
www.elsevier.com/locate/yabio

Analytical Biochemistry 335 (2004) 244–252

ANALYTICAL

BIOCHEMISTRY
Positional-scanning combinatorial libraries of fluorescence
resonance energy transfer peptides to define substrate specificity

of carboxydipeptidases: assays with human cathepsin B

Simone Silva Cotrin, Luciano Puzer, Wagner Alves de Souza Judice, Luiz Juliano*,
Adriana K. Carmona, Maria Aparecida Juliano*

Department of Biophysics, Escola Paulista de Medicina, UNIFESP, Rua Três de Maio, 100, São Paulo 04044-020, Brazil

Received 10 July 2004
Abstract

We have developed positional scanning synthetic combinatorial libraries to define the substrate specificity of carboxydipeptid-
ases. The library Abz-GXXZXK(Dnp)-OH, where Abz is ortho-aminobenzoic acid, K(Dnp) is Ne-2,4-dinitrophenyl-lysine with free
carboxyl group, the Z position was successively occupied with 1 of 19 amino acids (cysteine was omitted), and X represents ran-
domly incorporated residues, was assayed initially with human cathepsin B, and arginine was defined as one of the best residues
at the P1 position. To examine the selectivity of S0

1, S2, and S3 subsites, the sublibraries Abz-GXXRZK(Dnp)-OH, Abz-
GXZRXK(Dnp)-OH, and Abz-GZXRXK(Dnp)-OH were then synthesized. The peptide Abz-GIVRAK(Dnp)-OH, which contains
the most favorable residues in the P3–P

0
1 positions identified by screening of the libraries with cathepsin B, was hydrolyzed by this

enzyme with kcat/Km = 7288 mM�1 s�1. This peptide is the most efficient substrate described for cathepsin B to this point, and it is
highly selective for the enzyme among the lysosomal cysteine proteases.
� 2004 Elsevier Inc. All rights reserved.
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1 Abbreviations used: FRET, fluorescence resonance energy transfer;
PS–SCL, positional scanning synthetic combinatorial library; AMC,
[7-amino-4-methyl]coumarin; ACC, [7-amino-4-carbamoylmethyl]cou-
marin; Dnp, 2,4-dinitrophenyl; Abz, ortho-aminobenzoic acid; K(Dnp),
Ne-2,4-dinitrophenyl-lysine; Pmc, 2,2,5,7,8-pentamethyl-chlromam-6-
sulfonyl; TFA, trifluoroacetic acid; DMF, dimethylformamide; DCM,
dichloromethane; TBTU, 2-(1H-bezotriazole-1-yl)-1,1,3,3-tetramethyl-
Combinatorial peptide library approaches have been
used as an alternative to the systematic assays of individ-
ual peptides for specificity determination of endopro-
teases. All of the combinatorial peptide library
methods involve their generation followed by screening
to identify the optimal substrate sequences. Several
methodologies have been described and can be obtained
by biological or synthetic procedures. The biological
method involves the display of the peptide libraries on
filamentous phage, the identification of the best sub-
strates by molecular biology tools, and the cleavage site
determination in each substrate [1–4]. Synthetic peptide
libraries can contain millions of compounds, but the
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identification of the substrates and the cleavage site
require robust analytical assays such as Edman degrada-
tion [5–7], mass spectrometry [8,9], and chromatography
[10]. Support-bound fluorescence resonance energy
transfer (FRET)1 peptide libraries have been prepared
uronium tetrafluoroborate; HOBT,N-hydroxybenzotriazole; EDT, 1,2-
ethanodithiol; HPLC, high-performance liquid chromatography; ACN,
acetonitrile; MALDI–TOF, matrix-assisted laser desorption/ioniza-
tion–time of flight; DTE, dithioerythritol; DMSO, dimethyl sulfoxide;
EDTA, ethylenediaminetetraacetic acid.
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by the process of split synthesis, resulting in a single pep-
tide sequence on each of the resin beads [11]. Partial
proteolysis of the substrates bound to the solid support
and sequence determination by Edman degradation of
the substrates on the most fluorescent beads provides
the sequences and the cleavage sites of the optimal sub-
strates [12,13].

The use of positional scanning synthetic combinato-
rial libraries (PS–SCLs) of fluorogenic peptide sub-
strates is a strategy where each position in the peptide
sequence is occupied in turn by a single amino acid res-
idue. Mixtures of amino acids must be coupled to mix-
tures of resin-bound amino acids for the synthesis of
the libraries. The earlier described PS–SCLs were
formed by [7-amino-4-methyl]coumarin (AMC)- or [7-
amino-4-carbamoylmethyl]coumarin (ACC)-containing
fluorogenic peptides having the C-terminal carboxyl
group occupied by the fluorogenic AMC or ACC group.
Besides some intrinsic limitations of the synthetic pro-
cess due to nonequimolar or incomplete libraries, the re-
ported results using this approach seem to be very
convincing [14–17].

