1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Proteins. Author manuscript; available in PMC 2015 September 04.

-, HHS Public Access
«

Published in final edited form as:
Proteins. 2009 December ; 77(4): 984-993. doi:10.1002/prot.22524.

Molecular insights into Substrate Specificity of Prostate Specific
Antigen through Structural Modeling

Pratap Singh12", Aaron M. LeBeau3, Hans Lilja*, Samuel R. Denmeadel:®, and John T.
Isaacsl®

1The Chemical and Biomolecular Engineering Department, Johns Hopkins University Whiting
School of Engineering, Baltimore, MD 21218

3The Department of Pharmacology & Molecular Sciences, Johns Hopkins University School of
Medicine, Baltimore, MD 21231

4Department of Molecular Pharmacology & Chemistry, Memorial Sloan-Kettering Cancer Center,
New York, NY 10065

SChemical Therapeutics Program, The Sidney Kimmel Comprehensive Cancer Research Center,
Johns Hopkins University School of Medicine, Baltimore, MD 21231

Abstract

Prostate Specific Antigen’s (PSA) role as a biomarker for prostate cancer is well established but
the physiological role of its serine protease activity in the pathobiology of normal prostate and
prostate carcinogenesis remains largely unknown. In light of recent studies that implicate PSA’s
enzymatic activity in the initiation and/or progression of prostate cancer, we performed a
molecular modeling study of substrate binding at the catalytic site of PSA wherein a PSA-
selective substrate (HSSKLQ) was docked in an acyl-enzyme conformation to a 3-dimensional
homology model of PSA. Additionally, virtual positional scanning studies were conducted in
order to gain mechanistic insights into substrate recognition of PSA. Subsequently, 13 novel
peptide substrates of 6-aa length and 4 peptide substrates with varying length were synthesized
and assayed for PSA hydrolysis to evaluate the experimental validity of docking insights,.
Additionally, six novel aldehyde-containing transition state analog inhibitors were synthesized and
tested for their inhibitory potencies. The experimental data on the hydrolysis rates of the newly
synthesized substrates and inhibitory potencies of the aldehyde peptides agreed with the docking
predictions, providing validation of the docking methodology and demonstrating its utility towards
the design of substrate-mimetic inhibitors that can be used to explore PSA’s role in the
pathobiology of prostate cancer.

INTRODUCTION

PSA is a serine protease with chymotrypsin like specificity! and a member of the human
tissue kallikrein family comprising 12 tryspin-like and 3 chymotrypsin-like serine

"To whom correspondence should be addressed. Address: 1650 Orleans Street, CRB1 1M44, Baltimore, MD 21231-1000, Tel:
42110—955—7777, Fax: 410-614-8397. psingh@jhu.edu.
Current Address: Pharmacokinetics, Dynamics & Metabolism, Pfizer Global Research & Development, Chesterfield, MO 63017



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Page 2

proteases?. Since the discovery of Prostate Specific Antigen (PSA) in seminal fluid in
19713, serological screening of PSA has become the most important tool to screen for
prostate cancer, to detect recurrence and to follow response to local and systemic therapies.
Consistent with its role as biomarker for prostate cancer, PSA levels are elevated in blood in
both local adenocarcinoma of the prostate as well as metastatic disease, due to increased
leakage of PSA into the circulation from the extracellular fluid surrounding invading
prostate cancer cells.

While a significant amount of research has been conducted towards developing and
validating PSA as a biomarker, the physiological role of the serine protease activity of PSA
in normal prostate as well as in prostate carcinogenesis process remains ill defined*. One
possible role of PSA’s enzymatic activity of PSA is in the process of liquefaction of human
semen wherein PSA cleaves Semenogelin | and Semenogelin 11, the major gel-forming
proteins in human semen®8. This hydrolysis of semen results in the release of trapped
spermatozoa, thereby aiding in the fertilization process. Another normal physiological
pathway in which the proteolytic activity of PSA might be involved is the activation of the
latent form of transforming growth factor § (TGF-p) present abundantly in semen’. Recent
studies also implicate PSA mediated activation of the TGF-p signaling cascade in the
initiation and/or progression of prostate cancer.8. Prostate cancer cells express high levels of
TGF-B which is shown to be critical for prostate cancer growth and metastasis. Therefore,
through activation of TGF-f signaling in prostate cancer cells, PSAmight play an important
role in stimulating angiogenesis and a variety of inflammatory processes. Similarly, PSA has
been shown to directly cleave cytokine binding proteins (such as IGFBP) and release
cytokines like IGF-1 that are involved in growth stimulation and inflammation®19,
Additional evidence suggests that PSA may play a significant role in osteoblastic bone
metastasis!112,

