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Luiz Juliano,§ and Morten Meldal*,‡

Department of Chemistry, Carlsberg Laboratory, Gamle Carlsberg Vej 10, DK-2500 Valby-Copenhagen,
Denmark, and Department of Biophysics, Escola Paulista de Medicina, Rua Tres de Maio 100,

04044-20 Sa˜o Paulo, Brazil

ReceiVed June 16, 1999

To map the substrate specificity of cysteine proteases, two combinatorial peptide libraries were synthesized
and screened using the archetypal protease, papain. The use of PEGA resin as the solid support for library
synthesis facilitated the application of an on-resin fluorescence-quenched assay. Results from the screening
of library 2 indicated a preference for Pro or Val in the S3 subsite and hydrophobic residues in S2; the most
prevalent residue not being Phe but Val. The S1 subsite exhibited a dual specificity for both small, nonpolar
residues, Ala or Gly, as well as larger, Gln, and charged residues, Arg. Small residues predominated in the
S1′-S4′ subsites. Active peptides from the libraries and variations thereof were resynthesized and their kinetics
of hydrolysis by papain assessed in solution phase assays. Generally, there was a good correlation between
the extent of substrate cleavage on solid phase and thekcat/KM’s obtained in solution phase assays. Several
good substrates for papain were obtained, the best substrates being Y(NO2)PMPPLCTSMK(Abz) (kcat/KM

) 2109 (mM s)-1), Y(NO2)PYAVQSPQK(Abz) (kcat/KM ) 1524 (mM s)-1), and Y(NO2)PVLRQQRSK-
(Abz) (kcat/KM ) 1450 (mM s)-1). These results were interpreted in structural terms by the use of molecular
dynamics (MD). These MD calculations indicated two different modes for the binding of substrates in the
narrow enzyme cleft.

Introduction

Combinatorial chemistry has revolutionized both drug
discovery and fundamental approaches to the elucidation of
various processes in the biological as well as the physical
sciences. The development of the portion-mixing (split/mix
or divide and combine) methodology1,2 has made possible
the rapid generation of millions of compounds for high
throughput screening. An important advance in the rapid
screening of these vast libraries has been the development
of solid supports such as TentaGel,3 PEGA,4 POEPOP,5

POEPS-3,6 and SPOCC7 that allow the screening of the
libraries to be performed directly on resin-bound compounds.
However, while solid phase assays are expedient, hits
obtained from the screening process may not necessarily lead

to highly active ligands for the particular receptor being
studied. A thorough understanding of the system being
studied as well as the advantages and limitations of the solid
phase assay is necessary in order to correctly interpret the
results.

One of our research goals is the application of the solid
phase combinatorial methodology to characterize proteolytic
enzymes, in particular cysteine proteases as a preface to the
design of their specific inhibitors. To this end, we have
developed an intramolecular fluorescence quenching assay
for the determination of the substrate8-11 as well as inhibitor
specificity12,13of these enzymes. The conventional methods
of characterizing the substrate specificity of proteolytic
enzymes involve the systematic yet tedious synthesis of
several substrates usually containing a chromophore (AMC
or pNA) at one end. This approach is limited because it is
practically impossible to synthesize all the possible different
substrates for testing, and furthermore, the use of chromoge-
nic substrates gives rise to information about the requirements
of the nonprimed (S) or primed (S′) subsites independently.
In addition, it has been demonstrated that subsite-substrate
interaction is generally dependent on the substrate structure
and is not necessarily additive.14 The use of an internally
quenched fluorescent substrate, on the other hand, gives
information about both the nonprimed and primed subsites
simultaneously, making the use of a fluorescence-quenched
peptide library ideal for the investigation of the substrate
specificity of proteolytic enzymes.15,16

† 1X, set as standards100 times dilution of enzyme (8.34µM); 20X, 20
times dilution of 1X enzyme solution; Abz, 2-amino-benzoyl; AMC,
7-amino-4-methylcoumarin; Boc,tert-butyloxycarbonyl; CHC,R-cyano-4-
hydroxycinnamic acid; DhBt-OH, 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-ben-
zotriazine; DMF, dimethylformamide; eddnp, E′, ethylenediamine-N-(2,4-
dinitrophenyl);Fmoc,NR-fluoren-9-ylmethyloxycarbonyl;HMBA,hydroxymethyl
benzoic acid; MeIm,N-methyl imidazole; MSNT, 1-(mesitylene-2-sulfonyl)-
3-nitro-1H-1,2,4-triazole; NEM,N-ethyl morpholine; PEGA, poly(ethylene
glycol) acrylamide copolymer; Pfp, pentafluorophenyl; Pmc, 2,2,5,7,8-
pentamethyl chroman-6-sulfonyl; PNA,p-nitroanilide; TBTU,O-(benzo-
triazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate; TEA, triethyl
amine; TFA, trifluoroacetic acid.
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Cysteine proteases comprise a wide class of proteolytic
enzymes in plants and animals that serve important functions
such as the degradation of muscular protein, the processing
of propeptides, prohormones, and zymogens, and the pro-
cessing of foreign antigens for immunological responses.17

Defects in the regulation of cysteine protease activity have
also been reported in connection with several diseased states
including osteoporosis, cancer metastasis, muscular dystro-
phy, viral replication, and parasitic infection.18 Cysteine
proteases are divided into about 20 families; the best known
family being that of papain. The papain family contains
peptidases with a wide range of activities including endopep-
tidases with broad or narrow specificities, amino peptidases,
dipeptidylpeptidases, and peptidases containing both endo-
and exopeptidase activity. Although papain has been selected
as the archetypal cysteine protease and other members of
the family are described as papain-like based on their
substrate specificity, there has been surprisingly little sys-
tematic characterization of the substrate specificity of papain.
The specificity is still primarily based on the pioneering work
of Schechter and Berger which utilized diastereomeric
mixtures ofD and L Ala and a Phe scan to determine the
number of subsites required and the specificity of the
enzyme.19 Results from that study suggested that the subsite
of papain, hence most cysteine proteases, is seven amino
acids long and that there is a preference for an aromatic
residue in the S2 subsite. At least one other study examining
the hydrolysis of tripeptide esters and amides also concluded
that Phe is best in S2 compared to Leu or Ala20 while others
have shown that AMC substrates containing Leu in S2 are
also fairly well hydrolyzed.21 A few studies have attempted
to explore the specificity of the S1′, S2′, and S3′ subsites
through the synthesis of a limited number of fluorescent
quenched substrates containing Phe at P2.22-25 Recently,
however, studies utilizing internally quenched substrates
based on a partial sequence of a protein inhibitor, cystatin,
have shown that an extremely good substrate may be
obtained with the general sequence: QxVxG.17,26-28 These
substrates do not contain the usual aromatic residue in the
S2 subsite, lending doubt to the suggested strict requirement
of a bulky aromatic residue at S2. More recently, there has
been an attempt to investigate the substrate specificity of
papain by parallel synthesis of different resin-bound (Dansyl-
GGGFX1X2GGGG-linker resin) substrates having Phe in P2

and varying the amino acids at P1 and P1′ with 20 different
amino acids.29

In the present work, we assess the effectiveness and
limitations of the solid phase fluorescence-quenched assay
as a tool for determining the substrate specificity of pro-
teolytic enzymes. By screening combinatorial libraries, the
enzyme itself is allowed to select the best substrate from
thousands of peptides. Thus, through a combination of the
library methodology and molecular dynamics calculations,
we present herein the first systematic characterization of the
substrate specificity of papain, the archetypal cysteine
protease.

Results
Design and Construction of Solid Phase Libraries.The

general structure of the internally quenched fluorescent

library is shown in Figure 1. PEGA resin was the solid
support of choice because of its excellent swelling in both
organic and aqueous media, thus allowing library synthesis
as well as on-bead screening. Furthermore, in contrast to
other commercially available PEG-based resins, the gellike
matrix of PEGA facilitates rapid diffusion of enzymes into
the bead where they maintain optimal enzymatic activity.8-15,29

The library was synthesized on PEGA4000 resin30 which
contains a larger pore size than PEGA1900

31 or TentaGel
thereby allowing large macromolecules (50 000 to 90 000
Da) to freely diffuse in to the interior of the bead.30 Seven
positions (X1-X7) were randomized using all 20 genetically
encoded amino acids. This length was selected in order to
map the seven subsites of cysteine proteases as proposed by
Schechter and Berger.19 The peptide sequences were flanked
by the fluorescence donor, 2-aminobenzoic acid (Abz),
attached to the side chain of lysine (K(Abz)) and by the
fluorescent quencher, 3-nitrotyrosine (Y(NO2)). Two libraries
were synthesized: the first contained the 20 amino acids in
the seven randomized positions, while in the second, acidic
residues (Asp and Glu) were excluded from the library. In
the second library, a proline residue was inserted at position
8 at the C-terminal end of Y(NO2) in order to direct Y(NO2)
away from the S2 site of the enzyme. The Lys-Lys sequence
was incorporated in order to double the loading of the resin;
initial loading was 0.13 mmol/g and final loading was 0.21
mmol/g (loading was calculated by measuring the absorbance
at 290 nm of the piperidene-dibenzofulvene adduct obtained
from the cleavage of the Fmoc protecting group by piperi-
dine). The base labile HMBA linker was included to facilitate
substrate cleavage for analysis of the purity of the library.

