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We report a general combinatorial approach to identify optimal
substrates of a given protease by using quantitative kinetic screen-
ing of cellular libraries of peptide substrates (CLiPS). A whole-cell
protease activity assay was developed by displaying fluorescent
reporter substrates on the surface of Escherichia coli as N-terminal
fusions. This approach enabled generation of substrate libraries of
arbitrary amino acid composition and length that are self-renew-
ing. Substrate hydrolysis by a target protease was measured
quantitatively via changes in whole-cell fluorescence by using
FACS. FACS enabled efficient screening to identify optimal sub-
strates for a given protease and characterize their cleavage kinet-
ics. The utility of CLiPS was demonstrated by determining the
substrate specificity of two unrelated proteases, caspase-3 and
enteropeptidase (or enterokinase). CLiPS unambiguously identi-
fied the caspase-3 consensus cleavage sequence DXVDG. En-
teropeptidase was unexpectedly promiscuous, but exhibited a
preference for substrates with the motif D�ERM, which were
cleaved substantially faster than the canonical DDDDK recognition
sequence, widely used for protein purification. CLiPS provides a
straightforward and versatile approach to determine protease
specificity and discover optimal substrates on the basis of cleavage
kinetics.

caspase-3 � enteropeptidase � FACS � peptidase

Proteolytic enzymes play central roles in most biological pro-
cesses. At the same time, proteases are implicated in the

pathogenesis of diverse diseases ranging from viral and bacterial
infections (1) to cancer and neurodegenerative diseases (2, 3). The
biological functions of proteases, or peptidases, are largely deter-
mined by the spectrum of biologically occurring substrates. Fre-
quently, substrate specificity has been inferred by comparison and
alignment of known, physiological substrates (4). Given this infor-
mation, individually synthesized fluorogenic peptide substrates
have been used extensively to measure protease activity (5). More
recently, the substrate specificity of a small group of proteases has
been characterized in greater detail by using combinatorial peptide
libraries (6, 7). Library-based approaches to characterize specificity
have contributed substantially to our understanding of protease
function (6, 7). Nevertheless, quantitative characterization of pro-
tease specificity and substrate cleavage kinetics remains a bottle-
neck in basic and applied biological research (6, 8).

Among combinatorial methods, the ‘‘substrate phage’’ approach
has been used to define the substrate specificities of �30 proteases
and has been recently reviewed (6). In this approach, a library of
peptide substrates is displayed on the surface of filamentous
bacteriophage (9) as fusions between a surface-anchoring affinity
domain and the display scaffold protein, typically the phage minor
coat protein GPIII. The substrate library then is allowed to bind to
a solid surface via the affinity domain. Phage liberated from the
surface by proteolytic cleavage are recovered and amplified by
infecting Escherichia coli, and the entire process is repeated mul-
tiple times. Typically, substrate phage clones are then isolated, and
their DNA is sequenced to identify potential substrate motifs.
Because substrate cleavage kinetics cannot be readily measured in
the phage format, kinetic characterization to quantify the substrate

specificity generally involves preparation of soluble, fluorogenic
substrates by using recombinant (10) or synthetic methods (11).

To enable direct kinetic characterization, combinatorial fluoro-
genic substrate libraries (7) can be synthesized by using solid-phase
synthesis methods or light-directed parallel synthesis (12). Array-
based methods enable quantitative measurements of cleavage
kinetics for many substrates in parallel (13). However, these meth-
ods are typically restricted to consideration of a comparatively small
number of substrates, because complete investigation of just three
random substrate positions requires construction of high-density
arrays of 8,000 members (13). Solution-phase fluorogenic substrate
libraries also are useful for profiling specificity on the basis of
catalytic turnover. For example, pooled substrate libraries can be
synthesized with four randomized positions and a fluorogenic
leaving group (Fl) in place of the P1� residue (e.g., XXXX-Fl). The
rate and extent of conversion of this pooled mixture of �160,000
unique substrates can be quantified by using fluorimetry, although
cleavage kinetics for individual sequences and cooperative phe-
nomena between different residues cannot be identified directly.
Alternatively, two of four nonprime positions can be fixed, yielding
as many as 400 potential sublibraries (7). Recently, the pooled,
fluorogenic substrate library method has been extended to identify
preferred amino acids at the P1� site (14). Fluorogenic substrate
libraries have proven useful to profile the specificity of several
proteases and to aid the design of inhibitors for the treatment of
viral infections and type II diabetes (15, 16).