In spite of growing evidence, a direct role for the enzymatic activity of PSA in prostate
pathobiology has not been established in the normal prostate or prostate cancer. PSA
contains the classic serine protease triad of serine, histidine and asparatic acid residues in its
catalytic pocket that are juxtaposed to each other in correct orientation to drive catalysis of
substrate hydrolysis3-15 (Figure 1). The hydrolysis reaction is initiated by early non-
covalent interactions between the substrate and the PSA catalytic pocket (Figure 1A) that
leads to the formation of an intermediate acyl-enzyme complex between the peptide
fragment on the N-terminal side of the peptide bond being cleaved (Figure 1C) via a
tetrahedral transition state (Figure 1B). The acyl-enzyme complex is transient in nature and
is quickly attacked by solvent water molecules resulting in the formation of a second
tetrahedral transition state (Figure 1D) and subsequent release of the peptide product (Figure
1E) returning the enzyme to the ground state. The efficiency and specificity of the
hydrolysis reaction is dictated by the nature of the energetic interactions between the peptide
backbone/sidechains and the protease residues in the specific binding sites. PSA exhibits a
low protease activity (four orders of magnitude less than chymotrypsin)16 but it is unique
among serine proteases in that it can use glutamine as a P1 residue during substrate
hydrolysisl’. Thus by incorporating glutamine in the P1 position, PSA-specific substrate and
inhibitors can be identified that lack activity against related homolog proteases such as
chymotrypsin.
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In this report we present a molecular docking study of substrate binding to the catalytic site
of PSA in order to elucidate the molecular basis for the specificity of interactions involved
in substrate recognition. The peptide substrate used in this study, HSSKLQ (residues
numbered as PSP5P4P3P2pP1) was discovered previously in our lab on the basis of a PSA
cleavage map for Semenogelin | and Semenogelin 1117, This peptide had a high degree of
selectivity for PSA (i.e. no detectable hydrolysis by chymotrypsin) due to a glutamine
residue in the P1 position and improved K, (470 pM) and Kz (0.011s™1) parameters vs.
chymotrypsin substrates (K, of 2-5 mM for PSA). This peptide was docked into a
homology model of PSA utilized previously in gaining mechanistic insights into the
inhibition of PSA by p-lactam class compounds!8. The binding modes of the peptide
substrate revealed through docking studies were analyzed to delineate the binding sites for
the individual substrate residues and nature of key interactions taking place between
substrate and protease residues. Subsequently, we performed a virtual positional scanning
study in which P1, P2, P3 and P4 residues (Q, L, K, S respectively) were mutated to other 19
amino acids and re-docked in their respective binding pockets to assess the amino-acid
preference of individual binding site. In the end, validity of the docking insights towards
understanding PSA substrate specificity and inhibitor design was evaluated through
experimental studies on newly synthesized peptide substrates and transition state analog
inhibitors.

MATERIALS & METHODS
Homology model of PSA

In the absence of any crystal information on PSA till date, the 3-dimensional structural
model of PSA was developed using the crystal structure of porcine kallikrein (PDB code:
2PKA) and human tissue kallikrein HK1 (PDB code: 1SPJ). The porcine kallikrein has 59%
homology with the human PSA sequence and was used as the main template for building
PSA’s structural model whereas the HK1 crystal structure was used as the secondary
template to model the kallikrein loop which is missing in the main template. The technical
details and the software packages used for model construction are described in the previous
report from our group?8. The homology model of PSA has its Kallikrein loop in a semi-open
configuration which results in a catalytic site accessible to both inhibitors and substrates.
This model is an improvement over previous models'920 of PSA that were developed using
a single template and de novo Kallikrein loop design which is less accurate than the loop
design based on actual crystal structure templates such as the human tissue kallikrein
structure (1SPJ) used in our study. This improved structural model of PSA was successfully
utilized in our previous report!8 on gaining mechanistic insights into the inhibition of
Prostate specific antigen by the B-lactam class compounds.

Docking protocols

Ligand Preparation—Ligand preparation for the docking studies was performed within
MOE software package (CCG, Montreal) as described previously521, All peptide substrates
were built in an extended conformation using the Builder module within MOE software
package and partial charges were assigned using CHARM22 force field. Also, the peptides
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were acetylated at the N-terminal to mimic the peptide backbone of a larger peptide and to
remove the artificial effects of a charged amine at the N-terminal.

