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Abstract—A novel method for assaying the substrate speciﬁcity of proteolytic enzymes has been developed utilizing ligandenhanced lanthanide ion ﬂuorescence. This approach was used to develop peptide libraries to probe substrate speciﬁcity in the
prime sites of proteolytic enzymes. A positional scanning synthetic combinatorial library of ﬂuorogenic peptides was synthesized
and used to determine the extended prime site speciﬁcity of bovine a-chymotrypsin. The enzyme showed a preference for Lys and
Arg in the P10 position, rather broad speciﬁcity in the P20 position, and a slight Arg speciﬁcity in the P30 position. The speciﬁcity
proﬁle of bovine a-chymotrypsin agrees well with previously reported data, and the substrate library reported herein should provide
valuable information about the prime site substrate speciﬁcities of other proteolytic enzymes as well. Furthermore, the continuous
ﬂuorogenic assay described may prove useful in analyzing the activity of other hydrolytic enzymes.
# 2002 Elsevier Science Ltd. All rights reserved.

Proteolytic enzymes are ubiquitous in biology, comprising
an estimated 2% of the human genome.1 While wellregulated proteolysis is crucial to the development and
survival of many organisms, unregulated proteolysis
results in a number of pathogenic states including thrombotic disorders, hypertension, osteoarthritis, chronic
degenerative disorders, and cancer.1,2 One of the challenges facing those who study proteolysis is the task of
elucidating the natural substrates of a protease and determining how this function is altered in the disease state.3
Knowledge of the primary sequence speciﬁcity of a protease provides a ﬁrst approximation in determining its
function in vivo and a number of researchers have
developed substrate libraries for this purpose. Of these,
the most widely applicable has been the use of coumarinbased ﬂuorogenic substrate libraries to scan the substrate
binding pockets on the N-terminal side of the scissile
bond (the non-prime4 subsites).58 Synthetic combinatorial peptide libraries that systematically scan through
the P1, P2, P3, and P4 subsites have been developed in
our laboratory and used to proﬁle the speciﬁcity of ser-
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ine, cysteine and aspartyl proteases.5,6,911 In addition to
providing insight into the biochemistry of a protease,
knowledge of substrate speciﬁcity can aid in the design
of selective protease inhibitors. Simple chemical substrate libraries can yield a wealth of biochemically and
therapeutically relevant data.
Although the existing libraries have provided valuable
information about the speciﬁcity of numerous proteases,
one of their main shortcomings is the fact that they only
proﬁle the non-prime subsites.3 Phage display of peptide
substrates,12 FRET-based polypeptide substrates,13,14
and acyl transfer from protease to substrate15 have been
used to map the prime site speciﬁcity of a limited number
of proteolytic enzymes. Unfortunately, each of these
methods has signiﬁcant drawbacks such as poor solubility, restricted diversity and limited applicability. A simple chemical library that can be used to proﬁle the prime
site speciﬁcity of a protease is desirable. Ideally, a system
could be designed in which (1) an easily detectable, highly
sensitive signal (e.g., ﬂuorescence) is activated upon substrate hydrolysis, (2) cleavage of many substrates can be
observed simultaneously, and (3) the results can be rapidly
deconvoluted to produce a speciﬁcity proﬁle. In this
manuscript we report the development of a novel method
for determining protease substrate speciﬁcity C-terminal
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to the scissile bond. The resulting libraries are readily
synthesized from commercially available starting
materials and should prove useful in proﬁling the
speciﬁcity of a variety of proteases.
In order to develop a ﬂuorogenic peptide library that
can be used to probe the prime site binding pockets of a
protease, an appropriate ﬂuorophore must be chosen.
In the case of the non-prime side coumarin-based
ﬂuorogenic libraries, the ﬂuorescence of the coumarin
moiety is quenched by attachment through an amide
bond to the amino acid chain. Upon cleavage of the
coumarin-peptide amide bond, the amino group of the
coumarin is released and ﬂuorescence is greatly
enhanced, as shown in eq 1. A complementary approach
is needed in the development of a ﬂuorophore for use in
prime site libraries, wherein cleavage of the peptideﬂuorophore bond releases a ﬂuorophore with a free
carboxylic acid moiety. For this study, we have devised
an assay in which a 5-ﬂuorosalicylic acid (fsa) peptide
conjugate is hydrolyzed and the resulting free fsa ligand
coordinates to a terbium ion in the reaction solution to
produce a ﬂuorescent signal (eq 2). The intrinsic ﬂuorescence of the lanthanide ion terbium(III) is very weak,
but can be enhanced by the use of laser excitation or a
sensitizing ligand such as fsa.16 Because non-radiative
decay of the lanthanide ion excited state can occur
through vibronic coupling to water molecules bound to
the metal ion, an EDTA ligand or another similar
shielding ligand is required to exclude water from the
metal coordination sphere.17

