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Abstract—Severe fungal infections have taken precedence over other bacterial infections. Of the several fungal species, Candida
albicans and others belonging to the genus Candida are responsible for several clinically important fungal infections. Emerging cases
of drug resistance to the currently available drugs has limited the spectrum of currently available antifungal agents. Thus, it is
imperative that new biochemical targets are identified so that better effective and selective agents can be developed. Many enzymes
contribute towards the complex disease process of fungal infections; the secreted aspartyl protease (SAP), expressed both in vitro
and during infection, has been implicated as one of the major virulence factors of C. albicans. Three-dimensional crystal structures
of C. albicans SAP and closely related clinical isolate designated as SAP2X complexed with the same potent inhibitor A-70450 have
been reported. Several analogues of A-70450 with potent C. albicans SAP2X inhibitory activity are also known. However, the
structural effects of the binding of these compounds with the enzyme active site are not completely understood. Our efforts in this
direction involve the docking analysis of C. albicans SAP2X inhibitors complexed with SAP2X enzyme, which is reported in this
work. Docking analysis was performed on a set of molecules with differing selectivities and inhibitory potencies towards C. albicans,
renin and cathepsin D. The structural effects of ligand binding were analyzed on the basis of hydrophobic and hydrogen bond
interactions, binding energy analysis, interaction energies, rms deviations, etc. in the resulting energy-minimized structures of the
receptor—ligand complexes. Structural analysis of the resulting models indicates that hydrophobic and hydrogen bonding interac-
tions together with binding and interaction energies are responsible for selective inhibition of C. albicans SAP2X. Hydrophobic and
hydrogen bonding interactions in the various subsites of the enzyme, contributing to both increase as well as decrease in selectivity
of the molecules have been detailed. Hydrogen bonding interaction plays an important role for amino acid residues such as Gly-85,
Asp-86, Asp-32, Asp-218, Tyr-225, Ala-133, and so on. Significant hydrophobic interactions with the S3, S, and S," subsites con-
tribute to selectivity of the compounds. These molecular modeling analyses should, in our view, contribute for further development
of selective C. albicans secreted aspartyl protease inhibitors. © 2002 Published by Elsevier Science Ltd.

Introduction

Fungal diseases until few years ago were considered of
less importance with relation to bacterial and other
parasitic infections.! However, over the past two dec-
ades a alarming rise in life-threatening fungal infections
of varying types and frequencies have been observed in
immunocompromised patients. Patients with chemo-
therapy induced neutropenia and those receiving organ
transplant-associated immunosuppressive therapy are
highly susceptible to the life-threatening fungal infec-
tions. Other factors which have contributed to the rise
in fungal infections include invasive medical procedures
involving extensive surgery and/or use of prosthetic
devices and vascular catheters, treatment regimes involv-
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ing either broad spectrum antibiotics or glucocorticoids,
peritoneal dialysis, hemodialysis and parenteral
nutrition.*°

Fungal infections vary widely with respect to clinical
picture and mainly include superficial mycoses involving
infections to skin, hair, mucous membrane and nails.
Deep mycoses are systemic infections, which are difficult
to treat. Being eukaryotic organisms, fungi carry true
nucleus, that is they possess chromosomes enclosed by
nuclear membrane. This fact makes fungal infections
difficult to treat without affecting the host organisms.
The major opportunistic pathogen has been Candida
albicans; however, the frequency of non-C. albicans
Candida species is also increasing.*7~1° This problem of
increased fungal infections is accentuated by the emer-
gence of fungal strains, which are resistant to currently
used antifungal agents. Major opportunistic fungal
pathogens include Candida albicans, Aspergillus sp., and

0968-0896/02/$ - see front matter © 2002 Published by Elsevier Science Ltd.

PII: S0968-0896(01)00385-6



1154 S. K. Pranav Kumar, V. M. Kulkarni | Bioorg. Med. Chem. 10 (2002) 11531170

Trichophyton mentagrophytes. Other species of Candida
such as C. krusei, C. tropicalis, C. glabrata are major
causative agents of candidiasis. HIV-infected patients are
particularly susceptible to mucosal candidiasis, crypto-
coccal meningitis, disseminated histoplasmosis, and coc-
cidioidomycosis. Clinically, candidosis and aspergillosis
account for between 80 and 90% of systemic fungal
infections in immunocompromised patients.

Although several azole antifungal agents are used in the
treatment of a variety of mycotic infections, incidences
of resistance to these currently available antifungals
warrant the development of alternative therapies. Also,
more importantly use of currently available azoles in
combination with other antifungal agents with different
mechanisms of action is likely to provide enhanced effi-
cacy. In light of these developments, new antifungal agents
with different mechanisms of action and broad-spectrum
antifungal activities are needed for the effective manage-
ment of these clinically important infections. One such
target is the secreted aspartyl protease (SAP) from C. albi-
cans, a putative factor responsible for virulence.!!

Because of their ubiquitous nature, the aspartic protein-
ases are involved in various commercial and biomedical
processes.!>!3 Examples of such proteinases are numer-
ous, with the HIV virus being the well-known pathogen,
which utilizes an aspartic proteinase in mediating cri-
tical aspects of its life cycle. Aspartic proteinase
enzymes are also present in other disease-causing agents
responsible for infectious processes. Enzymes belonging
to the class of fungal aspartic-proteinases from Rhizopus
chinensis,"* Endothia parasitica'® and Penicillium janthi-
nellum'® have been well characterized which reveal the
archetypical ‘bilobal’ fold associated with the proteinase
family. These are mainly B structures which are orga-
nized into two domains consisting of an Asp-Thr-Gly
(DTG)/Asp-Ser-Gly (DSG) motif in the center of the
extended cleft.!3 In comparison with the crystal structures
of the above enzymes, the fungal aspartyl proteinases
from the Candida family also exhibit the ‘bilobal’ fold
but with substantial structural variations within the active
site of the fungal proteinases. The general acid-base
mechanism for the peptide hydrolysis catalyzed by the
aspartic proteases is shown in Figure 1. The apostructures
of the aspartic proteases exhibit the presence of a water
molecule bound between the two aspartate residues,
which is believed to be the nucleophile for the amide
bond hydrolysis.!3 The water molecule, in turn, is itself
activated by a deprotonated catalytic aspartic acid resi-
due. The protonated aspartic acid in turn donates a pro-
ton to the amide bond nitrogen resulting in a protonated
nitrogen thereby generating the tetrahedral intermediate.
The breakdown of the tetrahedral intermediate results
in the formation of amide hydrolysis products.!’—2°

Multiple interactions between Candida and the host
determine the complex process of candidal infections
with the secreted aspartic (acid) proteinases (SAPs)
from C. albicans, C. tropicalis, C. parapsilosis and other
fungal pathogens being implicated as virulence
factors.!!-21=24 These proteinases present unusually
broad substrate specificity. The Candida strains express

at least seven distinct genes (SAPs 1-7) grouped into
two subfamilies represented by SAPs 1-3, and SAPs 4-
6, with SAP7 being the most divergent in sequence.?
Thus, the SAP gene family plays an important role in
the pathophysiology of Candida, exhibiting differential
expressions during growth states, morphologic and
phenotypic transitions, stages of infections and tissue
sites during infection. Of the various SAP genes, SAP2
is the major form expressed in a number of strains
under laboratory conditions on protein as the sole
nitrogen source, which encodes a 398-residue pre-
proprotein processed to a 342-residue mature enzyme
with a deduced molecular mass of 35,880 Da.?® SAP2
displays sensitivity towards pepstatin, which is a non-
specific general inhibitor of aspartic proteases with a pH
optimum between 3 and 4. It has also been shown that
pepstatin can modulate the course of C. albicans infection
in the mouse model,?”-?® which further implicates SAP
as a virulence factor. However, pepstatin because of its
non-selectivity and lack of potency and safety is not an
ideal agent for its use in therapy. It is active at neutral
pH on appropriate substrates.’® Also, regulation of
SAPs by phenotypic switching®3! and serum/hypha
formation3!-3? are representative of polymorphism and
are particular properties of C. albicans, possibly con-
tributing towards pathogenesis. Strong evidences for the
involvement of proteinases in the fungal infection process
come from the existence of correlations between virulence
and level of protease expression, the low virulence and
reduction in colonizing ability of protease-deficient
mutants, detection of SAP and antibody to SAP in tis-
sues and fluids of infected patients and the ability of
SAP to degrade a broad range of substrates including
proteins such as IgG heavy chains, keratin, acidified
collagen and extracellular matrix proteins.!!-21=24

