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The solubility of peptides in aqueous buffers used for the enzyme assays is a common limitation for all
peptide libraries. In principle, the more water-soluble peptides are, the more susceptible they will be to
peptidase hydrolysis. We have demonstrated that this bias can be circumvented in a portion-mixing
fluorescence resonance energy transfer (FRET) peptide library by introducing k (lysinecfdtm) in

both termini of the peptides. This more solvated library and another one without the k were assayed using
trypsin and chymotrypsin as standard peptidases with high selectivity for R and K and for hydrophobic F
and Y, respectively. Significantly improved consistency of the information on substrate profiles was obtained
from the solvated library. The influence of improved solvation on substrate specificity determination was
successfully demonstrated by the difference in specificity observed between the two libraries employing the
human cathepsin S (accepts acidic, basic, or neutral amino acidgasiBon) and Dengue 2 virus NS2B-

NS3 protease (high specificity to the pair of basic amino acidiRKR—R, or Q—R/K at P.—P; positions).

In conclusion, hydration of the peptides has a major influence on protease processing, and this bias can be
reduced in bound peptide libraries, improving reliability.

Introduction cleavage sites require analytical methods such as Edman

Combinatorial peptide library approaches have been widely degradatiort;” mass spectrometfy; or chromatograph$f
used in systematic assays of individual peptides for deter- POSitional-scanning synthetic combinatorial libraries (PS-
mination of protease substrate specificity. Combinatorial SCLS) of fluorogenic peptide substrates is a strategy in which
peptide library methods involve synthesis of arrays, mixtures, €ach position in the peptide sequence is occupied in turn by
or assemblies of protease substrates in a suitable format fo/? SiNgle amino acid residue. The other positions are randomly
high-throughput screening to identify the optimal substrate ©ccupied by one of 20 natural amino acids, and [7-amino-
sequences. A plethora of methodologies have been described-Methyll-coumarin - (AMC) - or  [7-amino-4-carbamoyl-
and the substrate libraries may conveniently be obtained by™ethyll-coumarin (ACC) are pcigltloped at the C-terminal
either biochemical or synthetic procedures. The biochemical Carboxyl group of the peptidés:2 This concept was also
methods involve the display of the peptide libraries on €MPployed for the study of carboxydipeptidase specificity of
filamentous phage and the identification of the best substratescathepsin B and angiotensin converting enzyrfeysing
by molecular biology tools including the cleavage site fluorescence resonance energy tr_ansfer (FRET) peptides.
determination in each substrdté.Synthetic support-bound Support-bound FRET peptide librartehave been pre-
peptide libraries have been prepared by the process of Sp”t_pared _by the process of split-combine synthesis, WhICh results
combine synthesis, which results in a single peptide sequence? @ Single peptide sequence on each of the resin béads.
on each of the resin beads. This is a random synthetic "braryPartlaI proteolysis of th(_a su_bstrates bound to the soll_d support
approach that results in one-bead-one structure libraries, an@nd sequence determination by Edman degradation of the
it was extensively reviewed by Lebl et &lwhere all the substrates on the most fluprescent bequ provides the
references to the papers of the pioneers in the field can beSeduences and the cleavage sites of the optimal substrates.
found. Synthetic peptide libraries can contain thousands of SUPport-bound peptide mimetic inhibitor libraries for pro-

compounds, and the identification of the substrates and thel€@ses have also been developed and were called “combi-
natorial one-bead two-compound librarieg&?!
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Figure 1. General structures of the libraries | and Il

K(Dnp)SPF or kK(Dnp)SPF (nmol)
S
|

their increased exposure to the enzyme in the solvent. It is
also reasonable to anticipate that differences in the peptide
solubility introduces a bias in the screening of substrates by
peptidases that have preferences for bulky hydrophobic 0 20 40 60 380 100 120 140 160 180
amino acids or for those that can accept both hydrophilic Time (min)

and hydrophobic amino acids. To further improve the Figure 2. Hydrolysis by chymotrypsin of the peptides K(Dnp)-
applications of portion-mixing FRET peptide libraries as SPFSASK(Abz) M) and kK(Dnp)SPFSASKK(Abz)«) attached

previously described by Meld4lfor endopeptidases and to  to resin. Results of the same experiment in the presence of 0.01%
evaluate the effects of water solvation on the screening of | Ween, for K(Dnp)SPESASK(Abz#) and for kK(Dnp)SPESASKK-

. . . - (Abz) (@). Conditions of hydrolysis: 100 mM Tris HCI, 10 mM
substrates for proteases we synthesized two libraries contalnéac)l2 (p,)_| 8.0, 5uM TLC% 1_% «M chymotrypsin, at 25°C.