All of the above peptide libraries for substrates for
proteases were designed to investigate their endopepti-
dase specificities. There are several peptidases of biolog-
ical interest that are predominantly carboxydipeptidase
such as angiotensin I-converting enzyme and cathepsin
B at acid pH, which are present in mammals and in
other lower living organisms. In the current study, we
synthesized a PS–SCL specially designed for screening
peptidases with carboxydipeptidase activity that contain
peptides with a free C-terminal carboxyl group. Initially,
we prepared a library with the general structure Abz-
GXXZXK(Dnp [2,4-dinitrophenyl])-OH, where the Z
position was successively occupied with 1 of 19 amino
acids (cysteine was omitted to avoid dimerization) and
X represents randomly incorporated residues. To ensure
equal coupling of the randomized residues, a balanced
isokinetic mixture of 19 amino acids was used in the syn-
thesis procedure as described previously [18]. Assaying
this library, we could define the enzyme preference for
the P1 position (according to the nomenclature of
Schechter and Berger [19]) of the substrate because the
carboxydipeptidase activity will remove the dipeptide
XK(Dnp)-OH that contains the fluorescence quencher
group (Dnp), resulting in fluorescence increasing. This
library was assayed with human cathepsin B, and argi-
nine was defined as one of the best residues in the P1 po-
sition of the substrates. Then, to examine the selectivity
of S0

1, S2, and S3 subsites of this enzyme, the sublibraries
Abz-GXXRZK(Dnp)-OH, Abz-GXZRXK(Dnp)-OH,
and Abz-GZXRXK(Dnp)-OH were synthesized, with
arginine being fixed at the P1 position. The presence of
arginine in all sublibraries renders them more suscepti-
ble to cathepsin B and provides more solubility in water
of the generated peptides.
Cathepsin B is significantly larger than papain (245
vs. 212 residues) due to insertions distributed through-
out the molecule [20]. Particularly characteristic is the
presence of the occluding loop in the catalytic cleft of
cathepsin B, which contains His110 and His111 and
forms its S0

2 subsite. His110 interacts with Asp22
through ion pair stabilizing electrostatic interaction,
and His111 is the major determinant of the exopeptidase
activity of cathepsin B by virtue of its electrostatic inter-
action with the free carboxylate group of the substrates
[21–27]. The occluding loop forms a wall impairing the
normal threading of substrate through the active site
cleft [20], resulting in greater carboxydipeptidase activity
than endopeptidase activity of cathepsin B, particularly
on synthetic peptides. The substrate specificity for these
two activities of cathepsin B was described in detail pre-
viously using a series of isolated FRET peptides modi-
fied systematically in each position [22,27,28]. Given
all of this information available in the literature, cathep-
sin B is a very convenient protease to assay a PS–SCL of
fluorogenic peptide substrates designed for carboxydi-
peptidases. In addition, more information will be ob-
tained on this important lysosomal cysteine protease
that is known to be involved in a variety of physiological
and pathological conditions [29,30], particularly in tu-
mor invasion and metastasis [31–34], apoptosis [35–
37], and angiogenesis [38].
Materials and methods

Chemicals were obtained from commercial suppliers
and used without further purification. The Fmoc amino
acids, Fmoc-Ala-OH, Fmoc-Arg(Pmc [2,2,5,7,8-pentam-
ethyl-chlromam-6-sulfonyl])-OH, Fmoc-Asn(Trt)-OH,
Fmoc-Asp(O-t-Bu)-OH, Fmoc-Glu(O-t-Bu)-OH, Fmoc-
Gln(Trt)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH,
Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Phe-OH, Fmoc-Pro-OH, Fmoc-Ser(O-t-Bu)-OH,
Fmoc-Thr(O-t-Bu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-
Tyr(O-t-Bu)-OH, Fmoc-Val-OH, Fmoc-Met, Fmoc-
Lys(Dnp)-OH, and NovaSyn-TGA resin, which contains
the trifluoroacetic acid (TFA) labile 4-hydroxymethyl-
phenoxyacetic acid linker, were purchased from Nova-
biochem (San Diego, CA, USA). Dimethylformamide
(DMF) with low amine content was used as a solvent
for all syntheses.