The three-dimensional structure of a close homologue
of SAP2 (referred to as SAP2X) from C. albicans com-
plexed with the potent inhibitor A-70450 has provided
considerable insight into the interactions of the ligand
with the active site of the enzyme.?* In addition, Cut-
field and co-workers have reported the crystal structure
of SAP2 complexed with two inhibitors—pepstatin and
compound A-70450.3* Also, Foundling and co-workers
have reported the molecular structure of the secreted
aspartic proteinase from C. tropicalis in complex with
an unknown tetrapeptide tentatively identified as Thr-
Ile-Thr-Ser (SAPT).>> The crystal structure has also
been successful in revealing the novel and subtle struc-
tural variations of the fungal proteinases over other
classical aspartic proteinase enzymes. Structure—activity
relationships of some of the analogues of compound
A-70450 have been reported.’> However, in order to
further probe into the selective interactions and binding
modes of these analogues with the active site of C. albi-
cans SAP2X and with our previous experience in the
field of aspartic proteinases, we report herein a docking
analysis study of the analogues of A-70450 complexed
with the active site of C. albicans SAP2X.

Molecular mechanics based methods involving docking
studies and also molecular dynamics simulations have
been used to study the binding orientations and prediction
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of binding affinities. Such studies have been applied in
case of plasmepsin II inhibitors,3® C. albicans dihy-
drofolate reductase inhibitors,3” interleukin-1B convert-
ing enzyme (ICE) inhibitors,® human synovial fluid
phospholipase-A, inhibitors,* non-peptidic inhibitors
of HIV-1 protease®® and matrix metalloproteinases
(MMPs).4! Such studies have also been used to quanti-
tatively predict the binding affinities as in the case of
Herpes simplex virus thymidine kinase inhibitors.4?

Methodology

All calculations were performed on Silicon Graphics
IRIS 4D/20 Personal Iris workstation (Silicon Graphics
Inc., USA). CHARMm version 22 was used for all the

dynamics simulations. Model building, visualization
and manipulation of the structures was performed using
the molecular modeling package QUANTA .43

Starting enzyme structure

The initial coordinates for the starting enzyme structure
used in the model building process were those published
for A-70450 complexed with C. albicans SAP2X (PDB
entry lzap)’?® obtained from the protein data bank,
Brookhaven National Laboratory.** X-ray crystal
structure served as a good starting model for the various
inhibitors after a superposition exercise because of a
good degree of similarity.

All the hydrogens were added to the enzyme structure.

molecular mechanics calculations and molecular X-ray crystallographic water molecules associated with
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Figure 1. Catalytic mechanism for aspartic proteinase mediated amide bond hydrolysis.



Table 1. Structures, activity data and selectivity indices of the compounds used in the docking analysis*3

Structure of the compounds
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Table 1 (continued)

Structure of the compounds

1Cso (nM) against

1Cso (nM) against

1Cso (nM) against

Selectivity index?

Selectivity index?
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A1Cso (nM) values for inhibition of C. albicans.
°ICso (nM) values for inhibition of renin.
°ICso (nM) values for inhibition of Cat D.

dSelectivity indices calculated by: S.I. =[ICs, (nM) renin (or Cat D)/ICso (nM) C. albicans]. This value represents the amount by which the inhibitor is selective towards C. albicans over renin or Cat-D.
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the C. albicans SAP2X/A-70450 complex were removed.
In order to attenuate any internal strains in our model
of C. albicans SAP2X at its current level of refinement
(resolution=2.7 A), the well-documented multistage
minimization procedure*> was used in which atoms were
unconstrained in stages to remove strained interactions.
First the hydrogen atoms were energy minimized, with
all other atoms fixed, and the o-carbon atoms of the
model were constrained to remain as close as possible to
the corresponding a-carbon atoms of the X-ray struc-
ture. Once the coordinates of all the atoms of the pro-
tein were computed, the entire molecule was subjected
to energy minimization in which constraints of the
a-carbon atoms were gradually removed. The energy of
the whole complex was minimized until a convergence
criterion of 0.001 kcal/mol/A was achieved. Calcula-
tions were performed using the steepest descent and
conjugate gradient minimization algorithms. The mini-
mization was carried out in a continuum medium of
relative permittivity &€=4rij.*¢ The resulting structure
subsequently served as the starting structure for further
energy refinement, docking and complex formation.

Ligands

Structures and activities of the inhibitors (analogues of
A-70450) against C. albicans SAP2X, renin and cathep-
sin D, employed in the current modeling study are
given in Table 1. A preliminary structure activity rela-
tionship of these inhibitors with respect to the crystal
structure of SAP2X complex has been made.’® These
analogues of A-70450 exhibit significant specificity
towards C. albicans over renin and cathepsin D. Each of
the ligands was built using the coordinates of A-70450
as it appears in the crystal structure, with standard bond
lengths and angles within QUANTA, followed by
energy minimization as described earlier using steepest
descent and conjugate gradient minimization algo-
rithms. Partial atomic charges were assigned to the
enzyme and ligands by Gasteiger method. The protocol
employed by Majer and co-workers*” was used to mod-
ify the crystallographically bound inhibitor A-70450
wherein the side chains in the P;, P,, P, P,/ and P,
positions were systematically mutated based on visual
inspection of the binding site interactions. As each resi-
due at different sites of the inhibitor was mutated, it was
first optimized for steric interactions by manually
manipulating the side chains so that the mutated side
chain was able to occupy a maximum volume of the
residue within the respective subsite of the enzyme as
found in A-70450 and also to avoid close contacts with

Table 2. Calculations of solvent accessible surface areas

the active site residues of the enzyme that would lead to
unfavorable interaction energies. Energy minimization
was then performed with the CHARMmM force field as
implemented in QUANTA molecular modeling pack-
age. In each case, the protein structure was held con-
stant while the inhibitor was energy minimized in the
protein cavity. Approximately 500 iterations of steepest
descent was followed by conjugate gradient minimiza-
tion until the gradient fell below 0.05 kcal/mol/A or the
difference between the successive energies was below
0.01 kcal/mol. Once the mutated ligands were generated
from the crystallographically bound inhibitor A-70450,
the inhibitors were removed from the active site of the
enzyme and were subjected to systematic conforma-
tional search using 100 ps molecular dynamics simula-
tions as previously reported at 300 K.3® Dynamics were
equilibrated for 10 ps with time step of 1 fs and con-
tinued for 100 ps simulations. The resulting low energy
structure was extracted and energy minimized to 0.001
kcal/mol/A. Non-bonded cutoff distance of 10 A and a
distance dependent dielectric constant (ge=4rij) was
employed. All calculations were performed on a Silicon
Graphics IRIS 4D/20 workstation (Silicon Graphics
Inc., USA). CHARMm was used for all the molecular
mechanics calculations and model building was per-
formed using QUANTA molecular modeling software.

Docking procedure

To find sterically reasonable binding geometries for
specific interactions of a ligand in the active site pocket
of C. albicans SAP2X, the docking analysis was per-
formed using QUANTA. The lowest potential energy
conformers from molecular dynamics simulations were
taken to be best candidates for the docking analysis.
The conformers with probable hydrogen bonding were
placed in the enzyme cavity by superposition of similar
heteroatoms with those of the reference frame (crystal
structure). The origin of this reference frame is situated
in the active site pocket of C. albicans SAP2X.
Employing interactive docking procedure, the ligands
were docked into the enzyme active site by a random
combination of translation, rotation, and torsional
changes. This random move of the ligand samples both
the orientational and conformational spaces of the
ligand with respect to the enzyme active site. The orien-
tation with low intermolecular potential energy was
obtained by moving the ligand molecule slowly into the
active site and updating the interaction energy con-
tinuously. The final minimized structure was accepted
or rejected on the basis of energy and similarity criteria.

Compound Hydrophilic surface area Hydrophobic surface area Total solvent accessible surface area Total enclosed volume
A-70450 96 961 1056 2132409
2 90 1054 1144 2222+16
3 87 1039 1125 2232+14
4 81 983 1065 2140+15
5 113 993 1105 2229+ 14
6 112 1026 1139 2317+18
7 105 976 1080 2187+03
8 101 1011 1112 2250+ 18
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Structure similarity was checked by calculating the rms
deviations of the ligand between the current structure
and structures found so far. After docking, the complex
structure was energy minimized by applying constraints
to hydrogen bonded atoms in the active site. Finally, the
whole system was relaxed to low rms value by using
conjugate gradient method.