Docking Algorithm—The GOLD v3.0 program (CCDC, Cambridge, UK) was used to
dock full substrate (HSSKLQ) and other peptides into the catalytic site of PSA in a covalent
binding mode capturing the acyl-enzyme state formed during the substrate hydrolysis
reaction (Figure 1C). GOLD docking program uses a genetic algorithm22:23 to explore the
full range of ligand conformational flexibility while allowing partial flexibility for the
protein. The catalytic site was defined by a 25A radius spherical space centered on the
catalytic serine residue (Ser189). For each peptide substrate, 20 independent runs (GA=20)
were performed resulting in 20 different docking poses ranked by their GOLD Score. For
every independent run, the number of operations performed (Nop) was 100,000. For each
peptide, the top scoring pose with the highest GOLD score was chosen as the most probable
binding conformation.

Docking of full substrate—The covalent docking of the full substrate (HSSKLQ) was
performed via a covalent bond constraint between the carboxyl carbon at the C-terminal of
the P1 residue and the hydroxyl oxygen of the S189 residue. Past crystallographic studies on
serine protease have revealed that approaching substrate has to form 3 crucial hydrogen
bonds with 204-206 loop of proteasel424, These hydrogen bonds are critical to form the
transition state and subsequent hydrolysis. To confirm with this experimental reality, the
substrate (HSSKLQ) was docked in the catalytic site with their backbone constrained to
form 3 hydrogen bonds with the 204-206 loop residues: the amide nitrogen of the P1
residue, the carbonyl group of the P3 residue and the amide nitrogen of the P3 residue were
constrained to make hydrogen bonds with the carbonyl group of Ser204, the amide nitrogen
of Trp205 and the carbonyl group of Gly206 respectively. The docking run with the full
substrate resulted in 20 poses ranked based on their GOLD scores. These 20 poses were
clustered into 7 sub-classes with unique conformations. The top pose with the highest was
chosen as the most likely conformation.

Docking of Peptide Fragments—A novel virtual positional scanning approach was
devised and utilized to explore P1, P2, P3 and P4 site specificity of PSA in a sequential
manner using the GOLD docking protocols similar to the ones described in previous section.
The scanning studies were performed in the covalent mode in which the C-terminal carboxyl
of the peptide ligand was constrained to form an ester bond with the catalytic S189 residue.
Additionally, based on the length of the peptide fragment, the amide nitrogen of the P1
residue, the carbonyl group of the P3 residue and the amide nitrogen of the P3 residue were
constrained to make hydrogen bonds with the carbonyl group of Ser204, the amide nitrogen
of Trp205 and the carbonyl group of Gly206 respectively. For every peptide fragment, the
top pose with the highest was chosen as the most likely conformation.

For P1 scanning, single amino acids (all 20 amino acids) were docked in the catalytic pocket
and their binding modes and GOLD scores were analyzed in order to evaluate the effect of
each amino acid on the nature of the energetic interactions at the specificity pocket. For P2
scanning, a 2-mer virtual library of peptide substrates was constructed (denoted as XQ
where X refers to all 20 amino acids) such that the P1 position was kept fixed as glutamine.
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For P3 scanning, a 3-mer virtual library was constructed (denoted as XLQ where X refers to
all 20 amino acids) such that the P1 and P2 positions were kept fixed as glutamine and
leucine respectively. For P4 scanning, a 4-mer virtual library was constructed (denoted as
XKLQ where X refers to all 20 amino acids) such that the P1, P2 and P3 positions were kept
fixed as Q, L and K respectively.

Substrate peptide synthesis

Peptides (“PepSpots™) were provided by Jerini Biotools (Berlin, Germany) and were
synthesized on continuous cellulose assays using the SPOT-synthesis technique®. Each
peptide contained an amino-benzoic acid (Abz) moiety at the N-terminus. Abz is a
fluorescent molecule with optimal excitation at 325 nm and emission maxima at 420 nm.
Peptides were synthesized on cellulose membranes then punched out as small disks into 96-
well microtiter plates. Approximately 8 nmoles of peptide are synthesized per spot.

