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Bacterial proteases are important virulence factors that inactivate host defense proteins and contribute to tissue destruction and
bacterial dissemination. Outer membrane proteases of the omptin family, exemplified by Escherichia coli OmpT, are found in
some Gram-negative bacteria. Omptins cleave a variety of substrates at the host-pathogen interface, including plasminogen and
antimicrobial peptides. Multiple omptin substrates relevant to infection have been identified; nonetheless, an effective omptin
inhibitor remains to be found. Here, we purified native CroP, the OmpT ortholog in the murine pathogen Citrobacter roden-
tium. Purified CroP was found to readily cleave both a synthetic fluorescence resonance energy transfer substrate and the mu-
rine cathelicidin-related antimicrobial peptide. In contrast, CroP was found to poorly activate plasminogen into active plasmin.
Although classical protease inhibitors were ineffective against CroP activity, we found that the serine protease inhibitor apro-
tinin displays inhibitory potency in the micromolar range. Aprotinin was shown to act as a competitive inhibitor of CroP activity
and to interfere with the cleavage of the murine cathelicidin-related antimicrobial peptide. Importantly, aprotinin was able to
inhibit not only CroP but also Yersinia pestis Pla and, to a lesser extent, E. coli OmpT. We propose a structural model of the
aprotinin-omptin complex in which Lys, 5 of aprotinin forms salt bridges with conserved negatively charged residues of the omp-

tin active site.

B acterial proteases are critical virulence factors that play central
roles at the host-pathogen interface. They contribute to bac-
terial virulence by degrading proteins of the host immune re-
sponse, extracellular matrix proteins, and by interfering with host
hemostasis. These proteases are secreted, attached to the cell sur-
face, or embedded in the bacterial membrane. They usually belong
to the main catalytic groups of proteases, namely, the serine, cys-
teine, and aspartate proteases and metalloproteases. Omptins
constitute a unique group of integral outer membrane (OM) pro-
teases implicated in pathogenicity and are present in a number of
Gram-negative pathogens of the Enterobacteriaceae family, in-
cluding Escherichia coli (OmpT), Yersinia pestis (Pla), Salmonella
enterica (PgtE), Shigella flexneri (IcsP), and Citrobacter rodentium
(CroP) (1-6). Omptin genes are most often part of mobile ele-
ments such as virulence plasmids or prophages, indicating that
horizontal gene transfer likely played a role in the spread of these
genes (7). For example, Y. pestis pla is part of the virulence plasmid
pPCP1, whereas E. coli ompT is carried by cryptic prophages that
inserted at various locations within the chromosome of different
E. coli pathotypes (2, 8).

Members of the omptin family share 40 to 80% sequence iden-
tity at the amino acid level (7, 9). E. coli OmpT was the first omptin
for which the structure was elucidated (10). OmpT adopts a
B-barrel fold that consists of 10 antiparallel 3-strands spanning
the OM. The 3-strands are linked by four short periplasmic loops
and five surface-exposed loops, which surround the active-site
groove and are responsible for substrate specificity (11). This
overall structure is strictly conserved in other family members,
including Y. pestis Pla (12). The interaction of omptins with the
lipid A part of lipopolysaccharide (LPS) is essential for proteo-
lytic activity (13, 14). Positively charged residues protruding
from the barrel were shown to interact with the 4" phosphate of
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lipid A, resulting in a locked conformation that is required for
activity (10, 15).