Each library was synthesized on 1.7 g of PEGA4000 resin
containing about 270 000 beads (200-800µm; average bead
size was 300-400 µm). The large variation in bead size is
a consequence of the difficult polymerization of long PEG
chains during resin synthesis and does not influence the
screening process given the long time scale of the enzymatic
reaction compared to differing rates of enzyme diffusion
within beads of varying size. Since the theoretical number
of compounds (207) exceeds the number of particles, all the
possible compounds were not present. However, a large
number (270 000) of compounds were obtained. The peptides
were synthesized using the Fmoc/OPfp ester methodology32

except for the incorporation of K(Abz) and Y(NO2) which
were incorporated using TBTU/NEM activation.33 Upon
completion of synthesis and deprotection protocols, 35
randomly chosen beads were cleaved and the product purity

Figure 1. Peptide library construct. The libraries which contain
free N-termini were synthesized on PEGA4000resin, and the loading
was doubled by incorporation of the sequence of two Lys residues.
X1-X7 are randomized positions while X8 is omitted in library 1
and is Pro in library 2. Library 1 was synthesized without the
HMBA linker.
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was analyzed by MALDI-TOF-MS.34 The mass spectra
indicated that most of the peptides were at least 90-95%
pure.

Screening of Peptide Libraries.After the synthesis and
complete deprotection of library 1, 300 mg (ca. 50 000 beads)
of the beads were incubated with papain (5.0 nM) for 2.5 h
at 25°C. Beads were then examined under UV light for the
presence of fluorescent beads, which were transferred to
TFA-treated cartridge filters for sequencing by Edman
degradation. Because the enzyme reaction was terminated
before complete hydrolysis of all the peptide attached to a
single bead, each bead contained both the complete peptide
sequence as well as the sequences of the remaining portion
of the cleaved peptide (S′ amino acids). Thus, from Edman
sequencing, it was possible to obtain the peptide sequence,
the cleavage point and the approximate extent of cleavage.
Beads (115) with varying degrees of brightness were isolated
from the first library, and the amino acid subsite frequencies
obtained from peptides attached to 40 of them are presented
in Figure 2. The results from the sequencing showed that

roughly 30% of the peptides were cleaved at two positions,
and the alignments resulting from both cleavages were
utilized. From these data, the nature of the amino acid in
the S2 subsite is important for directing substrate cleavage
(consistent with literature results).19,35 Surprisingly, by far
the most preferred amino acid in S2 was the fluorescence
quencher Y(NO2), making it difficult to get reasonable data
describing the residue specificity of subsites S3 and S4 which
may also be important for substrate specificity. This result
is in agreement with recent results which suggest that better
binding of substrates of the type Dansyl-X-R-A-P-W is
obtained when amino acids with aromatic side chains
containing electron withdrawing groups occupy the S2 subsite
(X).36 In the event that S2 was not occupied by Y(NO2),
hydrophobic residues, primarily Val, Leu, and Phe occupied
that position. There was insufficient data to obtain a clear
picture of the amino acid preference for positions S4 and S3.
The S1 subsite was occupied by small amino acids, Gln, Ala,
Ser, or Gly and to a lesser extent, Arg. The S1′ subsite
demonstrated a preference for Ser, and the S2′ was occupied
by small amino acids Ser or Ala or by acidic residues Glu
and Asp. The S3′ site demonstrated little specificity and was
occupied by hydrophobic residues, Tyr, Leu, or Val as well
as Pro and Gln. There was an exceedingly high preponder-
ance of acidic residues (Glu and Asp) in the P4′, P5′, and P6′
positions, suggesting a substrate unrelated bias in the results.
A series of test peptides were then synthesized to determine
the best way to prevent substrate cleavage such that Y(NO2)
occupied the S2 position. It was found that placement of a
Pro residue C-terminally to the Y(NO2) prevented such a
cleavage (data not shown). Interestingly, placement of two
proline residues N-terminally to the Y(NO2) enhanced and
accelerated the cleavage (data not shown) in agreement with
the substrate specificity found in library 2 (vide infra). A
new library, library 2, was thus synthesized incorporating a
Pro C-terminally to the Y(NO2) and excluding acidic
residues.

Library 2, 300 mg (ca. 50 000 beads) of the beads, was
incubated with papain (5.0 nM) for 3.5 h at 25°C, and 34
bright beads were selected for Edman degradation. In two
beads, the peptide was completely cleaved by the enzyme,
providing the amino acids in only the primed subsites while
in two other beads only K(Abz) was detected. In three cases,
it was impossible to determine the sequence and cleavage
point from the data. Consequently, the results from the
Edman degradation of 29 beads are summarized in Table 1
and the amino acid subsite frequencies are shown in Figure
3. Again, about 30% of the peptides were cleaved in two
positions. There was, in this case, a lack of preference for
Y(NO2) in the S2 subsite thus making it possible to obtain
information about the occupancy of the S4 and S3 subsites.
These subsites were occupied by small hydrophobic residues
such as Pro, Val, Ala, and Gln, but with an overall preference
for Pro (data does not include Pro residues fixed in the
C-terminal position adjacent to Y(NO2)). There was a clear
preference for a hydrophobic residue in S2 with Val being
the preferred amino acid followed by Phe and Leu. S1 was
occupied by Arg, Gln, Ala, or Gly. When the small amino
acids occupied S1, Val occurred most often in S2; whereas

Figure 2. Amino acid frequency in enzyme subsites obtained from
screening of library 1. It should be noted that an erroneously
superficial impression of specificity can be obtained from this
representation since there are three effects at once: the bias of
Y(NO2) in S2 subsite, the preference for peptides containing acidic
residues, and to a much lesser extent, the specificity free from both
biases.
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when Arg or Lys occupied S1, Phe or Val were present at S2

with almost equal frequency. Ala, Thr, and Ser occupied S1′,
while small amino acids Ser, Gln, and Ala occupied S2′.
Small amino acids particularly Pro, Gln, and Gly also
predominated in S3′, S4′, and S5′ although in a less specific
manner.

Kinetic Characterization of Selected Peptides. 1. Selec-
tion of Peptides.Lead peptides were selected for solution
phase kinetics only from library 2 because the subsite
occupancy trend obtained from the two libraries was similar
and, additionally, peptides from library 2 were more centrally
cleaved thus allowing amino acid substitutions from P3 to
P4′. Peptide sequences with a high degree of cleavage as
determined from amino acid sequencing data (Table 1: bead
number 1, 26, 11, 5, 7, 10, 25, and 20 corresponding to
compounds1, 18, 19, 20, 21, 23, 24, 26 in Table 2) and
which contained only one cleavage point were selected as
lead peptides. These and variations thereof were resynthe-
sized and used for solution phase kinetic studies (Table 2).
Peptide1 was selected as the lead substrate since it was
cleaved to a high degree (31%) and its sequence reflected
the general enzyme subsite preferences determined from the

library screen. Amino acid substitutions at each subsite were
based on the statistical occurrences of particular amino acids
in those subsites. To test the efficiency of the screening meth-
od, substrates with intermediate to low degree of cleavage
(Table 1: bead number 9, 22, and 21 corresponding to com-
pounds29, 30, and31 in Table 2) were also synthesized to
see if they were indeed poor substrates. Because acidic resi-
dues had been excluded from the second library, these were
incorporated into a few sequences (Table 2:14, 15, and16)
to investigate the effect they may have on the binding and
catalysis of the substrate. Since the best known substrate for
papain is the internally quenched substrate AbzQVVAGA-
eddnp (36),26 this substrate was also tested, and in order to
directly compare with the current results, the substrate was
also synthesized using K(Abz) and Y(NO2) as the fluores-
cence donor/quencher pair (32, 33, 34, and35).