Aldehyde Inhibitor Synthesis

All peptide aldehydes inhibitors were synthesized by the method described by Barany and
coworkers?6 using the backbone amide linker (BAL) approach. Once protected, aldehydes
were attached to the resin and standard Fmoc solid phase peptide synthesis conditions were
used for peptide chain elongation on an APTECH Apex 396 40 well peptide synthesizer.
The leucine peptide aldehydes were deprotected and cleaved from the resin support using a
95% triflouroactic acid / water mixture and purified by reverse phase-high pressure liquid
chromatography (RP-HPLC). The purified fractions were lyophilized and stored at —20°C
until further use. All peptide aldehydes were subjected to NMR and mass spectrometric
analyses to confirm their compositions.

Substrate Hydrolysis Assays

To perform protease assays, peptide spots were rinsed first for 5 minutes with methanol in
order to solubilize the peptides. The spots were then rinsed 4 times for 10 minutes under
gentle agitation with a buffer consisting of 50 mM Tris and 0.1 M NaCl, pH 7.8 (Buffer A).
Fresh buffer A was added to each well along with an aliquot of purified protease (i.e. PSA)
or 50% human serum in buffer A. The plate was sealed with plastic and the reaction allowed
to occur at room temperature without agitation. At described intervals (i.e. 1, 2, 4, 7 and 24
hrs) a 50 pl aliquot of the reaction mixture was transferred to a new 96-well microtiter plate.
Fluorescence was then measured at room temperature using a 96-well fluorometric plate
reader (Fluoroscan Il) with excitation of 355 nm and emission 408 nm. Fluorescence at each
point was plotted and reaction rates determined from the slope of the best-fit line. Rates are
expressed in relative fluorescence units/hr/mg of protease.

Inhibitory Potency Assays

The protocol for evaluating the inhibitory activity of peptide inhibitors was based on similar
protocols described previouslyl8. Briefly, the assay for inhibition was performed in PSA
activity buffer (50 mM Tris, 100 mM NacCl, pH 7.8, 10% DMSO) with an enzyme
concentration of 2.5 ug/ml PSA (Calbiochem) and 300 uM of the PSA substrate Mu-
SRKSQQY-AMC (California Peptide). All assays were performed at room temperature by
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the addition of inhibitor into the assay buffer containing enzyme and substrate with the final
volume of 200 pl per assay. Subsequent dilutions were made from the highest concentration
of inhibitor (1 mM) with each inhibitor tested at a minimum of ten different concentrations.
Dilutions were plated in triplicate into a 96 well plate format with 50 pl per well. Substrate
hydrolysis was monitored for 30 minutes with 3 minutes between each data point by
measuring fluorescence change secondary to AMC release using a Fluoroskan 96-well
fluorometric plate reader (excitation, 355 nm; emission, 460nm). Data were plotted as vq/vj
-1 vs. [1], where vy is the rate of substrate hydrolysis in the absence of inhibitor, vj is the rate
of substrate hydrolysis in the presence of inhibitor and [1] is the concentration of PSA
inhibitor. The plots of vg/vj -1 vs. [I] were linear with the reciprocal of the slope of the line
equal to the apparent inhibition constant, Kj(spp). The inhibition constant, K;, was then
calculated using the equation Kj = Kijeppy/(1 + ([S]/Km)). The Km value of the PSA
substrate Mu-SRKSQQY-AMC was 140 pM as determined by kinetic analysis using Sigma
Plot software.

RESULTS & DISCUSSION
Overall binding mode of HSSKLQ

The overall binding orientation of the HSSKLQ peptide substrate (residues numbered as
PSP5P4p3p2pl) in the acyl-enzyme state as illustrated by top docking pose is shown in
Figure 2A. All residues except the P1 residue (Q) are bound in an extended configuration
which is consistent with the canonical view of how peptide substrates and inhibitors bind at
the catalytic pocket of serine proteases?’. The backbone atoms of P3-P1 residues are in the
right orientation to form a short anti-parallel  sheet with the 204—206 residues of PSA
(Figure 2B). Formation of this short p-sheet is required in all classes of serine proteases to
correctly position the scissile peptide bond around the catalytic triad residues, i.e. His41,
Ser189 and Asp96. In this orientation, the amide nitrogen of the P1 (Q1) residue, the
carbonyl group of the P3 (K3) residue and the amide nitrogen of the P3 (K3) residue make
hydrogen bonds with the carbonyl group of Ser204, the amide nitrogen of Trp205 and the
carbonyl group of Gly206 respectively. The -sheet conformation is interrupted at the P1
residue which adopts dihedral angles values in the right handed alpha helical (ag) region of
the ramachandran plot.