ð1Þ

ð2Þ

Fsa-enhanced terbium ion ﬂuorescence has been reported as a discontinuous assay for alkaline phosphatase
activity18,19 wherein the reaction mixture was made
basic with NaOH before ﬂuorescence was measured.
Our initial investigations into the ﬂuorescence of the
[Tb(EDTA)(fsa)] conjugate provided conﬁrmation that
this technique could also be valuable in the detection of
peptide substrate hydrolysis. The sensitivity of the
[Tb(EDTA)(fsa)] assay was measured at both elevated
pH and pH 8.0. The fsa detection limit was approximately 1 mM in both cases. The slight increase in ﬂuorescence intensity at elevated pH was not enough to
justify the use of a discontinuous assay in which the
reaction is quenched by addition of NaOH before measuring ﬂuorescence. Instead we chose to use a continuous assay in which the increasing ﬂuorescence is
monitored in real time as substrate is hydrolyzed and
fsa is released into the [Tb(EDTA)]+ containing reaction solution. At pH 8.0, maximum sensitivity was
obtained with a [Tb(EDTA)]+ concentration of 10 mM.
The fsa ligand was incorporated into a tetrapeptide
library utilizing the positional scanning approach.20 In

this library, each substrate is a tetrapeptide with an
amidated C-terminus and an fsa ligand attached to the
N-terminus. Three sublibraries scanning the P10 , P20 ,
and P30 positions were synthesized in 96-well plate format, as shown in Figure 1. The P40 position consists of
an equimolar mixture21,22 of 19 amino acids—the 20
naturally occurring amino acids except methionine and
cysteine but including the unnatural amino acid norleucine, a methionine isostere, were used in all cases. For
example, in the P20 sublibrary, the P20 position is spatially addressed, with each of its 19 members contained
in a separate well of the library plate.23 The P10 , P30 ,
and P40 positions are occupied by an equimolar
mixture21,22 of the 19 possible amino acids. By incorporating all 19 of the relevant amino acids at each of
these positions, every possible tetrapeptide sequence is
represented, facilitating a sampling of all sequence space
(Fig. 1).

Figure 1. A representation of the substrate library setup. In each sublibrary, X represents an equimolar mixture of all 19 amino acids and Z
represents the spatially addressed position.

The positionally scanned library was synthesized using
standard solid phase amino acid coupling procedures as
illustrated in Scheme 1. Rink amide resin was used as
the solid support. The tetrapeptide chain was built upon
the resin and the fsa was incorporated at the N-terminus
using standard coupling protocols.5 The library was
then cleaved from the resin under acidic conditions.
Following the removal of solvent from the library, the
residue was dissolved in DMSO to a ﬁnal concentration
of approximately 20 mM total substrate, estimated
based on the approximately 40% yields obtained from
similar single substrate syntheses. As each sublibrary
has 3 randomized positions, there are 193, or 6859 different substrates in each library well and the concentration of each individual substrate approximately 2.9 mM.
It is important to keep the concentration of substrate
below the Km so that the rate of hydrolysis remains
directly proportional to the speciﬁcity constant, kcat/Km.
The combinatorial tetrapeptide library thus obtained
was used to assay the substrate speciﬁcity of bovine achymotrypsin as follows. A 1 mL aliquot of each library
member in DMSO was diluted to 100 mL in one well of a
black polystyrene 96-well plate with a solution containing 50 mM Tris HCl pH 8.0, 100 mM NaCl, 20 mM
CaCl2, 10 mM [Tb(EDTA)]+ and 10 mM enzyme. The
resulting mixture was allowed to react at 25  C for
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Scheme 1.