Surface area calculations

Total solvent accessible surface areas together with
hydrophilic and hydrophobic surface areas were calcu-
lated as implemented within QUANTA. The results are
summarized in Table 2. Solvent accessible surface area
calculations indicate that the non-polar surface areas of
all the SAP2X inhibitor molecules are higher than the
polar surface area. Since the active site surface area of
SAP2X is high, the active site of this enzyme demands
ligands, which possess more hydrophobic character.

Results

Various methods are known to dock a conformationally
flexible ligand into the active site of protein. The algo-
rithms involved in these methods use different techni-
ques such as molecular dynamics, metropolis Monte
Carlo, Monte Carlo minimization, genetic algorithms,
distance geometry, and tree searching to explore the
conformational space of the ligand and enzyme during
docking calculations.*® A docking calculation should be
able to produce a crystal geometry of the ligand/enzyme
complex with reasonable accuracy. Successful docking
of the ligand would depend on the optimum choice of
the variables involved in docking calculations. The con-
formational flexibility of each enzyme and ligand could
be different for each particular type of ligand/enzyme
complexes. Thus, in order to elucidate the binding
modes of compound A-70450 and its analogues as inhi-
bitors of C. albicans SAP2X with better specificity over
renin and cathepsin D, docking analysis was performed
wherein the enzyme/inhibitor models of the inhibitors
complexed with C. albicans SAP2X were generated.

All the compounds were constructed using standard
geometry and standard bond lengths. A systematic
conformational search of all the compounds was per-
formed using 100 ps molecular dynamics simulations as
previously reported at 300 K.3® Dynamics were equili-
brated for 10 ps with time step of 1 fs and continued for
100 ps simulations. The resulting low energy structure
was extracted and energy minimized to 0.001 Kcal/mol/A,
which were further employed for docking and model
generation.

Based on the three-dimensional crystal structure of
SAP2X complexed with compound A-70450, a retro-
spective investigation and some generalizations regard-
ing the structure—activity relationships of analogues of
compound A-70450*° has been made. However, a
detailed computational analysis, which provides insights
into the structural aspects mediating the inhibition of C.
albicans SAP2X, would be of significance when design-

ing novel non-peptidic inhibitors of SAP2X enzyme.
Towards this end, we have made an effort to correlate
the structural factors responsible for SAP2X inhibition.

Analysis of the enzyme/ligand complex models gener-
ated after successful docking of the inhibitors was based
on the following parameters:

a. Hydrogen bond interactions

b. Interactions such as m—m stacking interactions
and hydrophobic interactions

c. Energy of binding Epinding = Ecomplex —
+ Ecompound)

d. rms deviation of active site residues

e. Orientation of the inhibitor within the active site

(Eenzyme

As a general rule, in most of the aspartic proteinases
where the inhibition of the enzyme is brought about by
inhibitor ligands, specific hydrogen bond and hydro-
phobic interactions between the inhibitor main chain
and the active site subsites of the enzyme have been
found to be responsible for mediating protease inhibi-
tion. Taking into consideration these factors, we have
used hydrogen bond and hydrophobic interactions as
the major criterion for analysis.

Energy of binding was calculated for each compound,
after minimization of the enzyme/inhibitor complex
model, as the difference between the energy of the complex
and individual energies of the enzyme and the ligand:

Ebinding = Lcomplex — (Eenzyme + Ecompound)

Interaction of each ligand with the C. albicans SAP2X
enzyme was compared on the basis of interaction energy
of each ligand with the non-conserved amino acid resi-
dues of the active site. Thus, the interaction of each
ligand with the non-conserved amino acid residues of
SAP2X should govern the ability of that ligand to
selectively inhibit the aspartyl protease. Differences in
these interaction energies reflect the differences in the
SAP2X inhibitory potency and selectivity of the ligands.

Dynamics followed by molecular docking were per-
formed on each of the ligand under consideration. All
the compounds in the current study differ with respect
to the configuration of the substituent at either or both
of the P;a and P, sites of the inhibitor. Variations in
most of the structures in the current series of analogues
of A-70450 occur only at the P’ site of the inhibitor
with rest of the molecule being unchanged. The orien-
tation for each compound discussed here represents the
best orientation and is a representative of all possible
interactions within the active site of the SAP2X enzyme.

Compound A-70450

Compound A-70450 was originally prepared as a part of
renin inhibition program> by Abbott Laboratories
which was later discovered to inhibit the SAP of C.
albicans.*® Tt is the most potent inhibitor with an ICs,
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(nM) value of 1.4 (Table 1). On the selectivity index
(S.1.), it has a value of 5.07 over renin and a value of 550
over Cathepsin D (Cat D). Although the compound lies
in an extended conformation in the active site, it pre-
sents a unique branched structure at P; position of the
inhibitor. The S; subsite of SAP2X is unusual due to its
large size and has been operationally divided into two
sections—S3a and S3b.>> While the methylpiperazine
group occupies the S;b binding site of the enzyme, the
P;a benzylic substituent of the ketopiperazine ring
occupies the S;a subsite and exhibits R-configuration
although for typical linear aspartyl protease inhibitors,
the optimal configuration at this position is S-config-
uration. This change in configuration occurs due to the
cyclization of the P; unit into a ketopiperazine ring
thereby forcing the alpha-amino group of the P3 unit
into a different position than observed for acyclic inhi-
bitors.3* Docking analysis reveals that the side chains of
Ssa subsite amino acid residues Val-12, Ile-30 and Ile-
223 make hydrophobic interactions with benzylic sub-
stituent at Psa site of the inhibitor. The side chains of
Thr-221 and Thr-222 also interact with the inhibitor at
this subsite of the enzyme. Similarly, the methylpiper-
azine moiety interacts with the S;b subsite amino acid
residues Tyr-51, Asp-86, and Asp-120. The n-butyl (nor-
leucine unit) at P,, which exhibits S-configuration,
extends and interacts into the S, subsite of the enzyme.
The side chains of the amino acid residues Thr-221, Tyr-
225, Asn-300, Ala-302 and Ile-304 make strong hydro-
phobic and van der Waals interactions with the n-butyl
substituent. The cyclohexylmethyl substituent at P; site
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of the inhibitor extends into the S; subsite and also
exhibits S-configuration. This hydrophobic substituent
interacts with the hydrophobic side chains of the amino
acid residues including Ile-30, Tyr-84, Ser-88, Ile-119
and Ile-123. Interactions are also observed with the
residues Gly-85, Gly-220 and Thr-221. The isopropyl
substituent at P," in S-configuration interacts favorably
with S’ subsite making hydrophobic contacts with the
side chains of the amino acid residues Leu-216 and Ile-
304. The amidic side chains of Asn-131 and Glu-193
also interact favorably with the isopropyl substituent.
Interactions are also observed with Gly-34 and Gly-85.
The butyl substituent at P,’ of the inhibitor extends into
the Sy’ subsite making hydrophobic and van der Waals
contacts with Gly-34, Ser-35, Ser-36, Asp-37, Ile-82,
Gly-83 and Tyr-84. The side chains of the amino acid
residues Asn-131, Glu-132 and Ala-133 also contribute
towards interactions with the inhibitor side chain at this
subsite of the enzyme.