2. Synthesis of Peptides.Peptides (except for AbzAV-
VAGAE′26) were synthesized on PEGA800 resin (0.26 mmol/
g; 4 µM peptide) using standard Fmoc/OPfp ester method-
ology except for the incorporation of linker, K(Abz) and Y-
(NO2) were coupled using the Fmoc/TBTU/NEM methodol-
ogy. After deprotection, peptides were purified using reverse

Table 1. Substrates Obtained from Library 2 (aY′-PX7X6X5X4X3X2X1-bK′) after Incubation with Papainc

VV

beadd P8 P7 P6 P5 P4 P3 P2 P1 P1′ P2′ P3′ P4′ P5′ P6′ P7′ clve

1 Y′ P V A A S P I G K′ 31
2a Y′ P A G V Q Q P K K′ 15
2b Y′ P A G V Q Q P K K′ 24
3 Y′ P - A W P P G G K′ 8
4 Y′ P W P I A R K A K′ 22
5 Y′ P Y A V Q S P Q K′ 28
6 Y′ P F K S R K Q N K′ 35
7 Y′ P V L R Q Q R S K′ 27
8 Y′ P Y V P M R Q G K′ 17
9 Y′ P V S G Q A S N K′ 15

10 Y′ P L Q A S G N A K′ 26
11a Y′ P Q Q P V V A S K′ 35
11b Y′ P Q Q P V V A S K′ 24
12a Y′ P Q Q P V R A S K′ 17
12b Y′ P Q Q P V R A S K′ 23
13 Y′ P F K L G I S N K′ 25
14 Y′ P L Q A S G N A K′ 33
15 Y′ P F Q A R R F R K′ 35
16 Y′ P F G Q R T P A K′ 14
17f P V W P Q P S G K′ -
18ag Y′ P R/C Y A P M S T K′ 5
18bg Y′ P R/C Y A P M S T K′ 8
19a Y′ P F R T Q T R P K′ 10
19b Y′ P F R T Q T R P K′ 30
20 Y′ P V A T A G P V K′ 22
21 Y′ P V R M A K C G K′ 8
22 Y′ P L P P A M Q A K′ 9
23a Y′ P F R V K K A T K′ 13
23b Y′ P F R V K K A T K′ 12
24a Y′ P V R A R S T R K′ 21
24b Y′ P V R A R S T R K′ 20
25 Y′ P V G T S I Q S K′ 25
26g Y′ P M P P L R/C T S K′ 52
27 Y′ P P L Q L P G G K′ 40
28h K A K ′
29h G W Q F N K′
a Y′ ) Y(NO2). b K′ ) Lys(Abz). c VV ) Cleavage site as determined by Edman degradation. Substrates with more than one cleavage site

are designated a and b.d Arbitrary number assigned to bead isolated from library.e Approximate percentage of peptide cleaved based on
results of Edman degradation.f Y′ precedes P.g It was not possible to conclusively identify the amino acid as Cys or Arg.h Complete
cleavage of peptide occurred: sequence of primed side only obtained.
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phase HPLC and characterized by the determination of the
mass using MALDI-TOF-MS or ES-MS (Table 2). The
synthesis of all peptides proceeded smoothly in high yield.

3. Kinetics of Hydrolysis. The kinetics of substrate
hydrolysis using papain was first determined under pseudo-
first-order conditions at 25°C for the determination of the
second-order rate constant,kcat/KM. The cleavage points were
determined using MALDI-TOF-MS as described in the
Experimental Section (Figure 4a,b). The results shown in
Table 3 indicate that while most substrates had identical
cleavage points both in solution and on solid phase, a few
were cleaved in different or multiple positions compared to
when they were resin-bound. For example, peptides1 and
30 were cleaved in one position on solid phase but cleaved
at two positions in the solution phase assay. Conversely,
peptide19 that showed two cleavage points on solid phase

had only one cleavage point in solution. Substitution of lead
peptides at various positions with different amino acids also
lead to variations in the cleavage points (e.g. peptides1 and
2, 21 and22). For peptides showing significant hydrolysis
at a second site, it can be shown that the measuredkcat/KM

corresponds to the sum of individual values ofkcat/KM for
each cleavage site and that the ratio of the resulting products
from each site corresponds to the ratio of the individualkcat/
KM values.37 This ratio was determined from the MALDI-
TOF-MS experiments and the measuredkcat/KM corrected to
reflect solely the specificity constant for hydrolysis at the
P1-P1′ position deemed the main cleavage point. MALDI-
TOF-MS is not a generally quantitative technique; however,
under certain circumstances the method can be used quan-
titatively.38 Since the enzyme cleavage products have similar
structures, it is expected that their ionization and flight
properties may be similar.39 Therefore, the relative product
signal intensities may be a good measure of their relative
quantities in the product mixture.

4. Effect of Substitution in the Various Subsites on
Lead Peptide 1.The amino acids in subsites P3 to P4′ were
substituted by various amino acids primarily based on the
library results (Table 2,5-17). Most of the modified peptides
also manifested major and minor cleavage points although

Table 2. Mass Characterization and Kinetic Parameters
(kcat/KM) for Papain Hydrolysis of Internally Quenched
Fluorogenic Substrates Derived from Library Results

no. substratea
mass
exp

mass
foundb

clv
(%)c

kcat/KM

(mM s)-1

1 dY′PVAVVAVSPIGK′ 1166.3 1166.7 31 760( 15
2 eK ′PVAVAVVSPIGY′ 1166.3 1165.8 815( 38
3 K′VA VVASPIGY′ 1069.2 1069.6 83( 33
4 AbzVA VVAVSPIGY′ 940.0 940.9 190( 8
5 Y′AVA VVAVSPIGK′ 1140.3 1140.3 735( 32
6 Y′PFAVVAVSPIGK′ 1214.6 1214.1 620( 24
7 Y′PLAVVAVSPIGK′ 1180.3 1180.8 540( 27
8 Y′PYAVVASPIGK′ 1230.6 1230.3 749( 7
9 Y′PVGVVASPIGK′ 1152.3 1152.4 1825( 19

10 Y′PVAVVSVSPIGK′ 1181.3 1181.9 469( 26
11 Y′PVAVVAPPIGK′ 1176.4 1177.0 259( 17
12 Y′PVAVVAVSQIGK′ 1197.3 1196.7 446( 7
13 Y′PVAVVASPNGK′ 1167.3 1168.1 315( 7
14 Y′PVAVVAVSPEGK′ 1182.3 1182.5 397( 22
15 Y′PVGVVASPEGK′ 1168.2 1168.8f 1017( 44
16 Y′PVEVVASGIGK′ 1184.3 1184.3 90( 7
17 Y′SPVAVVASPIGK′ 1253.4 1255.5 1095( 53
18 Y′PMPPLCVVTSMK′ g 1431.7 1431.6f 52 2109( 101
19 Y′PQQPVVAVVSK′ 1280.4 1280.3 35/24 190( 34
20 Y′PYAVQVVSPQK′ 1344.5 1344.0 28 1524( 79
21 Y′PVLRVVQQRSK′ 1438.6 1437.7 27 1450( 41
22 Y′PVGVVRQQRSK′ 1382.5 1382.0 639( 60
23 Y′PLQVVASGNAK′ 1212.3 1212.7 26 242( 23
24 Y′PVGVVTSIQSK′ 1243.4 1243.7 25 800( 82
25 Y′PVGVVGVSIQSK′ 1199.3 1199.2 254( 14
26 Y′PVAVVTAGPVK′ 1166.3 1167.4 22 920( 127
27 Y′PVAVVGVAGPVK′ 1122.3 1122.8 674( 27
28 Y′PVAVVTAGK′ 970.1 970.0 168( 16
29 Y′PVSVVGQASNK′ 1214.3 1211.9f 15 79( 4
30 Y′PLPPAVVMVVQAK′ 1279.5 1279.4 9 40( 3
31 Y′PVRVVMAKCGK ′ 1316.6 1315.3 8 557( 45
32 Y′YQVVA VVGAK ′ 1162.3 1163.8 460( 44
33 Y′PQVVAVVGAK ′ 1092.2 1096.6 88( 17
34 Y′QVVA VVGAK ′ 999.1 999.9f 149( 4
35 AbzQVVA VVGAGY′ 928.0 928.3f 918( 127
36 AbzQVVA VVGAE′ h 870.9 893.9 9351( 382
37 Y′FRVVQQK′ i 1032.1 1032.6 84( 13
38 Y′PFRVVQQK′ 1129.2 1130.6 84( 4

a Amino acid substitutions are shown in bold;VV and V denote
major and minor cleavage points of substrates in solution, respec-
tively. b Mass determined by MALDI-TOF-MS unless otherwise
noted.c Approximate cleavage of resin-bound peptide based on
results of Edman degradation.d Y′ ) Y(NO2). e K′ ) Lys(Abz).
f Mass determined by ES-MS.g Original sequence obtained from
library was Y′PMPPLCVVTSK′. h E′ ) eddnp.i Substrate for barley
endoprotease A and B.

