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Combinatorial Strategies for Targeting Protein
Families: Application to the Proteases**
Dustin J. Maly, Lily Huang, and Jonathan A. Ellman*®@

Tens of thousands of proteins have been identified as a result of
recent large scale genomic and proteomic efforts. With this large
influx of new proteins, the formidable task of elucidating their
function begins. However, this task becomes more manageable if
proteins are divided into families based upon sequence homology,
thereby allowing tools for their systematic study to be developed
based upon their common structural and mechanistic character-
istics. Combinatorial chemistry is ideally suited for the systematic
study of protein families because a large amount of diversity can be
readily displayed about a common scaffold designed to target a
given protein family. Targeted combinatorial libraries have been
particularly effective for the study of a ubiquitous family of
proteins, the proteases. Substrate-specificity profiles of many
proteases have been determined by using combinatorial libraries

1. Introduction

The initial sequencing of the human genome suggests the
presence of 30000-40000 genes."2 The number of proteins
encoded by these genes is much greater, when splice variants
and post-translational modifications are taken into considera-
tion. Furthermore, tens of thousands of additional encoded
proteins have been identified from genomic and proteomic
analysis of other organisms. For years to come, establishing the
function of these proteins will be one of the most important
goals of research in the biological sciences.

Characterization of this huge number of proteins is a
seemingly insurmountable challenge. However, this task be-
comes less daunting when we consider that a majority of the
proteins may be categorized into a much smaller collection of
protein families, based upon sequence homology and, con-
sequently, protein structure and mechanism.!" 2 Combinatorial
chemistry methods designed to exploit common structural or
mechanistic features of protein families will play a critical role in
establishing protein function, since a well-designed library
synthesis method can potentially be applied to any member of
a protein family. Targeted library methods may be designed to
aid in the identification of the physiological substrates or ligands
of members of a protein family. Targeted libraries may also be
designed to enable rapid identification of cell-permeable ligands
that selectively activate or inactivate any member of a protein
family. These ligands can serve as powerful tools to elucidate the
role of a protein in cells and in model organisms, in addition to
serving as leads for drug discovery efforts.
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of appropriately labeled peptides. This specificity information has
been utilized to identify the physiological protein substrates of
these enzymes and has facilitated inhibitor design efforts. Fur-
thermore, combinatorial libraries of small molecules prepared with
mechanism-based scaffolds have resulted in the identification of
potent, small-molecule inhibitors of numerous proteases. Cell-
permeable small-molecule inhibitors identified by these methods
have served as powerful chemical tools to study protease function
in vitro and in vivo and have served as leads for the development of
therapeutic agents.
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This review will summarize current combinatorial strategies
designed to target one of the most important classes of proteins,
the proteases. Libraries have been designed to both establish
substrate specificity and to identify potent and selective small-
molecule inhibitors.

2. Role of Proteases in Biological Processes

A majority of biological processes are regulated by proteases,
which catalyze the hydrolysis of amide bonds in peptides and
proteins (Scheme 1) to cause activation or inactivation of key
protein targets. For example, in apoptosis, certain caspases
inactivate proteins responsible for cell maintenance and DNA
repair. In contrast, proteolytic cleavage of prohormones gen-
erates active peptide hormones that regulate many physiolog-
ical processes. The homeostasis of numerous essential functions
is tightly regulated by protease cascades. Two such processes,
blood coagulation and fibrinolysis, are required for wound
healing but have severe consequences when the body’s
machinery malfunctions, resulting in stroke and heart attacks.

[a] Prof. J.A. Ellman, D.J. Maly, L. Huang
Department of Chemistry
University of California
Berkeley, CA 94720-1460 (USA)
Fax: (+ 1) 510-642-8369
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[**] A list of abbreviations can be found at the end of the text.
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Scheme 1. Standard nomenclature for protease substrate cleavage. P,,, P;, P,, P;,
P/, P), PJ, P, etc. designate amino acid side chains of a peptide substrate.
Cleavage occurs between the P, and P’ residues. The corresponding binding sites
in the protease active site are designated as the S,,, S;, S,, S, S/, S;, S5, S,/ etc.
subsites.P!

Proteases are also essential to bacterial, viral, and parasitic
pathogens where they can play a key role in replication,
nutrition, and host invasion.

Due to the essential biological roles of proteases, a number of
these enzymes are important therapeutic targets for a wide
variety of illnesses, which range from inflammation, neuro-
degenerative disease, cardiovascular disease, and cancer to viral,
parasitic, and bacterial infections. The therapeutic utility of
protease inhibitors has been demonstrated by the treatment of
AIDS with HIV protease inhibitors and the treatment of hyper-
tension with angiotensin-converting enzyme inhibitors.
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3. Protease Substrate Specificity

The ability of proteases to selectively act upon a small number of
targets in a myriad of potential physiological substrates is
necessary for maintaining the fidelity of most biological
functions. While substrate selection by proteases is governed
by many factors, a principal determinant is the substrate
specificity of the enzyme’s active site (Scheme 1).B! Knowledge
of a protease’s substrate specificity can greatly facilitate the
elucidation of the physiological substrates of the protease,
which is essential for defining its role in complex biological
pathways. Determination of substrate specificity also can
provide the basis for the design of potent and selective
substrates and inhibitors.

Traditionally, panels of peptides were analyzed individually as
potential substrates for a specific protease. While this process
provides valuable information, it is tedious and impractical for
the screening of a large number of potential substrates. Over the
last few years a number of elegant combinatorial approaches
have been developed to determine the substrate specificity of
proteases. All of these combinatorial methods involve the
generation of libraries of potential substrates, proteolysis of
favorable substrates, and identification of the cleaved substrate
sequences. Combinatorial substrate libraries can be divided into
two categories depending on their method of generation:
biological and synthetic. Biological library methods include the
use of substrate phage display,* > the randomization of amino
acids at physiological cleavage sites, and the use of in vitro
expression cloning of complementary DNA (cDNA) libraries to
determine physiological substrates.”? While biological combina-
torial methods are very powerful, they are complicated by the
lack of homogeneity in their presentation of potential substrates
and the fact that these methods are often time consuming and
technically demanding.

3.1. Synthetic protease substrates

Solid-phase peptide synthesis methods allow for the reproduc-
ible production of libraries of millions of potential substrates in a
defined manner. These libraries can be synthesized in parallel
arrays or by split and mix synthesis to provide discrete
compounds or defined mixtures. Once these libraries are
prepared they can then be screened against the desired
protease directly on solid support or in solution. Finally, the
analysis of protease cleavage can be monitored in a continuous
or discontinuous manner.

3.2. Synthesis and screening of fluorescence-quenched
peptide substrate libraries

Internally quenched fluorescent peptide substrates have proven
to be of great utility for the assay of protease activity.® These
substrates demonstrate long-range energy transfer between a
donor fluorophore on one end of the peptide and a suitable
acceptor on the other end. Upon cleavage of the substrate, the
efficiency of this energy transfer is diminished and an increase in
donor fluorescence of 10- to 50-fold is observed.®
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Internally quenched fluorescent peptide substrates have been
utilized to develop a powerful combinatorial method for
determining protease substrate specificity (Scheme 2).”! An
essential component of this methodology is the utilization of a
solid support (for example, Tentagel, polyethylene glycol - poly-
(N,N-dimethylacrylamide) copolymer (PEGA), or superpermeable
organic combinatorial chemistry resin (SPOCC)) that allows
direct enzymatic screening of libraries of support-bound mole-
cules. An amino acid that is conjugated with a suitable
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Scheme 2. Overview of substrate-specificity profiling with fluorescence-
quenched peptide substrate libraries. D = fluorescence donor, A = fluorescence
acceptor.
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fluorescence donor is attached to the solid support. A peptide
library is then synthesized by split and mix synthesis,"® such that
a single peptide sequence is synthesized on each resin bead.
Finally, an amino acid labeled with a fluorescence acceptor is
coupled to the N terminus of each peptide. This library of
internally quenched fluorescent peptide substrates is then
partially proteolyzed by the protease of interest and the most
fluorescent beads are chosen for sequence determination.
Sequencing of the free N-terminal amino group with Edman
degradation allows determination of the substrate specificity on
the prime and nonprime sides (Schemes 1 and 2).

3.2.1. The o-aminobenzamide - 3-nitrotyrosine donor -
acceptor pair

The utility of combinatorial libraries of internally quenched
fluorescent substrates was first demonstrated by determination
of the substrate specificity of the serine protease subtilisin
Carlsberg.”! Two resins, PEGA and Kieselguhr-supported poly-
(N,N'-dimethylacrylamide), were utilized to construct the libraries
due to their excellent swelling properties in both organic and
aqueous media, which allowed library synthesis, as well as direct
enzymatic screening, on solid support. The donor-acceptor
amino acid pair o-aminobenzamide (Abz) and 3-nitrotyrosine
(Y(NO,)) was utilized to create a split and mix library of
general structure H,N-Y(NO,)-X;-X,-P-X;-X,-Xs-K(Abz)-spacer-
PEGA (Scheme 3), where X is all proteinogenic amino acids.