Previously reported experimental methods have contributed
substantially to our understanding of proteolytic function. Yet,
given the explosion of the number of uncharacterized proteolytic
enzymes, new approaches are needed urgently to determine pro-
tease specificity rapidly, accurately, and quantitatively. Addition-
ally, the capability to identify kinetically optimal substrates for a
given protease or biological tissue would be especially valuable for
the development of proteolytically activated switches for diagnostic
imaging and therapeutic applications (17). We sought to develop a
general methodology to quantitatively determine substrate speci-
ficity that combines simple library construction and manipulation
in bacteria with quantitative analysis and screening on the basis of
catalytic turnover. Here we report the development of cellular
libraries of peptide substrates (CLiPS) and the application of this
approach to quantitatively determine the substrate specificity of
proteases. Our results demonstrate that CLiPS will be broadly
useful for characterizing proteases and in the development of
optimal substrates for technological applications.

Results
Development of a Whole-Cell Assay for Peptidase Activity. Given the
utility of FACS as a quantitative library screening tool, we sought
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to assay for peptidase activity by displaying reporter substrates on
the surface of Esherichia coli (Fig. 1A). Reporter substrates were
designed consisting of a peptide ligand that binds the fluorescent
probe streptavidin-conjugated phycoerythrin (SA-PE) and a pep-
tide substrate oriented such that cleavage removes the SA-PE-
binding ligand from the cell surface. In this way, protease activity
toward a given substrate would be detectable by monitoring whole-
cell fluorescence by using FACS. Reporter substrates were dis-
played on E. coli by using circularly permutated outer membrane
protein X (CPX), which presents both N- and C termini on the cell
surface, enabling presentation of passenger peptides as noncon-
strained, terminal fusions (18). As a control, a substrate-reporter
display vector was constructed incorporating a known enteropep-
tidase cleavage site (DDDDK) flanked by flexible peptide linker
sequences, as ‘‘spacers,’’ allowing protease access to the substrate,
and a SA-PE-binding peptide ligand. Cells displaying the substrate
were fluorescently labeled with SA-PE, resulting in a �20-fold
increase in mean fluorescence intensity over background autofluo-
rescence, as measured by flow cytometry (Fig. 2). Incubation of this
cell population with enteropeptidase before labeling with SA-PE
resulted in a �20-fold decrease in mean fluorescence intensity (Fig.
2B), whereas a negative control cell population displaying the
sequence GGQSGQ exhibited minimal change in fluorescence
(Fig. 2A). These results demonstrated that enzymatic cleavage of
reporter substrates could be detected as a decrease in fluorescence
intensity of cells by using FACS and hydrolysis is not due to cleavage
outside of the designated substrate region.

To extend this single-cell substrate cleavage assay to identify
optimal substrates for a given protease, a substrate library was

constructed in E. coli by combinatorial randomization of six
sequential amino acid positions within the substrate region (Fig.
1A). This CLiPS had a theoretical diversity of 6.4 � 107 unique
amino acid sequences. The constructed library contained 1.5 �
108 independent transformants. Thus, this library is expected to
include all possible 5-mer and 4-mer substrate sequences with
�95% and 99% confidence limits, respectively, assuming a
random distribution (19). Using the whole-cell activity assay, a
screening methodology was devised to isolate library members
displaying substrates cleaved by a given protease and, thereby,
identify optimal substrates.

Determination of Enteropeptidase and Caspase-3 Specificity by Using
CLiPS. To demonstrate the general utility of CLiPS, the 6-mer
substrate library was screened to identify optimal substrates for two
unrelated proteases: caspase-3 and enteropeptidase. These pro-
teases recognize the canonical substrates DEVD2 (20) and
DDDDK2 (4), respectively. Caspase-3 was chosen to validate
CLiPS, because specificity has been investigated extensively by
using both substrate phage and fluorogenic substrates (21, 22). In
contrast, enteropeptidase specificity is less well characterized and
has been investigated primarily by using individually synthesized,
fluorogenic substrate variants (23). For each protease, optimal
substrates were identified by performing a two-step screen for
hydrolysis (Fig. 1B). First, library members that display the affinity
epitope were purified by sorting (Fig. 1B), thereby removing library
members that do not display substrates (i.e., members with stop
codons and frameshift mutations). The resulting library population
was amplified by growth, treated with protease, labeled with
SA-PE, and cells with reduced fluorescence resulting from sub-
strate hydrolysis were collected (Fig. 1B). After three cycles of
screening for enteropeptidase substrates, �95% of the enriched
library displayed reporter substrates and exhibited cleavage similar
to the canonical substrate (Fig. 2 C and D). Therefore, a final sort