Figure 3. Amino acid frequency in enzyme subsites obtained from
screening of library 2. Peptide sequences are shown in Table 1.
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some had one cleavage point as in the original solid phase
results and others had up to three (data not shown). Substrate
1 already possessed the preferred Pro residue at P3, and
substitution by another small hydrophobic residue, Val,
resulted in cleavage of the substrate at three different sites
which made direct comparison to1 difficult (data not shown).
Substitution of Ala (5) for Pro at P3 had almost no effect on
the specificity constant. Replacement of the hydrophobic
residue in P2 by other hydrophobic or aromatic residues Phe,
Leu, or Tyr (6, 7, 8), led to a slight reduction inkcat/KM in
the case of Phe and Leu but not for Tyr. This effect reflects
the natural tendency of the enzyme to cleave substrates with
Y(NO2) in the P2 position (screening of library 1) and those
with amino acids containing nitro- and chloro-substituted
aromatic side chains in P2.36 Replacement of the Ala in the
P1 position by Gly almost doubled thekcat/KM, providing one
of the best substrates (9) for papain. This large increase is
probably due to the insertion of the more flexible Gly into

the S1 binding pocket in a manner that allows optimized
contacts of the other residues with the enzyme. Substitution
by Ser at P1 led to a substrate with multiple cleavage points,
making a direct comparison difficult (data not shown).
Substitution of Ala in P1′ by Ser (10) resulted in a reduction
of the specificity constant by about a half. The P2′ position
was already occupied by the favored amino acid, Ser; thus
a substitution by a Pro residue was performed to see the effect
of Pro in P2′ since, in autohydrolysis of propapain, cleavage
occurs such that Pro is present in the P2′ position (11).40 The
kcat/KM was reduced to about one-third its original value.
Substitution of the Pro residue in P3′ with the most abundant
amino acid Gln (12), resulted in a reduction ofkcat/KM by
about one-third. A substitution of Asn in P4′ (13) caused a
large reduction of catalytic efficiency. Since acidic residues
were excluded from the library, they were incorporated at
sites where they had been observed in the first library far
from (14 and15) and near (16) the active site, in order to
evaluate their contribution to substrate hydrolysis by papain.
Insertion of Glu at P1 or P4′ both resulted in a large reduction
of the specificity constant.

5. Other Trends. Other sequences obtained from library
2 and variations thereof (18-31) were synthesized in an
attempt to investigate the correlation between solid phase
and solution phase hydrolysis. The results suggest that there
is not necessarily a direct correlation between the solid phase
and solution phase enzymatic hydrolysis of the same
substrate. Some sequences that should result in good
substrates according to the degree of cleavage on solid phase
do not (e.g.19 and 23) while others perform as expected
(e.g.18, 20, and21). Most sequences that were expected to
be poor substrates (30 and 31) had low kcat/KM’s. To
investigate the number of subsites required, peptide26 was
shortened by two amino acids (28) on the primed side and
peptide1 was shortened by one amino acid (3 and4) and
lengthened by one amino acid on the nonprimed side (17).
Results indicate that lengthening the peptide on the non-
primed side slightly increases the specificity constant whereas
shortening the peptide on either side lowerskcat/KM. Short
peptides (37 and 38) that were good substrates for barley
endoprotease A and B41 were poorly hydrolyzed by papain.
These results suggest that seven to eight subsites are indeed
the minimum required for optimal catalytic activity of papain-
like cysteine proteases.

6. Influence of Donor/Quencher Pair.The influence of
the position and nature of the donor/quencher pair was
investigated using two series of peptides:1-4 and32-36.
The results suggest that the placement and nature of the
groups can greatly influencekcat/KM and the cleavage point
of the substrate, particularly if the cleavage point is relatively
close to the reporter group. Changing the position of K(Abz)
and Y(NO2) in 1 and2 resulted in a slight change inkcat/Km,
probably due to a change in cleavage site. The effect is more
pronounced in3 and 4 when substitution of K(Abz) with
Abz in P3 halves the specificity constant. It appears that in
certain substrates using eddnp as the quencher instead of
Y(NO2) greatly enhances thekcat/KM of the substrate (35and
36), probably due to interaction of the eddnp group with
aromatic residues W177 and W181 (Figure 6f).

Figure 4. Representative mass spectra showing cleavage site of
substrates. (a) Cleavage of substrate1 in two positions. Often, di-
sodiated species are also observed (538.09, 665.15, and 736.5). Peak
at 657.91 arises from the buffer used in the assay. (b) Cleavage of
substrate9 at a single position. The peak at 479.13 represents the
protonated species, those at 524.31 and 547.26 represent the di-
and tri-sodiated species, respectively, while the peak at 656.99
comes from the buffer.
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To determine whether a high or low specificity constant
was a result of changes in binding or in catalytic rate,KM’s
andkcat’s for selected substrates were determined from Hanes
plots using substrate concentrations ranging from 2 to 150
µM (Table 3). Examination of theKM of the best substrates
obtained from the library revealed that a good substrate was
obtained either by tight binding to the enzyme (18, kcat )
10.1 s-1; KM ) 6.8 µM) or by having a high catalytic rate
compensating for less effective binding (21,kcat ) 33.0 s-1;
KM ) 22.6µM). On shortening the substrate at the primed
side, the rate of catalysis remained the same but the binding
was reduced by a factor of 3 (26 and28). In the series of
peptides3, 9, 11, 15, 16 and 17, the rate of hydrolysis of
the G-A or A-A amide bond was essentially the same
except in peptides11 and16 where having two prolines in
P2′ and P3′ or a Glu in P1 results in marked reductions of the

catalytic rate. All these substrates had roughly the sameKM

except for17 which was 3-4-fold better and for16 which
was reduced by about 25%. Peptides34-36 explored the
effect of the donor and quencher groups and it is clear that
a higher specificity constant arose from lowerKM’s.

7. Modeling. The crystal structure of papain complexed
with the inhibitor Suc-QVVAA-pNA with a resolution of
1.7 Å was used as the starting point for all calculations.42

To rationalize the results obtained from screening of the
substrate libraries, seven representative substrates (1, 18, 21,
26, 28, 35, 36) were docked into the active site of papain to
investigate the following: multiple cleavages (1), the binding
of amino acids with large side chains (21), additional, less
specific interaction with P4 and P5 (18), the importance of
P3′ and P4′ (26 and28), and the importance of fluorescent
quencher for binding (35 and 36). The peptide substrates

Table 3. Kinetic Parameters for the Hydrolysis of Selected Internally Quenched Fluorogenic Substrates by Papain

[S] , KM
1/8Km < [S] < 8 KM

no. substratea kcat/KM (mM s)-1 KM (µM) kcat(s)-1 kcat/KM (mM s)-1

3 bK ′VA VVASPIGY′ 583( 33 35.8( 8.2 23.8( 2.4 665
9 cY′PVGVVASPIGK′ 1825( 19 37.6( 8.6 21.6( 1.6 575

11 Y′PVAVVAPPIGK′ 259( 17 40( 3.6 11( 0.42 275
15 Y′PVGVVASPEGK′ 1017( 44 22.9( 11.8 19.1( 1.6 834
16 Y′PVEVVASGIGK′ 90 ( 7 50.5( 47.1 5( 1.8 99
17 Y′SPVAVVASPIGK′ 1095( 53 11.4( 2.9 10.6( 0.77 930
18 Y′PMPPLCVVTSMK′ 2109( 101 6.8( 1.9 10.1( 0.25 1472
21 Y′PVLRVVQQRSK′ 1450( 41 22.6( 10.3 33.0( 4.6 1460
26 Y′PVAVVTAGPVK′ 920( 127 16.9( 10.9 13( 1.1 769
28 Y′PVAVVTAGK′ 168( 16 52.9( 20.3 10.2( 1.5 193
34 Y′QVVA VVGAK ′ 149( 4 37.9( 14.7 6.4( 1.2 169
35 AbzQVVA VVGAGY′ 918( 127 17.4( 4.4 12.7( 0.60 730
36 AbzQVVA VVGAE′ d 9351( 382

31 000e 1.6e 46e 29 000e

a Amino acid substitutions are shown in bold;VV denotes cleavage point of substrates in solution.b K′ ) Lys(Abz). c Y′ ) Y(NO2). d E′
) eddnp.e Kinetic parameters determined at 30°C.26

Figure 5. The detailed structure of the papain binding site with peptide26 displayed as a thin black stick model. The structure is in the
same orientation as shown with the Connolly surfaces in Figure 6a and Figure 6b-f. Only residues forming the active site are shown as
a thick stick model with light gray side chains and darker gray backbone atoms. The residues are indexed as numbered from the N-terminus
of papain. Residues C25 and H159 form part of the catalytic triad.

