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ABSTRACT: Knowing the substrate specificity of a protease is useful in determining its physiological substrates,
developing robust assays, and designing specific inhibitors against the enzyme. In this work, we report the
development of a combinatorial peptide library method for systematically profiling the substrate specificity of
endopeptidases. A fluorescent donor (Edans) and quencher (Dabcyl) pair was added to the C- and N-termini
of a support-bound peptide. Protease cleavage of the peptide removed the N-terminal quencher, resulting in
fluorescent beads, which were isolated and individually sequenced by partial Edman degradation and mass
spectrometry (PED—MS) to reveal the peptide sequence, as well as the site of proteolytic cleavage. The
method was validated with bovine trypsin and Escherichia coli leader peptidase and subsequently applied to
determine the substrate specificity of a viral protease, VP4, derived from the blotched snakehead virus
(BSNV). The results show that VP4 cleaves peptides with a consensus sequence of (Abu/Ala/Pro)-X-AlaiX, in
agreement with the previously observed cleavage sites in its protein substrates. Resynthesis and a solution-
phase assay of several representative sequences against VP4 confirmed the library screening results.

Proteases make up one of the most important groups of
enzymes, comprising nearly 2% of the human proteome. To
elucidate the function of a protease and/or design selective
substrates and inhibitors, it is often necessary to define the
substrate specificity of the enzyme. A variety of methods have
been reported, ranging from kinetic assay of individual peptides
to various library approaches such as phage display (/, 2),
position scanning (3—35), peptide microarrays (6), fluorescence
resonance energy transfer (FRET)' assays (7—9), and activity-
based probes (10, 11). While each of these methods has provided
valuable information about the substrate specificity of proteases
and several of them remain popular choices of investigators, they
each suffer from some drawbacks. For example, position scan-
ning libraries are straightforward to synthesize and screen, do not
require individual peptide sequencing, and are able to reveal the
site of cleavage but cannot probe the prime side of the substrates
or give individual sequences. As a variation of the position
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scanning method, peptide array does give individual sequences
but is practically limited to testing 10°—10* sequences. Substrate
phage display has the advantage of being able to generate and
screen very large libraries, interrogate the specificity on both sides
of the scissile bond, and give individual substrate sequences but is
limited to 20 proteinogenic amino acids and does not reveal the
actual site of cleavage. The FRET assay as originally reported by
Meldal and co-workers (7) employs a fluorescent donor and
quencher pair, placed on the two termini of a resin-bound
substrate peptide. Cleavage of the peptide by an endopeptidase
removes the N-terminal quencher, and the bead becomes fluor-
escent. The identity of the substrate peptide and the site of
cleavage are determined by conventional Edman sequencing of
the partially cleaved peptides on the positive bead. The FRET
method has many advantages. It is compatible with both natural
and unnatural building blocks, is capable of handling large
libraries, and gives individual sequences. The main drawback is
that Edman sequencing is very time-consuming (hours to a day
per peptide) and expensive (more than $300 per peptide), making
the method less ideal for high-throughput profiling of a large
number of proteases. To overcome this drawback, we have
recently developed an inexpensive, high-throughput peptide
sequencing method, termed partial Edman degradation and mass
spectrometry (PED—MS), which is ideally suited for sequencing
support-bound peptides and peptoids [poly(N-alkylglycine)]
(12—14).

The identity of protease substrates and information about the
specificity can also be obtained by chemical labeling techniques to
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identify protein fragments generated by the addition of a protease
or activation of a protease pathway (15, 16). Also, information
about substrates of proteases can be determined within a
proteome, with or without protease activation, by examining
all the proteins on a one-dimensional sodium dodecyl sulfate
(SDS)—polyacrylamide gel with tryptic digestion and shotgun
LC—MS/MS methods (7).