Fig. 1. CLiPS. (A) Display of reporter substrates, consisting of a substrate
peptide and fluorescent-probe peptide ligand, on the surface of E. coli as
fusions to the N terminus of circularly permuted outer membrane protein
OmpX (CPX). Substrate cleavage results in a reduction of cellular fluorescence
as detected by flow cytometry. (B) Substrate libraries are screened by deplet-
ing the library pool of clones that do not display a peptide and then enriching
clones with hydrolyzed substrates.

Fig. 2. Measurement of substrate conversion by FACS. Flow cytometry
analysis of bacterial cell populations displaying either linker (GGSGGS) (A) or
canonical substrate (DDDDK) (B) before (gray line) and after (black line)
treatment with enteropeptidase. During library screening for enteropepti-
dase substrates, cell populations collected from screen 1A (C) and screen 3B (D)
were analyzed by flow cytometry before (gray line) and after (black line)
enteropeptidase treatment. The loss of fluorescence due to treatment, shown
by the shift in the black line, demonstrates enrichment of enteropeptidase
substrates after screen 3B (D).

7584 � www.pnas.org�cgi�doi�10.1073�pnas.0511108103 Boulware and Daugherty



was performed to identify enteropeptidase substrates that hydro-
lyzed more rapidly than the canonical substrate.

In applications that involve complex protease-containing mix-
tures, such as cellular lysates or tissue extracts, we anticipated that
specificity could be identified by removing substrates that are
cleaved by an appropriate background mixture. For this reason, we
investigated whether substrates of a target protease can be deter-
mined in the presence of cell lysates. Nonspecifically cleaved
substrates were depleted from the library first by incubation with E.
coli lysate protein that does not contain the target protease,
caspase-3 (Fig. 1B). Subsequently, cells displaying specifically
cleaved substrates were isolated after incubating the library with
lysate from E. coli-expressing caspase-3 (Fig. 1B). This process
ensured that cleavage during screening was due to caspase-3 activity
and not endogenous E. coli proteolytic activity. Two cycles of
screening resulted in the enrichment of library members exhibiting
caspase-3 dependent cleavage. Incubation of the enriched library
with caspase-3 containing lysates, but not caspase-3-free lysates,
resulted in a reduction of the mean fluorescence intensity of the
population, as measured by flow cytometry (data not shown).
Single clones from the enriched library were isolated from the
remaining population by plating. Thus, CLiPS was capable of
identifying caspase-3-specific substrates in the presence of a com-
plex mixture.

Characterization of Substrate Cleavage Kinetics. The use of multi-
copy substrate display on whole cells enabled simple and direct

quantitative characterization of cleavage kinetics. Consequently,
flow cytometry was used to rank individual isolated clones on the
basis of substrate conversion, and those clones exhibiting �50%
conversion were identified by DNA sequencing (Tables 1 and 2).
Substrates efficiently cleaved by caspase-3 revealed a strong sub-
strate consensus of DxVDG (Table 1), in agreement with the
known specificity of caspase-3. The substrates identified for en-
teropeptidase shared a consensus sequence of D�ERM, indicating a
substrate preference at the P1� position (Table 2). Interestingly,
enteropeptidase substrates identified by CLiPS were cleaved more
rapidly than the canonical sequence, DDDDK (Table 2). Four
isolated clones with high conversion were investigated further to
quantify cleavage kinetics. Clones exhibiting multiple arginine
residues were excluded to avoid substrates that may have multiple
cleavage sites. Individual substrate displaying clones (e.g., EP4.1;
EP, enteropeptidase) exhibited uniform substrate turnover (Fig.
3A), as determined by flow cytometry. In this way, the extent of
conversion for each clone could be determined at several different
time points and fit to a Michaelis–Menton model (Fig. 3B). The
observed second-order rate constant (kcat�KM) for the most rapidly
cleaved substrate (EP4.3 SGDRMW) was 13-fold greater than that
for the canonical substrate DDDDK (Table 3).