ing k (lysine in p-form) in both termini of the peptides  K(Dnp)SPF and kK(Dnp)SPF were quantified by HPLC.
(hydrophilic library) and compared them with a library
without these k residues (hydrophobic library). Figure 1 synthesized on PEGAyw (1 g, 0.11 mmol/g). Six positions
shows the general structures of the FRET peptide libraries (X;—Xe) in library | and seven positions (% X-) in library
synthesized for this investigation. The amount of peptide in Il were randomized using all the natutahmino acids. The
each bead was doubled by the introduction of two K units peptides were flanked by Abz attached to K side chain
separated by 6-amino caproic acid. 2-Aminobenzoic acid [K(Abz)], which is the fluorescence donor, and by Dnp also
(Abz) andN-[2,4-dinitrophenyl] (Dnp) were used as FRET attacheda a K side chain [K(Dnp)] that is the fluorescence
donor and acceptor groups, respectively. These libraries wereacceptor. The sequence acetyl-K-[6-amino caproyl]-K was
initially assayed with trypsin and chymotrypsin as standard incorporated as linker of the peptides to double the resin
peptidases that have high selectivity for positively charged loading (0.22 mmol/g). FRET peptides were assembled on
(R and K) and for hydrophobic (F and Y) amino acids, the K side chain, and the 6-amino caproyl residue served to
respectively. To determine the consistency of the information increase the distance between the peptides in each bead,
obtained about substrate specificity by protease incubationwhich improved the brightness of the beads upon enzymatic
of the hydrophobic and hydrophilic libraries, respectively, cleavage of the peptides. In preliminary experiments, where
these were assayed with human cathepsin S and Dengue ®nly Acetyl-K—K was used as linker of the peptides to the
virus NS2B-NS3 protease, which both have particular resin, it was observed that the beads were dark and difficult
specificities. Dengue 2 virus NS2B-NS3 protease has high to manipulate. The k residue was introduced at the N- and
specificity to a pair of basic amino acids{# or R—R)?? 24 C-termini in the peptides of library Il as shown in the Figure
and human cathepsin S accepts acidic, basic, or neutral amind. The position of k after K(Dnp) was chosen after
acids at the Ppositior?>28 (nomenclature of Schechter and preliminary experiments had demonstrated a preference by
Berger)?® chymotrypsin and papain for K(Dnp) at the position in
all L-amino acid substrates. The second k residue was
positioned after K(Abz) to avoid resistance of cleavage at
Resins and Linkers.Solid-phase chemistry and biochem- carboxyl group of X residues because most of the proteases
istry are both very dependent on the composition and physicalwe have assayed do not cleave at the amino end of amino
properties of the polymer matrix. The polystyrene-based solid acids in thep-form.
support is a classic hydrophobic resin that is inappropriate  Activity of Chymotrypsin on Peptide Attached in Beads
for assays that require interactions of proteins with peptides and in Solution. The peptides K(Dnp)SPFSASK(Abz)-NH
linked to the resins. Thus highly solvated hydrophilic and kK(Dnp)SPFSASKK(Abz)-NHwvere synthesized as free
polyethylene glycol (PEG)-based resins have been developedpeptides and also synthesized permanently attached to
including the amino-functionalized polyethyleneglycol- PEGAggresin. Portions (5 mg) of the resins containing each
polyamide copolymer, PEGA, resif.32 The amphiphilic one of these peptides were incubated with 70 nmol of
nature of PEG provides this kind of resin with the property chymotrypsin in 3 mL of a solution containing 100 mM Tris-
of superior solvation and permeability in both polar and HCl and 10 mM CagGl pH 8.0. Aliquots of the supernatant
nonpolar solvents that permits the synthesis of peptides andbuffer without resin were analyzed by HPLC, and the amount
their exposure in aqueous buffers as substrates for peptidasesf K(Dnp)SPF-OH or kK(Dnp)SPF-OH was quantified.
in protease assays.'° The fluorescence-quenched libraries, Figure 2 shows the progress of hydrolysis during 180 min,
the structures of which are shown in Figure 1, were and the peptide containing the two k residues is hydrolyzed
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Chymotrypsin

Library 11
K(Dnp)k—X;XeXsX,X:Xo X~ K(Abz) - k

Library 1
K(Dnp) — XXsX4X3X2 X-K(Abz)

K(Dnp)SPFSASK(Abz)-PEGA 10

KK(Dnp)SPFSASKk(Abz)-PEGA 1o

Figure 3. Beads of PEGAynresin containing the peptides K(Dnp)-
SPFSASK(Abz) and kK(Dnp)SPFSASKK(Abz) afeh of incuba- .
tion with chymotrypsin observed under a fluorescence microscope. [

Trypsin

Table 1. Kinetic Parameters for Chymotrypsin Hydrolysis in
Solution after Cleavage of the Resin of the Resin-Bound
Peptides Used in the Solid-Phase Experiments Shown in
Figure 2

kcat Km kcalle I’
sequences (s (mM) (s mM)t ¢ .
K(Dnp)-S-P-F-S-A-  1.840.1 1.20+0.05 1400+ 140 [ oo
S-K(Abz)NH, K(Dnp) — XeXsX4X5X; X;—K(Abz)  K(Dnp)-k-X;XsXsXsXsXaX,~ K(Abz) ~k
k-K(Dnp)-S-P-F-S-A- 2.840.2 33+0.1 800+ 80 (Dnp) = XXXXX0 XiR(ADZ) - KDnp) XXX XXX K(AD)

Figure 4. Beads of PEGAyoresin from the libraries | and Il after
the incubation with trypsin (15 h) and chymotrypsin (20 h) observed
under the fluorescence microscope.

S-k-K(Abz)NH,

a Conditions of hydrolysis: 100 mM Tris HCI, 10 mM Ca£l
pH 8.0, 5uM TLCK, 4.4 nM chymotrypsin, 37C.

o ] ] ) Table 2. Substrates for Chymotrypsin Obtained from
faster. This difference in the velocity of hydrolysis can be Library | (K(Dnp)XeXsX4X3X2X1K(Abz)) after Incubation
also clearly observed in Figure 3 that shows the beads afterwith the Peptidase

120 min of incubation with 70 nM of chymotrypsin and that
the beads containing K(Dnp)SPFSASK(Abz) presented

almost no fluorescence compared to the beads with kK(Dnp)-

SPFSASKK(Abz). A slight but significant improvement in

K(Dnp)-R-M-YK-I-R-K(Abz)
K(Dnp)-P-L-R-FK-R-K(Abz)

K(Dnp)-R-R-WIT-V-R-K(Abz)
K(Dnp)-K-S-Q-V-YIR-K(Abz)

the hydrolysis of both peptides attached to beads was 2Conditions of hydrolysis: 50 mg resin, 100 mM Tris HCI, 10
observed in the presence of 0.01% Tween as detergenf™ CaCbh, pH 8.0, 5uM TLCK, 4.4 nM chymotrypsin, 25C.
(Figure 2). The fluorescent beads were collected after 20 h of reaction.