NH;

NO, HN™ S0
HO J
H
N
H,N x1x2Px3x4x5HJi; _O
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Scheme 3. General structure of the o-aminobenzamide and 3-nitrotyrosine
fluorescence-quenched substrate library used to determine the substrate specifity
of subtilisin Carlsberg.

Placement of a fixed proline residue was used to orient the
library for cleavage between the X; and X, residues due to the
absolute specificity of subtilisin Carlsberg for proline at the P,
position. The screening results demonstrated that subtilisin
Carlsberg has a distinct preference for glutamic acid at the P’
position and a preference for leucine or phenylalanine at the P,
site. Other subsites were found to be much less stringent in
substrate specificity, with the P, subsite showing a distinct pH
dependence.

This strategy has been utilized to determine the substrate
specificities of several other proteases. In one study, a library of
the general structure H,N-Y(NO,)-X;-X,-X5-X,-(R/K)-X5-X4s-K(Abz)-
spacer-PEGA 4y, was constructed and used to gain information
about the substrate specificity of the cysteine protease cru-
zain." The substrate specificity of the cysteine protease CPB2.8
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from the protozoan parasite Leishmania mexicana was also
evaluated by synthesizing and screening a library of
general structure H,N-Y(NO,)-X;-X,-X5-X,-X5-X¢-X;-K(Abz)-spacer-
PEGA 4500-"? It was determined that the substrate specificity of
CPB2.8 is very similar to that of cruzain with a few subtle
differences. In a different study, a library of structure H,N-X;-X,-
Y(NO,)-X5-X4-Xs-Xs-K(Abz)-spacer-PEGA 4o, Was constructed and
screened against the matrix metalloprotease, MMP-9.1'¥ Several
good substrates for MMP-9 were identified by this method.
Unfortunately, for this enzyme, there was

J.A. Ellman et al.

ed of the general structure H,N-Y(NO,)-P-X;-X5-X5-X,-X5-X¢-X5-
K(Abz)-spacer-PEGA,q, With a proline residue introduced to
prevent binding of o-nitrotyrosine in the S, subsite. To prevent
the uneven distribution of papain in the solvated resin beads,
acidic amino acids were not included in this library. Screening
this second library successfully provided the P,-P," substrate
specificity of papain (Figure 1). The kinetics of the best substrates
determined by the solid-phase assay were then compared to
solution-phase donor - quencher substrates. For a number of the

not a good correlation between the effi- ELE 4
ciency of cleavage of support-bound and 30 | Pa 40 1 Pa
solution-phase substrates. S :::

This methodology has been further uti- § 20 - 25
lized to develop a series of proteolytically (TS 20
cleavable peptide linkers for bioconjugates. g 10 l l l ::
These bioconjugates were designed to 5 l 5 }l
allow selective release of radiolabeled re- o remprep Brprengrrgrmgrangrgrr B R R, ) (B _l g
agents from a targeting moiety (for exam- ACDEFGHIKLENPORSTYWY ACDEFGH IXLUNPORSTYWY
ple, an antibody) upon entering the lyso- Amino acid Amino acid
some. A library of the general structure H,N-
Y(NO,)-X;-X5-X5-X,-F-K(Abz)-spacer-PEGA 35 x
was constructed, where X is any one of nine 20 P2 P P
amino acids known to be compatible with T »
simple bioconjugate construction. This sup- ;-=>>' 20 |
port-bound library was then screened % 18 1%
against the abundant, lysosomal proteases &’ 10 1
cathepsin B and cathepsin D.'¥ This meth- I 5
odology allowed for the rapid discovery of M | BN ¢ :
efficiently cleaved peptide linkers for these ACDEFGHIKLMNPORSETYWY ACDEFGHIKLMNPORSTYWY
proteases, even with the small subset of Amino acid Amino acid
amino acids used.

A thorough study of the subsite specific-
ity of the cysteine protease papain has 30 - 30 ,
recently been published."™ This study dem- ~_ ,¢ Py 25 P2
onstrates the utility of fluorescence- &

. e > 0 o

quenched combinatorial libraries for deter- e
mining protease substrate specificity, while % 1 s
also revealing some of the potential limi- £ 19 "0
tations in applying this methodology. A 5 I I 5 I I .
library of the general structure H,N-Y(NO,)- 0 X o R A, l _——
X1-X5-X35-X4-Xs5-X¢-X;-K(Abz)-spacer-PEGA ;o00 ACDEFGHIKLUNPORRETY WY ACDEFGRIKLMKPGRST VWY
was constructed and screened against pa- . Amino acid Amino acid
pain. This library selected preferred sub-
strates with a large percentage of aspartic
and glutamic acid residues at all sites. 20 4
However, these amino acids were selected :: P :: P,
due to the ability of these acidic residues to LA 1
increase the effective local concentration of §' 12 :: |
basic papain (pl =8.75) in the solid support “g’_ ': | .
rather than because of the substrate pref- :»_’ 6 &
erence of papain. The fluorescence quench- ; l l :
er also influenced the site of cleavage of the PRE: T W 5 S— oy 0

peptide substrate, with the aromatic o-
nitrotyrosine residue preferentially binding
in the enzyme’s S, site. To overcome these
limitations, a second library was construct-
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Figure 1. Substrate specificity of papain. Reproduced with permission from ref. [15]. Copyright (1999)
American Chemical Society.
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best substrates there was not a good
relative correlation of efficiency for
cleavage in solution compared to that N
on solid support. However, a number |

- N N
of efficiently cleaved substrates were N* \©\

still identified by this method.

3.2.2. The Lucifer yellow - Dabsyl
donor - acceptor amino acid
pair

Recently, fluorescence-quenched sol-
id-phase combinatorial libraries with
an alternative N-(2-aminoethyl)-4-
amino-3,6-disulfo-1,8-naphthalimide
(Lucifer yellow) and 4-dimethylami-
noazobenzene-4’-sulfonyl  (Dabsyl)
fluorescence donor-acceptor amino
acid pair (Scheme 4) have been used
to determine the substrate specific-
ities of Escherichia coli leader pepti-
dase and the human aspartyl pro-
tease, napsin A'® A small percentage of the combinatorial
library was utilized to demonstrate that the substrate specificity
for E. coli leader peptidase was consistent with previous studies,
thereby validating the use of the Lucifer yellow - Dabsyl donor -
acceptor pair. The library was then used to determine the
substrate specificity of the previously uncharacterized aspartyl
protease napsin A. These studies not only provided insight for
inhibitor design but also yielded a good synthetic substrate for
high-throughput screening of this enzyme.

3.3. Cleavage of support-bound fluorophores

An alternative strategy for the construction and screening of
combinatorial libraries on solid support has also been reported.
This method relies on capping the N terminus of the peptide
with a fluorophore, and observing the bead’s decrease in
fluorescence after the support-bound peptide is cleaved by the
protease. This methodology has been utilized to evaluate the
substrate specificities of elastase,!'”? chymotrypsin, and papain.l'dl

3.4. 7-Aminocoumarin fluorogenic substrates

The use of 7-amino-4-methylcoumarin (AMC) peptide substrates
is a well-established method for the assay of protease activity.
Cleavage of the anilide bond liberates the fluorogenic AMC
leaving group (Scheme 5) and allows the simple and continuous
determination of cleavage rates for individual substrates.
Libraries of fluorogenic AMC peptide substrates can be used to
define the nonprime substrate specificity of proteases. In
particular, positional-scanning, synthetic combinatorial libraries
(PS-SCLs) can establish protease substrate-specificity profiles
extremely rapidly, since few assays (< 100) need to be performed
and information is provided for all side chains at every position.
Finally, in contrast to the aforementioned combinatorial meth-
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Scheme 4. General structure of the Dabsyl and Lucifer yellow fluorescence-quenched peptide substrate library used
to determine the substrate specificity of napsin A.
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Scheme 5. Fluorogenic AMC peptide substrates.

ods, this library format provides information on the substrate
specificity of a protease in solution rather than in a solid-phase
format.!"”!