To determine how cleavage kinetics (kcat�KM) measured by using
surface displayed reporter substrates relate to those measured in
solution, two independent approaches were applied to measure
kcat�KM for soluble substrates. Because enteropeptidase is often
used to remove peptide affinity tags, substrates were assayed in the

Table 1. Caspase-3 substrates identified by using CLiPS with a 6-mer library

Substrate P5 P4 P3 P2 P1 P1� P2� P3� P4� Conversion

Canonical q D E V D G g q s 0.95 � 0.03
CS 2.7 s D G V D G W g g 0.95
CS 2.14 (4)* s D V V D G W g g 0.94 � 0.03
CS 2.23 s D G V D G V g g 0.93
CS 2.11 g g s L D T W T A 0.81
CS 2.20 (2) L D T V D R g g q 0.79 � 0.01
CS 2.59 s D S T D S G g g 0.79
CS 2.1 g s Q V D G V G g 0.75
CS 2.26 g s E V D G R H g 0.75
CS 2.56 s T E V D G P g g 0.75
CS 2.47 g s E V D G G W g 0.74
CS 2.10 T D G T D G g g q 0.72
CS 2.62 Q D G V D T g g q 0.70
CS 2.2 g s E V D G S R g 0.67
CS 2.4 g s Y V D G V V g 0.64
CS 2.33 S D F V D R V g g 0.59
CS 2.36 (2) g s M V D G A M g 0.56 � 0.05
Consensus X D X V D G

*Number of clones with identical sequence.

Table 2. Enteropeptidase substrates identified by using CLiPS with a 6-mer library

Substrate P5 P4 P3 P2 P1 P1� P2� P3� P4� Conversion

Canonical D D D D K g g q s 0.15 � 0.08
EP 4.3 s S G D R M W g g 0.97 � 0.01
EP 4.6 s S G E R M M G g 0.93 � 0.03
EP 4.7 g s D D R R A G g 0.91 � 0.03
EP 4.8 V R D Y R M g g q 0.87 � 0.04
EP 3.6 g s s D R A R V W 0.86 � 0.05
EP 4.1 s V D Y R F L g s 0.84 � 0.02
EP 4.2 M H G E R M g g s 0.84 � 0.02
EP 2.5 M S G E R M g g s 0.84 � 0.03
EP 4.10 g s S E R A A A G 0.78 � 0.02
EP 4.9 s V L D R W M g g 0.72 � 0.05
EP 4.4 s E Y D R Q L g s 0.71 � 0.01
EP 2.2 A A V E R W g g s 0.69 � 0.14
Consensus X X D�E R M X
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context of a fusion protein. Specifically, fluorogenic substrates were
constructed by using fluorescent proteins that exhibit FRET (CyPet
and YPet) (24) and were used to determine protease cleavage
kinetics as described in ref. 25. CyPet-YPet substrates for en-
teropeptidase having recognition sequences of DDDDKG, GGS-
GGS, or four sequences identified by CLiPS (EP4.1, EP4.2, EP4.3,
or EP4.6) were constructed, expressed in E. coli, and purified.
Substrate conversion by enteropeptidase was measured in real-time
by fluorimetry and fit to Michaelis–Menton kinetics (Table 3). In
relative agreement with whole-cell assays, the CLiPS substrate,
SGDRMW, cleaved at a rate 17-fold faster than DDDDK. Abso-
lute values of kcat�KM for cell-surface-tethered and soluble sub-
strates differed systematically, but importantly, the relative ranking
of the cleavage rates of individual substrates was identical in either

context. To further confirm the improved hydrolysis rate for the
SGDRMW substrate, relative to DDDDK, fluorogenic peptide
substrates were synthesized and cleavage was measured by using
fluorimetry (Table 3). The kcat�KM of the CLiPS-identified sub-
strate SGDRMW was �5-fold higher than that of DDDDK.
Collectively, these results demonstrate that whole-cell fluorescence
assays provide a reliable means to quantitatively measure and rank
cleavage kinetics of individual substrate sequences and that CLiPS
enables identification of substrates with improved cleavage kinetics.