The same peptides were also assayed in solution with
chymotrypsin at lower peptide concentration but otherwise no differences could be observed between the two libraries
under identical conditions, and the kinetic parameters for their after treatment with trypsin. Table 2 shows the peptides
hydrolysis are shown in Table 1. The difference for the present in four selected fluorescent beads after treatment of
hydrolysis rates of the two peptides was small, but signifi- library | with chymotrypsin. These peptides contain two or
cant, because tHe./Kn, value for the hydrolysis of K(Dnp)-  three basic amino acids and only one aromatic residue, which
SPFSASK(Abz)-NH was twice that of kKK(Dnp)SPFSASKK- is the specificity at the cleavage site of chymotrypsin. Table
(Abz)-NH,. This hydrophilic peptide was approximately 10 3 shows the sequences identified from library | in presence
times more soluble than K(Dnp)SPFSASK(Abz)-NiHs of 0.01% Tween, and approximately three times more
determined under the conditions used for measurement offluorescent beads were identified, isolated, and sequenced.
the kinetics of hydrolysis. Therefore, the faster hydrolysis Most of the identified peptides in this second screening in
by chymotrypsin of kK(Dnp)SPFSASKK(Abz) compared to the presence of detergent also contain one aromatic residue
that of K(Dnp)SPFSASK(Abz) when both peptides were and two or more basic or acidic residues. This moderated
bound to resin at 0.22 mmol/g resin could be related to the improvement on the detection of more peptides as substrates
higher solvation and thus better exposure of kK(Dnp)- of chymotrypsin resulting from the detergent effect of Tween
SPFSASKK(Abz)-NH to the protease in water. is in accordance with the slight increase of hydrolysis rate

Screening of Peptide Libraries with Chymotrypsin and observed for the peptides K(Dnp)SPFSASK(Abz) and kK-
Trypsin. Figure 4 shows samples of libraries | and Il after (Dnp)SPFSASkKK(Abz) bound to the beads (Figure 2).
treatment with chymotrypsin and trypsin. Very few fluores-  The peptides susceptible to chymotrypsin identified from
cent beads were detected in library | compared to library Il library 1l are shown in Table 4. The substrates contain two
after treatment with chymotrypsin. In contrast, apparently or more aromatic or hydrophobic amino acids, and some of
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Table 3. Substrates Obtained for Chymotrypsin from these cases, the lack of amino acids at non-prime sites of
Library | (K(Dnp)XeXsXaX3X2X1K(Abz)) after Incubation the substrates reduces the substratezyme interaction.

with the Peptidase in the Presence of 0.01% Tween Table 6 shows the sequences of a sample of the fluorescent
K(Dnp)-R-WAT-A-FIK-K(Abz) beads (approximately 3% of all fluorescent beads) of library
Eggﬂg;;gﬁ@ﬁ%ﬁ%ﬁgg Il after treatment with trypsin. It is worth mentioning that
K(Dnp)-I-L-FIY{I-T-K(Abz) these sequences have a high frequency of the hydrophobic
K(Dnp)-K-T-I-R-Y{G-K(Abz) amino acids I, V, and Y, even though trypsin has primary
K(Dnp)-L-N-T-I-FIR-K(Abz) selectivity for the hydrophilic basic amino acids R and K in
P.. Thus, in library I, even trypsin was able to select

K(Dnp)-S-K-G-N-YIK-K(Abz)
K(Dnp)-WIA-D-K-R-L-K(Ab

(Dnp) (f02) substrates with more hydrophobic amino acids in the
secondary binding sites.

K(Dnp)-E-RD-K-Q-E-K(Abz)

K(Dnp)-K-FIH-1-Q-K-K(Abz)

Eggggg:gf_ggg_ﬁf Ilf(/(ﬁ)gz)) Screening of Peptide Libraries with Human Cathepsin

— : . _ S.The peptides identified as substrates for human cathepsin
a . . . . . .

10 m;dgfgf gfoq%/‘j”}'zviz-n repsg” ésg “;tgl\)/l #?_%L“MAL“SM';I'C" S in the screening of libraries | and 1l are shown in Table 7.
chymotrypsin, 25°C. The fluorescent beads were collected after It is noteworthy that the pe.ptldes- from library | W?re
20 h of reaction. hydrolyzed only at basic amino acids or at the acidic E

. . residue. In contrast, the peptides from library 1l were
T_able 4. Substrates Obtained for Chymotrypsin from hydrolyzed at hydrophobic amino acids, V, I, F, Y, and A,
:-rlltélr;rgtilér%\(lﬁg?%léxgéeﬁgégésxzx1K(AbZ)k) after or at the E residue. Similar to the activities of chymotrypsin
P and trypsin on libraries | and Il, the substrates for cathepsin

cleavage at 2 or 3 peptide bonds
K(Dnp)-k-K-FIFIK-WAT-A-K(Abz)-k
K(Dnp)-k-S-V-K-Y4YIG-WIK(Abz)-k
K(Dnp)-k-Q-A-YVYIM-Y IK-K(Abz)-k
K(Dnp)-k-Q-K-FL-Y }YIR-K(Abz)-k
K(Dnp)-k-T-P-R-RY{K-Y |K(Abz)-k
K(Dnp)-k-S-A-M-T-T-Y{Y IK(Abz)-k
K(Dnp)-k-Q-K-R-YIFIR-V-K(Abz)-k
K(Dnp)-k-A-R-R-M-L-FIFIK(Abz)-k
K(Dnp)-k-G-M-K-Y{FIR-G-K(Abz)-k
K(Dnp)-k-I1-V-T-FIV-G-FIK(Abz)-k
K(Dnp)-k-WIFIK-E-R-Q-K-K(Abz)-k
cleavage at 1 peptide bond
K(Dnp)-k-R-G-Q-R-A-V-YIK(Abz)-k
K(Dnp)-k-Q-R-RG-G-M-A-K(Abz)-k