Enzymes

Human recombinant cathepsin B was obtained as de-
scribed previously [21]. Cruzain, truncated in the C-ter-
minal extension, was obtained from Escherichia coli

(strain DH5a containing the expression plasmid) kindly
supplied by McKerrow (University of California, San
Francisco) following the procedure reported previously
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[39]. Recombinant human cathepsins K, V, and L were
expressed in the yeast Pichia pastoris as described previ-
ously [21]. Human recombinant cathepsin X was
expressed in P. pastoris and was activated using cathep-
sin L as described elsewhere [40]. In the final purification
step, cathepsin X was separated from cathepsin L by ion
exchange chromatography on SP Sepharose Fast Flow
(Amersham–Pharmacia Biotech, Uppsala, Sweden) at
pH 4.4. The molar concentrations of all active cathep-
sins were determined by titration using the irreversible
inhibitor E-64 [41]. CPB 2.8 DCTE, a recombinant cys-
teine protease of Leishmania mexicana, was obtained as
described earlier [42].

Synthesis of positional scanning libraries of FRET

peptides

Synthesis of Fmoc-Lys(Dnp)-NovaSyn-TGA resin

Fmoc-Lys(Dnp)-OH (9 mmol), 1-(mesitylene-2-sulfo-
nyl)-3-nitro-1,2,4-triazole (8 mmol), and 1-methyl-imid-
azole (5 mmol) dissolved in 5 ml anhydrous
dichloromethane (DCM) were added to 13.5 g Nov-
aSyn-TGA resin (0.25 mmol/g) in restricted anhydrous
conditions. The mixture was kept at room temperature
with gentle shaking for 12 h, and then the resin was
washed with DCM and DMF and the Fmoc-
Lys(Dnp)-OH loading was determined by quantification
of Fmoc released by treatment of 1 mg of the resin with
20% piperidine in DMF followed by absorbance deter-
mination at k = 305 nm (extinction coefficient
6410 M�1 cm�1).

Synthesis of library Abz-GXXZXK(Dnp)-OH

The first randomized coupling (X) was done in the
free a-amino of Lys(Dnp)-NovaSyn-TGA resin using a
10-fold excess of an isokinetic mixture of Fmoc amino
acids [43] with the same excess of 2-(1H-bezotriazole-
1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
(TBTU) and N-hydroxybenzotriazole (HOBT) as cou-
pling reagents. A 20-fold excess of N-methylmorphor-
line was added as the organic base for this reaction.
The coupling of the fixed amino acid (Z) was done by
distributing 0.1 mmol of Fmoc-XK(Dnp)-resin in 19
reaction vessels, and the synthesis was continued by cou-
pling in each vessel 1 of the 19 Fmoc amino acids using
the same excess of reagents (cysteine was excluded). The
next couplings of randomized isokinetic mixtures of
amino acids, as well as glycine (which was a common
amino acid in all mixtures), were done in each of 19 sep-
arate vessels. The Abz was added as Boc-Abz, and the
mixtures of each sublibrary were removed from the resin
in each vessel by treatment with TFA–1,2-ethanodithiol
(EDT)–Anisol–H2O (92.0:0.2:0.8:7.0) for 8 h. The resin
was filtered and washed with 95% acetic acid, and the
resulting liquid mixtures were lyophilized three times,
redissolving in H2O between lyophilization steps.
Synthesis of the libraries Abz-GXZRXK(Dnp)-OH, Abz-

GZXRXK(Dnp)-OH, and Abz-GXXRZK(Dnp)-OH

The libraries Abz-GXZRXK(Dnp)-OH and Abz-
GZXRXK(Dnp)-OH were essentially synthesized as de-
scribed above except that arginine and glycine were
present in all mixtures of sublibraries. The Abz-
GXXRZK(Dnp)-OH library was synthesized in 19 sep-
arate vessels due to the position of the fixed amino acid
(Z) that is just before Lys(Dnp).

Synthesis and purification of single fluorescent Abz

peptides and FRET peptides

The peptides were synthesized by solid phase using
Fmoc methodology. All syntheses were done in an auto-
mated bench-top simultaneous multiple solid phase pep-
tide synthesizer (PSSM 8 system from Shimadzu,
Tokyo, Japan). The final unprotected peptides were
purified by semipreparative high-performance liquid
chromatography (HPLC) using an Econosil C-18 col-
umn (10 lm, 22.5 · 250 mm) and a two-solvent system:
TFA/H2O (1:1000, v/v) and TFA/acetonitrile [ACN]/
H2O (1:900:100, v/v/v). The column was eluted at a flow
rate of 5 ml min�1 with a 10, 30–50, or 60% gradient of
solvent B over 30 or 45 min. Analytical HPLC was per-
formed using a binary HPLC system from Shimadzu
with an SPD-10AV Shimadzu UV/vis detector and a
Shimadzu RF-535 fluorescence detector coupled to an
Ultrasphere C-18 column (5 lm, 4.6 · 150 mm), which
was eluted with solvent systems A1 (H3PO4/H2O,
1:1000, v/v) and B1 (ACN/H2O/H3PO4, 900:100:1, v/
v/v) at a flow rate of 1.7 ml min�1 and a 10–80% gradi-
ent of B1 over 15 min. The HPLC column-eluted mate-
rials were monitored by their absorbance at 220 nm and
by fluorescence emission at 420 nm following excitation
at 320 nm for the peptides containing Abz–Dnp pair.
The molecular mass and purity of synthesized peptides
were checked by matrix-assisted laser desorption/ioniza-
tion–time of flight (MALDI–TOF) mass spectrometry
(TofSpec-E, Micromass) and/or peptide sequencing
using a protein sequencer PPSQ-23 (Shimadzu).

