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AbstractÐA statistically exhaustive, 8800 compound tripeptidal amidomethylcoumarin library was synthesized as discreet com-
pounds using solid-phase combinatorial chemistry. A subset of the compounds was puri®ed by HPLC and tested in a high-
throughput ¯uorometric assay against several known serine and cysteine proteases to demonstrate the utility of this library for
pro®ling protease substrate speci®city. # 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Proteases constitute one of the largest superfamilies of
enzymes, many of which embody some of today's most
exciting drug targets.1 A ®rst step in understanding the
biological function of a particular protease is knowing
its substrate speci®city. This information can be used to
synthesize ¯uorogenic substrates for use in high-
throughput screening and to design peptide-based inhi-
bitors for accelerating medicinal chemistry programs.
Fluorescent substrates for assaying protease activity
have traditionally come from transposing the in vivo
substrate sequence onto a ¯uorophore, screening the
limited set of commercially available substrates (pres-
ently about 200), or using the consensus sequence spe-
ci®city of homologous proteases as a starting point.
Although sometimes successful, these methods are no
substitute for assaying a protease using a stastistically
complete strategy whereby all possible amino acid
sequences are examined for e�cient proteolytic cleavage
and selectivity.

Combinatorial chemistry has made a signi®cant impact
in pro®ling protease substrate speci®city. Use of pooled
compound strategies, such as phage display libraries2

and combinatorial peptide libraries assayed on and o�
solid support,3 have a�orded a rapid and exhaustive
means of elucidating the preferred consensus sequence

of many proteases. However, non-¯uorometric assays
only yield indirect information about the speci®c
sequence under study and require post-proteolytic ana-
lysis such as Edman degradation or mass spectrometry.
Although on-bead enzymology is a powerful method, it
su�ers from a disparity between enzyme kinetics on and
o� solid support and fails altogether for some enzymes.

Many of these shortcomings were overcome by the
Merck group who made a positional scanning synthetic
combinatorial library (PS-SCL) of peptidal 7-amino-4-
methylcoumarin (AMC) substrates based on the struc-
ture Ac-aa4-aa3-aa2-Asp-AMC. Pools of these com-
pounds were then screened to assess the optimal P4±P2

sequence for several members of the caspase familyÐ
proteases that have a strict requirement for aspartic acid
in the P1 position.4 The SmithKline Beecham group
synthesized a similar but smaller caspase-directed sub-
strate library as a combinatorial array (CA) of single
compounds per well rather than the pooled, PS
approach.5 More recently, Ellman et al. published two
new synthetic routes which they used to make pooled,
positional scanning (PS) libraries of the general struc-
ture Ac-aa4-aa3-aa2-aa1-AMC (or ACC) for determin-
ing the speci®city of several proteases.6

Our approach was to make a statistically exhaustive
tripeptidal AMC library of the general structure Ac-aa3-
aa2-aa1-AMC in which all three amino acid positions
were independently randomized using an expanded set
of the 20 naturally occurring amino acids (Table 1). The
library was synthesized as a combinatorial array of
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single compounds per well followed by high-throughput
HPLC puri®cation. Although a CA cannot practically
access the numbers of compounds synthesized in a PS
library, it does have distinct advantages, among them:
the ability to obtain and directly compare kinetic data
for single substrates without resynthesis, higher quality
control, and actual yields of the ®nal compounds for
rigorous molarity determination. Because the PS
approach involves making simultaneous pairwise chan-
ges to the peptide sequence, the implicit assumption is
that there are no context e�ects (such as conformational
changes) and that such changes are always additive
when sometimes, they are not.

Since our CA contained 22 P1 amino acids, high-
throughput screening of the library against any protease
should rapidly establish its speci®city without the need
for prior knowledge of the given protease's in vivo tar-
get, structure, or homology to other proteases. The best
substrate sequences could then serve as a starting point
for a follow-on library to improve their kinetic proper-
ties and speci®city between proteases.

Chemistry

The Merck group's caspase-directed substrate library
had the advantage of an aspartic acid in the P1 position
for attachment to a resin through a side chain ester
linkage. Since we wished to randomize the P1 position
as well, synthesis of our library required the use of a
traceless linker strategy that would take advantage of
either Fmoc or Boc solid-phase peptide synthesis.