Compound A-70450 forms eight stable hydrogen bonds
with the active site of the enzyme (H-bonding distance
<3.00 A). The binding orientation of compound
A-70450 is depicted in Figure 2. -NH of Gly-85 forms
hydrogen bond interactions with the inhibitor Py’
(107.43°; 2.57 A) (1) and P, (125.38°; 2.71 A) (2) car-
bonyl moieties. -NH of Asp-86 and -NH of Thr-222
also form hydrogen bonds with the P, (139.16°; 2.59 A)
(3) and Psa (156.18°; 2.40 A) (4) ketopiperazine car-
bonyl functionalities of the inhibitor, respectively. The
hydroxyl moiety of the hydroxyethylene peptide bond

Glu-193
Leu-216
|le-304
Ala-302
Asn-131
Asp-218
lle-223 Asn-300 | Gly-34
Tyr-225 * (6)
Thr-221 e Ser-35 Glu-132
1
®
Thr-222 *
‘s‘(4) Ala-133
Thr-13 d)#
(@ ¢ Gly-85 Asp-37
+(3)
* ASD-BB Tyr'84 Gly-134
Val-12 lle-82
lle-123
Gly-83
Ser-88

Compound-A70450

lle-119

Asp-120

Figure 2. Binding orientation of compound A-70450 within the active site of C. albicans SAP2X. Active site amino acid residues (within 4 A from
the inhibitor) are displayed in yellow while the inhibitor is displayed in red color. Hydrogen atoms of the enzyme have been suppressed for the
purpose of clarity. Figures in parentheses correspond to the hydrogen bond distances (refer to text).
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isostere which serves as a transition-state mimic inter-
acts, in its S-configuration, forming hydrogen bonds
with the catalytically active aspartate residues Asp-32
(120.13°; 2.72 A) (5) and Asp-218 (160.07°; 2.13 A) (6).
The hydroxyl group of Thr-221 and the carbonyl moiety
of Gly-34 both accept a hydrogen bond each from the —
NH at P, (139.17°; 2.11 A) (7) and -NH at Py’ (161.51°;
2.12 A) (8) of the inhibitor main chain, respectively.
These interactions result in a favorable orientation of
the compound within the active site with energy of
binding of —106.22 kcal/mol.

These hydrophobic interactions coupled with specific
hydrogen bonding interactions especially with the cata-
lytically active aspartate residues, confer the compound
with maximum activity towards C. albicans SAP2X.
However, though the compound is highly active towards
SAP2X, specificity is low when compared to its analogues.

Compound 2

Compound 2 is essentially similar to the earlier one, the
only change being made at the P, n-butyl (nor-leucine
unit) side chain wherein the S-configuration is switched
to R-configuration, that is compound 2 is epimeric to
compound 1. This change results in a significant drop in
the potency of the compound, which inhibits SAP2X
with ICsy (nM) value of 25. Thus, the S-configuration at
P, of the inhibitor is significantly crucial to maintain
specific hydrophobic and van der Waals contacts with
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Leu-216
lle-304
Gly-220
Thr-221
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Tyr-225 | T
Thr-222 1 G~
@)y
Val-299
Asn-300
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Compound 2

the S, subsite amino acid residues of the enzyme. The
changes are reflected, more specifically, in the inability
of the n-butyl side chain to make favorable hydrophobic
and van der Waals interactions with the S, subsite
amino acid residues including Gly-85, Tyr-225, Asn-
300, Ala-302 and Ile-304. The R-configuration of the
n-butyl at P, results in the side chain being oriented
towards Ss;a pocket; thus interactions with S;a binding
pocket residues including Thr-221, Thr-222 and 1le-223
are observed. Moreover, the S, binding pocket is smal-
ler and hence fails to accommodate the isomeric struc-
ture. Because of the restrictions placed at this site,
substituents only in their S-configuration are tolerated.

As a result of this configurational switch, the favorable
interactions of benzylic substituent at S;a pocket with
the amino acid residues Val-12, Ile-30, Thr-222, Ile-223
and Gly-220 are lost. Moreover, the methylpiperazine
also exhibits diminished interactions with S;b pocket
residues including Tyr-51, Asp-86, and Asp-120. These
changes account for the decrease in inhibitory potency.
The configuration switch alters the binding pattern of
the inhibitor and also mediates changes in subsites distal
to S, pocket. As a result, the P, cyclohexylmethyl sub-
stituent fails to interact with Ser-88 and Gly-220 at S;
subsite as also the S;’ isopropyl which fails to interact
with Thr-221 and Ile-304. Other interactions are how-
ever preserved to a large extent, which confers the
compound with some degree of inhibitory activity
towards SAP2X.

Asn-131
Glu-132
Gly-34
z Ser-36
Ser-35
Asp-37
Ala-133
lle-123
lle-30 Tyr-84
lle-82
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Figure 3. Binding orientation of compound 2 within the active site of C. albicans SAP2X. Active site amino acid residues (within 4 A from the
inhibitor) are displayed in yellow while the inhibitor is displayed in green color. Hydrogen atoms of the enzyme have been suppressed for the pur-
pose of clarity. Figures in parentheses correspond to the hydrogen bond distances (refer to text).
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Compound 2 forms six hydrogen bonds, with energy of
binding —95.77 kcal/mol. The binding orientation of
compound 2 is depicted in Figure 3. As earlier, the -NH
of Gly-85 forms a hydrogen bond with the inhibitor P,’
(111.17°; 2.61 A) (1) carbonyl moiety. The hydroxyl of
Thr-221 acts both as a donor and acceptor forming a
very weak hydrogen bond with carbonyl of ketopiper-
azine moiety at Psa (97.90°; 2.76 A) (2) and a strong
hydrogen bond with -NH at P, (168.18°; 2.15 A) (3) of
the inhibitor main chain. The hydroxyl of the hydroxy-
ethylene isostere forms hydrogen bond interactions with
Asp-32 (122.98°; 2.68 A) (4) and Asp-218 (139.09°; 2.09
A) (5). The carbonyl of Gly-34 accepts a hydrogen bond
from the -NH at P,’ (162.85°; 2.06 A) (6) of the inhi-
bitor main chain. Thus, the overall changes in both
hydrophobic as well as specific hydrogen bond inter-
actions, mediated as a result of change in the binding
orientation of the compound, makes it less inhibitory
towards SAP2X.

Compound 3

Compound 3 is similar to compound 2, with a config-
uration switch being made from (R)—(S) to the benzylic
substituent of the ketopiperazine moiety at Psa site of
the inhibitor. This configuration is opposite to that
found in compound A-20470. Unlike compound 2, the
S-configuration at P, n-butyl (nor-leucine unit) sub-
stituent as in compound 1 is preserved. Thus compound
3 is also epimeric to compound 1. However, compound
3 preserves its inhibitory potency unlike compound 2,

where a configuration switch about the P, substituent
results in significant drop in inhibitory potency. Com-
pound 3 inhibits SAP2X with a ICsy (nM) value of 2.0.
Interestingly, the selectivity towards SAP2X is enhanced
to > 50-fold over renin, thus indicating the preference of
S-configuration of the benzylic substituent at S;a sub-
site of the enzyme. The S-configuration in this analogue
contributes towards greater selectivity towards SAP2X
whereas an R-configuration (as in compound 1) con-
tributes towards enhanced inhibitory potency of the
compound. This preference can be rationalized by the
favorable interactions of the compound at this subsite.
The benzylic substituent exhibits strong hydrophobic
and n—= stacking interactions with the side chains of Ile-
223 and Tyr-225. Interactions are also observed with the
side chains of Gly-220, Thr-221, Thr-222 and Asp-86
amino acid residues. These interactions are favorable
from a selectivity point of view. Similarly, the methyl-
piperazine interacts with the Ss;b subsite and makes
favorable interactions with the side chains of amino acid
residues Tyr-51, Asp-86, Ser-88 and Asp-120. Thus, the
compound retains the inhibitory potency as in com-
pound 1 which is reflective of the ability of the S5 bind-
ing pocket to accommodate isomeric structures.
Interactions of n-butyl and cyclohexymethyl sub-
stituents with S, and S; subsites of the enzyme, respec-
tively, are essentially similar to that of compound 1. In
addition to its interactions as in compound 1, the iso-
propyl substituent at P’ also interacts with the side
chain of Thr-221. Interactions of the butyl substituent
with S, of the enzyme remain similar to that of

Leu-216 ’
i il Glu-193
Tyr-225
lle-223 (eaty .
Thr-221 Gly-34 .
1/ Ala-302 ;
LN @ "
Ser-35
Glu-132
[ Asp-37
Ala-133

Compound 3

Tyr-51

|le-82

Ser-118

Thr-50

Figure 4. Binding orientation of compound 3 within the active site of C. albicans SAP2X. Active site amino acid residues (within 4 A from the
inhibitor) are displayed in yellow while the inhibitor is displayed in magenta color. Hydrogen atoms of the enzyme have been suppressed for the
purpose of clarity. Figures in parentheses correspond to the hydrogen bond distances (refer to text).
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compound 1. The binding orientation of compound 3 is
depicted in Figure 4.

