectivity for PIm IV. The structural characterization of the
our knowledge, this is the first direct evaluation of the effect binding of this compound to PIm IV frorR. falciparumcan
that different protein models (e.g., experimental vs modeled pe valuable for lead optimization of novel inhibitors of this
protein structures) can have on the calculated estimates ofenzyme and the relative orthologs in othelasmodium
ligand binding constants. It is encouraging that if no suitable species. The quantitative prediction of inhibitor selectivity
crystal structure is available, homology modeling can give petween closely related proteins by computational methods
areliable answer to the problem. However, a major question remains a major challenge, but as shown here, several
in molecular modeling is the extent to which the accuracy yariants of current scoring procedures can provide useful
of the protein conformation can affect the calculations. Here o5 ,its. We have shown that an exhaustive sampling im-

we examine thel influet?cg O‘;Ith? ri]n:)tiaLst:rting poin':]og thed proves the accuracy of the binding estimates for both the
average MD values obtained with both the LIE method an scoring function and LIE methodologies. Our results point

a sncgrlnfg flrJ]gCitr']OPH Ourr (rj(iastul(tjs\/lnltjlcatﬁ t?natj;?nrqen;/arrlattl?r? to the importance of taking conformational flexibility of both
can be fou € predicted values 1ro erent prote ligand and receptor into account for accurate computational

models, but an overall examination of the results points to
the same conclusions for the structaeetivity relationship
of the series of inhibitors. Furthermore, it is encouraging that

predictions of ligand binding affinities.

the combined model performs significantly better than either REFERENCES
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