Peptide library screen

The enzymatic hydrolysis by cathepsin B of the
FRET peptides was done in 100 mM sodium acetate
containing 200 mM NaCl, pH 4.5, at 37 �C in a final
volume of 1 ml. The enzyme (1–10 nM) was preactivated
in the presence of 2.5 mM dithioerythritol (DTE) for
5 min before the addition of the substrates. Substrates
from the PS–SCLs were dissolved in dimethyl sulfoxide
(DMSO), and the concentrations of the library solutions
were determined by colorimetric determination of the
2,4-dinitrophenyl group, where e365 = 17,300 M�1 cm�1.
The concentrations of library solutions were calibrated
so as to perform all of the assays at 100 nM. The reac-



Fig. 1. P1 substrate specificity of human cathepsin B. The positional
scanning fluorimetric combinatorial library with general sequence
Abz-GXXZXK(Dnp)-OH screened with human cathepsin B is shown.
First, 100 nM of mixture with fixed amino acid (Z) was incubated with
cathepsin B (5–10 nM) in 100 mM sodium acetate containing 200 mM
NaCl, pH 4.5, at 37 �C. The enzyme was preactivated for 5 min with
2.5 mM DTE. The assays were determined measuring the initial
velocity of each run. The y axis represents the relative activity obtained
as described in Materials and methods. The x axis shows the specific
amino acids represented by the one-letter codes. The errors are shown
at the tops of the bars, each of which represents the average of three
determinations.
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tion was initiated by the addition of the library solution,
and the hydrolysis of the FRET peptides was quantified
using a Hitachi F-2500 spectrofluorometer by measuring
the fluorescence of Abz at 420 nm following excitation
at 320 nm. The reactions were followed over 300 s, and
the initial linear increment of fluorescence with time
was taken as the velocity of hydrolysis. In this condition,
the hydrolysis is proportional to the specificity constant
kcat/Km [17] because similar preferences for hydrolysis
were observed varying the library concentration (50
and 200 nM).

Determination of the cleaved peptide bonds

The peptide Abz-GIVRAK(Dnp)-OH was tested as
substrate for cathepsins B, K, L, V, and X and cruz-
ain. The cleaved bonds were identified by isolation of
the digestion fragments by reverse-phase HPLC on a
C18 column equilibrated in 10% solvent B (90%
ACN, 10% TFA, v/v). The column was eluted at a
flow rate of 1 ml min�1 with a 10–80% gradient of sol-
vent B over 28 min. The elution profile was determined
at 220 nm and by fluorescence at 420 nm after excita-
tion at 320 nm. The Abz-containing fragments were
compared with authentic synthetic sequences and/or
by amino acid sequencing, and molecular mass deter-
mination was made by MALDI–TOF mass
spectrometry.

pH dependence of the cathepsin B activity toward the
substrate Abz-GIVRAK(Dnp)-OH

The pH profile of cathepsin B activity was obtained
by measuring the kcat/Km parameters of hydrolysis of
the peptide Abz-GIVRAK(Dnp)-OH under pseudo
first-order conditions. The determinations were carried
out in a standard buffer containing 25 mM acetic acid,
25 mM Mes, 75 mM Tris, 25 mM glycine, and 2 mM
ethylenediaminetetraacetic acid (EDTA). The pH ranges
were 3.5–10.0 and were adjusted with 1 M NaOH and
HCl. The enzyme was preactivated with 2.5 mM DTE
at 37 �C for 5 min.
Results

Screening of Abz-GXXZXK(Dnp)-OH library by

human cathepsin B

Fig. 1 shows the activity of human cathepsin B on the
Abz-GXXZXK(Dnp)-OH library. Arg was the pre-
ferred amino acid at the P1 position, but the enzyme also
well accepted the hydrophobic residue Leu and amino
acids with short side chain, such as Ser and Ala, or even
without side chain, such as Gly. This profile of prefer-
ences is very similar to those found previously with a
series of peptides derived from Dnp-GFXFW-OH,
where X is natural amino acids [28]. A limited sup-
port-bound FRET peptide library composed of nine
amino acids (Gly, Ala, Ser, Thr, Asn, Gln, Val, Phe,
and Tyr) also showed that Gly-containing peptides were
the more frequent peptides selected for the endopepti-
dase activity of cathepsin B [44].