Compound 3 forms eight good hydrogen bonds, with
energy of binding —99.83 kcal/mol. -NH of Gly-85
forms hydrogen bond interactions with the inhibitor P’
(105.46°; 2.66 A) (1) and P, (123.96%; 2.59 A) (2) car-
bonyl moieties. Similarly, the -NH of Thr-222 forms
hydrogen bond with the Psa (152.43°; 2.23 A) (3) keto-
piperazine carbonyl functionality of the inhibitor. The
hydroxyl moiety of hydroxyethylene isostere at Py,
forms hydrogen bonds with -NH of Thr-221 (100.52°;
2.00 A) (4) and Asp-32 (127.46°; 2.45 A) (5). The
hydroxyl group of Thr-221 and the carbonyl moiety of
Gly-34 both accept a hydrogen bond each from the
—NH at P, (145.29°; 2.06 A) (6) and -NH at P,’ (162.85°;
2.06 A) (7) of the inhibitor main chain, respectively. A
hydrogen bond is also formed between the hydroxyl
group of Tyr-225 and the carbonyl functionality of the
ketopiperazine moiety at Psa of the inhibitor (156.69°;
2.60 A) (8). It is a well-known fact that strong interac-
tions of catalytically active aspartate residues with the
centrally located hydroxyl moiety of the peptide bond
isostere is one of the major driving forces contributing
towards the inhibitory efficacies and also to some extent
towards the selectivity of aspartyl protease inhibitors.
The observed decrease in the strength of these crucial
hydrogen bonds (with Thr-221 and Asp-32) probably
contributes to the slightly reduced inhibitory potency of
this compound. However, the hydrogen bond interaction
with the Tyr-225 residue contributes towards specificity
of the compound. Thus, specific hydrophobic and van
der Waals contacts of the inhibitor with the subsites of
the enzyme active site coupled with selective hydrogen
bond interactions confer selectivity to the compound albeit
with a corresponding reduction in its inhibitory potency.

Compound 4

Compound 4 retains the (R)- and (S)-configurations of
the benzylic substituent of ketopiperazine at P;a and
n-butyl (nor-leucine unit) substituent at P, respectively.
However, this compound represents a reduced-bond
analogue of compound 1 at the P,/-P,’ linkage. The
absence of a carbonyl functionality at this linkage
greatly reduces the inhibitory potency of the compound,
since in compound 1, the carbonyl moiety acts as a
hydrogen bond acceptor forming a hydrogen bond with
the -NH of Gly-85 residue. Compound 4 inhibits
SAP2X with a ICsy (nM) value of 490. Thus, the car-
bonyl moiety serves not only as recognition point for
interacting with the active site amino acid residues but
also contributes strongly towards the inhibitory potency
of the compound. Since the hydrogen bond is lost, the
inhibitor binds in a orientation different from that of
compound 1 within the active site, with a corresponding
shift in the backbone atoms of the enzyme. The hydro-
phobic and van der Waals interactions are however
maintained at the respective subsites of the enzyme,
with changes being reflected mainly in the interactions
of the P, isopropyl substituent with the S’ subsite. The
change in orientation and conformation of the inhibitor
results in the isopropyl substituent making interactions

with the Ssa subsite residue Thr-221. Interactions of the
butyl substituent with S,’ of the enzyme remain similar
to that of compound 1.

Prominent changes are, however, observed in the
hydrogen-bonding pattern rather than hydrophobic
interactions, which presumably account for the sig-
nificant drop in potency of this compound. Compound
4 forms seven hydrogen bonds with energy of binding
—103.40 kcal/mol. -NH of Gly-85, which normally
forms a hydrogen bond with the P’ carbonyl function-
ality, now forms a strong hydrogen bond with P,
(138.94°; 2.33 A) carbonyl of the inhibitor. Formation
of this strong hydrogen bond prevents the proper
alignment of the inhibitor within the active site. The
—NH of Asp-86 and —-NH of Thr-222, as earlier, form
hydrogen bonds albeit weaker ones, with the P,
(119 02°; 2.45 A) and Pza (121.49°; 2.39 A) ketopiper-
azine carbonyl functionalities of the inhibitor, respec-
tively. The hydroxyl moiety of hydroxyethylene isostere
at P, forms significantly weak hydrogen bonds with
—NH of Thr-221 (99.23°; 2.54 A) and Asp-32 (109.35°;
2.83 A) Hydrogen bond interactions with Thr-221 and
Gly-34 are preserved with the hydroxyl group of Thr-
221 and the carbonyl moiety of Gly-34 both accepting a
hydrogen bond each from the -NH at P, (140.07°; 2.05
A) and -NH at P, (128.71°; 2.10 A) of the inhibitor
main chain, respectively.

Thus, the subtle changes in hydrogen bonding pattern
together with changes in hydrophobic interactions and
inhibitor orientation within the active site of the
enzyme, as described above explain the significant drop
in potency of this compound.

Compound 5

Compound 5 is similar to compound 1, wherein a sul-
fonyl linkage between the Psa ketopiperazine and P;b
methylpiperazine of the inhibitor replaces the urea car-
bonyl of compound 1. The configurations of the sub-
stituents at Pza and P, of are similar to compound 1 and
hence not much variation in the inhibitory potency of
the compound is observed. Also the linkage, either urea
carbonyl or sulfonyl, does not interact with the active
site amino acid residues. Compound 5 inhibits C. albi-
cans SAP2X with a ICso (nM) value of 2.7. Compound
5 has an S.I. value of 0.55 over renin (not significant)
and a value of 55.55 over Cat D.

The sulfonyl linkage between the P;a and the Psb sub-
stituents at the S3 subsite of the enzyme results in rigi-
dification of the linkage, thereby altering the
conformation of the P;b methylpiperazine ring and its
interactions with the corresponding active site amino
acid residues; interactions are observed only with Tyr-
51. The hydrophobic and van der Waals interactions of
the substituents at other subsites of the enzyme remain
similar to that observed for compound 1.

Compound 5 forms eight hydrogen bonds with energy
of binding —99.75 kcal/mol. However, change in con-
formation of the P;b fragment due to the sulfonyl linkage
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results in alterations of the hydrogen-bonding pattern.
The carbonyl of this fragment moves away from the
optimum hydrogen-bonding distance with Tyr-225 resi-
due. This change is reflected in the loss of a hydrogen
bond between the hydroxyl of Tyr-225 and the carbonyl
functionality of the S;a ketopiperazine moiety. Other
hydrogen bond interactions mediated by Gly-85, Asp-
86, Thr-221, Thr-222, the catalytically active Asp-32
and Asp-218 and Gly-34 are essentially similar to those
observed in compound 1 although somewhat weaker
bonds ensue. Thus, loss of hydrogen bond with Tyr-225
together with changes in other hydrogen bonding inter-
actions complemented by subtle changes in hydro-
phobic interactions presumably contribute to the
observed decrease in selectivity of this compound over
renin (more prominent) and cathepsin D.

Compound 6

Compound 6 is similar to compound 1, with modifica-
tions being made only at P’ of the inhibitor wherein a
morpholine ring replaces one of the methyl group in the
butyl chain. This replacement has a significant effect on
the selectivity of the compound although the inhibitory
potency is compromised. The (R)- and (S)-configura-
tions of the P;a and the P, substituents, respectively, are
preserved as in compound 1. Compound 6 inhibits
SAP2X with a ICsy (nM) value of 3.8. It exhibits a sig-
nificantly high S.I. of ~30 towards SAP2X over renin
and a S.I. of ~5800 over Cat D. This high selectivity of
compound 6 over both renin and Cat D probably stems
from additional interactions contributed by the changes
made at P,’ side chain of the inhibitor.