3.4.1. PS-SCLs of 7-amino-4-methylcoumarin peptides

The positional-scanning method was first demonstrated in
determining the substrate-specificity profiles for members of
the caspase family of proteases. The design of the library Ac-X-X-
X-D-AMC (Scheme 6) was based on the absolute specificity of
caspases for an aspartic acid residue at the P, position (Ac=
acetyl). With this PS-SCL of fluorogenic AMC substrates, the

o
o HO H
N N 0._0
XX
o) /
o
o HO H
N N 0._0
N-X—J-X
o)
o)
o HO H
N N 0._0
N=J-X-X
o) >

Scheme 6. AMC tetrapeptide positional-scanning synthetic combinatorial
library. The PS-SCL consists of three separate sublibraries of 8000 compounds
each (20 wells of 400 compounds). “X” represents an equimolar mixture of
proteinogenic amino acids (excluding cysteine and methionine) and “J”
represents a fixed amino acid residue.
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P, - P, substrate specificities of
Caenorhabditis Elegans CED-3,
nine human caspases, and
granzyme B were readily de-
termined.%

Analysis of the complete
substrate profile of the cas-
pases (Figure2) provided a
great deal of insight into the
physiological roles of these
essential enzymes. First, the
caspases could be clustered
into three distinct groups
based upon similarities in their
sequence-specificity profiles.
Second, key proteins involved
in cell maintenance and DNA
repair were found to be sub-
strates for Group |l caspases
by comparing the determined
specificity fingerprint to the
cleavage sites of proteins
known to be proteolysed dur-
ing apoptosis. Further, it was
determined that the preferred
substrate specificity of the
Group lll caspases was very
similar to the activation sites
of several Groupll proen-
zymes. This result was found
to be consistent with the hy-
pothesized role of the Group
Ill caspases as upstream com-
ponents in a proteolytic cas-
cade that amplifies the death
signal. Finally, based upon the
substrate specificity of the
Group | caspases, it was deter-
mined that this group of en-
zymes was unlikely to be in-
volved in the apoptotic proc-
ess. The information provided
by these libraries greatly en-
hanced the understanding of
the role of caspases in apop-
tosis and provided an essential
conceptual framework for
their further study.

The aforementioned Ac-X-
X-X-D-AMC PS-SCL (Scheme 6)
was also utilized in conjunc-
tion with substrate phage dis-
play to determine the extend-
ed substrate specificity of the
serine protease granzyme B.2"
The PS-SCL was used to deter-
mine the P,-P, substrate spe-
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Figure 2. Substrate specificities of the caspases. Reproduced with permission from ref. [20]. Copyright (1997) The American
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cificity of granzyme B and to direct the cleavage site for the
determination of P;, P,, and P, specificity by substrate phage
display. The use of these two methods allowed the determi-
nation of the preferred P, - P, substrate sequence of I-E-X-D-X-G.
This preferred substrate sequence was found to closely resemble
the activation sites of caspase3 and caspase?7, which is
consistent with the role of granzyme B in the activation of these
proteases during apoptosis. Further, many caspase substrates
were found to contain potential granzyme B cleavage sites,
which suggests a redundancy in function.

The AMC substrate libraries with aspartic acid at the P,
position (Scheme 6) were conveniently synthesized by linking
the carboxylic acid side chain of O-allyl-aspartic acid protected at
the N terminus with 9-fluorenylmethyloxycarbonyl (Fmoc) to the
insoluble support; this method allowed the library synthesis by
standard solid-phase methods."® 22 Unfortunately, the method
used to synthesize the library is specific for an aspartic acid at the
P, site and is of limited utility for most proteases, which either
have a different or unknown P, substrate specificity. Although it
is possible to develop strategies to link through other amino acid
side chains (for example, the d-guanido group of arginine),?*
these strategies are cumbersome and not feasible for all 20
proteinogenic amino acids. General chemical strategies to
incorporate all the proteinogenic amino acids at the P, position
of a PS-SCL have therefore been developed to provide the
extended P, - P; specificity.

In one general method, fluorogenic AMC peptide substrates
with any residue at the P, position can be prepared by using
amino acid nucleophiles with AMC attached to displace
activated tripeptides from solid supports (Scheme 7).124 251 Any
positional-scanning library can be prepared since the AMC
nucleophiles can be synthesized from any amino acid. The
extended substrate specificities of the serine proteases plasmin
and thrombin were determined by using a PS-SCL with a lysine
at the P, position that was prepared by this method. Plasmin, a
protease traditionally characterized as having a broad substrate
specificity, was shown to have a distinct preference for aromatic
amino acids at the P, position and a moderate preference for
lysine and hydrophobic amino acids at the P, site. Thrombin was
found to have a complete preference for proline at the P,
position and a moderate preference for aliphatic amino acids
at the P, site. The substrate specificities of plasmin and thrombin
were found to be consistent with the known macromolecular
substrates of these two enzymes and provided further insight
into their roles in the blood coagulation pathway. This synthesis
method has also recently been used to construct an 8800-
member array of individual tripeptides that was utilized to
determine the substrate specificity of the cysteine protease
cathepsin B.=?

[0}

The extended substrate specificity of membrane-type serine
protease 1 (MT-SP1) was determined utilizing a PS-SCL with
lysine at the P, position in combination with substrate phage
display.?”! The two methods were found to be complementary,
as the specificity information determined from the PS-SCL
proved critical for the design of a biased substrate phage library
with a preferred cleavage site. This biased substrate phage
library was then used to determine the preferred P, residues,
while it also detected an interdependency between the P; and P,
sites that the PS-SCL did not. The preferred P,-P," substrate
sequences of R/K-X-S-R-A and X-R/K-S-R-A were determined by
merging the data from these two methods. The determined
substrate consensus sequence was utilized to search for
potential macromolecular targets for MT-SP1. Protease activated
receptor 2 (PAR2) and single-chain urokinase-type plasminogen
activator (sc-uPA), two proteins that are colocalized with MT-SP1,
were identified as efficient macromolecular substrates for MT-
SP1.

3.4.2. PS-SCLs of 7-amino-4-carbamoylmethylcoumarin
peptides

Most recently, an even more efficient method has been
developed to prepare positional-scanning libraries and arrays
of fluorogenic substrates. The direct incorporation of any amino
acid at all possible positions in a peptide substrate, including the
P, position, can be accomplished by solid-phase peptide
synthesis with a bifunctional fluorophore, 7-amino-4-carboxy-
methylcoumarin, which allows straightforward attachment to a
solid support (Scheme 8).28! Highly activated coupling condi-
tions are used to couple the first amino acid residue to the
poorly nucleophilic aniline. Any unreacted aniline is then capped
with an acetyl group. Standard solid-phase synthesis methods
then provide support-bound fluorogenic substrates that are
released as peptidyl 7-amino-4-carbamoylmethylcoumarins
(ACC) upon treatment of the support with trifluoroacetic acid
(TFA).

To assess the performance of the modified fluorogenic ACC
leaving group, an ACC PS-SCL with lysine at the P, position was
compared to an AMC PS-SCL which also had lysine at that site.
The serine proteases plasmin and thrombin showed comparable
kinetic profiles and substrate specificities, which demonstrates
the equivalency of ACC to AMC as a fluorogenic leaving group.
To further validate ACC as a comparable leaving group to AMC,
single fluorogenic peptide substrates were prepared for throm-
bin and the steady-state kinetics constants were shown to be
comparable. The only major difference between the ACC and
AMC fluorogenic leaving groups is the increased fluorescence of
the ACC leaving group. This increased fluorescence allows the

Scheme 7. General method for the preparation of AMC PS-SCLs. “X” denotes any natural or nonnatural amino acid.
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Scheme 8. General method for the preparation of ACC PS-SCLs. “X” denotes any natural or nonnatural amino acid. a) Rink amine resin, DIC, HOBt; b) 1. 20 % piperidine
in DMF; 2. Fmoc-X-OH, HATU, 2,4,6-collidine; 3. AcOH, nitrotriazole, DIC; c) standard Fmoc SPPS; d) TFA/triisopropylsilane/H,0 (95:2.5:2.5).

assay of proteases at lower enzyme and peptide-substrate
concentrations.

To demonstrate the utility of the ACC substrates a P,-diverse
tetrapeptide library was created. With this library, the P,
substrate specificities of a large number of different proteases,
including the serine proteases thrombin, plasmin, factor Xa,
urokinase-type plasminogen activator, tissue plasminogen acti-
vator, granzyme B, trypsin, chymotrypsin, human neutrophil
elastase, and the cysteine proteases papain and cruzain were
determined (Figure 3). The determined P, substrate specificities
correlated well with the known P, preferences for these
enzymes. The extended P,-P, substrate specificities of the
proteases listed above were also determined with this method-
ology. As observed with the P;-diverse tetrapeptide library, the
specificity profiles determined with the PS-SCLs were consistent
with the limited substrate preference information that had been
previously determined for these proteases.