Fluorescence-Quenched Solid Phase Libraries Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 6515



Figure 6. Molecular dynamics calculations of the enzyme-substrate complex using papain coordinates determined at 1.7 Å resolution and
the most representative substrates found in the library. (a) The typical binding substrate26 (Y(NO2)PVATAGPVK(Abz)). Pro2 is buried
in P3 at the bottom of the cleft, Val3 is protruding at P2, Ala4 is buried under G65 in P1 close to C25, Thr5 and Ala6 are in small but
obvious pockets S1′ and S2′, respectively, and Pro8 is in contact with W177. (b and c) The sliding of substrate1 is possible due to the
presence of small and flexible amino acids. (d) Interaction of papain with substrate21 which contains Arg at P1. The Arg was observed to
interact with D158. (e) The increased number of contacts between18 and the S-region lead to increased substrate binding and rate of
hydrolysis. (f) In36, the distance between P1 and the dinitrophenyl group is perfect for stacking on the W177 lining the bottom of the P3′
and P4′ subsites.
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were aligned in the direction inferred from most available
crystal structures of papain complexed with peptide inhibi-
tors; that is, the orientation with S3 between V133 and Y67
forward to S3′-S5′ at W181 and W177 (Figure 5). The
possibility that peptide substrates can be aligned in the
reverse direction has been discussed.43 Our attempts, how-
ever, to also model substrates in that orientation were
unsuccessful since the cooperative orientation of the substrate
side chains in the S and S′ sites did not allow close proximity
of the active sulfhydryl to the scissile bond (i.e.<4 Å).

The results of the calculations are best illustrated with
substrate26 (kcat/KM ) 920 (mM s)-1; intermediate binding
energyKM ) 17 µM and intermediate catalytic efficiency
kcat ) 13 s-1) which binds in the classical way predicted
from small peptide-like inhibitor complexes with papain, i.e.
in an extended conformation and with very close contacts
to the enzyme active site (Figure 5). Several starting
conformations particularly with different orientations of the
P1 side chains were attempted, and for the most part, the
same ending conformation with the Ala methyl group bound
in a small pocket under N64 and G65 and pointing toward
W26 was attained at equilibrium. Other contact residues for
P1 are G66, C25, and Ala 160. The P2 Val side chain is
oriented away from the cleft and interacts with residues Y61,
G65, and D158. The orientation of Pro in P3 was with the
pyrrolidine ring pointing toward the cavity with P68 at the
bottom of the cleft. Other P3 contact residues are V150,
V133, and Y67. P1′ is to the left of the binding cleft
contacting D158, A136, H159, A137, and Q142, while P2′
points to the right to interact with G23, C22, G20, and Q19
(when viewing along the substrate cleft in the Nf C
terminal direction). The positions of S3′ (W177 and Q147),
S4′ (W177, W181, Q147, and L143), and S5′ (G20, N18,
and S21) were less obvious, and various binding modes were
obtained with different substrates (vide infra). According to
the current model, there may even be an S5′ binding subsite
comprising residues W181, G178, T179, and G180. Interest-
ingly, there was a stacking of the Pro ring at P4′ onto the
aromatic side chain of W177.

The docking of substrate1 (Y(NO2)PVAVVAVSPIGK(Abz))
with a major and a minor cleavage site examined the ability
of papain to cleave substrates with small amino acids such
as Ala-Ala or Gly-Ala at P1-P1′ or Ser-Thr at P1′-P2′ in
two different positions (Table 2). The substrate bound in a
conformation which allowed “sliding” of the amino acid in
P1-P1′ along the cleft to optimize interactions either at S3,
S2, or at S1′, S2′, S3′. The “sliding” actually occurred after
release of constraints to the sulfhydryl group during the
calculation going from the complex in Figure 6b to the one
in Figure 6c and was possible because in papain there is a
small cavity beneath the S2 subsite that can accommodate
the small Ala methyl group. When the equilibrium confor-
mation obtained for26 was used as the starting point for1
and the constraints on the sulfhydryl group were maintained,
the calculation converged to a single equilibrium conforma-
tion similar to that in Figure 6b.

Other substrates obtained from the library screening were
those with Arg in P1 and with relatively large amino acid
side chains in P2-P3′ as typified by21 (Y(NO2)PVLRVVQ-

QRSK(Abz)). Modeling of complexes with these types of
substrates was considerably more difficult since the motion
of the more bulky peptides in the narrow cleft was limited.
The result was an orientation of the P3 and P2 side chains as
for 26; however, the P1 Arg side chain bent upward to interact
with the carboxylate of D158 (Figure 6d). During the
calculation, the distance between the guanidyl nitrogen and
the carboxyl oxygen varied from 2 to 5 Å. The larger residues
in P1′ and P2′ (QQ) were accommodated by the backbone
forming a kink in the chain allowing the P2′ Gln to interact
with S1′ and the P1′ Gln to interact with S2′ with subsites
defined as previously reported43 and by the docking of
substrate26.

The addition of residues in P4 and P5 as in substrate18
(Y(NO2)PMPPLCVVTSMK(Abz)) gave an increased binding
to the enzyme. From the molecular modeling calculations,
the Pro rich sequence results in a turn structure protruding
from the Pro buried in P3 that allows all three amino acids
in P4-P6 to interact in a less specific manner with the shallow
nonprimed part of the substrate cleft (Figure 6e). This
increased enzyme substrate interaction leads to lowerKM’s.

Modeling of28, the shortened form of26 lacking Gly and
Pro in P3′ and P4′, demonstrated the absence of stacking
interactions between the Pro at P4′ on the aromatic side chain
of W177 (data not shown). A similar stacking withπ-π
interactions was observed with substrate36 (Figure 6f),
which had an almost ideal orientation and distance between
the Ala in P1 and the dinitrophenyl group of eddnp to
facilitate stacking on W177 (and W181). Interestingly, when
a change inø1 of W177 occurred during one annealing,
perfect intercalation of the dinitrophenyl group between the
indole rings of W177 and W181 was obtained, suggesting
that such an intercalation may also be at play during enzyme
cleavage.

Discussion

Library Screening. The combinatorial library approach
encompasses three steps: the design and construction of
libraries of chemical diversity, followed by the application
of screening and assay techniques, and finally the identifica-
tion of the active compounds. Screening of libraries and
identification of active compounds depend on the mode of
library construction and the type of receptor being investi-
gated. Synthetic peptide libraries have been used to charac-
terize the substrate specificity of various proteolytic enzymes
both in solution44-46 and on solid phase.8,10,30 But how
effective are these methods? Do the hits obtained from the
library screen truly represent the best possible substrate or
inhibitor for that enzyme? In the screening of solution phase
libraries (i.e. screening of mixtures of compounds), that
question cannot be answered since the precise identity of
the active compounds in the mixture is usually not known
and the identity of the substrate or inhibitor is obtained from
a statistical analysis of the preferred residue at various
positions. Despite the tedium of the process, good substrates/
inhibitors are nonetheless obtained.45,47In the one-bead-one-
compound libraries, good lead compounds can be obtained
both by direct identification of a single active compound as
well as from a statistical analysis of favored residues in the
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various enzyme subsites. Furthermore, different families of
substrates may be identified and it is possible to correlate
the results of the solid phase screening to the subsequent
solution phase assays.

In the present work, we endeavor to assess the efficiency
of the solid phase fluorescence-quenched library screening
as a means of characterizing the substrate specificity of
proteolytic enzymes, in particular cysteine proteases. To this
end, we have used papain, the archetypal cysteine protease,
as the model enzyme and have attempted to explain the
substrate specificity using molecular modeling. Screening of
library 1 randomly generated from all 20 natural amino acids
yielded substrates with a preponderance of acidic residues
primarily in subsites away from the cleavage site, i.e. S4′,
S5′, and S6′. These results are artifactual and do not
necessarily arise from preferential selection of these sub-
strates by the enzyme. The apparent preference for acidic
residues is most likely due to an increase in the effective
local concentration of the enzyme in beads with a high
concentration of negative charges (acidic residues) because
at pH 6.8 papain is an overall basic molecule with a pI of
8.75. Replacement of particular residues with acidic residues
in substrates found from the screening of library 2 (without
acidic residues) did not yield better substrates (Table 2:14
and15) with increasedkcat/KM values, suggesting that they
are not preferred in those subsites. This occurrence also
suggests that the nature of the residue P4′-P6′ is less
important for the cleavage of the substrate. Interestingly, the
amino acid subsite preferences for the P2-P2′ obtained from
screening library 2 were similar to the results obtained from
screening library 1, after disregarding the preponderance of
acidic residues and the preference for Y(NO2) in S2. This
finding suggests that in the event that the enzyme concentra-
tion is locally increased due to additional unrelated affinity,
the substrate preference must still be satisfied in order to
achieve enzymatic hydrolysis.