Screening of Abz-GXZRXK(Dnp)-OH,

Abz-GZXRXK(Dnp)-OH, and Abz-GXXRZK(Dnp)-

OH sublibraries by human cathepsin B

The Abz-GXZRXK(Dnp)-OH sublibrary screening
provides the preferences of cathepsin B for the amino
acids at the P2 position of the substrates. The middle
panel of Fig. 2 (P2) shows the activity of cathepsin B
on this sublibrary. This screening is particularly relevant
because the primary specificity of papain-like proteases
is largely determined by the S2–P2 interaction [45]. It is
noteworthy that Val is the best choice of the enzyme
among the amino acids with aliphatic side chains and
that the susceptibility of the peptides with Val was sim-
ilar to that with Phe, which is also well accepted by
cathepsin B, as shown in the middle panel of Fig. 2
and in previous observations [28,46]. This library also
demonstrated that cathepsin B accommodated well the
basic amino acids Arg, Lys, and His (in this order of
preference). The presence of the negatively charged ami-
no acids Asp and Glu resulted in poor hydrolysis, and



Fig. 2. P2, P3, and P0
1 substrate specificity of human cathepsin B. The

positional scanning fluorimetric combinatorial libraries with the
general sequences Abz-GXZRXK(Dnp)-OH (middle panel, P2), Abz-
GZXRXK(Dnp)-OH (top panel, P3), and Abz-GXXRZK(Dnp)-OH
(bottom panel, P0

1) are shown. The conditions are similar to those
described in Fig. 1.
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the presence of Gly and Gln resulted in no hydrolysis.
Similar results were observed previously with substrates
based on Dnp-GXRFW-OH containing these amino
acids [28].

Screening of the Abz-GZXRXK(Dnp)-OH subli-
brary provided the preferences of cathepsin B for
the amino acids at the P3 position of the substrates.
The top panel of Fig. 2 (P3) shows the activity of
cathepsin B on this sublibrary. Ile was the preferred
amino acid at the P3 position, followed by Lys and
Phe. The preference of the S3 subsite of cathepsin B
for aromatic residues was reported previously [47].
The worst amino acids at the P3 position are Asn
and the negatively charged residues Glu and Asp.
All of these results suggest that the S3 subsite has,
in addition to a hydrophobic pocket, a positive elec-
trostatic environment.

Abz-GXXRZK(Dnp)-OH sublibrary screening pro-
vides the preferences of cathepsin B for the amino acids
at the P0

1 position of the substrates. The bottom panel of
Fig. 2 ðP0

1Þ shows the activity of cathepsin B on this sub-
library. The greater preference of the S0

1 subsite of
cathepsin B for hydrophobic residues, with either ali-
phatic or aromatic structure, is very clear. These data
are in accordance with earlier observations with sub-
strates that permit endopeptidase activity [48] or carbo-
xydipeptidase activity [28]. The complete resistance of
the peptides containing Pro in this sublibrary is note-
worthy due to the imide nature of its peptide bond with
the P1 amino acid. This result gives significant support
to the initial assumption that the libraries described in
this work would be cleaved only after the antipenulti-
mate amino acid.

Cathepsin B carboxydipeptidase activity in all libraries

To verify whether cathepsin B could present carboxy-
monopeptidase activity on the above-described PS–
SCLs, removing only Lys(Dnp)-OH from the peptides,
all of the sublibraries were incubated for 24 h with
20 nM of cathepsin B, and Lys(Dnp)-OH was not de-
tected in examining the reaction mixtures by HPLC.
In addition, we verified the potentiality of cathepsin B
carboxymonopeptidase activity, looking for its activity
on the peptides Abz-FRFW-OH, Abz-FFFR-OH, and
Abz-FFRW-OH as well as on the same peptides with
their C-terminal carboxyl group amidated. These pep-
tides were designed to put Phe and Arg, the best amino
acids for the P2 position for cathepsin B activity, at the
penultimate site of these peptides; however, cathepsin B
removed the C-terminal dipeptides from all peptides ex-
cept Abz-FFRW-NH2. This peptide was cleaved at the
R-W bond releasing Trp-NH2. Therefore, the free C-ter-
minal carboxyl group directs the carboxydipeptidase
activity of cathepsin B.