Docking analysis reveals that the Psa substituent exhi-
bits significant interactions with the side chains of the
S;a subsite amino acid residues including Val-12, Ile-30,
Thr-222 and Ile-223. Similarly, the methylpiperazine
moiety interacts with the S;b subsite amino acid resi-
dues Tyr-51, Asp-86, and Asp-120. At S, subsite, the P,
n-butyl (nor-leucine unit) exhibits strong hydrophobic
and van der Waals interactions with the side chains of
amino acid residues including Thr-221, Tyr-225, Asn-
300, Ala-302 and Ile-304. On a similar line as compared
to compound 1, the P; cyclohexylmethyl substituent
extends into the S; binding pocket and interacts with the
hydrophobic side chains of Ile-30, Tyr-84, Ser-88, lle-
119 and Ile-123. Interactions are also observed with the
residues Gly-85, Gly-220 and Thr-221. The side chains
of Gly-34, Gly-85, Glu-193, Leu-216 and Ile-304 inter-
act with the P, isopropyl substituent within the S,
subsite of the enzyme. At P,’ of the inhibitor a mor-
pholine ring replaces one of methyl group in the butyl
side chain in compound 1. Although one would think of
additional interactions because of this change, docking
analysis indicates that both the morpholine ring and the
butyl side chain occupy essentially the same space and
exhibit interactions with the same S,’ binding pocket
residues. However, it is the hydrogen bond interactions,
which contribute towards the high selectivity of this
compound. The morpholine ring extends into the S,
binding pocket and makes hydrophobic and van der
Waals contacts with the active site residues including

Gly-34, Ser-35, Ser-36, Asp-37, Ile-82, Gly-83 and Tyr-
84. The side chains of the amino acid residues Asn-131,
Glu-132 and Ala-133 also contribute towards interac-
tions with the inhibitor side chain.

Compound 6 forms 10 stable hydrogen bonds with the
active site of the enzyme. -NH of Gly-85 forms hydro-
gen bond interactions with the inhibitor P, (113.79°;
2.16 A) and P, (126.44°; 2.79 A) carbonyl moicties.
—NH of Asp-86 and -NH of Thr-222 also form hydrogen
bonds with the P, (139.02°; 2.51 A) carbonyl and Psa
(147.72°; 2.52 A) ketopiperazine carbonyl functionality
of the inhibitor, respectively. The hydroxyl moiety of
the hydroxyethylene peptide bond isostere forms a very
weak hydrogen bond with -NH of Thr-221 (95.56°; 2.62
A) and another with Asp-32 (132.42°; 2.56 A). The
hydroxyl of Tyr-225 forms a strong hydrogen bond with
the carbonyl functionality of the ketopiperazine moiety
at Psa of the inhibitor (158.93°; 2.55 A). The hydroxyl
group of Thr-221 and the carbonyl moiety of Gly-34
both accept a hydrogen bond each from the -NH at P,

(137.10°; 2.13 A) and -NH at P2’ (152.67°; 2.44 A) of
the inhibitor main chain, respectively. In addition to
these interactions, the oxygen atom of the morpholine
ring results in the formation of a strong hydrogen bond
with the donor —NH of Ala-133 (137.44°; 2.28 A). This
additional hydrogen bond together with the hydrogen
bond contributed by Tyr-225 enables the compound to
exhibit significantly high selectivity towards SAP2X
enzyme. From the above results, it appears that Tyr-225
residue acts as a specific recognition element in determin-
ing the selectivity of SAP2X inhibitors. These interactions
result in a favorable orientation of the compound within
the active site with energy of binding of —108.14 kcal/mol.
However, the observed decrease in inhibitory potency can
be ascribed to the loss in hydrogen bond interactions of
the inhibitor with Asp-218 and the weak hydrogen bond
interactions with Asp-32 and Thr-221.

Compound 7

Compound 7 is similar to compound 6 except that a
dimethyl aminoethyl side chain occupies the P, site of
the inhibitor. This replacement further enhances the
selectivity of the compound over renin as well as Cat D,
although a further drop in inhibitory potency is
observed when compared to compound 6. This drop in
potency is however largely compensated by the very
high selectivity of this compound towards SAP2X over
Cat D. Compound 7 inhibits SAP2X with an ICsy (nM)
value of 6.2. It exhibits a nominal S.I. of ~16 towards
SAP2X over renin and an extremely high S.I. of >9000
over Cat D. This high selectivity of compound 7 over
Cat D probably arises from the presence of an branched
aliphatic substituent at P,’ of the inhibitor.

Docking analysis of compound 7 reveals a similar pat-
tern of hydrophobic and van der Waals interactions at
various subsites of the enzyme as in compound 6.
However, when compared to other substituents at Py,
the branched dimethyl aminoethyl substituent at this
site is able to extend deep into the S, subsite and make
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strong interactions with the active site amino acid
residues. This is reflected in better interactions being
mediated by the residues Ser-35, Ser-36, Asp-37,
Asn-131 and Gly-134 with the P, substituent. Inter-
actions with other residues remain similar to compound
6. The binding orientation of compound 7 is depicted in
Figure 5.

Compound 7 forms nine hydrogen bonds with energy of
binding —121.63 kcal/mol. However, it is the ‘strength’
and pattern of these hydrogen bonds, which differ-
entiate the selectivity pattern and inhibitory potency of
one compound over the other. The -NH of Gly-85
forms a strong hydrogen bond with P, (139.92°; 2.48 A)
(1) carbonyl of the inhibitor. However, the presence of
other stabilizing interactions helps maintain a proper
alignment of the inhibitor so that optimum contacts and
interactions at the respective subsites of the enzyme are
preserved. Interactions of Asp-86 (2) and Thr-222 (3)
are similar as in the earlier compound. Strong hydrogen
bonds are formed between the hydroxyl moiety of the
hydroxyethylene isostere and the catalytically active
aspartate residues Asp-32 (132.16°; 2.52 A) (4) and Asp-
218 (149.92°; 2.12 A) (5). The hydroxyl also forms a
hydrogen bond with -NH of Thr-221 (115.95°; 2.73 A)
(6). The hydroxyl of Tyr-225 forms a strong hydrogen
bond with the carbonyl functionality of the ketopiper-
azine moiety at Psa of the inhibitor (163.64°; 2.51 A)
(7). Similarly, strong hydrogen bond interactions are
observed with Thr-221 and Gly-34 residues. The
hydroxyl group of Thr-221 and the carbonyl moiety of

Gly-34 both accept a hydrogen bond each from the
—NH at P, (149.87°; 2.07 A) (8) and -NH at P,’ (153.82°;
2.07 A) (9) of the inhibitor main chain, respectively.
Thus, the strong hydrogen bond interactions mediated
by the residues Gly-85, Thr-221, the aspartate residues
and Gly-34 together with favorable hydrophobic and
van der Waals interactions at S,’ subsite contribute to
the high selectivity of this compound towards SAP2X.

Compound 8

Compound 8 is also similar to compound 7 wherein a
dimethyl aminopropyl side chain occupies the P, site of
the inhibitor. This change in the P, substituent sig-
nificantly reduces the selectivity of the compound
towards Cat D and results in a slight improvement over
renin selectivity. However, the inhibitory potency of the
compound is restored, comparable to that of compound
6. Compound 8 inhibits SAP2X with an ICsq (nM)
value of 3.8. It exhibits an S.I. of ~37 towards SAP2X
over renin and a significantly high S.I. of >4000 over
Cat D.

Docking analysis of compound 8 reveals no changes in
active site residue interactions with the P, site where the
variation in the side chain is made, indicating the ability
of this site to accommodate various substituents. Thus,
the hydrophobic and van der Waals interactions of the
substituents from P; to P,’ with the subsites S; to S,/
remain essentially similar to those observed in case of
compound 7.
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Figure 5. Binding orientation of compound 7 within the active site of C. albicans SAP2X. Active site amino acid residues (within 4 A from the
inhibitor) are displayed in yellow while the inhibitor is displayed in purple color. Hydrogen atoms of the enzyme have been suppressed for the
purpose of clarity. Figures in parentheses correspond to the hydrogen bond distances (refer to text).
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Figure 6. Schematic representation of the interactions of compound A-70450 with the active site of C. albicans SAP2X.

Extension of the P, substituent by one carbon atom,
however, results in a slight conformational change of
the inhibitor so that the orientation of the inhibitor is
altered, resulting in subtle variations in hydrogen bond
interactions. Compound 8 forms nine hydrogen bonds
with energy of binding —114.39 kcal/mol. Unlike com-
pound 7, the -NH of Gly-85 forms hydrogen bonds
with the inhibitor P’ (109.86°; 2.56 A) and P, (125.01°;
2.55 A) carbonyl moieties. -NH of Asp-86 and —NH of
Thr-222 also form hydrogen bonds with the P, (139.14°;
2.40 A) carbonyl and P3a (149.52°; 2.51 A) ketopiper-
azine carbonyl functionality of the inhibitor, respec-
tively. The hydroxyl moiety of the hydroxyethylene
peptide bond isostere forms a very weak hydrogen bond
with -NH of Thr-221 (96.33°; 2.83 A) and another with
Asp-32 (125.54°; 2.63 A). The hydroxyl of Tyr-225
forms a strong hydrogen bond with the carbonyl func-
tionality of the ketopiperazine moiety at Ps;a of the
inhibitor (155.90°; 2.74 A). The hydroxyl group of Thr-
221 and the carbonyl moiety of Gly-34 both accept a
hydrogen bond each from the -NH at P, (141.54°; 2.11
A) and -NH at P, (174.56°; 2.07 A) of the inhibitor
main chain, respectively. The interactions are similar to
that of compound 6, which help preserve the inhibitory
potency of compound 8. However, the near-4-fold
reduction in selectivity of this compound towards Cat D
can be related to the absence of a hydrogen bond with
Ala-133 (as found in compound 6) and loss of optimal
hydrophobic interactions and van der Waals contacts
with the S, subsite residues (as in compound 7) due to

the extension of P,’ side chain by a single carbon atom.
These interactions together with other hydrogen bond-
ing parameters retain the inhibitory potency of the
compound but result in a significant drop in selectivity
of the compound.