In a separate effort an ACC PS-SCL was utilized to determine
the substrate specificities of the serine proteases (I and
Bl tryptase.?”’ This fingerprint information demonstrated the
identical substrate preference for these two enzymes, which
differ by only a single glycosylation site. The consensus sequence
of P,=proline, P;=arginine/lysine, P,=X, and P, =lysine/argi-
nine was used to search protein databases (SwissPROT) to reveal
potential physiological substrates. Furthermore, the substrate
specificity was used to generate a potent and selective
chloromethyl ketone peptide inhibitor of Sl and fll tryptase.

3.5. Use of irreversible inhibitors to determine substrate
specificity

Recently, PS-SCLs of peptide vinyl sulfones, with an invariant
asparagine at the P; position, have been utilized to determine
the substrate specificity of serine proteases (Scheme 9).5% These
peptides serve as substrate mimics that covalently label the
enzyme active site through Michael addition of the active-site
nucleophile onto the vinyl sulfone. Thus, the side chains of the
peptide inhibitor interact with the protease binding pockets that
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are responsible for defining substrate specificity. Analysis of
inhibitor binding is performed with a competition assay in which
mixtures or single compounds are first incubated with a
protease. The effectiveness of the peptide vinyl sulfone as a
substrate mimic is visualized by the addition of a general
radiolabeled inhibitor that covalently modifies any remaining
active site nucleophiles of the protease. The degree of inhibition
is then quantified by separation of the protease with sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and determinination of the decrease in radioactivity compared
to a standard.

By using PS-SCLs of peptide vinyl sulfones, the substrate
specificities of individual catalytic subunits of the proteasome
were determined under a variety of physiological conditions. It
was found that the substrate specificities of the individual
subunits varied from the specificity determined for the protea-
some as a whole. Furthermore, the specificity information
determined allowed for the design of inhibitors that selectively
inactivate a single active site in the complex.

3.6. Edman degradation of peptide pools

Other combinatorial methods have been developed to analyze
pools of synthetic peptides (Scheme 10). In these strategies, a
combinatorial mixture of terminal N-acetylated peptides is
incubated with a protease.?" 32 The peptides compete as
substrates for the enzyme and those with the highest specificity
constants are cleaved. After a percentage of the peptide mixture
has been cleaved, the mixture is analyzed. Only peptides that
have been cleaved present a free a-amino group and, thus, are
susceptible to N-terminal Edman degradation. This method of
analysis provides information about the prime side of the
cleaved peptide, where the first round of sequencing provides
information about the P, position, the second round of
sequencing provides information about the P, position, and
so forth.

In a recent demonstration of this approach, proteolytic
cleavage of acetyl-capped peptide pools followed by Edman
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Chymotrypsin Trypsin degradation was applied to the
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idues at the P,’ position, whereas
meprin A does not (Figure 4).
Furthermore, these two highly
related proteases were shown to
have different substrate specificities at the P’ site. Very recently,
this strategy was used to determine the prime-side substrate
specificities of six enzymes in the MMP family.2® By utilizing the
determined prime-side specificity, information was obtained
about the nonprime-side specificity of these six proteases

Figure 3. P, substrate specificity of eight serine and cysteine proteases.

HoN 0 through the use of an oriented peptide library.
w 9 P3O o
é/NE)LN)\(N 7N g 4. Protease Inhibitor Design
P, 70 B M g
The dominant strategy for the design of protease inhibitors is to
site of inhibition utilize a mechanism-based pharmacophore as a key binding
element. A variety of pharmacophores have been developed to
Scheme 9. Peptide vinyl sulfones. target each of the four major protease classes, which are defined
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Scheme 10. Edman degradation of peptide pools.

by their mechanism of protease-catalyzed amide bond hydro-
lysis. A secondary alcohol has been utilized as a pharmacophore
when targeting aspartic acid proteases. Ketone and aldehyde
pharmacophores have been used when targeting cysteine and
serine proteases. Finally, zinc-binding groups, such as hydrox-
amic acids, thiols, and carboxylic acids, have been used when
targeting matrix metalloproteases.

The identification of cell-permeable inhibitors is a key
challenge in library design. Several factors should be considered
to achieve this goal, including low molecular weights and the
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minimization of the peptidic nature of the inhibitor
structure.® In this review we will emphasize libraries
focused on these goals.

4.1. Aspartic acid proteases

Aspartyl proteases are a ubiquitous class of enzymes that
play an important role in mammals, plants, fungi, para-
sites, and retroviruses.®® The pharmaceutical industry has
shown an intense interest in this class of enzymes since
they are targets for therapeutic intervention in many
important diseases. For example, HIV protease is involved
in the development of AIDS, renin modulates hyper-
tension, plasmepsin | and Il are implicated in malaria, and
cathepsin D and fS-secretase have been identified as
targets for the treatment of Alzheimer’s disease (AD).

The aspartyl proteases are endopeptidases that use
two aspartic acid residues to catalyze the hydrolysis of
amide bonds (Scheme 11). Potent inhibitors of the
aspartyl proteases have been developed that utilize a
secondary alcohol, which is a stable mimetic of the
tetrahedral intermediate and serves as the minimal
pharmacophore. Indeed, clinically approved HIV-1 pro-
tease inhibitors are based upon hydroxyethylamine and statine-
based inhibitors (Scheme 12).5%

4.1.1. Libraries based upon the hydroxyethylamine inhibitors

Libraries of potential hydroxyethylamine-based inhibitors 1a
and 1b have been synthesized by displaying functionality

[*1 Many properties are essential for a useful drug. These properties have been
the subject of a number of excellent reviews.?72%
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Figure 4. Substrate specificities of Meprin A and B. Reproduced with permission from ref. [35]. Copyright (2001) The American Society for Biochemistry and Molecular

Biology.

26

CHEMBIOCHEM 2002, 3, 16-37



Protease-Targeted Combinatorial Libraries

o M Okf M
%)L Q O%o ’1)\ © Oé\/O'H
H Mon)

Lo e W
o9 )P Ho O P
E/N\HLN)\H/E > E/N%N %

p, M o p, B 0o

Peptide substrate Tetrahedral intermediate

Scheme 11. Peptide hydrolysis catalyzed by aspartyl proteases.
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Scheme 12. Peptide isosteres found in many potent aspartyl protease inhibitors.

around a minimal scaffold 2a and 2b (Scheme 13).% Diverse
functionality can be introduced at three sites on a preformed
core that is linked to solid-support through the invariant
secondary alcohol pharmacophore. Attachment at this site
allows diversity to be placed on both sides of the inhibitor
structure and protects the alcohol functionality throughout the
synthesis sequence. Both secondary alcohol diastereomers 1a
and 1b can be accessed by using either diastereomer 2a or 2b
in this sequence. In an important extension of this synthesis
method " diverse R' substituents (P, side chains) are introduced
by using Grignard reagents (Scheme 14). Either diastereomeric
intermediate 3a or 3b may be accessed from the readily
accessible support-bound amides of glyceric acid 4a or 4b,
respectively.

These solid-phase synthesis methods have been used to
prepare libraries that have resulted in the identification of potent
inhibitors to a number of different aspartyl protease targets.
Cathepsin D, which functions in protein metabolism and antigen
processing, was the first protease targeted with this synthesis
method. It has been implicated in a number of diseases,
including cancer,*? AD#3b and muscular dystrophy.*4 Initial

-9 -9 O/C)
Na-_L_ONos => HO PG — O%/OPG + RIMgX
= R! N
R s R™ R" 4a
Q
o 9/0 o
Ng._~._ONos —_— HOY\/OPG QOY\/OPG + RIMgX
Fl{l Rt R'/N\R" 4b

3b

Scheme 14. Introduction of R’ diversity.

inhibitors were identified by screening two libraries, each
containing 1000 discreet compounds. For one of the libraries,
building blocks were selected by using the modeling program
DOCK; this provides one of the first examples of integrating
combinatorial chemistry and structure-based methods."*”! Build-
ing blocks for the second library were selected by using
diversity-based methods. Low nanomolar inhibitors of cathep-
sin D were identified from both of the libraries. The synthesis and
screening of small, focused libraries then resulted in extremely
potent, small-molecule inhibitors of cathepsin D with single-digit
nanomolar to high picomolar K; values (Scheme 15). Inhibitors
were also optimized for desirable characteristics in addition to
potency, including minimal binding to serum proteins and good
calculated logP values.