Discussion
CLiPS provides a general and quantitative approach to determine
protease specificity and discover optimal substrates. CLiPS differs
in several important respects from previously reported combina-
torial methods to determine protease specificity, including substrate
phage and fluorogenic substrate libraries. In contrast with phage-
mid or phage substrate libraries, 103 to 104 copies of the substrate
are displayed on the surface of a single cell, enabling quantitative,
real-time measurement of substrate conversion for a given clone.
Importantly, use of single-cell fluorescence as an indicator of
substrate conversion enables quantitative library screening. Like-
wise, whole-cell fluorescence measurements enable calculation of
substrate cleavage kinetics for isolated clones, eliminating the need
to prepare soluble substrates by using synthetic or recombinant
methods. Finally, bacterial libraries can be manipulated with rela-
tive ease and amplified indefinitely by growth without introducing
measurable library bias (26). Application of CLiPS to caspase-3 and
enteropeptidase enabled rapid library screening to identify a spec-
trum of rapidly cleaved substrates and direct determination of
individual substrate kinetic constants in the cell display format.
Given the simplicity of library manipulation and screening, CLiPS
provides a scalable solution to rapidly characterize proteases.

Although the primary physiological function of enteropeptidase
is to activate trypsin, knowledge of enteropeptidase’s recognition
sequence, DDDDK, and its tolerance for various amino acids at P1�
(27) have contributed to widespread use of this enzyme in protein
purification applications. Typically, only the catalytic subunit is used
because it exhibits an activity similar to the full-length protein (28).
Enteropeptidase specificity has been investigated previously by
comparing natural substrate sequences and by measurement of the
hydrolysis rates of synthetic fluorogenic peptides (4, 23, 29, 30).
However, substrate specificity has not been characterized in detail
by screening combinatorial peptide libraries, despite the obvious
importance of identifying unwanted secondary cleavage sites in
fusion proteins (23). Application of CLiPS to enteropeptidase
revealed a remarkably broad substrate specificity, with a strong
preference for arginine at P1 and one or more Asp or Glu residues
at P2 or P3. Although libraries constructed by using NNS codons
are expected to have a 3:1 ratio of Arg to Lys residues consistent
with codon usage, the observed ratio (12:0) indicates a preference
for arginine over lysine at the P1 position. Interestingly, the P1�
position in those substrates with the highest levels of conversion was
predominantly occupied by methionine, indicating that the posi-
tions carboxyl terminal to the scissile bond influence activity. CLiPS
resulted in identification of a rapidly cleaved enteropeptidase
substrate (SGDRMW), exhibiting a 17-fold faster cleavage than the
DDDDK substrate, in the context of a fusion protein. The contex-
tual dependence of substrate cleavage rates could reflect differ-
ences in substrate conformation and accessibility that are known to
influence proteolysis (31, 32). Previously, others have observed
differences in the rates of cleavage of surface-tethered peptide
substrates and free substrates in solution prompting the use of
relative kcat�KM values for comparisons (14). Nevertheless, the
rapidly cleaved substrate SGDRMW identified here may prove
useful in protein purification applications, because less enzyme or
shorter reactions times could be used to harvest desired proteins,
thereby minimizing unwanted hydrolysis that occurs at secondary
sites (33).

Fig. 3. Enteropeptidase substrate cleavage kinetics. (A) Time-dependent
substrate conversion for clone EP 4.1 (VDYRFL) measured by FACS. (B) Average
conversion for cell surface displayed enteropeptidase substrates identified by
using CLiPS: VDYRFL (E), SGDRMW (‚), and SGERMM (�) with canonical
DDDDK ({). Data were fit to Michaelis–Menton model, which is shown as a line
for each substrate.