The importance of the conserved hydrogen bonds between the substrate backbone and 204—
206 loop of the PSA was validated through the hydrolysis data on ¢8-12 peptides containing
d-amino acid at the P1-5 positions respectively (Table I). A single d-amino acid in the
peptide substrates is known to disrupt the formation of secondary structures such as -
sheets?8 and its presence at the P1-3 positions is likely to have a drastic affect on the
hydrolysis rates since the backbone of only these residues is involved in making crucial
hydrogen bonds as part of the $-sheet formation. The d-amino stereochemistry at P4 and P5
is not likely to affect the backbone conformation of P1-3 residues, thus having little impact
on overall hydrolysis rates. Almost complete loss of hydrolysis for c8-10 (single d-amino
substitution at P1-3 respectively) with no change for c11-12 (single d-amino substitution at
P4-5 respectively) is in direct support for this rationale.
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The application of covalent docking to model the acyl-enzyme conformation as presented
above is a promising albeit a less studied technique. The covalent docking is less likely to
suffer from limited sampling issues since conformation space of covalently-bound ligands is
restricted and docking is more likely to produce correct binding orientations. Supporting this
rationale, a recent report from our group presented the success of this methodology in
explaining the stereochemistry dependent different in inhibitory potencies of B-lactams?.

Specificity of individual binding sites

To gain structural insights towards substrate recognition and the specificity of substrate-
protease interactions, we analyzed the binding sites of individual substrate residues and the
nature of their energetic interactions with the protease residues in the catalytic pocket. In the
following sections, we present a detailed analysis of substrate binding sites in the catalytic
pocket of PSA and the dominant hydrophobic and polar interactions taking place. We also
present an analysis of results obtained from the virtual scanning studies that were performed
in order to asses the amino acid preference of an individual binding site. In these scanning
studies, the P1, P2, P3 and P4 positions of PSA substrate were sequentially mutated to all 20
amino acids and re-docked in their respective binding sites while the backbone heavy atoms
of the substrate were constrained to the canonical conformation described in previous
section. In this manner, we insured that observed differences in GOLD scores and sidechain
orientations were not influenced by the unrealistic backbone movements and were solely
due to the molecular interactions of sidechains within their binding pocket.

P1 binding site—The P1 residue (Q1) binds at the specificity pocket lined by polar
residues with the partial hydrophobic sidechains such as Ser217, Thr184 and Tyr219 (Figure
3A). The presence of these residues imparts a hydrophobic character to the sides of the
specificity pocket and at the same time, a polar character to the bottom of the pocket. This
allows optimum binding of medium sized hydrophobic residues such as leucine but not large
sized residues such as tryptophan. Additionally, residues such as glutamine and tyrosine can
make hydrogen bonding interactions with the polar residues at the bottom of the pocket
while preserving hydrophobic interactions through the hydrophobic part of the sidechains.
These hydrogen bonds buried deep within the protease core are likely to be strong since the
energetic penalty for an unsatisfied hydrogen bond buried in the protein core is very high.
This molecular rationale was experimentally tested through hydrolysis data on the newly
synthesized substrates c1 and c2 (Table I). The histidine residue at the P1 position in c1 has
the ability to form hydrogen bonding interactions with polar residues at the bottom of
specificity pocket while c2, with alanine at the P1 position, is unable to do so. Thus, c1, and
not c2, is predicted to maintain good substrate activity for PSA. The hydrolysis data for c1
and c2 are in exact agreement with this assertion.

The virtual positional scanning at the P1 position revealed that while glutamine, leucine,
phenylalanine, tyrosine and histidine are able to bind at the P1 pocket in a canonical
conformation required for the inhibitory potency, residues such as isoleucine, valine and
tryptophan bind less well. These docking results are in agreement with earlier studies which
used experimental position scanning?® and phage display technique® to explore the P1
specificity of PSA.
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P2 binding Site—The P2 residue (L2) sidechain is docked against the face of the
imidazole ring of the catalytic His41 residue (Figure 3B). On the opposite side, the -
branched sidechain of leucine is in close contact with the hydrophobic Trp205 residue.
Additionally, polar residues such as Ser93 and Tyr77 are also lining the farthest end of the
P2 pocket, creating a predominantly negative electrostatic surface potential and providing a
polar characteristic to the P2 pocket. While the nature of residues forming the P2 pocket is
similar to the P1 pocket, an important distinction lies in the flexibility of the P2 pocket
structure. P2 pocket residues are located at the edges of kallikrein loop and, as such, the
shape of the pocket is strongly influenced by the mobility of the Kallikrein loop.