Omptins were first classified as serine proteases, based on the
presence of the Asp,,,-His,,, dyad, which is reminiscent of the
Asp-His-Ser triad of serine proteases (16). The OmpT crystal
structure revealed the presence of the Aspg;-Aspgs dyad on the
opposite side of the active-site groove, and omptins were reclassi-
fied as aspartate proteases (10). The high-resolution crystal struc-
ture of Y. pestis Pla revealed the presence of a water molecule that
is activated by the Asp,,,-His,,, dyad and acts as a nucleophile to
attack the substrate, while the Aspg;-Aspgs dyad is proposed to
participate in the stabilization of the catalytic intermediate (10, 12,
17). Together, these studies showed that omptins combine fea-
tures of both serine and aspartate proteases and therefore consti-
tute a unique family of proteases (12, 18). Previous studies on
omptin inhibition reported that Zn**, Cu®", and benzamidine
are able to inhibit OmpT activity (19-21). Classical inhibitors of
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the main classes of proteases are largely ineffective against
omptins, most likely because of their unique catalytic mechanism
(19, 20, 22). Promisingly, other studies indicated that the serine
protease inhibitors aprotinin (bovine pancreatic trypsin inhibi-
tor) and ulinastatin (urinary trypsin inhibitor) interfere with the
activity of OmpT (23, 24).

Omptins were shown to preferentially cleave substrates at di-
basic motifs (25, 26). This specificity is determined by the presence
of the conserved Glu,, and Asp,,4 at the bottom of the deep S1
pocket and by Asp,, in the more shallow S1” pocket (10). The
physiological substrates of omptins consist of both host and bac-
terial proteins. The various omptins appear to have divergent sub-
strate specificities, suggesting that each omptin evolved to fulfill
specific functions necessary for successful colonization and infec-
tion. Most omptin substrates consist of proteins at the host-
pathogen interface. For example, Pla (Plasminogen activator) of
Y. pestis readily processes plasminogen into active plasmin, which
promotes dissolution of fibrin clots and, in turn, bacterial dissem-
ination (11). In contrast to Pla, E. coli OmpT poorly activates
plasminogen (11, 12). Pla was proposed to contribute to Y. pestis
survival and invasion by disrupting hemostasis through cleavage
of the plasmin inhibitor a,-antiplasmin, plasminogen activator
inhibitor 1, and the thrombin-activatable fibrinolysis inhibitor
(11, 27, 28). Through this disruption of hemostasis, Pla has been
shown to be essential for the progression of both bubonic and
pneumonic plagues in murine models (29, 30). In addition, Caul-
field et al. have recently uncovered the ability of Pla to degrade the
apoptotic signaling protein Fas ligand (FasL) (31). By using Pla to
degrade FasL, Y. pestis is capable of both disrupting the extrinsic
apoptotic pathway and modifying the host’s inflammatory re-
sponse within murine lungs (31). Several omptins were reported
to cleave host cationic antimicrobial peptides (AMPs), which play
important roles in the innate immune defenses against pathogens
(32-34). AMPs of the cathelicidin family, which often adopt an
a-helical structure, are more susceptible to omptin degradation
than defensins that are stabilized by three disulfide bonds (8).
OmpT cleaves the human cathelicidin LL-37 at dibasic motifs, and
the resulting cleavage products are devoid of bactericidal activity
(35). Similarly, C. rodentium CroP degrades the murine cathelici-
din-related antimicrobial peptide (CRAMP) (6). In addition to
host protein degradation, omptins are involved in the processing
and secretion of the passenger domains of some bacterial auto-
transporters. Secretion of the S. flexneri IcsA and Y. pestis YapA,
YapE, and YapG autotransporters depends on the proteolytic ac-
tivity of omptins IcsP and Pla, respectively (4, 5, 36, 37).

C. rodentium is an enteric pathogen that causes attaching and
effacing lesions on epithelial cells in the mouse colon (38). These
lesions are highly similar to those caused by enterohemorrhagic E.
coli (EHEC) and enteropathogenic E. coli (EPEC) in the human
gastrointestinal tract. Therefore, C. rodentium is used as a surro-
gate model to study the human-restricted pathogens EHEC and
EPEC (39). Our previous work on the PhoPQ two-component
system showed that the C. rodentium PhoQ sensor kinase does not
respond to a-helical AMPs, unlike what is observed in S. enterica
(6). This lack of PhoPQ activation by AMPs was attributed to the
proteolytic activity of CroP, which degraded the a-helical AMPs
before reaching the periplasmic space (6). In the present study, we
confirm that the putative omptin catalytic dyad His,;,-Asp,, is
required for CroP activity. We purified native CroP and charac-
terized its substrate specificity against various known omptin sub-
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strates. Furthermore, we show that aprotinin inhibits CroP activ-
ity in a competitive manner. In addition to CroP, aprotinin was
also found to inhibit OmpT and Pla. This is the first comprehen-
sive study that examines the inhibitory activity of aprotinin
against several omptins and describes its inhibitory mode of ac-
tion.