Table 3. Comparison of kinetic constants determined by using
CLiPS, fluorescent protein FRET substrates, or synthetic peptides

Substrate Sequence

kcat�KM, �M�1min�1

CLiPS CyPet-YPet Synthetic

Linker GGSGGS — 0.19 � 0.03 —
Canonical DDDDK 1.3 � 0.2 57 � 6 7.1 � 0.7
EP4.1 VDYRFL 9.7 � 0.2 520 � 80 —
EP4.2 MHGERM 12.4 � 1.4 480 � 30 —
EP4.3 SGDRMW 18.0 � 9.3 1,020 � 120 36 � 15
EP4.6 SGERMM 14.7 � 3.3 710 � 40 —
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Caspase-3, an ‘‘executioner’’ caspase of the apoptotic cascade,
hydrolyzes a large number of unique substrates that carry out the
apoptotic program (34). Given the importance of this enzyme in
biology, substrate specificity has been investigated by using several
different approaches, including a 4-mer substrate phage library (21)
and by comparison of the activities toward a panel of fluorogenic
substrates differing by single residues (22). Collectively, these
studies have clearly identified a consensus cleavage sequence of
DxV�LDG. Secondary analysis of substrate phage clones by using
synthetic fluorogenic peptides revealed that substrates with the
highest conversion also possessed a DxVD consensus (21). Con-
sistent with these results, positional scanning with synthetic peptides
indicated a preference for aspartic acid and glycine at the P4 and P1�
positions, respectively (22). In the present study, two rounds of
screening with unpurified caspase-3-containing samples yielded an
unambiguous consensus (DxVDG) consistent with previous re-
ports. These results demonstrate that CLiPS does not require
purified enzyme preparations, because two-step screening favors
removal of substrates cleaved by endogenous E. coli proteases to
identify target-specific sequences. Such an approach may prove
useful for identifying tissue or disease-specific protease substrates
(35) that indicate the presence of protease markers with high
sensitivity or that enhance the specificity of therapeutics or imaging
agents (17).

In this study, all of the identified clones exhibited protease
specific loss of fluorescence. It is possible specificity determination
for proteases with highly nonspecific or very weak activity could be
challenging because cleavage potentially could occur outside of the
substrate region or insufficient substrate conversion could compli-
cate sorting. In such cases, linker sequence modifications or changes
in the substrate surface density and reaction conditions could be
beneficial. The ability to monitor cleavage kinetics on the cell
surface during the course of a reaction enables rational adjustment
of display level or reaction conditions to suit different proteases. We
have shown that CLiPS can be used to characterize protease activity
by displaying substrates on the external surface of E. coli. This
method also should be extendable to other cell types, including
yeast and mammalian cells, by using appropriate cell-surface display
technologies (36). Eukaryotic hosts might prove useful, because
posttranslational modifications also have been shown to influence
substrate specificity (37). The utilization of FACS enables screening
of 107 substrate sequences in �1 h. Many commercially available
cell sorters enable isolation of positive clones into microwell plates,
enabling downstream clone characterization to be performed in a
high-throughput manner. Although the gap between the number of
discovered and characterized proteases is growing, CLiPS provides
an efficient and quantitative means to bridge this gap.

Materials and Methods
Reagents and Strains. SA-PE (Invitrogen), the catalytic subunit
light chain of enteropeptidase (EP) (New England Biolabs),
oligonucleotides (Operon Biotechnologies, Huntsville, AL), syn-
thetic peptides (New England Peptide, Gardner, MA), and
Ni-NTA resin (Qiagen, Valencia, CA) were used without mod-
ifications. Plasmid pET-23bc3 containing procaspase-3 was ob-
tained from American Type Culture Collection (ATCC no.
99625). E. coli strain MC1061 was used for all experiments (38).
All bacterial growth was performed at 37°C with vigorous
shaking in LB broth, supplemented with 34 �g�ml chloram-
phenicol, unless another antibiotic is specified.

Plasmid Vector and Library Construction. Construction of a control
plasmid (pBSX) expressing a GGQSGQ linker and the previously
identified streptavidin-binding peptide CX72-S8 was performed as
described in ref. 18. Plasmids encoding surface displayed peptide
substrates for enteropeptidase (DDDDK) and caspase-3 (DEVD)
were constructed as follows. Primers 1 and 2 were used with primer
3 (EP substrate pBSEPX) and primer 4 (caspase-3 substrate

pBSCSX) (Table 4, which is published as supporting information on
the PNAS web site) to amplify the DNA fragments encoding an
in-frame fusion of the streptavidin-binding peptide (WCHPMW-
EVMCLR), the substrate sequence flanked by flexible linkers, and
a circularly permuted outer membrane protein X (CPX) (18).
Products were digested with SfiI and ligated to similarly digested
pBAD33. A substrate library of the form X6, where X is any amino
acid, was constructed by using PCR with a synthetic oligonucleotide
incorporating NNS codons (primer 6) along with primers 1 and 5
(Table 4). The product was digested with SfiI and ligated into a
similarly digested pBAD33 plasmid. Transformation of the plasmid
library into electrocompetent MC1061 yielded 1.5 � 108 colony
forming units.