The identified cathepsin D inhibitors have served as important
pharmacological tools for probing the enzyme’s effect in human
disease. For example, researchers have studied the relationship
between cathepsin D and the presence of neurofibrillary tangles,
one of the defining features of AD. Due to lysosomal dysfunc-
tion, elevated levels of cathepsin D in AD-vulnerable neurons is
observed in advance of pathology.*® Furthermore, in vitro,
cathepsin D cleaves the tau protein at neutral pH values, which
results in fragments corresponding in mass to those found in
tangles."”! This implicates cathepsin D as the protease respon-
sible for tau protein processing. To test this hypothesis, the
cathepsin D inhibitors were evaluated in a human hippocampal
cell model of neurofibrillary tangle formation.#8b At 1 um

inhibitor concentration, tau proteolysis was
inhibited by 50%, with complete suppression

oH R? o/o at higher concentrations. These results support
H | 3, 4 . . .
R4 N N. _R3 , R3C02H R4C02H N3V'\/ONOS the hypothesis that cathepsin D links lysosomal
37y X" > R2NNH; + R3S0,Cl + RiSO,Cl + : dysfunction to the etiology of AD and suggests
R? R3NCO R*NCO
‘ a new treatment approach.
la: S diastereomer 2a: S diastereomer By using the same library-synthesis methods,
X = CO, CONH, SO, . L S
J=CO, CONH, SO, single-digit nanomolar inhibitors have also
been identified against the malarial proteases
oH R O/O plasmepsin | and II. The plasmepsins have been
SALI C N . )
RA\J/N\/\/N\X/RB i chozH R:COZH Naw__~__ONoS implicated as.potentlal.t~arg.ets for the tre.at
L > R2NH, + R3SO,Cl + R%SO,Cl + I ment of malaria, a parasitic disease that afflicts
R R®NCO R*NCO R?

1b: R diastereomer
X =CO, CONH, SO,
J=CO, CONH, SO,

Scheme 13. Retrosynthesis of hydroxyethylamine-based inhibitors.
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2b: R diastereomer

300 - 500 million people worldwide, killing 1 -2
million annually.*” These inhibitors were opti-
mized for drug-like characteristics, such as
molecular weights below 600 amu, good cal-
culated logP values, minimal binding to serum
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Scheme 15. Representative cathepsin D inhibitors from combinatorial libraries.

proteins, and greater than 15-fold selec-

tivity over the most closely related human '34
aspartyl protease, cathepsinD.5% The
most promising inhibitors have single- ¢
digit micromolar to submicromolar ICs,
values against the parasite in cell culture
(Scheme 16; IC;,=the concentration at
which activity is inhibited by 50%). By
using the same library methods, inhibi-
tors have been identified towards f- N
secretase™ and Yapsin A.52 Alloc

@xﬁ*@ Bl A
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o\ pound, 9, shows the opposite selectivity,
o displaying a K, of ~100 um against plas-
mepsin Il and a K; of 1.1 um against cathep-

sin D.

In a related report, a combinatorial library
with 13020 compounds was synthesized by
e using the above synthesis scheme.” Po-

tent low-nanomolar small-molecule inhib-
itors of plasmepsin | and Il were identified,
such as compound 10 (Scheme 19), which
has a K; of 50 nm against plasmepsin Il and a
K; of 320 nm against cathepsin D.

= Ki=1.0 nM

OH O

H 1 H
1 _N n N .R
,NWN\MN,R — W MN + RICHO. NaBHLCN or
N (e} N (o]

R4CO,H, HATU

H N R2
N

OH *+ NHR!

Scheme 17. Retrosynthesis of statine-based inhibitors.

4.1.2. Libraries based upon the statine
pharmacophore

In a series of reports, small-molecule
inhibitors with low micromolar K; values N
to plasmepsin Il were identified by sev-
eral library design, synthesis, and screen-
ing iterations.” By using a binary-en- o
coded tagging strategy, a statine library
of 18900 compounds containing cyclic
diamino acids was prepared through the
synthesis method outlined in Scheme 17.
This scaffold was based on a docking
exercise with the X-ray crystal structure
of a cathepsin D-pepstatin complex. Screening of this library led
to the identification of selective inhibitors for both plasmepsin Il
and cathepsinD (Scheme 18). One example of a selective
compound is 8, which has a K; of 490 nm against plasmepsin Il
and a K; of 45 um against cathepsin D. Another potent com-

OMe

NH

O Plasmepsin | Kj =~ 2 nM
Plasmepsin Il Ki = 4.3 nM
Cell Culture IC55 = 1 uM

Scheme 16. Potent plasmepsin inhibitor.
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Scheme 18. Selective inhibitors from the statine-based library.
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Scheme 19. Selective plasmepsin Il inhibitor.

4.1.3. Libraries based upon aminimide peptide isosteres

A novel aminimide transition-state analogue has been identified
and utilized as a general aspartyl protease pharmacophore.
This isostere was designed to mimic the placement of hydrogen-
bonding atoms in the aspartyl protease active site, while being
resistant to proteolysis. A library targeting HIV-1 protease was
prepared by solution-phase methods in a one-step synthesis by
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R2 R2 R2 The first class of reversible inhibitors to be
j\/ a) j\ﬁca ©) - b), c) j\ﬂ@ o \ reported was peptidyl aldehydes. However,
BocHN™ 7% BocHN N j( T RIAN N’N R the inherent reactivity of the aldehyde
OH R O OH R 0 pharmacophore to nucleophilic attack and

oxidation are considerable liabilities for

Scheme 20. Synthesis of aminimide inhibitors. a) R°CH;NH,, R*CO,Me; b) TFA; ¢) R'X. achieving good pharmacokinetics. In addi-

tion, aldehyde-based inhibitors only allow
using an ester, a hydrazine, and an epoxide (Scheme 20). display of functionality on one side of the
Compound 11 (Scheme 21) was identified as a moderate
inhibitor of HIV-1 protease, with a K; value of 137 nm. The general

. - L . e - S-Enz
applicability of the aminimide pharmacophore to the identifica- Enz-S~
tion of other aspartyl protease inhibitors remains to be é H )\ “fo H O)
demonstrated. \[or \m R 3 Nj)kR
1 o p M
Michael acceptor Carbonyl functionality

Scheme 23. Cysteine protease pharmacophores.
® § 4
BocHN Y N/\

OH 0 .
/N carbonyl. In contrast, ketone-based pharmacophores are chemi-
11 \— Ki= 137 M cally more stable, and enable the display of functionality on both
sides of the carbonyl to potentially achieve enhanced specificity
Scheme 21. HIV-1 protease inhibitor. through multiple interactions with the active site.
4.2, Cysteine proteases 4.2.1. Amidomethyl ketone based libraries

Cysteine proteases are essential to many biological processes.  Extensive efforts to develop inhibitors to cathepsin K have
These proteases are characterized by an active-site cysteine thiol  resulted in the identification of potent amidomethyl ketone
that attacks the carbonyl of an amide bond (Scheme 22).58 This  based inhibitors that are active in animal models.” Recently, a
class of proteases includes the calpains, which have been solid-phase strategy for rapidly accessing this inhibitor class was
implicated in neurodegenerative disorders, cathepsin K, which  reported (Scheme 24).°" Amino acid methyl esters are loaded
has been linked to osteoporosis,®” and the caspase family of  onto resin derivatized with the backbone amide linker (BAL)
proteases, which is involved in programed cell death.5® linker by reductive amination. A carboxylic acid is then coupled
A common feature of virtually all cysteine protease inhibitors  to the resulting secondary amine to provide a second diversity

is an electrophilic functionality, such as a carbonyl or Michael input. The methyl esters 12 are then hydrolyzed with potassium
acceptor, which is attacked by the cysteine thiol (Scheme 23).59  trimethylsilyloxide and a preformed masked ketone is then
coupled to form an amide bond with the carboxylic acid.

Reduction of the azide 14 is followed by acylation to introduce

S-E . L . .

nz the third diversity input. Acid-mediated cleavage from support
H o) Pr ; Enz-S O py and concomitant hydrolysis of the ketal protecting group affords
i j)LN)}W/ E—— g/N%NJ\H/E the desired ketone inhibitors 15. Unfortunately, the ketone

H . .
P1 o P, 0 products 15 were prepared as a mixture of diastereomers due to
approximately 20 % epimerization upon cleavage. A small library
Scheme 22. Peptide hydrolysis catalyzed by cysteine proteases. was synthesized and screened against cathepsinsK, L, and B.
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Scheme 24. Solid-phase synthesis of amidomethyl ketones. a) KOSiMe;, THF; b) EDC, NMP; c) SnCl,, PhSH, Et;N, THF; d) R;CO,H; e) TFA, Me,S, H,0.

CHEMBIOCHEM 2002, 3, 16-37 29



BIO

A representative potent inhibitor 16 towards cathepsin K that
was also selective against cathepsinsB and L is shown in
Scheme 25.
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Ki = 90 nM for cathepsin L
16 Ki> 1000 nM for cathepsin B

Scheme 25. Potent and selective amidomethyl ketone inhibitor of cathepsin K.