Viruses of the Birnaviridae family are characterized by their
bisegmented double-stranded RNA genome (segments A and
B) (18). The polyprotein generated by segment A includes
proteins VP2, VP4, and VP3 in a linear arrangement. VP2 and
VP3 are structural proteins, whereas VP4 is the protease respon-
sible for releasing VP2, VP3, and itself from the polyprotein.
Prototypical members of this virus family include the infectious
pancreatic necrosis virus (IPNV) that infects fish and the
infectious bursal disease virus (IBDV) that infects poultry. The
aqua birnavirus blotched snakehead virus (BSNV) was first
discovered by John and Richards in 1999 (19). The BSNV VP4
protease cleaves the BSNV segment A polyprotein at the VP2p—
VP4 and VP4—VP3 junctions as well as several other sites located
at the end of pVP2, producing the mature capsid protein VP2
along with the so-called X-peptide and a number of smaller
peptides, some of which were found in the viral particle (20).
Inspection of the cleavage sites in the BSNV segment A poly-
protein suggested a cleavage preference for a Pro-X-AlalAla
motif, but there are some variations. The crystal structure of the
BSNV VP4 protease (27) revealed that the shape and electrostatic
nature of the VP4 binding site are generally consistent with the
observed cleavage preferences. Given the very limited number of
cleavage sites available and the spatial constraints (if the cleavage
occurs intramolecularly), we felt that the above motif may not
fully reflect the substrate specificity profile of VP4. In this work,
we have combined the advantages of FRET-based combinatorial
peptide libraries with PED—MS peptide sequencing to develop a
powerful, high-throughput method for systematically profiling
the substrate specificity of any endopeptidase. This method was
first validated with trypsin and Escherichia coli leader peptidase,
two enzymes whose substrate specificities had previously been
well characterized (3, 9, 22). Subsequent application of the
method to VP4 revealed its detailed substrate specificity profile.

MATERIALS AND METHODS

Materials. PL-PEGA resin (0.2 mmol/g, 300—500 um) was
purchased from Polymer Laboratories Ltd. (Amherst, MA). All
of the reagents for peptide synthesis were purchased from
Advanced ChemTech (Louisville, KY), Novabiochem (San
Diego, CA), or Bachem (Torrance, CA). Sodium 5-[(2-ami-
noethyl)amino]naphthalene-1-sulfonate (Edans) was purchased
from Molecular Probes, Invitrogen Corp. (Carlsbad, CA). All
other chemicals were purchased from Aldrich Chemical Co.
(Milwaukee, WI) and Acros Organics. Bovine trypsin was
purchased from Sigma (Milwaukee, WI). E. coli leader peptidase
and VP4 protease were expressed and purified as previously
described (22, 23).

Synthesis of the FRET-Based Peptide Library. The
peptide library was synthesized using the standard Fmoc/
HBTU/HOBt synthesis protocol as previously reported (22) with
the following modifications. The synthesis was conducted on
2.0 g of PEGA 9 resin (300—500 um, 0.2 mmol/g) in a home-
made peptide synthesis apparatus (24). First, the seven-residue
linker sequence, AAE(allyl)BBrM (where B is f-alanine and r is
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p-arginine), was synthesized using 4 equiv of reagents. Next, the
random region was generated using the split-and-pool synthesis
method (25—27). The resin was evenly divided into 19 aliquots
and placed into 19 separate reaction vessels. Each aliquot was
coupled with a different amino acid (4 equiv of reagent, 30 min),
and the coupling reaction was repeated once. The resin from all
the vessels was combined, mixed, and washed exhaustively with
DMF, and the Fmoc group was removed with two treatments
with 20% piperidine and DMF (5 + 15 min). The resin was then
redistributed into 19 reaction vessels, and this process was
repeated until all randomized positions were generated. The rest
of the synthesis, including the addition of Fmoc-Lys(Dabcyl)-
OH and the replacement of the allyl group from the C-terminal
Glu with Edans and library deprotection, was conducted as
previously described (22). Finally, the resin was washed with
CH,CI, (5 x 10 mL) and stored in the same solvent at 4 °C.