Fluorescent proteins exhibiting FRET (24) (CyPet and YPet)
were used to construct fluorogenic protease substrates. To reduce
background hydrolysis lysines at the C terminus of CyPET and the
N terminus of YPet were removed with primers 7 and 8, respec-
tively. Substrates EP4.1, EP4.2, EP4.3, and EP4.6 identified for
enteropeptidase by CLiPS were amplified with YPet by using
reverse primer 9 with forward primers 10, 11, 12, and 13, respec-
tively (Table 4). The canonical EP substrate was amplified as a
fusion to YPet by using primers 9 and 14 (Table 4). As a negative
control, a GGSGGS linker was substituted for the 6-aa substrate
sequence by using primers 9 and 15 (Table 4). These products were
digested with KpnI and SphI and ligated to a similarly digested
plasmid containing CyPET to yield plasmids pBC21Y, pBC41Y,
pBC42Y, pBC43Y, pBCEPY, and pBCGSY.

Substrate Library Screening. For screening and clone analysis, over-
night cultures were subcultured by dilution into fresh medium
(1:50) and grown for 2 h at 37°C. The subculture was induced with
0.04% arabinose and incubated with shaking at room temperature.
Cell aliquots were washed with PBS (pH 8.0), and optical density
at 600 nm (OD600) was measured to estimate cell concentration.
Cells (108) were pelleted by centrifugation, the supernatant was
removed, and the cells were resuspended in reaction buffer (10 �l).
After addition of the enzyme, the reaction mixture was incubated
at room temperature on a rotary shaker (60 rpm). Cells were
removed and diluted 100-fold in PBS to stop the reaction, pelleted
by centrifugation, and resuspended in PBS containing SA-PE (50
nM). After incubation at room temperature (1 h), cells were washed
with PBS and analyzed or sorted by using a FACSAria cell sorter
(Becton Dickinson).

For enteropeptidase cleavage assays, cultures were induced for
2 h. The reaction buffer for enteropeptidase was 50 mM Tris-Cl (pH
8.0) supplemented with 20 mM NaCl�2 mM CaCl2. Three complete
cycles of sorting for cleaved substrates were performed by alter-
nating between sorting cells that display substrates in the absence
of any added enzyme and sorting cells with hydrolyzed substrates
after enzyme treatment. To remove clones from the library pool
that did not properly display the substrate and binding peptide (e.g.,
stop codons or frame-shift mutations), cells were sorted (1A, 2A,
and 3A) after 1 h incubation in the reaction buffer without enzyme.
Sorts for enteropeptidase hydrolysis (1B, 2B, 3B, and 4) were
performed after reactions with 2.9 nM of light-chain enteropepti-
dase for 22, 18, 4, and 1 h, respectively. A population with the
canonical substrate, MC1061�pBSEPX, was used to set the sorting
gates during each of the first three rounds, and the fourth round sort
gate was set to isolate substrates that hydrolyzed faster than the
canonical substrate. The enriched library pool was plated, and
individual clones were assayed for substrate conversion by using a
1-h reaction with and without 2.9 nM EP.