A related synthesis method has recently
been reported to access cyclic alkoxy ketones
structures. This class of inhibitors has also been
identified to inhibit cathepsinK, as well as
other cysteine proteases.’? In this method, an

o}

" o NN o o

J.A. Ellman et al.

tionality at several sites about a ketone carbonyl moiety has also
been reported.’®3 A chloromethyl ketone (Scheme 28) introduces
the P, side chain and provides sites for further functionalization
on both sides of the ketone carbonyl group. Linking to support
through the ketone carbonyl moiety is ideal since it is the only
invariant part of a ketone-based inhibitor regardless of the
cysteine protease that is targeted. Attaching the ketone to the
support as a carbazone further allows nucleophilic substitution
at the a position while simultaneously preventing nucleophilic
attack at the carbonyl group. Another advantage of the
carbazone linkage is that it prevents racemization, which is
problematic for the corresponding enolizable a-acylamino-
substituted chiral ketone and the dimethoxy ketal strategy

o
O/\O)LNHN R (H)

O y AllocHN - N \[(
R? o]

AllocHN \)j\/cl

a-amino-substituted cyclic ketal is coupled to 21 Y d) o 23
the common carboxylic acid intermediate 17 R 22 \ O/\OJ\NHN
(Scheme 26). Acid treatment releases the com- AllocHN XR2
pound from support with concomitant hydro- él 24
lysis of the ketal to afford the desired ketone 0 R2(H) o

. . H . H
product 19 as a mixture of two diastereomers e)- g) R4\[]/N\)]\/NYR3 + R4WNQK/XR2
in good vyield and purity. By using this 2324 - o gl b O o at ’

sequence, a library was prepared and screened
against cathepsin K; this resulted in the iden-
tification of a number of potent inhibitors, as
exemplified by 20 (Scheme 27).

Scheme 28. General method to prepare diverse ketone-based inhibitors. a) Chloromethyl ketone
derivative of N-Alloc amino acid, THF; b) NH,R?, DMF or (1) NaN;, MeOH; (2) SnCl,, PhSH, iPr,EtN, THF;
¢) R°CO,H, PyBOPR, HOA, iPr,EtN, DMF; d) R?CO,H or R?SH, iPr,EtN, DMF; e) Pd(PPh;),, CH,Cl,, TMSN;,

TBAF - 3H,0; ) R®CO,H, PyBOP. HOAL, iPr,EtN, DMF; g) TFA/H,O/TFE (1:4:15).

4.2.2. Libraries of amidomethyl, mercaptomethyl,
and acyloxymethyl ketones

A general method for the solid-phase preparation of small-
molecule cysteine protease inhibitors displaying diverse func-
?
o]

|
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—
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Scheme 26. Synthesis of cyclic alkoxyketone inhibitors. a) EDC, DMF; b) TFA/CH,Cl,/H,0 (7:2:1).
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Scheme 27. Potent cyclic alkoxyketone inhibitor of cathepsin K.
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mentioned above (Scheme 26). Nucleophilic displacement of the
support-bound a-chlorohydrazones with amines followed by
acylation provides access to the amidomethyl ketone class 25 of
reversible cysteine protease inhibitors. Displacement with
carboxylates or thiolates provides entry into the acyloxymethyl
ketone 26 (X=0,C) and mercaptomethyl
ketone 26 (X=S) cysteine-protease inhib-
itors. Removal of the protecting group,
acylation, and subsequent cleavage off of
support results in the fully functionalized
ketone products 25 and 26 in 40-100%
yields, without racemization.

Initial library efforts were designed to
identify potent inhibitors of cruzain, the
19 essential cysteine protease in the parasite

Trypanosoma cruzi. This parasite has been

shown to be the causative agent in Chagas’

disease, which is estimated to afflict over
60 million people in Central and South America and is the
leading cause of heart disease in South America. The first
generation libraries were based in part on Cbz-F-F (or homo-
phenylalanine (hPhe)) fluoromethyl ketone derivatives, which
have previously been identified as irreversible inhibitors of
cruzain (Cbz = benzyloxycarbonyl). Libraries of both amidometh-
yl ketones 27 and mercaptomethyl ketones 28 (Scheme 29) were

(0]
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Amidomethyl ketone inhibitor

Scheme 29. Representative cysteine protease pharmacophores.

prepared and screened, which resulted in the identification of
mercaptomethyl ketones with low nanomolar K; values. Addi-
tional optimization libraries have further resulted in even more
potent inhibitors with good aqueous solubilities and low
molecular weights (477 -610 amu). For example, compound 29
was identified as a very potent inhibitor of cruzain, with a K; of
0.9 nm (Scheme 30). The compounds showed greater than 700-
fold and 30-fold selectivity relative to two of the most closely
homologous human proteases, cathepsins B and L, respectively.

= 0.9 nM cruzain
K; = 700 nM cathepsin B
K; = 28.8 nM cathepsin L

29

Scheme 30. Potent and selective cruzain inhibitor.

An alternate, general, solid-phase route to amidomethyl
ketones has also recently been reported. This strategy allows
the display of a diverse set of functionality about the amido-
methyl ketone core, although the method is limited in that P,
side-chain diversity cannot be incorporated into the synthesis
scheme.” The diamino propanol core, which is orthogonally
protected with two different amine protecting groups, is linked
to a tetrahydropyran (THP) linker in excellent yield (Scheme 31).
Selective modification is possible through the removal of each

IL‘P

a
prinN._L__NH-onBs — 2w phinn._L_ b). 9

NH- O-NBSHRXN

0 X=C(0), SO, O

Scheme 31. Alternative solid-phase synthesis of amidomethyl ketones. a) THP linker, PPTS, 1,2-dichloroethane;
b) NH,NH,, THF, DMF; c) RCO,H, DIC, HOBt, DMF or RSO,Cl, iPr,EtN, 1,2-dichloroethane; d) -mercaptoethanol,

DBU, DMF; e) R'CO,H, DIC, HOB; f) TFA/H,O (6:1); g) Dess — Martin periodinane.

CHEMBIOCHEM 2002, 3, 16-37

Mercaptomethyl ketone inhibitor

o
(0]
1
R HNJ]\/BI‘ a) RIHN
: —

orthogonal amine protecting group, followed by acylation with a
variety of carboxylic acids and sulfonyl chlorides. TFA-mediated
cleavage followed by oxidation of the secondary alcohol with
Dess — Martin periodinane affords the desired ketones in 20-
60% yields and >90% purity.

A solution-phase strategy to generate a library of 590
acyloxymethyl ketones has also been reported (Scheme 32).16%
In this synthetic scheme, the bromomethyl ketone 30 is coupled
with 50 carboxylic acids, deprotected by HCl, and purified by
using a support-bound thiourea resin to remove unreacted
bromomethyl ketone. This library was screened against N-His
(D381E) interleukin-153 converting enzyme, which resulted in a
number of inhibitors with a greater than tenfold improvement in
activity compared with a previously identified lead.

o}
\)JVOWRZ b)_ RN %OTRZ

H o H
~Co,Bu ~Co,H
30 31 32

~Co,Bu

Scheme 32. Alternative solution-phase synthesis of acyloxymethyl ketones.
a) R*CO,H, Et;N, DMF; b) HCl, THF; c) thiourea scavenger.

4.3. Serine proteases

Serine proteases, which rely upon the attack of an active-site
serine upon the scissile amide carbonyl, also play a large role in
many biological processes.*® Important pharmaceutical targets
include thrombin and factor Xa, which have been implicated in
homeostasis of blood coagulation, and human leukocyte
elastase, which is important in lung diseases. Many peptidic
libraries have been designed towards serine proteases.’%
However, since peptide-based inhibitors generally have poor
pharmacokinetics and bioavailability, more recent inhibitor-
design efforts toward serine proteases have focused on the
display of nonpeptidic functionality about an activated carbonyl
group. The identification of inhibitors that show high selectivity
for a single serine protease is a particularly difficult challenge
because more than one hundred serine proteases are encoded
by the human genome. Furthermore, these enzymes tend to
interact with only a small portion (3-5 amino acid residues) of
the peptide and protein substrates.

fl?

NH-0-NBS *»

4.3.1. a-Ketoacid-derivative libraries

a-Ketoacid derivatives have served as
an important pharmacophore for tar-
geting serine proteases. Early reports
described a library of peptidyl a-keto-
amides that was targeted against hu-
man heart chymase and chymotryp-
sin.”” Human heart chymase is impor-
tant because of its role in hypertension.
These inhibitors were synthesized in a
spatially separate, parallel array and
were screened against two targets by
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using an on-bead assay. From this
library, optimal amino acid sequences

JLEP Q were identified. The corresponding a-
e \H OMe ketoesters were potent inhibitors, such
33 o as 33 (Scheme 33), which has a K value

of 1 nm against chymase.