MATERIALS AND METHODS

Bacterial growth conditions and reagents. Bacteria were grown over-
night with aeration at 37°C in Luria-Bertani (LB) broth and subcultured
in N-minimal medium (40) supplemented with 0.2% glucose and 1 mM
MgCl, to an optical density at 600 nm (ODy,) of 0.5. Chloramphenicol
(30 pg/ml) or kanamycin (50 pg/ml) was added to the media when ap-
propriate. The murine cathelicidin (CRAMP) was synthesized with purity
greater than 90% (BioChemia). The fluorescence resonance energy trans-
fer (FRET) substrate [2Abz-SLGRKIQIK(Dnp)-NH,] was purchased
from AnaSpec. Glu-plasminogen and the plasmin substrate VLKpNA
were from Sigma and Molecular Innovations, respectively. The protease
inhibitors EDTA, leupeptin, pepstatin A, and aprotinin were from Bio-
Shop; phenylmethylsulfonyl fluoride (PMSF) was purchased from Sigma-
Aldrich.

Construction of bacterial strains and plasmids. Bacterial strains and
plasmids used throughout the present study are listed in Table 1. DNA
purification, cloning, and transformations were conducted according to
standard procedures (41). All experiments were conducted in a BSL-2
laboratory in accordance with the McGill laboratory biosafety manual.
The C. rodentium AwaaL deletion strain was made by sacB gene-based
allelic exchange, as previously described (6). The double-deletion AwaaL
AcroP strain was generated by conjugating the C. rodentium Awaal strain
with E. coli x7213 transformed with plasmid pCR002 (6).

The croP gene under the control of its native promoter was isolated
from plasmid pCRcroP by digestion with Xbal and Sacl. This fragment
was inserted into the pACYC184 plasmid in which the EcoRV site has
been modified to a Sacl site, generating plasmid pYCcroP. The plasmid
expressing Pla under the control of the croP promoter region was gener-
ated by overlap extension PCR (42). The croP promoter fragments were
amplified from C. rodentium wild-type genomic DNA using primers
EXTland EXT2 (Table 2). The extended pla open reading frame (ORF)
fragment was amplified from plasmid pWL214 by using the primer pair
EXT3/EXT4. The corresponding extended croP promoter and pla ORF
fragments were combined, and overlap extension PCR was performed
using the primer pair EXT1/EXT4. The resultant PCR products were di-
gested with Xbal and Sacl, gel purified, and ligated into pYCcroP previ-
ously digested with the same enzymes to generate plasmid pYCpla (Table
1). In a similar manner, point mutations H212A and D210A were intro-
duced into croP by overlap extension PCR. The initial two fragments were
amplified from pYCcroP using primer pairs EXT1/MUT2 and MUT3/
MUTT1. The primer pair EXT1/MUT1 was used for the final PCR resulting
in the full-length croP mutant. The resultant PCR product was cloned into
the Xbal and Sacl restriction sites of plasmid pYCcroP, generating plasmid
pYCcroPy,,.