Library Screening. A typical screening reaction involved
~30000 library beads, which were washed exhaustively with
water and the proper protease reaction buffer [for trypsin, 0.1
M Hepes (pH 7.5) and 10 mM CaCl,; for leader peptidase, 50
mM Tris-HCI (pH 8.0), 10 mM CaCl,, and 1% Triton X-100; for
VP4, 20 mM Tris-HCI, 100 mM NaCl, 0.1% Chaps, | mM
EDTA, 10% glycerol, and 10 mM dithiothreitol (pH 7.4)]. The
resin was suspended in 3 mL of the proper protease reaction
bufferina 60 mm x 15 mm Petri dish (Baxter Scientific Products)
and treated with the desired protease (final concentrations of
0.063 uM, 0.083 mg/mL, and 0.059 mg/mL for trypsin, leader
peptidase, and VP4, respectively) for 18 h at 37 °C. The dish was
viewed under a fluorescence microscope (Olympus SZX12) using
the appropriate filter set for the Edans group (exciter at 360 nm;
emitter at 460 nm). Positive beads were identified by their intense
fluorescence and removed from the library using a micropipet.
A control screening was conducted under the same conditions
with the exclusion of the proteases. This screening resulted in no
fluorescent beads.

The positive beads from above were washed with water and
pyridine, suspended in 160 uL of pyridine, and treated with 10%
N-hydroxysuccinimidyl benzoate (Bz-OSu) for 12 min at room
temperature. This treatment resulted in the benzoylation of any
free N-terminus exposed by the enzymatic cleavage and the side
chain of lysine. The beads were next treated with 20% piperidine
in DMF to remove the N-terminal Fmoc group and individually
sequenced by the PED—MS method using N-hydroxysuccinimi-
dyl nicotinate (Nic-OSu) as the capping agent during PED
reactions (12).

Synthesis of Individual Peptides. Individual peptide synth-
esis was performed on a 0.02 mmol scale on Rink amide resin
using standard Fmoc chemistry. After side chain deprotection as
described above, the peptides were purified by reversed-phase
HPLC on a semipreparative C-18 column, eluted with a linear
gradient from 25 to 50% CH3;CN in H,O in the presence of
0.05% TFA over 26 min (monitored at 336 nm). Major fractions
were subjected to ESI-MS analysis, and the fractions containing
the desired peptides were evaporated in a Speed Vac concentrator
to produce a reddish solid. All peptides were dissolved in H,O,
and their concentrations were determined on the basis of
absorption at 495 nm (e49s = 2.07 x 10*M ™" cm ™).

VP4 Protease Activity Assay. The activity assay was
conducted in a buffer (total volume of 0.5 mL) containing
20 mM Tris-HCI (pH 8.0), 100 mM NaCl, 10% glycerol, 1%
p-mercaptoethanol, and varying concentrations of peptide sub-
strates (0—120 uM). The reaction was initiated by the addition of
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F1GURE 1: Design and screening of the FRET-based peptide library and postscreening sequence determination by PED—MS: (a) protease
treatment, (b) Bz-OSu, (c) 20% piperidine in DMF, (d) PITC and then TFA (three times), () 5:1 PITC/Nic-OSu and then TFA (six times), and
(f) CNBr. The example shown assumes protease cleavage between X and X> residues. Bz, benzoyl; Nic, nicotinoyl; E', Glu(Edans). The
peak labeled with an asterisk is derived from the N-terminally benzoylated protease cleavage product; together with PED fragment
Nic-X>X'AAE'BBrM, they form a doublet peak with m/z ratios of m and m — 1.

VP4 enzyme (final concentration of 0.01—0.02 mg/mL) and
monitored continuously at 520 nm on an Aminco-Bowman
Series 2 spectrometer (excitation at 340 nm) at room temperature.
The initial rates calculated from the early regions of the progress
curves (usually <200 s) were fitted against the Michaelis—
Menten equation [V = ke [E][S]/(Kym + [S])] using Kaleida-
Graph 3.6 to obtain the k., and Ky values. To define the
relationship between fluorescence yield and product formation,
one of the peptides (peptide I1I) was hydrolyzed to completion by
incubation with excess VP4 overnight at 4 °C. Each unit of
fluorescence increase at 520 nm under the experimental condi-
tions described above corresponded to 32 uM of product
formation.