A convergent, parallel, solution-
phase synthesis method to prepare
nonpeptidic a-ketoamide derivatives
has also been reported.® Reaction of a-ketoesters with sym-
metrical diamines afforded a-ketoamide products, which are
then reacted with ethoxymethyleneoxazolones (Scheme 34). An
array of 1600 compounds was prepared and screened against

Scheme 33. Potent chy-
mase inhibitor.

O R

O
Hs @&
Ar)H(OC 3 @)
(0]

Scheme 34. Solution-phase synthesis of a-ketoamide inhibitors. a) RHN(CH,) ,NHR;
b) ethoxymethyleneoxazolone.
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4.3.3. Libraries based on a 1,2,5-thiadiazolidin-3-one
1,1-dioxide scaffold

The structure-based design of a general class of heterocyclic
mechanism-based inhibitors has been reported.” These inhib-
itors contain a sulfamide functionality and have been shown to
be potent, time-dependent, highly selective inhibitors of human
leukocyte elastase, cathepsin G, and proteinase 3. Selectivity can
be predicted based upon the nature of the P, substitutent. The
unique mechanism (Scheme 36) of interaction is postulated to
occur through the nucleophilic addition of the serine alcohol to
the activated amide carbonyl group, which results in the ring
opening and formation of a covalent enzyme - inhibitor com-
plex. Upon addition of water, formaldehyde is liberated
and ring closure releases the enzyme and a hetero-
cyclic product. From the commercially available amino
acid methyl ester, these compounds can be synthe-
sized in a five-step, solution-phase, parallel synthesis
(Scheme 37). To demonstrate the generality of the
inhibitors, a collection of 27 compounds was made and
assayed against the enzymes. Second-order rate con-

the serine proteases a-thrombin, factor Xa, trypsin, Enz” "O-
and plasmin. Several inhibitors with low micromolar K; Q o Enz” ~Q o- Enz” N0
values were reported, but the structures of the active Rl%) . R1\>< - Rl\;o HO o
compounds were not disclosed. Further synthesis and N N—/ N\S,N_\“‘ N
biological evaluation will be needed to evaluate the R X, LG R Py L© RZT Py
9 o 600 30
versatility of this inhibitor synthesis strategy.
Enz” "0 Enz” 0 )
1 1
o Rﬁ}o OH R% L P
4.3.2. B-Lactam inhibitor libraries HN—— — > — M + Enz” Y OH
Z’N\Syv 2’N‘S/NH2 N /NH
Another general serine protease pharmacophore is R &% R >0 RS
0 00

the f-lactam ring. A library of 126 f-lactam dipeptides
was synthesized by employing an Ugi condensation
strategy.®? A wide variety of functionality was intro-
duced with -amino acids, aldehydes, and isonitriles
(Scheme 35). However, an inherent limitation of this
strategy was the formation of products as a mixture of
diastereomers.

1 2
o} R R
Rl 0 @ (o]
ﬁom HJLR3 RRert ——— N%N/R“
o
H,>N R2 R3 H

Scheme 35. Synthesis of B-lactam inhibitors through an Ugi condensation.

Scheme 36. Mechanism of action.

stants established the potency and selectivity of these inhibitors.
For example, one compound had a K,,/K value of
186000m's~! against chymase, but was inactive against
chymotrypsin.

4.3.4. Cyclohexanone-based inhibitor libraries

In a recent report, cyclohexanone inhibitors 35 were prepared to
target both serine and cysteine proteases in order to probe for
specificity in the S and S’ binding sites.”” Cyclohexanone ketal

1 Rl O Rl O Rl O Rl O LG: -SO,R3o0r

) ) { M» — L — o, 7—‘< G -OCORS® or

H,N  OMe Re-NH OMe  po N NH  gooNo N— pooNL Ny o
N i cl Y 'N\

oo d o SO,R¢

Scheme 37. Synthesis of 1,2,5-thiadiazolidin-3-one 1,1-dioxide inhibitors. a) R*CHO, NaBH(OAc);, 1,2-dichloroethane, AcOH; b) H,NSO,Cl, Et;N; c) NaH, THF;
d) HOCH,SO;Na, SOCl,; e) HSR?, DBU, then mCPBA; or Nal, acetone, then R°CO,H, DBU; or Nal, acetone, then R*OCONHSO,R*, DBU.
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FmOCHN\ijNCOZH +H N/kff Q9

iPr,EtN; d) TFA; e) TFA, H,0.

34 is utilized as the key pharmacophore build-
ing block in standard peptide synthesis
(Scheme 38). A library of 400 compounds was
prepared and screened against plasmin, cath-
epsin B, and papain. One of the most potent
inhibitors identified in this library is 36
(Scheme 39), which has a K value of 5um
against plasmin.

c), d)

FmocHN\ijA)J\ /'\[r
R?2 y © o R!
)\WHW )ﬁ( 9 - Do b HN/H(N N&(OH
CbzHN z
o) H o
35

Scheme 38. Synthesis of cyclohexanone inhibitors. a) HBTU, iPr,EtN; b) piperidine, DMF; c) Cbz-aa-OH, HBTU,

NPEOCHNY Son HO/\WNQL /O a), b) HzN

CbZHN

phonic acid is followed by a TFA-
mediated cleavage, which also si-
multaneously removes side-chain
protecting groups. A 540-member
library was constructed by using
split and mix synthesis and was
screened  against  thermolysin
through an on-bead assay. Iterative
deconvolution was used to deter-
mine the identity of active com-
pounds such as 41 (K,=49nwm;
Scheme 41).

Potent and selective phosphinic
peptide inhibitors have also been

b.o_

MeO_,0 Br

OAWNJL Q

P2 38 39

OWN% Q

40

Scheme 40. Synthesis of phosphonate inhibitors. a) Tris(4-chlorophenyl)phosphine, DIAD, iPr,EtN,
THF; b) 5% DBU/NMP; c) CbzCl, iPr,EtN, dioxane; d) 1. PhSH:Et;N:dioxane (1:2:2); 2. triethylsilane, TFA.

<N o o <N
N
CbzHN N~ ~CO,H
o H
36 =5uM

Scheme 39. Cyclohexanone-based inhibitor of plasmin.

4.4, Metalloproteases

The fourth class of proteases catalyzes peptide-bond hydrolysis
by an active-site, zinc-mediated activation of the substrate
amide carbonyl group to attack by water.”? Improper regulation
of metalloproteases contributes to disorders such as rheumatoid
arthritis, osteoporosis, and cancer. Almost all inhibitors of
metalloproteases contain a zinc-binding group (ZBG). A number
of different ZBGs have been discovered, such as thiols, carboxylic
acids, and hydroxamic acids.

4.4.1. Phosphonate- and phosphinic-based libraries

One of the first solid-phase strategies for synthesizing inhibitors
of metalloproteases was based upon the display of peptidic
functionality about a phosphonate pharmacophore.”¥ Instead of
binding to the active-site zinc center, the phosphonate group is
an effective transition-state analogue that mimics the scissile
amide bond. The phosphonate inhibitors are prepared by
coupling a 2-(4-nitrophenyl)ethoxycarbonyl (NPEOC) protected
alkylphosphonic acid 37 to a support-bound a-hydroxy acid 38
(Scheme 40). Selective demethylation of the protected phos-

CHEMBIOCHEM 2002, 3, 16-37
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Scheme 41. Potent phosphonic acid based inhibitor of thermolysin.

reported.” A library of several hundred peptides having the
general formula Z-(L,0)Fy(PO,CH,)(L,0)X-X-X were synthesized as
a mixture of four diastereomers and screened against rat brain
zinc endopeptidases neurolysin (24 -16) and thimet oligopepti-
dase (24 - 15). From this library, potent inhibitors were identified,
such as Z-(L,0)Fy(PO,CH,)(L,0)A-R-M, which has a K; value of 70 pm
for endopeptidase 24-15. In a related synthesis strategy, the
same authors reported a series of phosphinic peptides,”> which
varied according to peptide size, position of the phosphinic
bond, and capping of the N-terminal peptide. The most potent
inhibitor in this library, P-L-F1(PO,CH,)G-P, has a K; value of 4 nm
for endopeptidase 24-16 and is 2000 times less potent for
endopeptidase 24 - 15.