Purification of native CroP. The C. rodentium AcroP strain trans-
formed with pCRcroP was grown in LB broth to an approximate ODy, of
3. After centrifugation, bacterial pellets were resuspended in 50 mM Tris-
HCI (pH 8.3) containing 5 mM MgCl,, and the cells were lysed by soni-
cation. The lysate was centrifuged at 3,600 X g for 10 min at 4°C, and the
resulting supernatant was further centrifuged at 100,000 X gfor 1 hat4°C
to pellet bacterial membranes. OM and inner membrane fractions were
separated using the Sarkosyl method (43), with modifications. The total
membrane pellet was resuspended in 50 mM Tris-HCI (pH 8.3) supple-
mented with 5 mM MgCl, and 0.1% Sarkosyl, incubated for 30 min at
10°C, and centrifuged at 100,000 X g for 1 h to pellet the Sarkosyl-insol-
uble fraction containing OM. Subsequently, the pellet was solubilized in
50 mM Tris-HCI (pH 8.3), 10 mM EDTA, and 1% Triton X-100. The OM
suspension was incubated at 22°C for 30 min, followed by the removal of
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TABLE 1 Bacterial strains and plasmids

Source or
Strain or plasmid Description” reference
Strains
C. rodentium
DBS100 Wild type (ATCC 51459) 38
AcroP mutant DBS100 (AcroP) 6
AcroP(pCRcroP) mutant AcroP mutant transformed with pCRecroP This study
AcroP(pYCcroP) mutant AcroP mutant transformed with pYCcroP This study
AcroP(pYCcroPy,,,) mutant AcroP mutant transformed with pYCcroPy,, This study
AcroP(pYCpla) mutant AcroP mutant transformed with pYCpla This study
AwaaL mutant DBS100 (Awaal) This study
AwaaLAcroP mutant DBS100 (AwaaL AcroP) This study
AwaaLAcroP(pYCpla) AwaaL AcroP mutant transformed with pYCpla This study
E. coli
X7213 thr-1 leuB6 fhuA21 lacY1 glnV44 recAl asdA4 thi-1 RP4-2-Tc:Mu [-pir]; Kan® 58
EDL933 EHEC O157:H7 59
AompT mutant EDL933 (AompT) 35
BL21 F~ ompT hsdS (rg~ my ™) gal dem GE Healthcare
Plasmids
pCR002 pRE112 containing AcroP mutation 6
pCRcroP C. rodentium croP and its promoter cloned into pWSK129 6
pWL214 pUCI18R6K-mini-Tn7T-Kan carrying Py,s-tetR + P.-pla; Amp* Kan" 30
pACYC184 Low-copy-number plasmid; Cm" Tet" NEB
pYCcroP pACYC184 containing croP under the control of its native promoter This study
PYCcroPyy, pYCcroP containing croP with mutations H212A and D210A This study
pYCpla pACYC184 containing pla under the control of the croP promoter This study

“ Cm", chloramphenicol resistance; Tet", tetracycline resistance; Amp', ampicillin resistance; Kan", kanamycin resistance.

insoluble proteins by centrifugation at 12,000 X g for 10 min. The super-
natant was applied to a HiTrap Q FF column (GE Healthcare) previously
equilibrated with buffer A (25 mM Tris-HCI [pH 8.0], 50 mM NaCl, and
0.1% Triton X-100). Elution was performed using a linear gradient of
buffer B (25 mM Tris-HCI [pH 8.0], 1 M NaCl and 0.1% Triton X-100).
Fractions containing pure CroP were identified by SDS-PAGE and Coo-
massie blue staining, pooled, and dialyzed against phosphate-buffered
saline (phosphate-buffered saline [PBS]; pH 7.4). Protein concentration
was determined with a bicinchoninic acid protein assay kit (Thermo Sci-
entific). Prior to use, purified CroP was incubated with a 3 M excess of
rough LPS from E. coli EH100 (Sigma-Aldrich) overnight to ensure com-
plete activation (16).

TABLE 2 Primers used in this study

Western blotting. Bacterial strains were grown to an ODy, of 0.5 in
N-minimal medium and harvested by centrifugation. The bacterial pellets
were then either used for Sarkosyl extraction to obtain OM fractions or
resuspended in Laemmli sample buffer and boiled for 5 min to obtain
whole-cell lysates. Protein samples were resolved by SDS-PAGE, and
Western blotting with a rabbit polyclonal antibody raised against CroP
was conducted as previously described (44). ImageJ software was used to
measure the density of CroP bands on Western blot membranes.