Consistent with the mixed polar-hydrophobic characteristics of the P2 pocket, virtual
positional scanning revealed that the P2 pocket is permissive in allowing residues ranging
from polar ones such as tyrosine and glutamine and hydrophobic residues such as leucine,
norleucine, alanine and valine. Exceptions are isoleucine (negative GOLD score), proline
and tryptophan that produced steric clashes with the P2 pocket residues. It was also noted
that while valine binding to the P2 pocket was reasonably energetically favorable, its -
branched sidechains did not interact optimally in the positive electrostatic potential of His41.
The validity of these structural insights was tested using hydrolysis data on substrates c3
(tyrosine at the P2 position) and c4 (proline at the P2 position) (Table I). The high substrate
activity of ¢c3 compared to the almost complete loss of hydrolysis activity for c4 is consistent
with the structural rationale.

P3 binding site—The P3 residue (K3) acts as a lid to the specificity pocket and docks at a
location just above the P1 binding site in the specificity pocket (Figure 3C). The aliphatic
sidechain of K3 is positioned in the vicinity of the hydrophobic phenylalanine group of the
Phel41 residue and also in close contact with the methylene group of the Ser186 sidechain.
More importantly, the free amine group of K3 is within 3.5A distance of the carboxyl
moiety of the Glu208 sidechain. While the orientation of the Glu208 sidechain is not ideal,
there is a strong possibility for a salt bridge formation. It should be noted that Glu208 has
been shown to be functionally significantZC for the binding of PSA with its physiological
inhibitor a-antichymotrypsin (ACT). Also, the presence of an acidic residue at position 208
is not common in the chymotrypsin family of serine proteases. Taken together, these
findings suggest an important role for Glu208 interactions in determining PSA specificity at
the P3 residue.

While Glu208 salt bridge formation might be critical for providing the specificity of
inhibition, virtual positional scanning of the P3 position suggests that this residue is not
critical for the absolute inhibitory potency. Polar residues with a similar size as lysine (i.e.
glutamine) that can make strong hydrogen bonds with Glu208 are also be permitted at the P3
position. Additionally, residues with relatively short sidechains such as serine, valine, and
alanine are capable of initiating favorable interactions with Phe141 and Ser186 sidechains,
though these interactions are not likely to be as strong as those for lysine and glutamine.
Additionally, charged residues with short sidechains, such as asparatic acid and asparagine,
are energetically unfavorable to dock in the area lined by Phel41 and Ser186 and are not
predicted to be good candidates for P3 substitution. In order to test the structural rationale
for P3 specificity, substrates c5 (serine at the P3 position) and c6 (alanine at the P3 position)
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were synthesized and tested for their hydrolysis efficiency (Table I). While serine and
alanine are permitted at the P3 position, they do not have sidechains with adequate length to
make polar interactions with Glu208. Thus c¢5 and c6 are predicted to be less efficient
substrates compared to cO with lysine at the P3 position. The hydrolysis rate data for these
substrates concur with this structural prediction.

P4 binding site—The P4 pocket is located in the lower groove area, and mainly formed
by His164, Pro165, GIn166 and Trp205 residues (Figure 3D). The P4 binding pocket is
bounded by the Kallikrein loop from above but loop residues do not seem to be involved in
any important energetic interactions. The GIn166 sidechain is ideally placed to form a
hydrogen bond with the hydroxyl of the P4 serine. The presence of GIn166 at this position is
unique for PSA and not common in other serine proteases from the kallikrein family.
Previous studies?? have suggested that this residue interacts with the protease inhibitor ACT,
suggesting its role in determining P4 specificity. The P4 pocket surface area is relatively
small and the distance between the GIn166 and the backbone Ca atom of P4 residue is quite
short, suggesting that only residues with small sidechains are likely to maintain substrate
activity towards PSA.