Kinetics of hydrolysis and its pH profile of a peptide

designed from library data

The peptide Abz-GIVRAK(Dnp)-OH was synthe-
sized based on the residue at each position, from P3 to
P0
1, that resulted in the highest hydrolytic activity of each

library or sublibrary screened by cathepsin B. Abz-GIV-
RAK(Dnp)-OH was hydrolyzed only at the Arg-Ala
peptide bond with the highest catalytic efficiency (kcat/



Table 1
Kinetic constants for hydrolysis by cathepsin B and cruzain of substrates Abz-peptidil(Dnp)-OH designed from screening of combinatorial libraries

Abz-GIVRAK(Dnp)-OH Abz-GIVRPK(Dnp)-OH

Km (lM) kcat (s
�1) kcat/Km (mM�1 s�1) Cleavage site(s) Km (lM) kcat (s

�1) kcat/Km (mM�1 s�1) Cleavage site

Cathepsin B 5.9 43 7288 R fl A 100% Resistant
Cruzain 0.8 0.06 75 V fl R 39% 0.06 0.02 333 V fl R 100%

R fl A 61%

Note. The assays were performed in 100 mM acetate buffer containing 200 mM NaCl, pH 4.5, at 37 �C. The enzymes were activated for 5 min with
2.5 mM DTE. Measurements were done as described in Materials and methods. Cleavage sites are indicated as arrows (fl). The standard deviations
of the kinetic constants were less than 5%. The assays were performed under pseudo first-order conditions.

Fig. 3. pH dependence of Abz-GIVRAK(Dnp)-OH hydrolysis by
cathepsin B. The pH activity profile for the hydrolysis of Abz-
GIVRAK(Dnp)-OH by cathepsin B under pseudo first-order condi-
tions is shown. The determinations were done in a standard buffer
containing 25 mM acetic acid, 25 mM Mes, 75 mM Tris, 25 mM
glycine, and 2 mM EDTA. The pH ranges were 3.5–10.0 and were
adjusted with 1 M NaOH and HCl. The enzyme was preactivated with
2.5 mM DTE at 37 �C for 5 min.

Table 2
Kinetic constants for hydrolysis by cathepsins B, K, L, V, and X and
L. mexicana CPB of Abz-GIVRAK(Dnp)-OH

Peptidase Abz-GIVRAK(Dnp)-OH

kcat/Km (mM�1 s�1) Cleavage site(s)

Cathepsin B 7288 R fl A (100%)
Cathepsin K 133.3 V fl R (100%)
Cathepsin L 100 V fl R (55%)

R fl A (45%)
Cathepsin V 32 R fl A (100%)
Cathepsin X 17 A fl K(Dnp)-OH (100%)
CPB 2.8 D CTE 50 R fl A (100%)
Cruzain 75 V fl R (39%)

R fl A (61%)

Note. The enzymes were activated for 5 min with 2.5 mM DTE. The
following buffers were used: 100 mM acetate buffer containing 200 mM
NaCl, pH 4.5, for cathepsins B, X, and cruzain; 100 mM acetate buffer
containing 200 mMNaCl, pH 5.5, for cathepsins K and L and CPB 2.8
DCTE; and 100 mM sodium phosphate with 2.5 mM of EDTA, pH
6.5, for cathepsin V. Measurements were done as described in Mate-
rials and methods. Cleavage sites are indicated as arrows (fl). The
standard deviations of the kinetic constants were less than 5%. The
assays were performed at 37 �C.
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Km) described for cathepsin B to this point. The catalytic
constant (kcat) made the main contribution to the ob-
tained kcat/Km value (Table 1). The analog peptide
Abz-GIVRPK(Dnp)-OH, with Pro at the P0

1 position,
was also synthesized and was completely resistant to
hydrolysis by cathepsin B, even at a concentration 10
times higher than that used to hydrolyze Abz-GIV-
RAK(Dnp)-OH. Cruzain is a recombinant form of the
major cysteine protease of Trypanosoma cruzi and ac-
cepts Arg at the P2 position [49], and it has carboxydi-
peptidase activity similar to that of cathepsin B [50].
Cruzain was also assayed with Abz-GIVRAK(Dnp)-
OH and Abz-GIVRPK(Dnp)-OH, and it hydrolyzed
Abz-GIVRPK(Dnp)-OH at the Val-Arg bond, working
on this substrate as an endopeptidase, and poorly
hydrolyzed the peptide Abz-GIVRAK(Dnp)-OH at
the Val-Arg and Arg-Ala bonds (Table 1). In addition,
the mixture of peptides of sublibrary Abz-GXXRZK
(Dnp)-OH (where Z is Pro), which was resistant to
cathepsin B, was significantly hydrolyzed by cruzain.
These results confirm the exclusive carboxydipeptidase
activity of cathepsin B on the peptide library described
in this article.

To investigate the specificity of cathepsin B toward
the peptide Abz-GIVRAK(Dnp)-OH, we assayed this
substrate with the other cysteine proteases such as hu-
man cathepsins K, L, V, and X and with CPB 2.8
DCTE, which is a recombinant form of the most highly
expressed cysteine protease of L. mexicana. Table 2
shows that the kcat/Km values for these enzymes are
one or two orders of magnitude lower than those for
cathepsin B and that their cleavage site differs among
the enzymes, with some of them being cleaved at two
peptide bonds. Therefore, the peptide Abz-GIV-
RAK(Dnp)-OH has a high specificity for cathepsin B
compared with other cysteine proteases.