30 min. Hydrolysis was followed by observing the
increase in ﬂuorescence at 546 nm upon excitation at
250 nm. As shown in Figure 2, the enzyme cleaves substrates with Arg and Lys in the P10 position most eﬃciently. The P20 position is more broad in its speciﬁcity
and the P30 position shows a slight preference for Arg.
The tetrapeptide library provides an averaged and
independent view of the amino acid preferences at each
subsite and does not address the possibility of cooperative eﬀects between the subsites. To elucidate any cooperativity between subsites, a series of single substrates
was synthesized and assayed with chymotrypsin. The
individual substrates were synthesized in a similar

fashion as the library and puriﬁed by reverse-phase
HPLC. Peptide sequences were designed to compare the
most reactive amino acid in each sublibrary (Arg) with
an amino acid with moderate reactivity and neutral
functionality (Ala). Alanine, a small, neutral amino
acid, was included in the P40 position in all peptides,
providing extended backbone interactions to enhance
turnover. The kinetic data obtained from single substrate hydrolysis were analyzed using the standard
Michaelis–Menten equation. As outlined in Table 1, an
arginine residue in the P10 position is necessary for
eﬃcient turnover of the substrate. Of the single substrates listed in Table 1, the only substrate without a P10
Arg residue for which satisfactory kinetic data could be
obtained was fsa-ARRA, which had a kcat/Km an order
of magnitude lower than the substrates with P10 Arg. A
detailed kinetic analysis of the hydrolysis of fsa-RRAA
provided a kcat value of 2.2  0.2 s1 and a Km value of
0.5  0.1 mM. Substrates with Arg at both P10 and P30
were hydrolyzed somewhat less eﬃciently than those
with Arg at only P10 , supporting the proposal by Schellenberger et al.24 that both of these positively charged
residues may interact with the same negatively charged
residue(s) in the enzyme.

Table 1. Single substrate kinetics with bovine a-chymotrypsin
Substrate
fsa-RRAA
fsa-RAAA
fsa-RRRA
fsa-RARA
fsa-ARRA
fsa-ARAA
fsa-AARA

Figure 2. The prime side substrate speciﬁcity of bovine a-chymotrypsin as determined by the combinatorial fsa tetrapeptide substrate
library.

kcat/Km (M1 s1)
44001000
3500800
2200500
1900500
16060
NA
NA

The prime site speciﬁcity for bovine a-chymotrypsin
determined in these experiments matches quite well with
that previously obtained using the acyl transfer
method15,24,25 and can be interpreted based on the
crystal structures of the enzyme complexed with macromolecular inhibitors as summarized in Figure 3.26 The
residues Asp35 and Asp64 have both been predicted to
interact with the P10 and P30 residues. Closer inspection
of the crystal structure of bovine a-chymotrypsin complexed with turkey ovomucoid protein third domain
reveals a possible cation–p interaction27 (approximately
3.89 Å) between the P30 Arg residue of the inhibitor and
Phe41, providing another potentially favorable interaction with the positively charged residue. Our data
provide further evidence for the cooperativity between
the S10 and S30 subsites in chymotrypsin,24 conﬁrming
that single substrates with Arg in both the P10 and P30
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Figure 3. A representation of the prime side subsites in bovine a-chymotrypsin. The P10 and P30 subsites overlap, resulting in an interdependence between these two sites with Asp35 and Asp64 providing
the major speciﬁcity determinants. Phe41 lies beneath the peptide,
providing a potential cation–p interaction with the Arg residue in P30
and its backbone oxygen atom providing a hydrogen bond acceptor
for the amide N–H moiety of the P20 residue. The P20 pocket is less
well deﬁned, with potential hydrogen bond donors and acceptors such
as Asn150 and Thr151 available.
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based on ligand enhancement of lanthanide ion ﬂuorescence. The fsa ﬂuorophore has been incorporated into a
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library. The resulting library shows promise in allowing
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