Because the peptide side chains of each structure repre-
sent the `diversity' of the library and we elected not to
structurally perturb the well-entrenched AMC ¯uo-
rophore, the potential attachment points of the solid
support were limited to one of the backbone amides.
Two synthetic methods are precedented in the literature
that are amenable to traceless solid-phase peptide
synthesis: the `safety-catch' approach originally descri-
bed by Kenner7 and signi®cantly improved by Ellman
and co-workers8 and, the backbone amide linker (BAL)
approach pioneered by Jenson et al.9 We investigated
both approaches but found the safety catch route to
be more general and tolerant of di�cult peptide
couplings.

The library was synthesized as a CA with the dimen-
sions: 20 P3 � 20 P2 � 22 P1 (8800 members) using the
starting materials listed in Table 1. The preparation of
the library began with the synthesis of 22 individual
aminoacyl-AMC starting materials 5a±v (Scheme 1).
Boc-protected amino acids coupled cleanly to AMC
using the original mixed anhydride conditions reported
by Zimmerman10 followed by standard TFA-mediated
Boc deprotection. Fmoc-protected amino acids were
coupled to AMC using the mixed anhydride conditions
reported by Alves and co-workers.11 Selective removal
of the Fmoc group in solution was accomplished using a
catalytic DBU/thiol reagent system that we have
already described.12

As depicted in Scheme 2, synthesis of the library began
by coupling the 20 P2 amino acids 6 listed in Table 1 to
modi®ed `safety catch' resin using the low temperature

Table 1. Structure of the library and the diversity elements used

Entry Fmoc-aa3-OH, 7 Fmoc-aa2-OH, 6 H-aa1-AMC, 5
(P3 amino acid) (P2 amino acid) (P1 amino acid)

a Fmoc-Arg(Pbf)-OH Fmoc-Arg(Pbf)-OH H-Arg(Pbf)-AMC
b Fmoc-Asn(Trt)-OH Fmoc-Asn(Trt)-OH H-Asn(Trt)-AMC
c Fmoc-Asp(OtBu)-OH Fmoc-Asp(OtBu)-OH H-Asp(OtBu)-AMC
d Fmoc-Glu(OtBu)-OH Fmoc-Glu(OtBu)-OH H-Cys(Trt)-AMC
e Fmoc-Gln(Trt)-OH Fmoc-Gln(Trt)-OH H-Glu(OtBu)-AMC
f Fmoc-His(Boc)-OH Fmoc-His(Boc)-OH H-Gln(Trt)-AMC
g Fmoc-Lys(Boc)-OH Fmoc-Lys(Boc)-OH H-His-AMC
h Fmoc-Orn(Boc)-OH Fmoc-Orn(Boc)-OH H-Lys(Boc)-AMC
i Fmoc-Ser(tBu)-OH Fmoc-Ser(tBu)-OH H-Orn(Boc)-AMC
j Fmoc-Thr(tBu)-OH Fmoc-Thr(tBu)-OH H-Cit-AMC
k Fmoc-Trp(Boc)-OH Fmoc-Trp(Boc)-OH H-Ser(tBu)-AMC
l Fmoc-Tyr(tBu)-OH Fmoc-Tyr(tBu)-OH H-Thr(tBu)-AMC
m Fmoc-Ala-OH Fmoc-Ala-OH H-Trp(Boc)-AMC
n Fmoc-Gly-OH Fmoc-Gly-OH H-Tyr(tBu)-AMC
o Fmoc-Ile-OH Fmoc-Ile-OH H-Ala-AMC
p Fmoc-Leu-OH Fmoc-Leu-OH H-Gly-AMC
q Fmoc-Met-OH Fmoc-Met-OH H-Ile-AMC
r Fmoc-Phe-OH Fmoc-Phe-OH H-Leu-AMC
s Fmoc-Pro-OH Fmoc-Pro-OH H-Met-AMC
t Fmoc-Val-OH Fmoc-Val-OH H-Phe-AMC
u H-Pro-AMC
v H-Val-AMC
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conditions optimized by Backes and Ellman (PyBOP/
CHCl3/iPr2NEt/ÿ20 �C).8a

The 20 resulting resins 8a±t, were dispensed into 96-
well plates. Standard solid-phase Fmoc amino acid
synthesis was used to prepare the solid-supported
dipeptides which were N-acetyl capped (HOAc, HOBt,
DIC) to give resins of structure 10. Optimization of the
resin cleavage reaction identi®ed dimethylacetamide

(DMA) as the optimal solvent that provided both good
solubility of 5a±v and reaction rates. The linker was
activated with iodoacetonitrile (20 equiv), washed, and
cleaved with the 22 P1 elements 5a±v listed in Table 1 to
give the library compounds in solution. Cleavage from
the activated resin with sterically hindered amino acids
such as H-Val-AMC and H-Ile-AMC required elevated
temperatures and were accompanied by partial
racemization of the P2 amino acid. Cleavages using

Scheme 1. Synthesis of the aminoacyl-AMC starting amines 5a±v (H-aa1-AMC).