S identified in library | contain more hydrophilic sequences
than those identified from library 1l. Some of the identified
sequences were synthesized using Abz/Q-EDDP as the
donor-acceptor pair. The three best substrates for cathepsin
S were Abz-KRWRLE-Q-EDDnp, Abz-NGVRLN-Q-EDD-

np, and Abz-NLRTIN-Q-EDDnp, for whiclik../Km values

are presented in Table 7. All these peptides were hydrolyzed
at R residue in the Pposition; however, the peptide Abz-
SMVRKA-Q-EDDnp was hydrolyzed at the-R bond with

a significantly lowerk../Kn value. Most of the peptides
identified from library Il were hydrolyzed at more than one
peptide bond. The preference of cathepsin S for basic
residues K and R was observed in prevoiusly reported

2 Conditions of hydrolysis: resin (50 mg), 100 mM Tris HCI,  screening of PS-SCLs of fluorogenic peptide substrtes.

The fluorescent beas were collocied after 20 h of reacion,  HOWeVer in the cleavage of the oxidized insyithain by
' cathepsin S, the preferentially hydrolyzed bonds were-E£13

them do not present any charged side chain residues. ThusAl4, L17-V18, and F23-Y26, and in peptides derived
chymotrypsin selected the most hydrophilic sequences infrom MHC class ll-associated invariant chain, the preferred
hydrophobic library I, and this bias was reduced in library amino acids at Pposition were A, E, G, K, L, Q, and 8.
I1. In this library, the peptides with more hydrophobic amino The specificity of subsite Sof cathepsin S is restricted to
acids were selected as substrate by chymotrypsin andaliphatic branched side chain amino acids, such as L, V, and
presumably more accurately reflect the genuine specificity |, and for M, the most frequent amino acids present in the
of the enzyme. P, position of all substrates identified in libraries | and II.

More than forty fluorescent beads were isolated from This restricted preference of the Subsite of cathepsin S
library | after treatment with trypsin, and then the peptides Was previously observed using different approaéhedThe
were sequenced (Table 5). Some of the identified sequencedigh frequency of hydrophobic (L, 1) and small side chain
were synthesized but using Abz attached to the amino groupamino acids (A and S) at position'Pof the substrates in
of the first amino acid and Q-EDDP (glutamiyH{ethylene- ~ Table 7 is in agreement with previously reported S
diamine] 2,4-dinitrophenyl) attached to C-terminal carboxyl specificity in the series of substrates Dns-F-R-X-W-A, where
group, that is, the peptide K(Dnp)KTRRSTK(Abz) was X represents different natural amino actsthese results
synthesized as Abz-KTRRST-Q-EDDnp and assayed as suchvith cathepsin S demonstrated that the assay of both libraries
in solution. Thek.a/Knm values for the hydrolysis of these | and Il gave better and more reliable analysis of its known
selected peptides are shown in Table 5. Substrates weresubstrate preferences than the alternative methodibe
identified very efficiently, although the most-efficient hy- obtained results, particularly that of library II, were in
drolyzed peptides were often cleaved at more than one site accordance with the previously reported biological prefer-
The worst substrates were those hydrolyzed at R when thisences of cathepsin S with only one type of Subsite
amino acid was located at N-terminal end as in Abz- Specificity?®
RHGTHF-Q-EDDnNp keafKm = 200 st mM™1) and Abz- Screening of Peptide Libraries with Dengue 2 Virus
RGTANA-Q-EDDNp Keaf Km = 70 st mM1) (Table 6). In NS2B-NS3 ProteaseThe peptides identified as substrates



Combinatorial Peptide Libraries for Endopeptidases Journal of Combinatorial Chemistry, 2007, Vol. 9, No. @31

Table 5. Substrates Obtained for Trypsin from Library | (K(Dnp)¥X4X3X2X1K(Abz)) after Incubation with the Peptidgse

KealKm KeaKm
cleavage at 2 or 3 peptide bonds (s mm)™* cleavage at 1 peptide bond (s mm)*
K(Dnp)-RIS-KIG-KIH-K(Abz) K(Dnp)-L-P-RH-L-P-K(Abz) 13 000
K(Dnp)-KIT-RIRIS-T-K(Abz) 59 000 K(Dnp)-I-T-H-G-RQ-K(Abz) 4000
K(Dnp)-RIRIG-RIF-D-K(Abz) K(Dnp)-M-Y-KIQ-M-Y-K(Abz) 3000
K(Dnp)-RH-RIKIG-I-K(Abz) K(Dnp)-RIG-L-G-Q-I-K(Abz)
K(Dnp)-RIKIQ-KIV-W-K(Abz) K(Dnp)-L-S-KIG-L-S-K(Abz) 2000
K(Dnp)-G-RIRIA-G-L-K(Abz) 42 000 K(Dnp)-RA-F-N-F-N-K(Abz)
K(Dnp)-N-Y-F-RIKIG-K(Abz) 35000 K(Dnp)-P-H-H-A-G-IR(Abz)
K(Dnp)-H-KIY-RIA-H-K(Abz) 22 000 K(Dnp)-Y-L-G-RG-N-K(Abz) 2000
K(Dnp)-RIK}I-M-P-P-K(Abz) K(Dnp)-D-G-D-N-A-RK(Abz)
K(Dnp)-RIKIG-T-H-F-K(Abz) K(Dnp)-I-I1-N-I-F-KIK(Abz)
(DNnp)-Y--KIRIA-N-T-K(Abz) 19 000 K(Dnp)-RH-G-T-H-F-K(Abz) 200
K(Dnp)-G-RIL-KIE-L-K(Abz) K(Dnp)-RIG-T-A-N-A-K(Abz) 70
K(Dnp)-P-RL-KIH-N-K(Abz)
K(Dnp)-V-RIRIV-N-T-K(Abz) 19 000