The intramolecular fluorescence-quenched assay has the
advantage that information about the amino acid preference
in both the nonprimed and the primed subsites can be
obtained in a single experiment. However, the method
demands that the peptide be flanked by fluorescent donor
and quencher groups that inevitably interact with the enzyme,
thus influencing the cleavage points and the absolute value
of the kinetic parameters. In the present library, 2-amino
benzoic acid (Abz), attached to the side chain of Lys, was
used as the fluorescent donor and 3-nitrotyrosine (Y(NO2))
as the fluorescent quencher. These residues are relatively
small compared to other fluorescent donor/quencher pairs
that are considerably more hydrophobic (e.g. DABCYL/
EDANS23-25,48) and have the additional advantage that they
are readily incorporated into the peptide during synthesis.
The results obtained from the screening of library 1 (Figure
2) illustrate the situation wherein the fluorescence quencher
(Y(NO2)) strongly influences the cleavage site of the
substrates and subsequently biases the screening results.
However, the results from the kinetics of hydrolysis of lead
substrates (Table 2) obtained from library 2 suggest that
while the positioning of Y(NO2) and K(Abz) at either end
of the peptide does not significantly influence thekcat/KM

values, they may influence the cleavage point of the substrate
(Table 2: 1-4). In contrast, other fluorescent donors and
quenchers may heavily influence the value of the specificity
constant in a way that depends on the nature of the substrate
and the distance of the reporter molecule from the cleavage
point. This influence is particularly evident when the reporter
group is situated at important subsites, e.g. Y(NO2) in P2 or
eddnp in P3′-P4′. It can be seen that the use of eddnp instead
of Y(NO2) as the quencher residue enhances 1 order of
magnitude thekcat/KM value in the shorter substrates analyzed
(Table 2: 35 and36).

Of fundamental importance is the question of correlation
between enzymatic activity on solid phase compared to that
in solution. Is the best substrate obtained from the solid phase
assay the best in solution? Based on the data in Table 2, the
answer is not so straightforward and there does not appear
to be a direct, linear correlation between activity on solid
phase compared to that in solution, particularly in terms of
ranking of the substrates. Generally, a substrate that was
greater than 20% cleaved on solid phase was a good or
excellent substrate in solution phase assays (1, 18, 20, 21,
24, 26) with two exceptions (19 and 23). The converse is
also true; substrates with a low degree (10-15%) of solid
phase cleavage were generally poor substrates in solution
phase assays (29, 20, 31). The ranking of the substrates in
increasing order of degree of cleavage on solid phase, was
not the same as the ranking based on increasingkcat/KM

obtained in the solution phase assays. Furthermore, the
number and position of the cleavage site of the peptide
differed on solid phase compared to in solution. The
molecular modeling and the amino acid substitutions shown
in Table 2 suggest that subtle changes in the substrate are
required for changes in the cleavage site in certain substrates.
The reasons for these differences are not immediately
obvious but are related to the microenvironment and dynam-
ics of the substrate on the resin. Furthermore, the active site
of papain is a narrow cleft without significant subsite
“binding pockets” and the preference for small amino acids
in most subsites (Figures 2 and 3) allows the substrate to
easily slide thus resulting in alternative modes of binding
because of minor changes in the substrate. The resin linker
(HMBA) is situated in the extended primed subsites and may
thus influence the binding conformation of the substrate.
Another possibility for lack of correlation between degree
of cleavage on solid phase and solution phasekcat/KM values
could be due to higher local enzyme concentration in the
beads which contain peptides that may bind tightly to a
noncatalytic binding site of the enzyme. Thus, a peptide may
be cleaved to greater extent than another because there was
a higher concentration of enzyme present. Such local effects
are not at play in the solution phase assay. These liabilities
notwithstanding, overall there is a high probability that a
good substrate on solid phase will be a good one in solution
and vice versa: the peptide with the highest degree of
cleavage on solid phase was one of the best cleaved in
solution (18) while the one with one of the lowest degrees
of cleavage was the poorest substrate (30).

Characterization of the Substrate Specificity of Papain.
A secondary goal of this investigation was to characterize
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the substrate specificity of papain by implementation of a
methodology that provides information on the specificity of
both the nonprimed and primed sites simultaneously. Using
an intramolecular fluorescence-quenched solid phase com-
binatorial library approach, we were able to obtain very good
substrates for papain and to characterize the subsite specific-
ity from S4 to S4′. The papain active site, a narrow cleft
between the two tightly interacting domains, is lined
predominantly by protein backbone of limited flexibility, and
most of the 16 contact residues are small amino acids, i.e.
five Gly, three Ala, two Cys, and one Ser. Interaction of the
substrate with the active cleft of the enzyme is therefore
dominated by contacts to the protein backbone. In order for
the substrate to arrive at the short distance required for
cleavage, the rigid cavity demands flexibility of the substrate
during binding and this was clearly reflected by the relative
ease of docking substrates with small amino acid side chain
groups into the active site and by the preponderance of
substrates composed of small amino acids naturally selected
from the library screening. There is a general absence of
distinct binding pockets that can accommodate large amino
acid side chains in the active site.

Subsites S4 and S3 showed a preference for the small
nonpolar amino acids Val or Ala or Pro. While there is some
debate over the actual existence of well-defined subsites
beyond S3,49 results from the modeling support the lack of
well-defined subsites. The active site broadens into a
hydrophobic patch from the P3 subsite onward, making it
relatively easy for hydrophobic residues of some substrates
to orient themselves in ways that optimize enzyme-substrate
interactions. For example, Y(NO2)PMPPLCTSMK(Abz) (18)
with Met and Pro in P5 and P4 has the best specificity
constant of all the identified substrates due to increased
binding energy (Table 3).

In substrates1, 26, and28, there is a small, but significant
preference for Pro in P3 due to the perfect fit of the Câ-Cδ
of the pyrrolidine ring into a small cavity with P68 at the
bottom. A similar interaction is observed with21 which has
the other preferred residue, Val, in P3. In fact, all substrates
had the same orientation at P3/P2. Consistent with literature
results, a hydrophobic residue was best at S2; however, that
residue could be Val, Phe, Leu, Tyr, or Y(NO2). From both
the statistical analysis of the library results (Figure 3) and
the specificity constants for selected substrates (Table 2), it
appears that Val is slightly favored over Phe, Tyr, and Leu
in substrates containing a small residue at P1 but an equal
frequency in those containing Arg or Lys at P1. The P2 Val
side chain is oriented away from the binding cleft. The
apparent lack of structural requirement in S2 and strict
requirement for a hydrophobic residue at P2 indicate that the
side chain does not fit into a specific pocket but rather
interacts with side chains of hydrophobic residues (e.g. V150,
Y61) at the rim of the cleft. Interestingly, the S1 subsite
exhibited a dual specificity for small, nonpolar amino acids
as well as the larger, charged Arg. For small residues, the
orientation of the P1 side chain was into a small pocket under
G65 at the left side of the cleft. Larger substrates clearly
bind in a different mode since there is no space for a large
side chain in the small P1 pocket, and in the case of substrate

21 the salt bridge formed between the Arg in P1 and D158
may result in the extra force needed to get sufficient
proximity of the carbonyl and the sulfhydryl group to give
fast rate of hydrolysis (kcat ) 33.0 s-1) and poorer binding
(KM ) 22.6 µM) (Table 3).

The presence of small residues at P1-P2′ causes some
substrates to be cleaved in more than one position because
of “sliding” of the small amino acid side chains into small
cavities in the enzyme at S1-S2′. The remaining subsites
(S1′-S4′) all preferred small nonpolar residues with a
preference for Ala and Ser. These results are consistent with
previous studies in solution23,24 and on solid phase29 which
determined that small and/or hydrophobic residues such as
Ser, Val, Ala, and Leu, were best at P1′-P2′. Most good
substrates, i.e. those with akcat/KM greater than 1000 (Table
2: 9, 15, 17, 18, and20) contained primarily small amino
acids in P3-P3′ although exceptional substrates (Tables 2
and 3: 21) also contained larger residues in these positions.
Although S1′ and S2′ are well defined for substrates with
small amino acids, other substrates with larger amino acids
in those positions bind with the side chains away from the
cleft toward solvent. Substrate28 which lacks residues Gly
and Pro in P3′and P4′ had a similarkcat and a higherKM (Table
3) than26, underscoring the importance of the stacking of
Pro at P4′ on the aromatic side chain of W177. This stacking
interaction plays a significant role in the specificity of the
S3′-S4′ subsite of papain and could be the reason for the
very highKM (Table 3) found for36 in contrast to substrate
35 for which stacking interactions of the Y(NO2) with W177
(and W181) are not optimal.