Another recent phosphinic acid strategy described a library of
165000 peptide inhibitors, which were screened against MMP-
12.7%1 The library was designed as a one-bead/two-compounds
library, with every bead containing the same quenched fluoro-
genic substrate and a different inhibitor. Potent inhibitors were
identified, such as L-M-Y-Gy(PO,HCH,)L-Y-M-P-G, which had a K;
value of 6 nm for MMP-12.
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Scheme 42. Synthesis of N-carboxyalkyl amino acid derivative libraries. a) HBTU, iPr,EtN, DMF; b) O-fluorenylmethyl a-amino ester, NaCNBH;, iPr,EtN, AcOH, DMF;
¢) 1. piperidine, DMF; 2. HSpfp, DIC, DMF; 3. NH,R?, iPr,EtN, HOBt, DMF; 4. HCI, dioxane.

4.4.2. N-Carboxyalkyl amino acid derivative libraries

A targeted library of N-carboxyalkyl amino acid derivatives that
utilizes a carboxylic acid ZBG has also been described.””
Acylation of a support-bound hydroxy group with substituted
pyruvic acids introduces the first diversity input (Scheme 42).
Reductive amination with an O-fluorenylmethyl a-amino ester
then provides the second diversity input. The final diversity input
is introduced by removal of the O-fluorenylmethyl protecting
group followed by coupling with a substituted amine. Acidic
cleavage from the support affords the N-carboxyalkyl amino acid
derivatives as a 1:1 mixture of epimers. By using this synthesis
method, iterative libraries were designed through structure-
based design, synthesized, and screened against stromelysin.

A related library of N-carboxyalkyl tripeptides was synthesized
in order to generate new leads against metalloproteases
(Scheme 43).781 First, a support-bound tripeptide library was

HO.

0 R? o)
H
FmocHN\;)kN/kﬂ/NQLO/ N 2 \ H\)(i R? H\)CL
e H o R Q(“ HRYN; N/HTN; o~
o Q 2C H o re

Scheme 43. Synthesis of N-carboxyalkyl tripeptides. a) 1. Piperidine, DMF; 2. a-ketoacid, BH;, pyridine;

3. TFA; 4. neutralize; 5. 10% Et;N, MeOH.

prepared by using standard solid-
phase synthesis methods, and sub-
sequently the carboxyalkyl function-
ality was introduced by reductive
alkylation. This 20000-member [i-
brary was prepared through both
split and mix and indexed combina-
torial techniques and was tested
against a number of MMPs. In a
representative example, these inhib-
itors were screened against MMP-3 as
100 mixtures each of 200 compounds, resulting in the identi-
fication of a 400 nm inhibitor of this enzyme.

CH,Cl,; ¢) TFA; d) toluene.

4.4.3. Thiol-based libraries

Targeted libraries utilizing a thiol pharmacophore have been
prepared by standard solid-phase peptide synthesis methods."”
Screening of several iterative libraries resulted in the identifica-
tion of selective inhibitors of both gelatinase A and gelatinase B
(Scheme 44). Examples of selective compounds include 42,

34
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Gelatinase A IC5p = 3498 nM
Gelatinase B IC5p = 38 nM

Gelatinase A ICsg = 40 nM
Gelatinase B ICsg = >1000 nM

Scheme 44. Potent thiol-based MMP inhibitors.

which has an IC;, value of 40 nm against gelatinase A and of
> 1000 nm against gelatinase B. Another potent compound 43
shows the opposite selectivity, displaying an 1Cg, value of 38 nm
against gelatinase B and of ~3500 nm against gelatinase A.

In another published report, two libraries of diketopiperazine
(DKP) inhibitors 44 with a thiol pharmacophore were synthe-
sized and screened against collagenase-1,
stromelysin 1, and gelatinase B.” Two
684-membered libraries were prepared
using the synthesis sequence outlined in
Scheme 45. These libraries were screened
as mixtures and iterative deconvolution
was used to determine the identity of
potent and selective inhibitors, such as 45
(Scheme 46).

2
3 R

o R!

44

Scheme 45. Synthesis of diketopiperazine inhibitors. a) R,CHO, NaBH;CN, MeOH; b) Boc-X-OH, HATU, iPr,EtN,

O
ICsg values:
HS N Collagenase 47 nM
HN Stromelysin 2910 nM

Gelatinase 121 nM
O 45

Scheme 46. Potent and selective MMP inhibitor based upon the diketopiperazine
scaffold.
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4.4.4. Hydroxamic acid based libraries

Finally, the hydroxamic acid functionality is
one of the most extensively studied phar-
macophores of metalloproteases and several
solid-phase synthesis strategies for preparing
hydroxamic acids have been described.’'>-
Solid-phase synthesis is typically performed by using a hydroxyl-
amine that is attached to the solid support through an acid-labile
linker, such as those shown in Scheme 47.

_NH; o
Q. @o O Ao OMe
o R g )
C o
OMe
O\o O

O., ,.Fmoc

N Ph
p _NH;
“
) o m
o
cl

Scheme 47. Representative hydroxamic acid linkers.

An alternative method for preparing hydroxamic acid inhib-
itors is to release the inhibitor from a support by nucleophilic
attack of a hydroxylamine derivative upon the final support-
bound intermediate (Scheme 48).52 By using this strategy,
several iterative libraries of hydroxamic acid dipeptides and
tripeptides were prepared and screened to identify potent
inhibitors of Procollagen C proteinase, a matrix metalloprotease
that is responsible for procollagen processing.

5. Summary and Outlook

We have summarized the most current combinatorial techniques
for the systematic study of proteases. First, combinatorial
techniques have enabled the study of protease substrate
specificity, which provides valuable insight into the elucidation
of physiological substrates as well as in the design of good
synthetic substrates and potent inhibitors. Second, small-
molecule library synthesis methods have been developed to
exploit a common pharmacophore to a protease class, such that
they can potentially be applied to any member of that protease
class. Small-molecule inhibitors that have been identified with
these library methods have been applied to the in vitro and in
vivo study of protease function and have served as leads for drug
development.

Large-scale genomic and proteomic efforts over the last ten
years have resulted in an enormous number of new biological
targets that must be studied and understood. To tackle this huge
number of targets the development of new techniques for the
systematic analysis of proteins is necessary. Combinatorial
methods are highly effective systematic tools because a large
number of relevant chemical tools towards a protein family may
rapidly be prepared by using common scaffolds or synthesis
sequences designed to target that protein family. Targeted

CHEMBIOCHEM 2002, 3, 16-37
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Scheme 48. Formation of hydroxamic acid from solid-support. a) 50 % aq. NH,OH (25 equiv), THF.

combinatorial approaches have been most widely utilized for
the study of proteases and kinases,® but should be of general
utility for most protein families.

Abbreviations

aa amino acid

Abz o-aminobenzamide

Ac acetyl

ACC 7-amino-4-carbamoylmethylcoumarin
AD Alzheimer's disease

All allyl

Alloc allyloxycarbonyl

AMC 7-amino-4-methylcoumarin

Bal backbone amide linker

Boc tert-butyloxycarbonyl

Cbz benzyloxycarbonyl

cDNA complementary DNA

Dabsyl 4-dimethylaminoazobenzene-4'-sulfonyl
DBU 1,8-diazabicyclo[5.4.0lundec-7-ene
DKP diketopiperazine

DIAD diisopropyl azodicarboxylate

DIC diisopropylcarbodiimde
N,N-dimethylformamide
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
Fm fluorenylmethyl

Fmoc 9-fluorenylmethyloxycarbonyl

HATU 0O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluro-
nium hexafluorophosphate

HBTU O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
hexafluorophosphate

HOAt 1-hydroxy-7-azabenzotriazole

HOBt 1-hydroxy-1H-benzotriazole

hPhe homophenylalanine

HSpfp pentafluorothiophenol

ICso the concentration at which activity is inhibited by
50%

LG leaving group

mCPBA m-chloroperoxybenzoic acid

MMP matrix metalloproteinase

MT-SP1 membrane-type serine protease 1

o-NBS o-nitrobenzenesulfonyl

NMM N-methylmorpholine

NMP N-methylpyrrolidone

Nos o-nitrobenzenesulfonyl

NPEOC 2-(4-nitrophenyl)ethoxycarbonyl

PAR2 protease-activated receptor 2

PEGA polyethylene glycol - poly(N,N-dimethylacrylamide)
copolymer

PG protecting group
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Phth phthaloyl

PPTS pyridinium p-toluenesulfonate

PS-SCL positional-scanning, synthetic combinatorial library

PyBOP benzotriazol-1-yloxytris(pyrrolidino)phosphonium
hexafluorophophate

sc-uPA single-chain urokinase-type plaminogen activator

SDS-PAGE sodium dodecylsulfate polyacrylamide gel electro-
phoresis

SPPS solid-phase peptide synthesis

TBAF tetrabutylammonium fluoride

TFA trifluoroacetic acid

TFE trifluoroethanol

THF tetrahydrofuran

THP tetrahydropyran

T™S trimethylsilyl

Y(NO,) 3-nitrotyrosine

ZBG zinc-binding group
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