MS Analysis of VP4 Cleavage Products. VP4 reactions
were conducted as described above, except that the reactions were
allowed to proceed overnight at 4 °C. The reaction mixtures were
directly analyzed by ESI and/or MALDI mass spectrometry. The
site of cleavage was identified on the basis of the masses of the
reaction products. Control reactions in the absence of VP4
protease showed that the peptides were unaltered for several
weeks at 4 °C.

RESULTS AND DISCUSSION

Design, Synthesis, and Screening of the FRET-Based
Peptide Library. A one-bead-one-compound (OBOC) library
containing five random positions, Fmoc-K(Dabcy)AAX X*X>-
X*X'AAE(Edans)BBrM-resin [where X'—X> represent L-2-amino-
butyric acid (Abu or U) or any of the 18 proteinogenic amino acids
except for Cys and Met, B is S-alanine, and r is D-arginine], was
designed (Figure 1). The C-terminal sequence (BBrM) was added to
provide a flexible linker (BB) and facilitate release of the peptide
from the resin (CNBr cleavage after Met) and MS analysis
(Arg) (28). p-Arginine was chosen to avoid undesired cleavage
after the arginine by a trypsin-like activity. The N-terminal Lys
and C-terminal Glu were included as handles, to which the
fluorescence quencher (Dabcyl) and donor (Edans), respectively,
were attached. The Ala residues before and after the random
sequence were intended to move the bulky Dabcyl and Edans
groups away from the protease cleavage site, which could potentially

block access of the protease to the random region. The theoretical
diversity of the library is 19° or 248 x 10° The library was
synthesized on 2 g of PEGA ¢y resin (~330000 beads, 0.2 mmol/g)
using the split-and-pool synthesis method as previously des-
cribed (25—27). PEGA 9q resin was chosen as the solid support
because of its ability to swell in the aqueous environment,
permitting the permeation of relatively large biomolecules such
as proteins into the beads (29).

Prior to protease treatment, the library beads were nonfluor-
escent because the fluorescence of the Edans group is efficiently
quenched by the N-terminal Dabcyl group. Protease cleavage
at the random region would remove the quencher, and the
C-terminal Edans group, which remains bound to the bead,
would render the bead intensely fluorescent. The fluorescent
beads are readily detected under a fluorescence microscope and
manually removed from the library. The peptide sequences on the
positive beads were determined by the PED—MS method (12).
To determine the site of protease cleavage, the original PED—MS
method was slightly modified as follows. A positive bead selected
from the library was treated with N-hydroxysuccinimidyl benzo-
ate (Bz-OSu); this resulted in the benzoylation of the free
N-terminus exposed by the protease action and lysine side chains
(Figure 1). Next, the N-terminal Fmoc group of any unreacted
full-length peptide was removed by treatment with 20% piper-
idine in DMF. The resulting bead was subjected to three cycles of
Edman degradation to remove the N-terminal KAA sequence,
followed by five cycles (or more) of PED using a 5:1 (molar)
mixture of phenyl isothiocyanate (PITC) and Nic-OSu (12).
Finally, the PED products were released from the bead with
cyanogen bromide and analyzed by MALDI-MS. The sequence
of the original peptide on the bead was inferred from the peptide
fragment pattern in the mass spectrum as previously des-
cribed (12—14). A pair of doublet peaks at m/z m and m/z m — 1
indicates that the protease cleavage site is between the two
residues surrounding the doublet peaks (Figure 1). Note that
benzoylation of the lysine side chain has the beneficial effect of
differentiating lysine from glutamine, which both have the same
nominal residual mass of 128. Benzoylation of the lysine side
chain increases its residual mass to 232, while that of glutamine
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Table 1: Most Preferred Peptide Substrates of Bovine Trypsin®