K(Dnp)-RIH-F-KIG-F-K(Abz)
K(Dnp)-RIQ-Q-KIG-F-K(Abz)
K(Dnp)-M-P-KIA-RIN-K(Abz)
K(Dnp)-KIG-F-T-A-RIK(Abz)
K(Dnp)-N-K{L-H-G-RIK(Abz)
K(Dnp)-S-RM-F-H-RIK(Abz)
K(Dnp)-P-RN-P-RG-K(Abz)
K(Dnp)-M-RIG-H-RIH-K(Abz)
K(Dnp)-E-N-RA-RIN-K(Abz)
K(Dnp)-V-RIT-P-L-RIK(Abz)
K(Dnp)-RIL-E-RIE-M-K(Abz)
K(Dnp)-G-H-RS-G-RK(Abz)

aConditions of hydrolysis: (a) for solid-phase library screening, resin (50 mg), 100 mM Tris HCI, 10 riM @4 8.0, 5uM TPCK,
4.2 nM trypsin, 25°C. The fluorescent beads were collected after 15 h of reactionk&t¢,, determination in solution: 100 mM Tris
HCI, 10 mM CaC}, pH 8.0, 5uM TPCK, 27 nM trypsin at 37C. (b) Fork./{Km values, they were obtained in solution with peptides
synthesized using the same sequence, but Abz was attached to the amino group of the first amino acid and Q-EDDPNglutamyl-
[ethylenediamine] 2,4-dinitrophenyl) was attached to C-terminal carboxyl group, for example, the peptide K(Dnp)-K-T-R-R-S-T-K(Abz)
was synthesized and assayed in solution as Abz-K-T-R-R-S-T-Q-EDDnp.

Table 6. Substrates Obtained for Trypsin from Library I P; to P’ corresponds to the sequence T-R/K-R-G-K-R/G that

(K(Dnp)kX7X eXsX aX3X2X1K(Abz)K) after Incubation with has a reasonable similarity to the sequence T-R-R-G-T-G

the Peptidase that span the cleavage site of dengue virus polyprotein at
K(Dnp)-k-N-RIH-RIS-KIS-K(Abz)-k the junction of NS4B-NS5 of the virus polyprotein. Most
g((g:&)_—lf_ﬁg -é@l'_ﬁgﬁ(&%zz))'i of the peptides identified in the libraries that were hydrolyzed
K(DNp)-k-S-RG-G-RG-KIK(Abz)-k aft(.erjust. only one basic amino ac!d revealed Qgid3ition.
K(Dnp)-k-RIH-P-H-KIA-RIK(Abz)-k This amino acid is also present in the sequence around the
K(Dnp)-k-Y-Q-RIY-RIQ-V-K(Abz)-k cleavage sites NS2B-NS3 (...KR@&GVL...) and internal
K(Dnp)-k-KIV-Q-V-KII-A-K(Abz)-k to NS4A (...EKQRTPQD...) of the polyprotein. In addition,
EEBE%%‘;'SU&@J?LE(&%ZZ))"I( the identified substrate, K-R-QI6-S (Table 8), has a
K(Dnp)-k-RH-A-I-I-A-A-K (Abz)-k significant similarity to the polyprotein cleavage site NS2B-

a Conditions of hydrolysis: 50 mg resin, 100 mM Tris HCI, 10 NS3 (...KRQRAGVL...).

mM CaCl, pH 8.0, 5uM TPCK, 4.2 nM trypsin, 25°C. The
fluorescent beads were collected after 15 h of reaction.

for Dengue 2 virus NS2B-NS3 protease in the screening of Hydration on solid support of the peptides that constitute
libraries | and Il are shown in Table 8. Most of the selected the substrate libraries has a major influence on protease
beads contain peptides hydrolyzed after a pair of basic aminoprocessing and introduces bias in the selectivity of the
acids, which is in accordance with the recently reported proteases toward substrates in resin-bound peptide libraries.
specificity of Dengue 2 virus NS2B-NS3 prote&se* We We demonstrated that this problem can be at least partially
could not detect any significant difference on the solubility circumvented in portion-mixing FRET peptide libraries by
characteristics of the amino acids that compose the peptidesntroducing k at the N,C termini of the peptides to provide
identified as substrates of NS2B-NS3 protease in the two even hydration and, therefore, a more genuine profile of the
libraries. This result can be related to the natural selectivity protease specificity. This was first investigated for the
of NS2B-NS3 protease for hydrophilic basic sequences in archetypal proteases trypsin and chymotrypsin. In addition,
the dengue polyproteitt. Then, this protease only selected as demonstrated for cathepsin S and for Dengue 2 virus
in library | the peptides with basic amino acid sequences that NS2B-NS3 protease, more detailed information and reli-
are already more soluble and exposed to solvent. The relia-ability of peptidase substrate specificity can be obtained by
bility of these libraries is noteworthy because, taken together, assaying the enzyme with both the hydrophobic library
the most frequent sequences of amino acids in the positionswithout lys and the hydrophilic with this amino acid. The