To test these molecular insights on P4 amino acid preference, we synthesized and tested a
substrate containing alanine at the P4 position (c7) for its hydrolysis activity. As predicted
by docking studies, c7 possesses high activity for PSA hydrolysis. The 2-fold increase in the
hydrolysis rate of c7 compared to cO suggests that the alanine residue at the P4 position is
more favorable compared to serine at the same position, possibly due to its smaller side-
chain with high torsional degrees of freedom. The high substrate activity of this peptide also
suggests that a hydrogen bonding interaction with GIn166 might not be critical for P4 site
binding. Rather, the key determinant for P4 site specificity might be the impact of the P4
residue on the ability of P1-3 residues to make an anti-parallel $-sheet conformation with
the backbone of the 204-206 protease residues. Smaller residues like serine and alanine
allow formation of this conformation, which is crucial for hydrolysis, while residues with
larger sidechains are likely to indirectly affect the f-sheet conformation through allosteric
interactions.

P5 residue and beyond—The S® and H® sidechains are positioned in the lower groove
area but they are exposed to the solvent and there are no specific interactions observed with
protease residues. This seems to suggest that P5 and residues on its N-terminal do not
provide a significant contribution towards the overall binding affinity of an inhibitor
molecule. To test this assertion, we analyzed our previous studies on the hydrolysis rates for
peptide substrates with varying length (Table I1). As shown, shorter peptides (c13-15)
containing three or less residues completely lacked the cleavage by PSA, and hydrolytic
activity of PSA was seen only when serine at the P4 position was added (c16). While the
addition of two more amino acids (c7 with 6 residues) produced slightly better hydrolysis,
this experimental data agrees with the docking prediction in that the P1-4 residue are the
most critical for the PSA’s substrate activity.
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Design of Transition State Analogs

To demonstrate the utility of molecular insights towards designing novel inhibitors of PSA,
we synthesized six novel peptide sequences containing aldehyde functionality at the C-
terminal (Table 111). The aldehyde moiety at the C-terminal of peptide substrates is known to
generate a transition state like conformation that is resistant to subsequent hydrolysis, thus
resulting in the robust inhibition of protease activity39-31. The newly synthesized peptide
differed only at the P2 position and rest of the peptide sequence was kept the same. The
fluorescence-based inhibitory assays on these aldehyde peptides revealed that peptide c18
with leucine at the P2 position had the highest potency with a Ki value of 6.5 uM. When the
P2 residue was replaced with tyrosine in ¢19, the potency was only slightly lower (13.09
UM). This is in agreement with the nature of the P2 binding site which suggests that
tyrosine, with its polar hydroxyl at the end, can optimally interact with the polar area in the
P2 binding pocket lined by Ser93 and Tyr77 (Figure 3B). Consistent with this observation,
when the hydroxyl of the P2 tyrosine is replaced by bromine in the c20 peptide, there is a
complete loss of inhibitory potency. The tryptophan at the P2 position as in peptide c21 does
not act favorably with the electronegative potential in the P2 pocket, resulting in a Ki > 100
UM. Similarly, an asparatic residue at the P2 position is severely unfavorable due to
electrostatic repulsion between the negatively charged carboxyl sidechain and the
electronegative potential of the P2 binding pocket, explaining the complete loss of inhibitory
potency for peptide c22. The proline residue at the P2 position in peptide ¢23 clashes with
the catalytic His41 residue due to its irregular shape. This explains the poor inhibitory
potency of ¢c23 (> 500 uM).

CONCLUSIONS

In this study, we have utilized a combination of substrate docking and a virtual positional
scanning approach to elucidate the binding mode of peptide substrates within the catalytic
pocket of PSA and determined amino acid preferences at the individual binding sites of
peptide substrates. One of the conclusions drawn from these docking studies was that only
P1-4 residue are major determinants of binding affinity and substrate specificity for PSA.
The mechanistic insights revealed by the current modeling studies were experimentally
validated through chemical synthesis and testing of new peptide substrates and aldehyde-
based inhibitors. Currently, structural findings from this study are being utilized in ongoing
work to design and develop potent substrate mimetic inhibitors of PSA through
incorporation of aldehyde and boronic acid functionality at the C-terminus of substrate
sequences. The small molecule inhibitors resulting from these efforts will serve as important
chemical tools to explore PSA’s biological role and could potentially represent therapeutic
agents given the growing evidence implicating a role for PSA activity in the pathogenesis of
prostate cancer.
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Figure 1.