Table 2: Preferred Peptide Substrates of E. coli Leader Peptidase”

bead no. peptide sequence bead no. peptide sequence bead no. peptide sequence bead no. peptide sequence
1 AAKRKHRIAA 20 AAKKERIQAA 1 AAQRALAIAA 14 AAPGYAEAIA
2 AAXXXXRIAA 21 AAKVARIKAA 2 AAUQEAQAIA 15 AAWUFAQAIA
3 AAKHHRRIAA 22 AAGKRRIQAA 3 AAEKSAHAIA 16 AAPNKUUAIA
4 AAXSFGRIAA 23 AATQPRIKAA 4 AAPGLAEAIA 17 AAHEDULAIA
5 AAQXXXRIAA 24 AAEGDRIQAA 5 AAPRLAUAIA 18 AAPRNUFAIA
6 AAPRARINAA 25 AAEHQRIAAA 6 AAAUPAKAIA 19 AAPKRUAAIA
7 AAXXQRIUAA 26 AAHUKQRIAA 7 AAPGVALAIA 20 AAARLURAIA
8 AARVGRIHAA 27 AAKSRIHLAA 8 AAXXEANAIA 21 AAPKGUKAIA
9 AAQTKURIAA 28 AAXXSGRIAA 9 AAVXXAKAIA 22 AAPKUUQAIA
10 AARRKQRIAA 29 AAXXKIGRAA 10 AANRNAQAIA 23 AAGKTUKAIA
11 AAERGARIAA 30 AATHKUKIAA 11 AARATAWAIA 24 AAPKRVEAIA
12 AAKSRILHAA 31 AATGKKIGAA 12 AAPRKATAVA 25 AAPRAVEAIA
13 AAGKRIQRAA 32 AAETLKIUAA 13 AAQKRAQAIA 26 AAPKKSLAIA
14 AAKXXRIKAA 33 AAKAKKIUAA . . . . . )

— = “U, 2-aminobutyric acid; X, unidentified amino acid. The down arrow

15 AAXXRKRIAA 34 AAEEHSKIAA denotes the site of ycleavage. The random region of the FRET library is
16 AAEVLPRIAA 35 AAXXKQKIAA underlined.
17 AAXXKGRIAA 36 AAETTKIUAA
18 AAEGRIULAA 37 AAKRKIHRAA
19 AAXXXRINAA 38 AARRKIQRAA We have noticed that sequence determination of positive hits

“U, 2-aminobutyric acid; X, unidentified amino acid. The down arrow
denotes the site of cleavage. The random region of the FRET library is
underlined.

remains 128. Leucine and isoleucine, two other amino acids of
degenerate residual mass (113), were not differentiated in this
library.

Evaluation of the FRET Library against Trypsin and
Leader Peptidase. The FRET library was first tested on bovine
trypsin and E. coli leader peptidase, two enzymes whose substrate
specificities had previously been well-defined (3, 9, 22). Approxi-
mately 180 mg of the library (~30000 beads) was incubated with
0.063 uM bovine trypsin for 18 h at pH 7.5. A total of 55 highly
fluorescent beads were collected and sequenced by the PED—MS
method. The site of cleavage was determined unambiguously for
38 of the 55 beads. Among the 38 sequences, 28 were cleaved after
an Arg residue and the other 10 were digested after a Lys
(Table 1). Thus, consistent with previous reports (3), trypsin
has a strong preference for a positively charged residue at the P,
position. It does not have any obvious preference at other
positions. Approximately 180 mg of the library was also screened
against E. coli leader peptidase, resulting in 51 fluorescent beads.
Sequencing by PED—MS produced 50 unambiguous sequences,
all of which contained an Ala-X-Ala general motif, known to be
the recognition motif of leader peptidase (Table 2). The cleavage
site was determined for 26 of the 50 beads, and all 26 peptides
were cleaved between two Ala residues (Ala as P; and
P/’ residues). Among them, 25 peptides were cleaved between
the two fixed Ala-Ala residues just C-terminal to the random
region, where the remaining one (bead 1) was cleaved immedi-
ately N-terminal to the Ala-Ala motif. At the Py site, all
26 peptides contained a small residue, including 15 Ala residues,
eight Abu residues, two Val residues, and one Ser residue. On
the other hand, a variety of residues were found at the
P, position. Interestingly, the leader peptidase appears to prefer
a proline at the P¢ position (13 of the 26 sequences had Pro at the
Pg position). This trend was not observed in the earlier studies,
because the previous libraries contained only four random
positions (9, 22). A proline at the Pg (or Ps) position may help
break the transmembrane a-helix of signal peptides and facilitate
the interaction between a peptide substrate and the protease
active site (30).