Conclusions
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Table 7. Substrates Obtained for Human Cathepsin S from
Libraries | (K(Dnp)XsXs5X4X3X2X1K(Abz) and Il
(K(Dnp)kX7XeX5X 4X3X2X 1K(Abz)K) after Incubation with

the Peptidase

Keal Km
(s mM)1

library 1 K(Dnp)XeXsX4X3X2X1K(Abz)

K(Dnp)-E-L-KIV-EIL-K(Abz) 17
K(Dnp)-T-P-E-M-RL-K(Abz)
K(Dnp)-M-Q-EIM-Q-E-K(Abz)
K(Dnp)-T-L-EIM-P-H-K(Abz)
K(Dnp)-L-EIS-K-E-S-K(Abz)
K(Dnp)-K-R-W-RIL-E-K(Abz) 4350
K(Dnp)-V-G-L-KIL-N-K(Abz)
K(Dnp)-A-L-K{G-V-F-K(Abz)
K(Dnp)-T-N-P-L-RIS-K(Abz)
K(Dnp)-N-L-RIT-I-N-K(Abz) 536
K(Dnp)-N-G-V-RIL-N-K(Abz) 1720
K(Dnp)-M-G-L-RIG-Q-K(Abz)
K(Dnp)-K-D-T-RIA-H-K(Abz)
V-
y

K(Dnp)-S-M-V-RIK-A-K(Abz) 60

library 11 K(Dnp)-kX7XeXsX 42X 3X X 1K(Abz)-k
K(Dnp)-k-K-N-I-VIV-L{S-K(Abz)-k
K(Dnp)-k-K-R-V-IHVIV-K(Abz)-k
K(Dnp)-k-P-A-I-AlA-1-A-K(Abz)-k
K(Dnp)-k-1-MIM{Y-Y 41-V-K(Abz)-k
K(Dnp)-k-Y-A-1-Y 1Y I-V-K(Abz)-k
K(Dnp)-k-Y-W-ElY-TIA-T-K(Abz)-k 52
K(Dnp)-k-K-D-M-VIYIVIT-K(Abz)-k
K(Dnp)-k-Q-L-REIA-A-V-K(Abz)-k 21
K(Dnp)-k-1-VIY-M-SIL-D- K(Abz)-k
K(Dnp)-k-G-A-S-1-I-ElA-K(Abz)-k
K(Dnp)-k-T-A-A-L-E{E-R-K(Abz)-k 79
K(Dnp)-k-R-K-I-FIF-I-F-K(Abz)-k
K(Dnp)-k-V-FIF-A-A-D-V-K(Abz)-k
K(Dnp)-k-1-VIV-S-M-H-Q-K(Abz)-k
K(Dnp)-k-V-V-EIQ-T-M-T-K(Abz)-k

a Conditions of hydrolysis: (a) for solid-phase library screening,
50 mg resin in 50 mM sodium phosphate, 2.5 mM EDTA, pH 6.5
and 25 nM of cathepsin S that was preactivated with 10 mM
dithoerytritol at 25°C (the fluorescent beads were collected after
7 h of reaction); (b) fok../Kn values, they were obtained in solution
of 50 mM sodium phosphate, 2.5 mM EDTA, pH 6.5, 12 nM of
cathepsin S that was preactivated with 10 mM dithioerytritol, 37
°C. Thek.a/Kn values were obtained with the peptides synthesized
as described in Table 5.

Table 8. Substrates Obtained for Human Dengue 2 Virus
NS2B-NS3 Protease from Libraries |
(K(an)X6X5X4X3X2X1K(AbZ) and Il
(K(Dnp)kX7XeX5X 41X 3X2X1K(Abz)k) after Incubation with
the Peptidase

library | library
K(an)X6X5X4X3X2X 1K(AbZ) K(an)-k-X7XeX 5X4X3X X 1K(AbZ)-k

K(Dnp)-M-K-G-K-RIQ-K(Abz) K(Dnp)-k-M-K-F-R-KIT-T-K(Abz)-k
K(Dnp)-G-K-KIT-L-R-K(Abz) K(Dnp)-k-K-K-L-R-RIT-R-K(Abz)-k
K(Dnp)-E-R-KIS-A-I-K(Abz)  K(Dnp)-k-K-KIF-G-W-S-A-K(Abz)-k
K(Dnp)-L-K-RIG-T-R-K(Abz) K(Dnp)-k-K-F-R-KG-V-R-K(Abz)-k
K(Dnp)-P-K-KIV-K-R-K(Abz) K(Dnp)-k-K-K-T-R-RIS-Q-K(Abz)-k
K(Dnp)-K-Y-H-R-KIG-K(Abz) K(Dnp)-k-A-T-R-RiQ-Y-R-K(Abz)-k
K(Dnp)-I-N-R-RIH-T-K(Abz)  K(Dnp)-k-Q-K-R-KIG-V-G-K(Abz)-k
K(Dnp)-K-R-Q-KIG-S-K(Abz) K(Dnp)-k-N-T-L-N-Y-RIS-K(Abz)-k
K(Dnp)-K-A-Q-RIA-K-K(Abz) K(Dnp)-k-F-S-N-Y-Q-RS-K(Abz)-k

a Conditions of hydrolysis: 50 mg resin, in 50 mM Tris, 10 mM
NaCl, 20% glycerol, pH 9.0, and 30 nM of Dengue 2 virus NS2B-
NS3, 37°C. The fluorescent beads were collected rafteh of
reaction.