For caspase-3 assays, cultures were induced for 3 h, reactions
were carried out in PBS (pH 8.0), and all sorting was performed
after 5-h reactions. The human pro-caspase-3 gene was amplified by
PCR from pET23bc3 digested with EcoRI and KpnI and ligated
into similarly digested pBAD30-yielding pB30CS. Overnight cul-
tures of MC1061�pBAD30 and MC1061�pB30CS were subcul-
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tured 1:100, grown in LB with 50 �g�ml carbenicillin for 2 h and
induced for 5 h at 37°C. From these cultures, soluble protein was
isolated by using B-PER-II Bacterial Protein Extraction Reagent
(Pierce). Protein extracts were dialyzed in PBS to remove detergent.
In an effort to preferentially detect caspase-3 activity over potential
endogenous protease activity, 1 �l of soluble protein from
MC1061�pBAD30 culture was added to the induced library in
sorting cycles 1A and 2A. An induction time of 3 h was found to
increase resolution between fluorescent and nonfluorescent cells
and was used for experiments with caspase-3. Reaction buffers used
were based on known compatible reaction buffers, and reaction
times were based on cleavage observed for positive control bacteria
displaying known substrates. Background hydrolysis of the regions
flanking the substrate site (i.e., a clone displaying the GGQSGQ
linker and streptavidin-binding peptide) was measured under each
reaction condition to ensure that hydrolysis occurred in the desig-
nated substrate region. Sorting for caspase-3 hydrolysis (1B and 2B)
was performed after adding 1 �l of soluble protein prepared from
MC1061�pB30CS. The enriched library pool was plated, and
individual clones were assayed for specific conversion by using 5-h
reactions with soluble protein preparations with and without
caspase-3.

Recombinant and Synthetic Protein Substrate Reaction Conditions.
Overnight cultures of MC1061 transformed with the FRET sub-
strate-encoding expression vectors described above were subcul-
tured 1:50 and grown for 2 h. The cultures were induced by the
addition of arabinose to 0.04% wt�vol and incubated at room
temperature for 16 h with shaking. Soluble protein was prepared by
using BPER-II as above, and fusion proteins with C-terminal 6x-His
tags were purified by using Ni-NTA resin (Qiagen). Reactions were
performed in 100 �l of enteropeptidase reaction buffer with �0.5
�M fusion protein, as determined by using the extinction coefficient
of YPet at 514 nm (24) and Beer’s law. Enteropeptidase was added
to each reaction to a final concentration of 0.29 nM, and fluores-
cence emission at 475 nm (cyan) and 527 nm (yellow) was moni-
tored upon excitation at 433 nm by using a Safire fluorimeter
(Tecan, Durham, NC).

Synthetic substrates, using Edans and Dabcyl as donor and
quencher, were obtained from New England Peptide for the
canonical substrate, Dabcyl-DDDDKGG-(E-Edans)-amide, and
EP4.3, Dabcyl-SGDRMW(E-Edans)-amide. Reactions were per-
formed in enteropeptidase reaction buffer with between 1 and 4
�M of each peptide as determined by using the extinction coeffi-
cient of Dabcyl at 468 nm of 32,000 M�1cm�1. Enteropeptidase was

added to each reaction to a final concentration of 0.29 nM, and
fluorescence emission at 495 nm was monitored upon excitation at
340 nm by using a Safire fluorimeter.

Kinetic Data Analysis. The extent of conversion of cell surface
displayed peptide substrates was measured directly by using flow
cytometry to measure changes in mean fluorescence of clonal cell
populations upon protease treatment. Specifically, for each sample,
conversion was determined by flow cytometry analyses with the
relationship

ConversionCLiPS �
FL� � FL�

FL� � FL0
, [1]

where (FL�) is the fluorescence after incubating without enzyme,
(FL�) is fluorescence after incubation with enzyme, and (FL0) is
fluorescence of unlabeled cells. For the recombinant FRET protein
reactions, conversion was calculated by dividing the ratiometric
FRET signal (yellow fluorescence�cyan fluorescence) by the
FRET ratio that results from complete cleavage (25). For synthetic
peptide reactions, conversion was calculated by dividing the fluo-
rescence increase by the fluorescence change due to complete
hydrolysis. The reported enteropeptidase KM for the physiological
substrate tripsinogen is 17 �M (28) but 600 �M for short DDDDK
peptides (39). Given that KM for short peptides is much larger than
the substrate concentrations that were used (�5 �M), the Michae-
lis–Menton model simplifies to

d[S]
dt

� �
kcat

KM
[S][E], [2]

allowing substrate conversion to be expressed as

ConversionMM � 1 � exp��
kcat

KM
[E]�t� , [3]

where [S] is the substrate concentration, [E] is enzyme concentra-
tion, and t is time. To determine the second-order rate constant
(kcat�KM), the time-dependent conversion for each substrate was fit
to Eq. 3. Reported values represent the average kcat�KM and SD of
three experiments.
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