Proteolytic cleavage of the FRET substrate. The activity of purified
CroP was assessed by incubating the enzyme with the FRET substrate (3
M) in black 96-well microtiter plates (Costar). Fluorescence was moni-
tored over 60 min with shaking between measurements at an excitation

Primer Sequence (5'-3")" Use?

EXT1 CCCACTCTAGAGGATATTCAGCAGGATGGGC croP promoter 5'F Xbal

EXT2 GCCACAATAGAACTTTTCTTCATAGTGATGACTCCATTTTGTCAGGT croP promoter 3'R pla extension
EXT3 ACCTGACAAAATGGAGTCATCACTATGAAGAAAAGTTCTATTGTGGC pla 5'F croP promoter extension
EXT4 GCGAGCTCTCAGAAGCGATATTGCAGAC pla 3'R Sacl

MUT1 GCGAGCTCTGCTCAGAAGGTATATTTCAC croP 3'R Sacl

MUT2 GCGAGCGTAAGCTTCAGCATTATCCGATGCCCGTAC croP MUT 3'R

MUT3 GGATAATGCTGAAGCTTACGCTCGCGGGATCA croP MUT 5'F

qEHS810 TCGGCTCCTTCCCGAATGGAG qPCR EHEC ompT F

qEHS811 GATGCTTCCACCCAGCCGC qPCR EHEC ompT R

qEHS812 GTGCTGCATGGCTGTCGTCA qPCR EHEC 16S F

qEHS813 AGCACGTGTGTAGCCCTGGT qPCR EHEC 16S R

qplal009 GGACTTGCAGGCCAGTATCGC qPCR pla F

qplal010 AGCCGGATGTCTTCTCACGGA qPCR plaR

qCR16F TGTCTACTTGGAGGTTGTGCCCTT qPCR C. rodentium 16S F
qCR16R TGCAGTCTTCCGTGGATGTCAAGA qPCR C. rodentium 16S R

@ Restriction sites are underlined.
b F, forward; R, reverse.
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wavelength of 325 nm and emission wavelength of 430 nm in a BioTek
FLx800 multidetection microplate reader equipped with an injector. Ini-
tial background fluorescence was subtracted from samples for normaliza-
tion. For the determination of optimal pH, CroP (10 nM) activity was
assessed in a mixed buffering system comprised of 50 mM citrate, phos-
phate, and Tris-HCI (pH 4 to 10). The relative activity was determined by
calculating the area under the curve for a 30-min reaction relative to the
average of triplicates at pH 7. Other assays using purified CroP were per-
formed in PBS (pH 7.4).

Cleavage of the FRET substrate by bacterial cells expressing various
omptins was conducted as previously described (35). Cells grown in N-
minimal medium and normalized to an ODy,, of 0.5 were centrifuged and
resuspended in PBS. Bacteria (~3 X 10® CFU/ml) were incubated with
aprotinin for 15 min prior to injection of the FRET substrate (3 wM). The
fluorescence was measured over 1 h, as described above. The area under
the curve of all samples was determined using GraphPad Prism 5 software.
Background fluorescence of the appropriate bacterial strain (C. rodentium
AcroP or EHEC AompT) was subtracted from values. The relative activity
was calculated with respect to the average of uninhibited triplicates.

Proteolytic cleavage of CRAMP. CRAMP cleavage assays were carried
out as previously described (35), with the following modifications.
CRAMP (0.1 M) was incubated at room temperature with either the
indicated bacterial strains resuspended in PBS (~3 X 10® CFU/ml) or
purified CroP (0.4 wM). Samples were collected at the denoted time
points, mixed with Tris-Tricine sample buffer (Bio-Rad), and boiled for 5
min. The influence of aprotinin on CRAMP cleavage by CroP was moni-
tored at 5 min and carried out with the addition of aprotinin (200 and 400
wM). Peptide degradation products were resolved using 10 to 20% Tris-
Tricine PAGE gels (Bio-Rad). Gels were fixed with 5% glutaraldehyde for
30 min, washed for 30 min with deionized water, and stained with Coo-
massie blue.