K-L-
KIF-
F-R-

effects of hydrophobic packing in the library | may well

Alves et al.

ment of, for example, cytosol, endo-, or lyzosomes and is
not without interest; in fact, the conventional assay of using
fluorogenic substrates at high dilution to determine kinetic
parameters is quite artificial and could often be misleading
with respect to the actual work performed by the protease
in its natural habitat.

Experimental Section

All solvents were appropriately distilled before use and
DMF-assayed for free amine residifésAll Fmoc amino
acids were purchased from CalbiocheMova Biochem.
Trifluoroacetic acid (TFA), anisol, and 1,2-ethanedithiol were
from Fluka. Benzotriazole-1-yl-oxy-tris(dimethylamino)phos-
phonium hexafluorophosphate (BOP) was from Watanabe
Chemical Co. PEGA resin (0.1 mmol/g) was from Carlsberg
Laboratory, synthesized as previously repoited The
UIPAC nomenclature of 1- and 3-letter codes for th@nd
D-amino acids are used, that isamino acids are indicated
with a lower-case letter, for example, k forlysine.

Peptide SynthesisThe FRET peptides containé#(2,4-
dinitrophenyl)-ethylenediamine (EDDnp) attached to Q, a
necessary prerequisite for the solid-phase peptide synthesis
strategy employed as detailed elsewh&rdn automated
benchtop simultaneous multiple solid-phase peptide synthe-
sizer (PSSM 8 system from Shimadzu) was used for the
solid-phase synthesis of all the peptides by the Fmoc-
procedure. Prior to coupling, the Fmoc amino acids (1 equiv)
were preactivated with HOBt (1 equiv), TBTU (1 equiv),
and NMM (2 equiv) for 5 min. The final, deprotected
peptides were purified by semipreparative HPLC using an
Econosil C-18 column (1@2m, 22.5 mmx 250 mm) and a
two-solvent system: (A) trifluoroacetic acid (TFAY8 (1:
1000) and (B) TFA/acetonitrile (ACN)A® (1:900:100). The
column was eluted at a flow rate of 5 mL/min with a 10 (or
30) to 50 (or 60)% gradient of solvent B over 30 or 45 min.
Analytical HPLC was performed using a binary HPLC
system from Shimadzu with a SPD-10AV Shimadzu YV
vis detector and a Shimadzu RF-535 fluorescence detector,
coupled to an Ultrasphere C-18 columnyB, 4.6 mmx
150 mm) which was eluted with solvent systems AL-(H
POJ/H,0O, 1:1000) and B1 (ACN/ ED/H3POy, 900:100:1)
at a flow rate of 1.7 mL/min and a 10 to 80% gradient of
B1 over 15 min. The HPLC column eluates were monitored
by their absorbance at 220 nm and by fluorescence emission
at 420 nm, upon excitation at 320 nm. The molecular weights
and purities of all peptides synthesized were checked by
MALDI-TOF mass spectrometry (TofSpec-E, Micromass).
The concentrations of the solutions of the substrates were
determined by measurement of the absorption of the 2,4-
dinitrophenyl group (extinction coefficient at 365 nm being
17.300 Mt cm™Y).

Synthesis of Substrate Libraries. The syntheses of
libraries were carried out manually as previously described.
The libraries were synthesized & g of PEGA005° 3 resins
in a 20-column Teflon synthesis block, using the following
orthogonal protected Fmoc amino acids: Fmoc-A-OH,
Fmoc-R(PMC)-OH, Fmoc-N(Trt)-OH, Fmoc-G-OH, Fmoc-
Q(Trt)-OH, Fmoc-H(Trt)-OH, Fmoc-F-OH, Fmoc-P-OH,

represent the situation in the densely packed cellular environ-Fmoc-S{Bu)-OH, Fmoc-T{Bu)-OH, Fmoc-W(Boc)-OH,



Combinatorial Peptide Libraries for Endopeptidases Journal of Combinatorial Chemistry, 2007, Vol. 9, No. @33

Fmoc-Y {Bu)-OH, Fmoc-V-OH, Fmoc-C(Trt)-OH, Fmoc- A SPD-10AV Shimadzu UV vis detector was used, coupled
D(tBu)-OH, Fmoc-I-OH, Fmoc-EBu)-OH, Fmoc-L-OH, to an Ultrasphere C-18 column that was eluted with solvent
Fmoc-K(Boc)-OH, and Fmoc-M-OH. The resin was evenly system Al (HPOJ/H,0O, 1:1000) and B1 (ACN/kD/H3P Oy,
distributed in the 20 wells of the Teflon synthesis block, and 900:100:1) at a 1.0 mL/min flow rate. The hydrolysis
the Fmoc groups were removed. Prior to coupling, the Fmoc products containing K(Dnp) were monitored and quantified
amino acids (1 equiv) were preactivated with HOBt (1 equiv), at 365 nm using an authentic synthetic fragment. The same
TBTU (1 equiv), and NMM (2 equiv) in DMF (1 mL) for6  experiments were done in presence of 0.01% Tween.