The pH profile of Abz-GIVRAK(Dnp)-OH hydroly-
sis by cathepsin B is shown in Fig. 3. The values
pK1 = 3.45 and pK2 = 5.50 could be adjusted through-
out the points with pH 4.5 for the maximum activity.
This result indicates that the carboxydipeptidase activity
of cathepsin B is more efficient at acid pH than is its
endopeptidase activity or hydrolysis of peptidyl-AMC
substrates without a free carboxyl group, where the



Table 3
Earlier reported kinetic parameters for the hydrolysis by human
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higher hydrolytic activity is shifted to a pH higher than 6
[45,50].
cathepsin B of the more susceptible substrates

Peptide Km kcat kcat/Km Reference

Z-FR-MCA 23.0 76.0 3260 [48]
Abz-FRF-EDDnp 3.5 2.9 828 [48]
Abz-FRL-EDDnp 3.1 2.5 806 [48]
Dnp-GFRFW-OH 1.2 2.1 1725 [28]
Abz-FRAK(Dnp)-OH 17.9 34.8 1944 [28]
Abz-FFDap(Dnp)W-OH 2.1 5.4 2571 [28]

Note. Dap(Dnp), 3-[2,4-dinitrophenyl]-(2,3-diamino propionic acid).
Discussion

The PS–SCL of FRET peptides containing a free C-
terminal carboxyl group provides a library of peptides
in solution suitable to evaluate the carboxydipeptidase
activity of proteases that possess this activity as their
major peptidase function. The PS–SCL of FRET pep-
tides we describe here used Lys(Dnp) to carry both the
fluorescence quencher group (Dnp) and the free car-
boxyl group, which is a necessary feature of the sub-
strates for proteases that are predominantly
carboxydipeptidases.

The obtained results are essentially in accordance
with the already known substrate specificity of cathepsin
B. The S2 specificity is between that of cathepsin L,
which prefers Phe, and cathepsin S, which prefers Leu
[51], and this library also demonstrated that cathepsin
B accommodated the basic amino acids Arg, Lys, and
His (in this order of preference) at the S2 subsite. This
is an expected result given that cathepsin B has the res-
idue Glu245 at the bottom of its S2 subsite. It is curious
that substrates containing Pro, but with a free carboxyl
group, are reasonably hydrolyzed by cathepsin B,
whereas the peptide Abz-APRSAAQ-EDDnp was very
poorly hydrolyzed by papain, cathepsin L, and cathep-
sin B [22]. It seems that substrates with Pro at the P2 po-
sition can be accepted only by cathepsin B executing its
carboxydipeptidase activity and that, according to this
view, the hydrolysis of Dnp-GPRFW-OH presented
kcat/Km = 309 mM�1 s�1 [28].

The crystal structure of recombinant rat cathepsin B
[52] shows that the benzyl ring of the Z group from Z-
Arg-Ser(OBzl), covalently linked to the active site of
the protease, makes an aromatic–aromatic interaction
with Tyr75 at the S3 binding site. However, the prefer-
ence for aliphatic residues such as Ile could result from
a best fitting of the 2-butyl group at the S3 subsite. Be-
cause Lys is also well accepted, it is possible that only
the hydrophobic and aliphatic portion of the four
methylenes of the Lys side chain interacts with S3
and that the ammonium group could stick out to the
solvent.

The prime site cathepsin B substrate specificity ob-
served with the PS–SCL of FRET peptides contain-
ing a free C-terminal carboxyl group confirmed the
preference for hydrophobic amino acids [28,46,53].
The free C-terminal carboxyl group at the P0

2 position
of the substrates directs the carboxydipeptidase activ-
ity of cathepsin B, and this is related to its occluding
loop, which is a unique structure [27]. The carboxydi-
peptidase activity of cathepsin B is more efficient at
acid pH than is its endopeptidase activity or hydroly-
sis of peptidyl-AMC substrates without a free car-
boxyl group, where the higher hydrolytic activity is
shifted to a pH higher than 6 [45,50]. This result sug-
gests that the carboxydipeptidase activity of cathepsin
B could occur preferentially inside lysosomes and that
the endopeptidase activities could occur out of the
cells.