from the FRET library by PED—MS has a somewhat lower
success rate than other libraries (non-FRET-based), which are
typically >90% (12, 13). This is at least partially due to excessive
protease reaction, leaving an insufficient amount of full-length
peptide on the bead for PED—MS analysis. Trypsin, which is a
very active protease, had a higher percentage of undefined
sequences at the N-terminal side of the scissile bond as compared
to the leader peptidase (which is less active against peptide
substrates) (Tables 1 and 2). Another contributing factor is the
fact that the Edans group at the C-terminus undergoes photolytic
degradation during MALDI-TOF analysis, resulting in more
complex MS spectra (vide infra). Finally, the use of Bz-OSu to
block the protease-exposed N-terminus produces doublet peaks
separated by only | amus; it is sometimes difficult to differentiate
the m/z m — 1 peak (especially when its intensity is low) from
noise peaks. The latter has undoubtedly contributed to the less-
than-desirable successive rate in identifying the sites of cleavage
(~61%). These problems can be avoided by controlling the extent
of protease cleavage (a few percent of cleavage is usually
sufficient to render a bead intensely fluorescent), removing the
Edans group prior to MS analysis, and/or using a different
acylating agent (other than Bz-OSu). These studies are already
underway in our laboratories.

Substrate Specificity of Viral Protease VP4. Approxi-
mately 180 mg of the FRET library (~30000 beads) was screened
against protease VP4 (0.059 mg/mL) in four equal aliquots to
give a total of ~50 fluorescent beads. PED—MS sequencing of
these beads produced 28 unambiguous sequences, and the
protease cleavage site(s) was determined for 22 of the peptides
(Table 3). The peptide sequences and/or the site of cleavage for
the other beads could not be determined due to poor spectral
quality. Because eight of the 22 peptides were cleaved at two
different sites, a total of 30 cleavage sites were identified. Like the
E. coli leader peptidase, most of the VP4 cleavage reactions
occurred after the invariant C-terminal Ala-Ala motif instead of
the random region. Inspection of the cleavage sites reveals a
consensus recognition motif of (Abu/Ala/Pro)-X-AlavX (Fig-
ure 2). Five of the six peptides whose site(s) of cleavage was not
identified also contain at least one such motif in each sequence.
Presumably, these peptides were also cleaved at the consensus
motifs. Thus, VP4 strongly prefers an alanine at the P; position,
with the sterically similar Abu as the only other accepted residue.
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Table 3: Selected VP4 Substrates®

bead no. peptide sequence bead no. peptide sequence
1 RWURUIAAIE 15 KKKVPAAIE
2 RKUKUIAAIE 16 HRKHVAAIE
3 KRURAIAAIE 17 TLKHUAAIE
4 RAURAIAAIE 18 KNKUUAAIE
5 RUTRUIAAIE 19 RKRUUAIAIE
6 KKURAAAIE 20 TRRULAIAE
7 SRPRPAAIE 21 SRRAUAIAE
8 SVGRGAAE? 22 RRKULAIAE
9 RSKLUIAAIE 23 KRRPLAVAE
10 RRYLAIAAIE 24 GVAARAAE?
11 KTRHUAAIE 25 DEETVAAE"
12 RSRVUAAE? 26 RRLRPAAIE
13 DRRVVAAIE 27 RTHKUAAE’
14 RPYRAAAIE 28 SURRKAAE’

(U, 2-aminobutyric acid. The down arrow denotes the site of cleavage. ® The
cleavage sites of these cleaved peptides were not identified due to poor MS
spectral quality. The random region of the FRET library is underlined.

No. of Occurrence
o

DENQHKRWYFLVSTGUAFP
FIGURE 2: Substrate specificity of VP4 protease. The histograms
display the amino acids identified at each position (P’ to Ps). The
number of occurrences on the y-axis represents the number of selected
peptide sequences that contained a particular amino acid at a certain
position. U, 2-aminobutyric acid; L, leucine or isoleucine.