min, and the activated amino acids were added, one to each Kinetics of Hydrolysis of the Peptides in Solution The

of the 20 wells. After the completion of the coupling, the reactions were carried out for chymotrypsin at°87in 0.1
block was filled with DMF up to 1 cm above the top of the M Tris HCI, 10 mM CaC}, 5uM TPCK, pH 8.0. For trypsin,
wells and inverted, and the resin was mixed vigorously by the same conditions as for chymotrypsin were used but in
agitation for 30 min in the mixing chamber. The block was presence of xM TLCK. Cathepsin S was preactivated with
again inverted, evenly distributing the resins into the wells 10 mM dithioerytritol in 50 mM sodium phosphate, 2.5 mM
for washing and removal of the Fmoc group. This procedure EDTA, pH 6.5 for 5 min before the addition of the substrates.
was repeated for the incorporation of all the randomized The hydrolysis was followed by measurement of the
positions. After the randomized positions, the Fmoc-k(Boc) fluorescence intensity increase of Abiz{ = 320 nm,lgv

and Fmoc-K(Dnp) were incorporated. The side chain pro- =420 nm) in a Shimadzu RF-1501 spectrofluorometer. The
tecting groups were removed by treatment with a mixture concentrated stock solutions of the substrates (1 mg/mL, in
of TFA/thioanisole/ethanedithiol/water (87:5:5:3) for 8 h. The H,O/DMF 1:1) were diluted in water, and the final concen-

resin was washed with 95% acetic acidx DMF (4x), trations of the substrates were calculated from the absorption
5% DIPEA in DMF (3x), DMF (3x), and DCM (6x) and of 2,4-dinitrophenyl group (Dnp) (molar extinction coef-
dried in vacuum. ficient at 365 nm was 17,300 Mcm™?). Fluorescence

Enzymes.Heterologous expression, purification, and ac- Variations were converted into amount of hydrolyzed sub-
tive site titration of human cathepsin S were performed as Strates by standard curves obtained by the fluorescence
previously describe@® Recombinant NS2B-NS3 protease measurement of well-defined concentrations of each substrate
dengue 2 virus, strain NGC (CF40glyNS3pro], was obtained after complete hydrolysis. A 1 c¢cm path length cuvette
as reported’ -trypsin was purified as described elsewfgre ~ containing 1 mL of the substrate solution was placed in the
from a double-crystallized bovine trypsin from Biobras Co. thermostatic cell compartment. The enzyme solution was
(Montes C|arOS, Minas Geraisy Braz”), treated in advance added, and the increase of fluorescence was CO”tinUOUSly

with TPCK and the operational molarities were determined recorded. The slope was converted into moles of substrate
by active site titratior? hydrolysis per second, and the parameters were calculated

according to Wilkinsor{? Kinetic parameter, andkg with
their respective standard errors were calculated by the
Michaelis-Menten equation using Grafit software (Erithacus

Solid-Phase Library ScreeningFor all assays, the library
beads were washed with water{Band the assay buffer
(3x) before the addition of the enzyme. The reactions were )
stopped by dilution wh 3 M HCI, and the mixtures were Software, Horley, $urrey, U.K.). For peptides hydrolyzed
washed thoroughly. The beads were transferred to a glast More than one site, the apparkafKn, values were also
dish and inspected by fluorescence microscopy (Stereomi-determlned under pseudo-first-order cor_1d|t|0ns (whefe [
croscope StemiZeiss), and the fluorescent beads were -~ Km) and performed under two different substrate
collected and transferred to a TFA-treated cartridge filter for cOncentrations. Errors were 10% or less for each of the
on-resin sequence analysis. The amino acid sequence angPtained kinetic parameters.
cleavage point were determined by Edman degradation using Abbreviations
the protein sequencer PPSQ/23, Shimadzu Co. The enzymes s nonstructural; Q-EDDP, (glutamid-lethylenedi-
were assayed as follows: trypsin 20 mg of resin in 0.1 M aming] 2 4-dinitrophenyl); HOBtN-hydroxybenzotriazole;
Tris HCI, 10 mM CaCj pH 8.0, 5uM TPCK at 25°C for  TBTY, 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylamin-
15 h with 4.2 nM of enzyme; chymotrypsin 20 mg of resin  j,, tetrafluorborate; NMMN-methyl-morpholine: (PMC),
in 0.1 M Tris HCI, 10 mM CaGlpH 8.0, 5uM TLCK at 25 2,2,5,7,8-pentamethylchroman-6-sulfonyl; Trt, trityl; TPCK,

°C for 20 h with 4.4 nM of enzyme; cathepsin S 50 mg of {ogy| phenylalanyl chloromethyl ketone; TLCK, tosyl lysil
resin, in 50 mM NaPQ@ 2.5 mM EDTA, pH 6.5, 25C for chloromethy! ketone

7 h with 25 nM of enzyme (cathepsin S was preactivated ) ) )
with 10 mM dithioerytritol); NS3 protease dengue 2 virus  Acknowledgment. Financial support was obtained from

50 mg of resin in 50 mM Tris, 10 mM NaCl, 20% glycerol, the Brazillian research agencies Fur@ace Amparo a
pH 9.0, at 37°C for 7 h with 30 nM of enzyme. Pesquisa do Estado d€'&#®aulo (FAPESP), Conselho

Nacional de Desenvolvimento Ciéfito e Tecnolgico
(CNPq), and the Danish National Research Foundation, from
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Kinetics of Hydrolysis by Chymotrypsin of the Peptides
Attached to the Resin.The peptides bound to resin were
incubated in 0.1M Tris HCI, 10 mM CaglpH 8.0, 5uM
TLCK, and 4.4 nM chymotrypsin. Samples were colleted
every minute in the first 15 min and then after every 15 min. References and Notes
The samples collected were diluted with equal volume of 3 (1) Mmatthews, D. J.; Wells, J. ASciencel993 260, 1113~
M HCI, and the released peptide was quantified by HPLC. 1117.
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