Several good substrates for papain were obtained directly
from the library screening and from modification of lead
peptides. The sequences of the substrates vary significantly
but can be loosely classified into two groups: those
containing part of the cystatin-like sequence xVxA(T)x26 or
the C hordein-like xQQx sequence (C hordein is a substrate
for endoproteases from barley).41 The best substrates obtained
were Y′PMPPLCTSMK′ (kcat/KM ) 2109 (mM s)-1),
Y′PYAVQSPQK′ (kcat/KM ) 1524 (mM s)-1), and Y′PVL-
RQQRSK′ (kcat/KM ) 1450 (mM s)-1) and not those
containing cystatin-like sequences. These substrates had
higherkcat/KM values than Y′QVVA VVGAK′ (kcat/KM ) 149
(mM s)-1), the equivalent of AbzQVVAVVGAeddnp (kcat/KM

) 9351 (mM s)-1). Interestingly, a substrate Y′PQQPVV-
AVVSK′ (kcat/KM ) 190 (mM s)-1 very similar to the
QVVAGA substrate was obtained directly from the library
screen, and thekcat/KM is on the same order of magnitude as
Y′QVVA VVGAK′. The QVVA motif was only superior in
the case where the eddnp moiety is stacked above W177/
W181, creating additional favorable binding interactions.

Conclusions

A new methodology which combines the screening of
combinatorial libraries of substrates with molecular modeling
of hits from the library has been developed for the complete
characterization of proteolytic enzyme specificity. The ap-
proach combines the natural selection of substrates by the
enzyme from a large library with the modeling of the
interaction of the enzyme with these substrates to allow
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rational design of ligands with desired properties. Of key
importance is the ability to perform high throughput screen-
ing of the resin-bound substrates using a solid support that
does not greatly influence the outcome of the screen. An
awareness of factors such as the nature and placement of
reporter groups and linker and properties of the receptor that
can skew the screening results should be maintained. This
methodology once properly applied is quite effective, provid-
ing a fairly good correlation between activity on solid phase
and in solution and has generated, in this case, very good
substrates for papain. In addition, we have mapped the subsite
specificities of papain and in contrast to previous results, it
appears that the nature of the residue in S2 alone does not
dominate the specificity requirements. Rather, it is the
synergistic relationship between the residues in subsites S2,
S1, and S1′ that govern the specificity of the enzyme. We
also suggest that although the S′ interactions are very
important for the substrate binding and cleavage, multiple
binding modes in S′ subsites are possible. Furthermore,
comparison of the calculations performed on the various
substrates demonstrated that the enzyme, even with the quite
restricted motion in the active site observed during calcula-
tions, reaches complex structures with quite different topolo-
gies to accommodate the different substrates. This is probably
a prerequisite for the binding and cleavage of such diverse
families of substrates by general proteases such as papain.

Experimental Section

Materials And Methods. All solvents were purchased
from Labscan Ltd. (Dublin, Ireland). Dichloromethane was
distilled from P2O5 and was stored over 3 Å molecular sieves
under argon. Fluoren-9-ylmethoxycarbonyl (Fmoc) amino
acids and their pentafluorophenyl (Pfp) ester derivatives were
purchased from Bachem and NovaBiochem. Fmoc-Lys(Boc-
Abz)-OH and Fmoc-Tyr(NO2)-OH were prepared as previ-
ously described.50 The substitution of the resins was deter-
mined by spectrophotometric analysis at 290 nm of the
dibenzofulvene-piperidine adduct formed upon deprotection
of the amino terminal using a Perkin-Elmer Lambda 7 UV/
vis spectrophotometer. Purification of peptides was per-
formed by preparative reverse phase HPLC on a Waters
HPLC system with a delta pak C-18 column (200× 25 mm)
and a linear gradient of A (0.1% TFA in water) and B (0.1%
TFA in 90% aqueous MeCN) at a flow rate of 20 mL/min.
Amino acid analyses were carried out in a Beckman 600
amino acid analyzer following hydrolysis with 6 M HCl with
5% (v/v) phenol at 110°C for 48 h. Amino acid sequencing
was performed on resin-bound substrates using an Applied
Biosystems Sequencer models 477A or 470A equipped with
an on-line phenylthiohydantoin analyzer (model 120A)
according to the protocol of the manufacturer. MALDI-TOF-
MS of synthetic peptides was performed on a Finnigan
Lasermat 2000 with a matrix ofR-cyano-4-hydroxycinnamic
acid while peptides from library beads were analyzed in the
reflectron mode on a Bruker Reflex III using the same matrix.
ES mass spectra were recorded with a VG-Quatro instrument
from Fisons. Enzyme kinetics were performed using a
temperature-controlled Perkin-Elmer luminescence Spec-
trometer (LS 50B).

Enzyme.Papain, twice recrystallized from papaya latex,
was purchased from Sigma (Lot # 84H7220) and used
without further purification. The molar concentration was
determined by active site titration with E-64 [trans-ep-
oxysuccinyl-L-leucylamido-(4-guanidino)butane] (Sigma; Lot
# 77H0328) as previously described using Abz-CRQQY-
(NO2)D-OH as the substrate.41 The concentration of enzyme
in a 100× diluted solution (1X) was 8.34µM. For assays,
the 1X solution was diluted 20-fold giving rise to the 20X
solution. Papain was activated as the 1X solution by
incubation in activation buffer (50 mM phosphate buffer,
pH 7.2, augmented with 10 mM cysteine, 1 mM EDTA, and
0.08% Brij 35) for 10 min at room temperature. A fresh
solution of enzyme was activated every 3 h for use in solution
phase assays.

General Methods for Solid Phase Peptide Synthesis.
Syntheses of peptides and libraries were carried out manually
by MCPS.51,52 on PEGA resin respectively in a 20 column
Teflon synthesis block. In general, NR-Fmoc amino acid
OPfp esters with the following side chain protecting groupss
O-tBu for Asp and Glu,tBu for Tyr, Ser and Thr, Trt for
Cys, Asn and Gln, Boc for His, Lys and Trp and Pmc for
Argswere used for the synthesis. Each coupling step was
carried out using the amino acid (3 equiv) in DMF along
with Dhbt-OH (1 equiv) as an acylation catalyst as well as
an indicator of the reaction completeness.53 In certain cases,
reaction completion was also assessed using the Kaiser test.
To coupling reactions that were incomplete was added an
additional 1-2 equiv of the amino acid ester. Each coupling
step was followed by washing with DMF (6×), removal of
the Fmoc group by treatment with 20% piperidine in DMF
(4 + 16 min), and then another DMF washing step (6×). At
the end of the synthesis, the resin was washed with CH2Cl2
(6×) and dried by air suction over a period of 1 h. The side
chain protecting groups were removed by treatment with a
mixture of TFA:thioanisole:ethanedithiol:water (87.5:5:2.5:
5) initially for 10 min and then for 2.5 h. The resin was
then washed with 95% acetic acid (4×), DMF (2×), 5%
DIPEA (2×), DMF (2×), and CH2Cl2 (6×) then dried in
vacuo. Cleavage of peptides from the resin was effected by
treatment with 0.1 M NaOH for 2 h followed by washing
with water (7×). The combined filtrate was neutralized with
0.1 N HCl, and the crude peptides were purified by
preparative HPLC.