Mechanistic scheme for the substrate hydrolysis reaction catalyzed by PSA. lllustrated in the
scheme are catalytic triad residues (HIS41, SER189 and ASP96) and peptide substrate
residue (with the P1 residue as glutamine) with its P1 residue docked at the catalytic site in
the S-1 pocket. Dotted lines denote hydrogen bonds and curled arrows represent transfer of
proton in a subsequent step. (A): Early non-covalent Michaelis complex (B): Initial
tetrahedral transition state formed by the nucleophilic attack of catalytic serine residue
(SER189) onto the carboxyl of the peptide bond being cleaved. (C): Acyl-enzyme complex
formation between the substrate fragment on the N-terminal side of the cleaved peptide bond
and the catalytic serine residue. (D): Second transition state formed upon the nucleophic
attack of solvent water molecule onto the ester bond of acyl-enzyme complex. (E): Collapse
of second transition state leads to the transfer of a water hydroxyl to the C-terminal carbon
and a water proton to the catalytic serine residue. Ultimately, the product is released from
the catalytic pocket and the enzyme returns to the ground state.
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Figure 2.

Bi%ding mode of peptide substrate (H8S°S*K3L2Q1) making an acyl-enzyme complex with
PSA. (A) Surface representation of the structural model of PSA and overall orientation of
the substrate (shown in cyan) in the catalytic site. Catalytic triad residues (HIS41, ASP96
and SER189) are shown in yellow. Also illustrated are the major topological features of PSA
structure, i.e. the S-1 pocket, upper groove, lower groove, arginine patch and valley region.
(B) Interactions of substrate sidechains (shown in cyan) with the key residues in the catalytic
pocket. Catalytic triad residues are shown in yellow, the protease residues in green and the
backbone of 204-206 residues in navy blue. Dotted lines represent hydrogen bonds, and a
dotted circle locates the ester bond between the C-terminal carbonyl of the hydrolyzed
peptide bond of the substrate and the sidechain of catalytic SER189.
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Figure 3.
The binding sites for individual residues of peptide substrate (HSSKLQ) and the key

protease residues interacting with the sidechains of the substrate residue through hydrogen
bonding or hydrophobic interactions. The covalently attached substrate is shown in cyan,
catalytic triad residues in yellow, and the protease residues in green. (A): P1 residue binding
site. (B): P2 residue binding site. (C): P3 residue binding site. (D). P4 residue binding site.
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Amino acid sequence and relative hydrolysis rates of newly synthesized substrates.

Table |

# Peptide Relative
Substrate | Hydrolysis Rate
c0 | GSSKLQ 100.0
cl | GSSKLH 170.6
c2 | GSSKLA 315
c3 | GSSKYQ 256.9
c4 | GSSKPQ 7.2
c¢5 | GSSSLQ 52.6
c6 | GSSALQ 43.2
c7 | GSAKLQ 207.2
c8 | GSSKLg 14.2
c9 | GSSKIQ 10.7
c10 | GSSKLQ 5.0
cll | GSsKLQ 103.8
cl12 | GsSKLQ 104.1

Page 16

The peptide GSSKLQ (c0) was used as a reference to calculate relative hydrolysis rates. The single amino acid difference between a peptide and
the reference sequence is indicated by bold Italic font at the corresponding position. The small underlined letter in ¢8-12 peptides indicates d-
amino acid at that position.
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Table Il

Hydrolysis Rate of Substrates with Varying Sequence Length.

Hydrolysis rate

# Peptide substrate pmol/min per 100 pmol of PSA
c13 NH,-Q-AMC Undetectable
cl4 Mu-LQ-AMC Undetectable
cl5 Mu-KLQ-AMC Undetectable
cl6 Mu-SKLQ-AMC 29.6
cl7  Mu-HSSKLQ-AMC 62.7

Page 17

The data presented in this table has been taken from our previous study. All substrates had 7-amino-4-methyl coumarin (AMC) attached to their C-
terminal, and 4-morpholinecarbonyl (Mu) capping group at the N-terminal (except c13). Each assay contained 200 pmol of PSA and 0.2 mM of
substrate in assay buffer (50 mM Tris, 0.1 M NaCl).
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Table llI
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Amino Acid Sequence and Binding Potencies (Ki) of Newly Synthesized Transition State Analogs Containing
Aldehyde (CHO) Functionality at the C-Terminal

#  Transition state analog  Ki (uM)
cl8 Cbz-SSKLL-CHO 6.51
c19 Cbz-SSKYL-CHO 13.09
€20  Cbz-SSKF(Br)L-CHO  >500
c21 Cbz-SSKWL-CHO 155.34
c22 Cbz-SSKDL-CHO >1000
c23 Cbz-SSKPL-CHO >500

The N-terminal of these compounds was capped with carboxybenzoyl (Cbz) group.
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