It also requires a small hydrophobic residue at the P3 position,
with a preference for Abu (15 of 30), Ala (six of 30), Pro (four of
30), Val (two of 30), and Thr (one of 30). VP4 appears to have
broad specificity at the Py position, since both Ala and the bulky
Glu(Edans) are accepted. It also tolerates a variety of residues of
different physicochemical properties at the P, position (e.g., Ala,
Abu, Arg, Leu/Ile, and Lys). At the P, and Ps positions, the
selected peptides show an overrepresentation of positively
charged and hydrophobic residues. Some preference for posi-
tively charged residues also extends to the Pg and P; positions.
Kinetic Properties of Selected V P4 Substrates and Con-
firmation of the Cleavage Site. Three representative peptides
selected from the library, K(Dabcyl) AKRURAVAAVE(Edans)G,
K(Dabcyl)ARSK LUVAAIE(Edans)G, and K(Dabcyl) ARRLR-
PAAIE(Edans)G (peptides I-III in Table 4), were individually
synthesized to confirm the screening results. A fourth peptide [K
(Dabcyl)ARSKLAAAE(Edans)G], which is analogous to pep-
tide II, was designed to test whether protease VP4 indeed prefers
an Abu over Ala at the P; position. The four peptides were first
treated with excess VP4 overnight, and the cleavage products
were analyzed by both ESI and MALDI-TOF mass spectrometry
to determine the site of cleavage. Figure 3 shows the MALDI-
TOF mass spectra of untreated peptide I1I (panel A) and peptide
III after treatment with VP4 (panel B). Peptide III gave a major
peak at m/z 1724.1, consistent with the calculated mass of the
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peptide (M + 1). The other peaks of lower m/z values were
derived from peptide III, due to breakdown of the Edans and/or
Dabeyl groups during the MS analysis. After overnight treatment
with VP4, the peak at m/z 1724.2 (and those of its breakdown
products) exhibited much reduced abundance, while an intense
new peak appeared at m/z 1289.9. The loss of 434.3 amu indicates
that VP4 cleaved peptide III between Ala and Glu(Edans)
residues, consistent with the site predicted by PED—MS analysis.
No signal that corresponds to any cleavage at other positions was
observed (the m/z 1156.8 peak is likely a breakdown product
derived from the m/z 1289.9 species). Similar analyses showed
that VP4 also cleaved peptides II and IV exclusively at the same
site. For peptide I, VP4 cleavage occurred predominantly be-
tween Ala and Glu(Edans), but it also resulted in minor cleavage
after the URA motif (data not shown). Therefore, the solution-
phase analyses indicate that the major cleavage site for these four
peptides (and likely all of the selected peptides in Table 3) was at
the Ala-Glu(Edans) peptide bond. During library screening, it is
possible that restricted accessibility to the major cleavage site (the
peptides were attached to the solid support via their C-termini)
allowed the enzyme to generate a small amount of cleavage at the
more N-terminal sites (which were presumably more accessible).

Peptides I-1V were next assayed against VP4, and their kinetic
constants were determined at pH 8.0 (Table 4). The three peptides
selected from the library had similar kinetic constants, with their
keats K, and key/Kyr values of 0.075—0.35 min~", 30—71 uM,
and 41-166 M~'s !, respectively. Substitution of Ala for Abu at
the P5 position reduced the VP4 activity by ~3-fold, consistent
with the observation that Abu was the most frequently selected
by VP4 at this position. The activities of VP4 against peptide
substrates are low as compared to that of classical serine
proteases (e.g., trypsin) but are not unusual among the subfamily
of serine proteases that utilize a Ser-Lys dyad as the principal
catalytic machinery (31, 32).