Solid Phase Substrate Library Synthesis.The libraries
of the structure Y(NO2)X8X7X6X5X4X3X2X1K(Abz) (Figure
1) containing all 20 genetically encoded amino acids were
prepared on PEGA4000 resin.11 The capacity of the resin was
doubled (final loading 0.21 mmol/g) by synthesizing the
peptide on the amino group of the side chains of two lysines
(Figure 1). Using the syringe technology54 two FmocLys-
(Boc)OPfp were coupled to the PEGA4000 resin (1,7 g, 0.12
mmol/g; 200-800µm beads), and after removal of the Fmoc
group, the N-terminus was acetylated and the Boc side chain
protecting groups were removed by treatment with 50% TFA
in CH2Cl2 for 30 min. After the appropriate washing protocol,
HMBA (3 equiv) in DMF was coupled under TBTU (2.9
equiv)-NEM (4.5 equiv) activation. The resin was washed
and dried by lyophilization before the coupling of Fmoc-
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Lys(BocAbz)-OH (2.5 equiv) in dry CH2Cl2 under the agency
of MSNT (2 equiv) and MeIm (2.5 equiv).55 The reaction
was allowed to proceed for 45 min, after which the resin
was washed with DMF (2×) and CH2Cl2 (1×). The coupling
procedure was repeated for another 45 min and the resin
washed with DMF (7×). The resin was evenly distributed
in the 20 wells of a Teflon synthesis block, and the Fmoc
group was removed. An Fmoc amino acid OPfp ester was
coupled into each of the 20 wells. After completion of the
coupling, the block was filled with DMF up to 1 cm above
the top of the wells and inverted, and the resin was mixed
vigorously for 30 min in the mixing chamber. The block
was once more inverted, evenly distributing the resins once
more into the wells for washing and Fmoc deprotection
protocols. This procedure was repeated for the incorporation
of the first seven amino acids of the library in the case of
library 1. In the case of library 2, after the coupling of the
seven randomized positions, FmocProOPfp was added to all
the wells. In both libraries, Fmoc(Y(NO2))-OH was incor-
porated using TBTU/NEM preactivation for 7 min. The
library was deprotected and washed as described in general
SPPS methods. The mass and purity of a random sampling
of compounds attached to 36 beads (ca. 100 pmol/bead) were
analyzed by high resolution MALDI-TOF-MS. For this
purpose, 36 resin beads were randomly chosen and the
peptides cleaved off by treatment with 10% TEA in MeOH.
For some of those compounds, the sequences were also
determined by Edman degradation and correlated with the
masses obtained.

Solid Phase Multiple Column Peptide Synthesis.Lead
peptides from the library screen were synthesized on
PEGA800 resin (0.21 mmol/g, 4µM/well, 150-300 µm
beads). The HMBA linker was attached as described for the
library synthesis with the exception that a glycine was first
coupled to the resin before coupling of the linker. Peptide
synthesis was carried out as described for library synthesis
with the omission of the mixing step. After deprotection and
washing, the peptides were cleaved with 0.1 M NaOH (350
µL/well) for 2 h and the products collected in tubes placed
beneath the wells. The solutions were neutralized with 0.1
M HCl, and the peptides were purified by reverse phase
HPLC. The peptides were characterized by MALDI-TOF-
MS or ES-MS, and their purity was assessed by analytical
HPLC at 215 and 320 nm.

Solid Phase Library Screening. The library beads (300
mg) were washed with assay buffer (50 mM phosphate
buffer, pH 7.2, augmented with 2 mM cysteine, 1 mM
EDTA, and 0.08% Brij 35; 3×) and then incubated with
activated papain (135µL of 20X in 10 mL buffer; 5 nM) at
25 °C in a small glass Petri dish (4 cm diameter). The
fluorescence intensity of the beads was monitored with a
fluorescent microscope every 30 min for indications of
hydrolysis. After 2.5 h for library 1 and 3.5 h for library 2,
several beads showed a fluorescent “ring”, indicating hy-
drolysis of some of the peptides on the beads. The reaction
was then stopped by treatment with 2% aqueous TFA
solution and washed with water (2×), 2% NaHCO3 (2×),
and then water (3×). The fluorescence intensity of the beads
was assessed by inspection with a fluorescent microscope,

and bright beads were collected and transferred to a TFA-
treated cartridge filter for on-resin sequence analysis. The
amino acid sequence and the cleavage point of the peptide
substrates were determined by Edman degradation. The
extent of cleavage was determined by a comparison of the
picomoles of an amino acid in both the noncleaved and
cleaved peptide in different cycles of the degradation.

Enzymatic Hydrolysis of Fluorescence-Quenched Sub-
strates in Solution. Substrates were dissolved in water,
DMF, or combinations thereof to a final concentration of
approximately 5 mM. Hydrolysis of substrates was carried
out at 25°C in 50 mM phosphate buffer, pH 6.8, augmented
with 2 mM cysteine, 1 mM EDTA, and 0.08% Brij 35.
Hydrolysis was followed by measurement of the increase in
intensity of the Abz fluorescence (λEX ) 320 nm,λEM )
420 nm, slit width: 10 nm). Under pseudo first-order
conditions, the rate of initial hydrolysis was measured
continuously for 5 min for four concentrations of each
substrate. Total hydrolysis was effected by the addition of
50 µL of 1X enzyme (final concentration of 0.2µM), and
final fluorescence was measured after 24 h.kcat/KM values
were calculated from the following equation:kcat/KM )
slope/([E]o(I f - Io)) where slope) ν ) ∆I/∆t, [E]o is initial
enzyme concentration, and (I f - Io) ≡ [S] assuming [S],
KM. For determinations ofkcat andKM, assays were carried
out under similar conditions in a 100µL flow cell using six
different substrate concentrations ranging from 2 to 150µM.
The slit width was reduced to 2.5 nm to compensate for the
higher fluorescent intensities of more concentrated solutions.
The slope was converted into moles of substrate hydrolyzed
per second by use of a standard curve. Substrate concentra-
tions were also correct using the standard curve. The standard
curve was obtained from measurement of the fluorescence
intensity of AbzGAGAAF-OH derived from the total hy-
drolysis of AbzGAGAAFFA-Y(NO2)D-OH by subtilisin at
different concentrations (20-180 µM). The kinetic param-
eterskcat and KM for each substrate were then determined
from Hanes plots ([S]/ν vs [S]) of the measured values.

Determination of Cleavage Point in Solution Phase
Assays. The cleavage point was determined in separate
microassays on more concentrated solutions but maintaining
a similar enzyme-to-substrate ratio as in the solution assays
above. Substrates (6µL of 5 mM stock) were incubated with
2 µL of 1X enzyme (activated with activation buffer without
Brij 35 since peaks from Brij occur in the mass range of
interest) in 12µL assay buffer (without Brij 35) for 30 min.
The hydrolysis mixture (2µL) was mixed with CHC matrix
(1 µL), and the MALDI-TOF spectra were acquired and
analyzed (Figure 4).

Modeling. Molecular dynamics calculations were carried
out on a Silicon Graphics Octane workstation using the
InsightII/Discover program. The coordinates from the crystal
structure of papain complexed with peptide inhibitor (Suc-
QVVAA-pNA) determined at 1.7 Å resolution42 were used
as input for the calculations after removal of the inhibitor.
The calculations were performed with seven different
substrates1, 18, 21, 26, 28, 35, and36 in order to explain
variations in the substrate preferences found in the two “one-
bead-one-substrate” libraries. During all calculations, most
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of the amide backbone of papain was fixed, while all the
side chains were allowed to move. Each calculation was
carried out as annealing at decreasing temperatures, 650 and
then 500 and 300 K. At 500 and 300 K, the papain residues
in contact with the substrate were allowed to move freely in
sequence ranges of five successive amino acids or less. The
substrates were initially energy-minimized and added in
extended conformations approximately 15 Å away from the
binding site. A weak constraint of∼3 kcal/mol (boundaries
3 and 4 Å) was added between the scissile bond and the
active thiol, and this was maintained throughout all calcula-
tions. Initially, in the first calculations a weak constraint of
∼3 kcal/mol (boundaries 4 and 8 Å) between the terminal
residues and papain residues at either end of the active cleft
were added; however, this constraint was later omitted since
no significantly different results were obtained with these
extra constraints. Additional constraints of∼3 kcal/mol
(boundaries 2 and 3 Å) were applied for distances between
the sulfhydryl hydrogen andπ-nitrogen of H159 and between
the τ-NH of the H159 and the N175 side chain carbonyl.
The calculations were initiated with 10 steps of minimization
and then 30 000 to 60 000 steps were calculated at each
temperature at 1 fs intervals. The development of each
calculation was monitored, and when persistent obstructions
to the progress (i.e. distance of>5 Å between the sulfur
atom and the scissile carbonyl carbon) of the calculation were
observed, a new starting substrate conformation was used.
Only theæ-ψ angles allowed in theæ-ψ space were used as
starting conformations. As many as five independent suc-
cessful calculations were performed for each substrate, and
when the calculations were allowed to reach equilibrium,
the results obtained with different starting conformations
converged to one or two related bound conformations.
Constraints were completely removed from the final structure
and the complex was subjected to extended calculations, in
order to determine whether the substrate remained bound to
the papain molecule in a stable conformation.
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