Scheme 2. Synthesis of the tripeptidal AMC library.

Table 2. Results from screening Ac-Phe-aa2-aa1-AMCa

Best AMC substrate % of control
Protease sequences substrate

Cathepsin Bb Ac-Phe-Arg-Arg-AMC 46
Ac-Phe-Lys-Arg-AMC 43
Ac-Phe-Arg-Lys-AMC 37
Ac-Phe-Val-Lys-AMC 23
Ac-Phe-Orn-Lys-AMC 21
Ac-Phe-Orn-Arg-AMC 18
Ac-Phe-Met-Lys-AMC 18
Boc-Leu-Lys-Arg-AMCc 100

Elastase Ac-Phe-Pro-Val-AMC 11
Ac-Phe-Thr-Val-AMC 1.6
Ac-Phe-Glu-Val-AMC 1.0
Ac-Phe-Pro-Ala-AMC 0.8

MeOSuc-Ala-Ala-Pro-Val-AMCc 100

Factor Xa Ac-Phe-Tyr-Arg-AMC 1.1
MeSO2-D-Cha-Gly-Arg-AMCc 100

Urokinase Ac-Phe-Ser-Arg-AMC 4.2
Ac-Phe-Gly-Arg-AMC 3.9
Ac-Phe-Ala-Arg-AMC 2.0
Glt-Gly-Arg-AMCc 100

Thrombin Ac-Phe-Pro-Arg-AMC 5.4
Z-Gly-Pro-Arg-AMCc 100

aValues are relative ¯uorescence units (RFU)/min determined at
100mM concentration of substrate diluted from DMSO stock (1mM).
Final DMSO concentration was <10% v/v.
bAdditional cathepsin B data is shown in the Fig. 1 histogram.
cPositive control substrates.

Figure 1. 2D Histogram of the complete cathepsin B data. `X' repre-
sents Boc-Leu-Lys-Arg-AMC positive control substrate (the two sets
of data are taken from di�erent assay plates).`O' is ornithine.
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H-Pro-AMC, 5u, were kinetically the slowest reactions
observed. The compounds were concentrated in vacuo,
deprotected (95:2.5:2.5, TFA:TES:MeOH), and con-
centrated again to give the ®nal library compounds of
general structure A. Cysteine containing sequences were
treated with DTT to reduce cystine disul®de bonds.
Each substrate was subjected to high-throughput
reverse-phase HPLC puri®cation to remove unreacted
5, protecting group impurities, and minor diastereo-
meric impurities. The identity of each compound was
con®rmed by direct injection MS.

Biology

Of the 8800 compounds, we sampled 400 of them where
the P1 and P2 elements were randomized with the pre-
cursors listed in Table 1 and P3 was ®xed with N-acetyl
phenylalanine. Each substrate was assayed against ®ve
typical serine and cysteine proteases: cathepsin B, elast-
ase, factor Xa, urokinase, and thrombin using the
known and preferred substrates for each protease as
positive controls (Table 2).

The assay data for the cysteine protease cathepsin B
(Table 2 and Fig. 1) clearly illustrate that it prefers basic
amino acids (Arg, Lys, and Orn) in both the P1 and P2

positions. The optimal sequence for elastase is Ac-Phe-
Pro-Val with a clear preference for Val in P1. The opti-
mal sequences for the trypsin-like serine proteases factor
Xa, urokinase, and thrombin were Ac-Phe-Tyr-Arg, Ac-
Phe-Ser-Arg, and Ac-Phe-Pro-Arg, respectively, con-
®rming their preference for Arg in P1 and in the case of
fXa and thrombin, a high selectivity for the P2 amino
acids. Although none of the substrates was superior to
the control substrates, all of the data are consistent with
the well-established substrate speci®city for all ®ve
enzymes13 and there appear to be no false positives.
Since the 400 compounds that were screened had P3

®xed as Phe, screening of the entire library should elu-
cidate the preferred P3 amino acids as well.

Conclusion

We have completed a convergent synthesis of an 8800
compound tripeptidal AMC library using the Ellman-
modi®ed Kenner safety catch linker. Assay of a subset
of these compounds against several known representa-
tive serine and cysteine proteases gave results consistent
with the previously determined substrate speci®city of
these enzymes. Results of screening novel proteases

against the entire 8800 membered library and use of this
and other synthetic methods to make improved and less
peptidic substrates will be reported in due course.
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