Comparison with Known Cleavage Sites of V P4. BSNV
VP4 is synthesized as a polyprotein (NH,-pVP2-X-VP4-VP3-
COOH) that is processed through the proteolytic activity of VP4.
The polyprotein is cleaved at four different sites (between residues
417 and 418, 486 and 487, 557 and 558, and 791 and 792) to
release VP2, peptide X, VP4, and VP3 (20). Inspection of the four
cleavage sites (Table 5) shows that the Py residue in all four sites is
alanine. The P; residues are proline (2), cysteine (/), and
alanine (), while the P, and P, residues are highly variable.
The P4 and Ps residues are positively charged (Arg) or hydro-
phobic (Ile and Tyr). Thus, the specificity profile revealed by our
library approach is in excellent agreement with the in vivo
cleavage sites. A related protease, the VP4 of infectious pancrea-
tic necrosis virus (IPNV), cleaves its own polyprotein precursor at
six different sites and has a very similar recognition motif, (Ser/
Thr)-X-Alal(Ser/Ala)-Gly (33).

The crystal structures of BSNV and IPNV VP4 with and
without bound substrates or intermediates have previously been
determined (21, 33). The substrate is bound to the enzyme active
site in an extended conformation, forming an antiparallel 3-sheet
with the ff-strands that line the VP4 binding groove (Val546—
Val549 and Gly627—Ser633). The VP4 S; and S; subsites are
formed by primarily hydrophobic residues, and the P; and P5 side
chains fit snugly into the small pockets, providing an explanation
for why small, hydrophobic residues are strongly preferred at
these two positions. The side chains of P, and P’ residues point
into the solvent, suggesting that any amino acid (except for
proline) should be acceptable at these positions. The P,—Pg side
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Table 4: Kinetic Constants of Selected VP4 Substrates®

entry no. peptide sequence keae (min™ ") Ky (uM) keat/ Ky M7 s7h
I K(Dabcyl) AKRURAAAIE(Edans)G-OH 0.17£0.02 71+19 41
I K (Dabcyl) ARSKLUAAIVE(Edans)G-OH 0.0754+0.010 30+£2 43
11 K(Dabcyl) ARRLRPAAVE(Edans)G-OH 0.35+0.02 35+4 166
v K(Dabcyl) ARSKLAAAIVE(Edans)G-OH 0.03540.005 43+13 14

“U, 2-aminobutyric acid. The down arrow denotes the experimentally observed site of cleavage.

a
1724.1

1591.0

1384.9
503.0

’_l_l_l_'_l_f_l_h_lﬁ_'_hl_v_'_f_f_l_'
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1156.8
1289.9

F1348.9
1503.1
+—1591.0
—1724.2

[ I T I I 1
1000 1200 1400 1600 1800 2000
m/z

FiGure 3: MALDI-TOF mass spectra of peptide III before (a) and
after (b) overnight treatment with protease VP4.

Table 5: Known in Vivo Cleavage Sites of BSNV VP4

BSNV cleavage sites peptide sequence

VP2—pVP2 (residues 417 and 418) KIAGAIFGWG
pVP2—X (residues 486 and 487) RIPLAISSDE
X—VP4 (residues 557 and 558) LRPQAIADLP
VP4—VP3 (residues 791 and 792) FYCGAVADEE

chains make hydrophobic contacts with shallow pockets on
the VP4 surface. Positively charged residues such as Arg and
Lys are selected from the library probably because the hydro-
carbon portions of their side chains can engage in hydrophobic
interactions.

Conclusion. We have developed a new combinatorial library
method for systematically and rapidly profiling the substrate
specificity of proteases and endopeptidases by coupling the
previously reported FRET-based assays with our high-through-
put peptide sequencing method (PED—MS). The effectiveness of
the current method was demonstrated with three different
proteases, including the viral protease VP4. VP4 cleaves after
(Abu/Ala/Pro)-X-Ala motifs, a specificity profile similar to that
of bacterial leader peptidase. Our method has several advantages
over the previously reported methods. It is capable of identifying
individual peptide sequences and the actual sites of proteolytic
cleavage. It is compatible with peptide libraries containing

nonproteinogenic amino acids. Furthermore, hit identification
by PED—MS is much faster and less expensive than traditional
Edman sequencing. Compared to some of the other methods
(e.g., phage display), a drawback of the current method is that
our library is presently limited to 107 sequences or five completely
random amino acid residues. Also, in carrying out our method,
one must take care to limit the extent of protease reaction
(preferably <50% substrate-to-product conversion) so that
sufficient full-length peptides are left for PED—MS sequencing.
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