The peptide Abz-GIVRAK(Dnp)-OH obtained from
the PS–SCL of FRET peptides containing a free C-ter-
minal carboxyl is the best substrate described for
cathepsin B to this point. Table 3 shows, for compari-
son, the kinetic parameters for the hydrolysis of the
best substrates reported previously for cathepsin B with
and without the free C-terminal carboxyl group. In
addition, looking for possible natural substrates for
cathepsin B containing the amino acid sequence closer
to that of Abz-GIVRAK(Dnp)-OH, we found the very
similar sequences VIRAKF and VIRAKA in human
TIMP-1 and TIMP-2, respectively, which correspond
to residues 18–23 of them. TIMP-1 and TIMP-2 are
tissue inhibitors of metalloproteases, as well as of angi-
ogenesis, and (curiously) were also efficiently hydro-
lyzed by cathepsin B [38]. We synthesized the peptide
acetyl-VIRAKF-NH2, and the hydrolysis by cathepsin
B at the R-A bond was monitored by HPLC. This re-
sult indicates that Abz and Lys(Dnp) are not determi-
nants for the hydrolysis of the PS–SCL of FRET
peptides.

In conclusion, we have described a PS–SCL specially
designed for screening peptidases with carboxydipepti-
dase activity. Based on the analysis of these libraries,
we obtained a very efficient and specific substrate for hu-
man cathepsin B.
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substrate specificity and the role of His110 and His111 in the
exopeptidase activity of human cathepsin B, Biochem. J. 361
(2002) 613–619.

[28] M.H.S. Cezari, L. Puzer, M.A. Juliano, A.K. Carmona, L.
Juliano, Cathepsin B carboxydipeptidase specificity analysis using
internally quenched fluorescent peptides, Biochem. J. 368 (2002)
365–369.

[29] W. Halangk, M.M. Lerch, B. Brandt-Nedelev, W. Roth, M.
Ruthenbuerger, T. Reinheckel, W. Domschke, H. Lippert, C.
Peters, J. Deusing, Role of cathepsin B in intracellular trypsinogen
activation and the onset of acute pancreatitis, J. Clin. Invest. 106
(2000) 773–781.

[30] J.S. Mort, D.J. Buttle, Molecules in focus: cathepsin B, Int. J.
Biochem. Cell Biol. 29 (1997) 715–720.

[31] S. Yan, M. Sameni, B.F. Sloane, Cathepsin B and human tumor
progression, Biol. Chem. 379 (1998) 113–123.

[32] B.A. Frosch, I. Berquin, M.R. Emmert-Buck, K. Moin, B.F.
Sloane, Molecular regulation, membrane association, and secre-
tion of tumour cathepsin B, APMIS 107 (1999) 28–37.

[33] A.M. Szpaderska, A. Frankfater, An intracellular form of
cathepsin B contributes to invasiveness in cancer, Cancer Res.
61 (2001) 3493–3500.

[34] A.A. Sinha, M.P. Jamuar, M.J. Wilson, J. Rozhin, B.F. Sloane,
Plasma membrane association of cathepsin B in human prostate
cancer: biochemical and immunological electron microscopy
analysis, Prostate 49 (2001) 172–184.

[35] M.E. Guicciardi, J. Deussing, H. Miyoshi, S.F. Bronk, P.A.
Svingeon, C. Peters, S.H. Kaufmann, G.J. Gores, Cathepsin B
contributes to TNF-a-mediated hepatocyte apoptosis by promot-



252 S.S. Cotrin et al. / Analytical Biochemistry 335 (2004) 244–252
ing mitochondrial release of cytochrome c, J. Clin. Invest. 106
(2000) 1127–1137.

[36] V. Stoka, B. Turk, S.L. Schendel, T.-H. Kim, T. Cirman, S.J.
Snipas, L.M. Ellerby, D. Bredesen, H. Freeze, M. Abrahamson,
D. Brömme, S. Krajewski, J.C. Reed, X.-M. Yin, V. Turk, G.S.
Salvensen, Lysosomal protease pathways to apoptosis: cleavage of
Bid, not pro-caspases, is the most likely route, J. Biol. Chem. 276
(2001) 3149–3157.

[37] T. Cirman, K. Oresic, G.D. Mazovec, V. Turk, J.C. Reed, R.M.
Myers, G.S. Salvesen, B. Turk, Selective disruption of lysosomes
in HeLa cells triggers apoptosis mediated by cleavage of Bid by
multiple papain-like lysosomal cathepsins, J. Biol. Chem. 279
(2004) 3578–3587.

[38] G. Kostoulas, A. Lang, H. Nagase, A. Baici, Stimulation of
angiogenesis through cathepsin B inactivation of the tissue
inhibitors of matrix metalloproteinases, FEBS Lett. 455 (1999)
286–290.

[39] A.E. Eakin, A.A. Mills, G. Harth, J.H. McKerrow, C.S. Craik,
The sequence, organization, and expression of the major cysteine
protease (cruzain) from Trypanosoma cruzi, J. Biol. Chem. 267
(1992) 7411–7420.
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