Discussion

The extracellular proteolytic activity of C. albicans is
mediated by the aspartyl protease enzymes.’' The
activity of this secreted aspartyl proteinase was first
described by Staib>?-33 and over the last 25 years its role
as a virulence factor has been the topic of significant
research interest. Furthermore, three-dimensional
structures of SAP2 and a closely related clinical isolate
(referred to as SAP2X and also employed in the current
docking analysis) of the SAP2, complexed with the same
inhibitor A-70450 have been reported.

The current study involving molecular dynamics and
subsequent docking analysis of C. albicans SAP2X
inhibitors (analogues of compound A-70450) has resul-
ted in a new insight into the various structural factors
and interactions responsible for the selectivity and inhi-
bitory potency of SAP2X inhibitors. Schematic diagram
of the interactions of compound A-70450 with the active
site of the C. albicans SAP2X enzyme is depicted in
Figure 6. The binding elements (P;—P,’) have been
labeled using the Schechter and Berger nomenclature
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for proteases.* Molecular recognition and subsequent
interactions of these inhibitors with the active site resi-
dues occur mainly through hydrogen bonding, hydro-
phobic and electrostatic contributions.  Specific
hydrogen bond interactions act not only as anchoring
points for the inhibitors but also contribute towards
specificity and inhibitory potency of these inhibitors.
Also, the binding affinities of the inhibitors are influ-
enced mainly by hydrogen bonding and hydrophobic
interactions with the active site residues of the enzyme.

Compound A-70450, originally reported as renin inhi-
bitor (as a part of Abbott renin inhibition program)>°
was later discovered to inhibit C. albicans SAP2X.*
This compound is a pseudo-hexapeptide possessing
hydroxyethylene peptide bond isostere with the hydroxy
group located between the catalytically active aspartate
residues Asp-32 and Asp-218. The lactam ring present
in this compound (and its analogues) severely restricts
the conformation around P3, with the benzyl side chain
of P; exhibiting the (R)-configuration. As a result,
compound A-70450 exhibits a curved backbone due to
the lack of flexibility imposed by the lactam ring. This is
in contrast to pepstatin generally employed to study the
crystallographic characteristics of aspartic proteinase—
inhibitor complexes, which exhibits an extended con-
formation. Pepstatin incorporates a central statine resi-
due containing a non-scissile bond —(CHOH-CH,)-
which acts as a tetrahedral transition-state mimic.
Another interesting feature of compound A-70450 and
its analogues used in the current study is the conforma-
tion adapted by the substituents at P; and P;. The
benzylic substituent on the ketopiperazine moiety at P;a
of the inhibitors is equivalent to that of D-phenylalanine,
which by virtue of its flexibility mediates intermolecular
interactions with the P; cyclohexyl substituent, which
folds towards the Psa site occupied by the benzylic sub-
stituent. This is consistent with the crystal structure of
A-70450 complexed with C. albicans SAP.3*

Compound A-70450 is the most potent inhibitor with an
1Cso (nM) value of 1.4, followed by compounds 3, 5, 6
(8) and 7 with ICso (nM) values of 2.0, 2.7, 3.8 (3.8) and
6.2, respectively. Compounds 6 and 8 have similar ICs,
(nM) values. Hydrophobic and van der Waals inter-
actions together with hydrogen bonding interactions
(wherein the ‘strength’ of the H-bond is an important
criteria) of the substituents with the subsites of the
enzyme determine the selectivity and inhibitor potency
of this series of compounds. The benzyl group of the
ketopiperazine moiety occupies the Ss;a subsite and
makes interactions with the Ssa subsite residues Val-12,
Ile-30, Thr-221, Thr-222 and Ile-223. Similarly, the
methylpiperazine moiety at S;b exhibits interactions
with Tyr-51, Asp-86, and Asp-120. Compound 3 is iso-
meric to compound 1, with the benzylic side chain of the
ketopiperazine moiety in the (S)-configuration. This
isomeric change, however, does not alter the inhibitory
capacity, but interestingly enhances the selectivity of the
compound by a factor of >50 towards SAP2X over
renin. On one hand, this property of ability of incor-
poration of isomeric structures at the S; subsite is due to
the large S; binding pocket and on the other hand,

enhancement of selectivity occurs due to favorable
interactions with the S; subsite residues. The n-butyl
(nor-leucine unit) substituent of all the inhibitors at P»,
which exhibits S-configuration, interacts with the S,
subsite binding pocket making hydrophobic and van
der Waals contacts with the residues including Thr-221,
Tyr-225, Asn-300, Ala-302 and Ile-304. These residues
help stabilize the n-butyl substituent. However, in com-
pound 2 where the n-butyl substituent exhibits (R)-con-
figuration, these interactions are lost with a
corresponding reduction in the activity of the com-
pound. This occurs as a result of the smaller and more
restrictive S, binding pocket, which is unable to accom-
modate the isomeric structures. Thus, substituents with
only (S)-configuration are tolerated at this subsite.

The cyclohexylmethyl substituent at Py, in its (S)-con-
figuration interacts with the S; subsite residues includ-
ing Ile-30, Tyr-84, Ser-88, Ile-119 and Ile-123.
Interactions are also observed with the residues Gly-85,
Gly-220 and Thr-221. Residues Ile-119 and Ile-123,
which are involved in defining the inhibitor-binding
pockets, have also been observed in case of C. albicans
SAP.3* The isopropyl substituent at P,’ interacts favor-
ably with S’ subsite making hydrophobic contacts with
the side chains of the amino acid residues Gly-34, Gly-
85, Asn-131, Glu-193, Leu-216 and Ile-304.

The P, substituent occupying the S,’ subsite of the
enzyme has been modified in most of the analogues to
confer selectivity on the inhibitor. However, hydro-
phobic and van der Waals contacts with Gly-34, Ser-35,
Ser-36, Asp-37, Ile-82, Gly-83, Tyr-84, Asn-131, Glu-
132 and Ala-133 are observed in almost all the inhibi-
tors. Ile-82 and Tyr-84 residues form a part of the ‘flap’
and strong interactions with these flap residues is
thought to stabilize enzyme—inhibitor interactions. In
case of compound 6, the formation of a single hydrogen
bond between the P, substituent and the active site
alanine residue significantly enhances the selectivity of
the compound over both renin and Cat D. However, the
presence of a branched substituent as in compound 7
greatly enhances the selectivity parameter over renin
and Cat D. Thus, the presence of an Psa substituent in
its (S)-configuration over the conventional (R)-config-
uration together with a branched substituent at P, can
be expected to result in a inhibitor with significantly
high selectivity over both renin and Cat D, although no
compound incorporating these features has been repor-
ted. These changes when brought about in the molecule
can also be expected to possibly bring about highly
conducive changes in the hydrogen bonding pattern
which can further enhance not only selectivity but also
the inhibitory potency of the compound. The docking
analysis of the individual compounds supports this
assumption.

As a general rule, although the analogues differ in
structures to each other, similar interactions are pre-
served to a large extent and that the differences in
activities and selectivities of the compounds occur
mainly due to subtle changes in either optimal or sub-
optimal filling of the active site binding pockets by the
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Table 3. Binding orientation data for inhibitors with Plasmepsin-II
enzyme

Compound Eoind® Einternc® H-bonds®
A-70450 —106.22 —50.04 8
2 —-95.77 —35.06 6
3 —99.83 —38.79 8
4 —103.40 —36.27 7
5 —99.75 —37.72 8
6 —108.14 —46.15 10
7 —121.63 —64.55 9
8 —114.39 —58.37 9

ﬂEbind is energy of blndlng calculated by Ecomplexf(Eenzyme+Einhibilur)
(kcal/mol).

®Einerne 1S interaction energy between the compound and non-con-
served amino acid residues of active site.

°H-bonds is the number of hydrogen bonds formed between the inhi-
bitor and active site residues of the enzyme.

conformationally legal inhibitor side chains, which ulti-
mately determine the strength of the enzyme—inhibitor
interactions.

Apart from the strong hydrophobic and van der Waals
contacts of the active site residues with the substituents
at the respective subsites of the inhibitors, it is the
‘strength’ of the hydrogen bond interactions, which
determine the inhibitory potencies, and more impor-
tantly the selectivity of the compounds in the present
series of compounds. Although similar hydrogen bond
interactions are observed in most of the analogues, vari-
ations in the ‘strength’ (a property related to the angle
and distance of the hydrogen bond formed between the
inhibitor and the enzyme) of the hydrogen bond inter-
actions mediate selectivity and inhibitory potency. In
case of SAP2X, the active site residues involved in
hydrogen bond interactions include catalytically active
Asp-32 and Gly-34 from one loop of the enzyme and
Asp-218, Gly-220, Thr-221, Thr-222 and Tyr-225 from
the other loop together with the flap residues Gly-85
and Asp-86. The involvement of these residues repre-
sents a common theme of interaction of aspartyl pro-
tease inhibitors with the active site of proteinase
enzymes since these residues are highly conserved
amongst the fungal members. Thus, the loss of hydro-
gen bond formation with the flap residue Gly-85 as in
the case of compound 2, results in a significant reduc-
tion of activity of the compound. This supports the
crucial role of flap residues in stabilizing the ‘flap’ after
binding of the inhibitor within the active site. The
reduction in activity of this compound is also due to the
formation of a weak hydrogen bond with Thr-221 and
loss of hydrogen bond interaction with the flap residue
Asp-86. In case of compound 3, again a loss in hydro-
gen bond with Asp-86 accounts for the reduction in
inhibitory potency of the compound. However, the
involvement of the hydroxyl group of Tyr-225 in a
strong hydrogen bond interaction accounts for the
improved selectivity towards SAP2X over renin. The
low level of selectivity of compound A-70450 over other
analogues in the series can be ascribed to the inability of
this compound to exhibit hydrogen bond interactions
with the hydroxyl group of Tyr-225, which probably
acts as a recognition point in mediating the selectivity of
this class of compounds.

Compound 4, which represents a reduced bond between
the P’ and P, linkage, exhibits the lowest inhibitory
potency. This is due to the inability of the inhibitor to
form a hydrogen bond interaction with the flap residue
Gly-85 at P’ of the inhibitor. Also, weak hydrogen
bonds are observed with the active site residues Asp-32
and Asp-86. The high selectivity of compound 6
towards SAP2X over Cat D occurs mainly as a result of
the presence of a morpholine ring at the Py’ site of the
inhibitor. The oxygen atom of this morpholine ring
forms a strong hydrogen bond interaction with the S,
residue Ala-133. In addition to other conserved hydro-
gen bonds, the formation of this hydrogen bond toge-
ther with a strong hydrogen bond mediated through the
Tyr-255 residue results in the enhanced selectivity of
compound 6. The branched substituent at P, in case of
compound 7 is extremely conducive for the very high
selectivity observed towards SAP2X over Cat D. This
occurs as a result of strong hydrogen bond interactions
with the flap residues Gly-34 and Gly-85. These inter-
actions are further complemented by strong hydrogen
bond interactions between the hydroxyl of the hydro-
xyethylene peptide bond isostere and the catalytic
aspartate residues Asp-32 and Asp-218.

Analysis of binding energies of the compounds indicates
that compounds possessing better selectivity profile
exhibit high binding energies (Table 3). Compound 7,
which exhibits the highest selectivity towards SAP2X
over Cat D, has a favorable binding energy of —121.63
kcal/mol. Also the interaction of the compound with the
non-conserved residues of the enzyme has a value of
—64.55 kcal/mol. These energies are observed as a result
of favorable hydrophobic and hydrogen bonding inter-
actions of the compound with the active site residues of
the enzyme. Thus, the favorable interaction of these
selective compounds is reflected in their binding energy
values. Reduction in the interaction energies are
observed in case of compounds with low selectivity
profile and reduced inhibitory potency. For example,
compound 4, which is inactive towards SAP2X, has
interaction energy of —36.27 kcal/mol.

Structural effects of ligand binding were analyzed from
rms deviations between the non-hydrogen atoms of
SAP2X and the inhibitors in the resulting energy-mini-
mized structures of the SAP2X/inhibitor complexes
compared to the starting structure of the receptor used
in all simulations.

Binding of these inhibitors within the active site of
SAP2X does not result in a large movement of the
active site residues to accommodate the compounds.
The patterns of rms deviations produced by the inhi-
bitor binding in the complex are similar for all the inhi-
bitor molecules and are in the range of 0.28-0.42 A. The
rms deviations of the Ca positions with respect to the
starting structure are all in the range of 0.23-0.36 A,
whereas the rms deviations of the backbone and the
active site residues are in the range of 0.25-0.32 and
0.16-0.24 A, respectively. Rms deviations for the inhi-
bitors are in the range of 0.18-0.72 A (Table 4), indi-
cating that the inhibitors do not undergo much
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Table 4. rms Deciations data for Pm-II enzyme and inhibitors

Compound rmsd (enzyme)? rmsd (inhibitor)®
A-70450 0.27 0.18
2 0.31 0.53
3 0.25 0.72
4 0.32 0.38
5 0.26 0.40
6 0.27 0.38
7 0.28 0.47
8 0.29 0.40

4rmsd is the rms deviation of active site backbone as compared to the
refined crystal structure.

®rmsd is the deviation between the non-hydrogen atoms of the ligand
after energy minimization with that of the crystal structure.

distortion but that the minor deviations observed
translate into the changes observed in the hydrogen
bonding pattern made by the inhibitors with the active
site of the enzyme. This suggests that the compounds
with varying inhibitory potencies and/or selectivities
bind to the active site of the enzyme with only subtle
changes in their conformations. In general, it is
observed that the hydrogen and hydrophobic interac-
tions mainly contribute towards the activity of SAP2X
inhibitors. The active site is able to accommodate the
various substituents without inducing large movements
within the active site of the enzyme. In summary, the
nature of the active site residues and their effect on the
binding conformations of the inhibitors influence the
inhibitory potency and selectivity of these inhibitors.

The present study was performed on a selected set of
compound with different inhibitory potencies and selec-
tivity indexes. Although the compounds are similar to
one another and are analogues of compound A-70450,
due to some specific interactions with the enzyme, dif-
ferent energy terms or parameters such as binding
energy, hydrophobic and electrostatic interactions and
hydrogen bonding interactions were calculated and
analyzed. It has been observed that in the present set of
analogous compounds, some specific parameters are
responsible for favorable interaction of specific com-
pounds with the enzyme and, hence, different energy
terms or parameters explain the selectivity of the com-
pounds. However, major factors contributing to the
selectivity of the present series of compound include
binding energy, hydrophobic effects and specific hydro-
gen bonding interactions. Results from the present
study are informative in a qualitative manner. The pres-
ent study does not make any attempt to quantitate the
results. Such a quantitative study would require a larger
set of compounds and an accurate modeling protocol. It
is also not a part of this study to include any common
scoring function for comparison of various energy terms
and a quantitative equation correlating these terms with
biological activity.

To this extent, not many modeling studies concerning
computational aspects of C. albicans secreted aspartyl
protease have been reported to date. The present study
is unique in the sense that the interactions responsible
for the selective inhibition of SAP2X have been made.
The study also attempts to understand the structural

factors responsible for the potency and selectivity of
SAP2X inhibitors. Potency and selectivity of inhibitors
have an important role during clinical application and
thus the results from this selectivity analysis can be
extrapolated for the design and synthesis of selective
non-peptidic SAP2X inhibitors. The selectivity para-
meters considered during the design and synthesis of
non-peptidic inhibitors may also help reduce side effects
to the human host. Thus, finally, the results drawn from
the present study should contribute towards develop-
ment of potent and selective inhibitors of the secreted
aspartyl protease from C. albicans.
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