Plasminogen activation. Activation of plasminogen by omptins was
monitored as described elsewhere with modifications (11). Approxi-
mately 3 X 10® CFU/ml of bacterial cells, purified CroP (0.4 pM), or
control buffer (PBS) was combined in wells with the plasmin substrate
VLKpNA (4.5 mM) in triplicate. After 5 min, Glu-plasminogen (20.0
pg/ml) was added to each well. Cleavage of VLKpNA chromogenic sub-
strate was monitored by measuring the absorbance at 405 nm every 10
min for 300 min. Absorbance was monitored with a Bio-Tek Power Wave
X340 spectrophotometer with shaking, followed by incubation at 37°C.
For normalization of values, the initial background absorbance was sub-
tracted from final measurements.

Mode of CroP inhibition by aprotinin. Inhibition of CroP by apro-
tinin was further investigated using aprotinin (0 to 10 uM) and seven
concentrations of the FRET substrate ranging from 0.66 to 16 wM. CroP
(10 nM) incubated with aprotinin was added to a 400-pl cuvette contain-
ing the FRET substrate. Fluorescence (an excitation of 325 nm and an
emission of 430 nm) was measured with a Varian Cary Eclipse fluores-
cence spectrophotometer over 7 min with measurements every 15 s. Initial
background measurements were subtracted from the final reaction sam-
ple values. Initial velocity values (V) were determined from the linear
portion of the enzyme progression curves. Kinetics plots and constants for
CroP were calculated from an average of four independent experiments.
To determine the mode of inhibition, CroP kinetics data were fit to the
Michaelis-Menten equation, and reciprocal values were calculated and fit
to a best linear regression line in GraphPad Prism version 5. The V_ and
K, values were calculated from the Michaelis-Menten equation. The in-
hibition constant (K;) was determined by fitting the substrate and velocity
data to the competitive enzyme inhibition model with GraphPad Prism
version 5.

qPCR. Quantitative PCR (qPCR) analysis was conducted as previ-
ously described (35). Briefly, total RNA from bacteria grown in N-mini-
mal medium was isolated using TRIzol reagents (Invitrogen) and treated
with a DNA-free kit (Ambion) to remove residual DNA. Superscript III
(Invitrogen) was used for the reverse transcription of RNA in triplicate. A
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reaction mixture void of Superscript III was also used as a negative con-
trol. gPCRs were performed in a Rotor-Gene 3000 thermal cycler (Corbett
Research) using the Maxima SYBR green PCR kit (Fermentas) according
to the manufacturer’s instructions. Primers used are listed in Table 2. The
levels of gene transcripts were normalized to 16S and analyzed using the
27AACT method (45).

Molecular docking. Docking of aprotinin (Protein Data Bank [PDB]
code 4PTI) using OmpT (PDB code 1178) or Pla (PDB code 2X55) was
performed using the ClusPro 2.0 Web server (http://cluspro.bu.edu), tak-
ing into account electrostatic charge interactions (46). Molecular models
of the omptin-aprotinin complex were generated using the program
PIPER (47), as implemented in ClusPro 2.0 and clustered using a pairwise
ligand root-mean-square-deviation criterion. The best scored models
were subjected to energy minimization using the CHARMM potential to
remove potential side chain clashes (48). The highest scoring models for
OmpT and Pla were visualized using the PYMOL molecular graphics sys-
tem (v1.5.0.4; Schrédinger, LLC).

RESULTS
CroP proteolytic activity depends on the Asp,,,-His,,, catalytic
dyad. The C. rodentium CroP amino acid sequence is 74% iden-
tical to E. coli OmpT and contains all of the omptin catalytic res-
idues (see Fig. S1 in the supplemental material) (17). To confirm
that CroP and OmpT share similar catalytic mechanisms, we gen-
erated a CroP variant (CroPy,,), in which alanine residues sub-
stitute the putative catalytic dyad residues Asp,,, and His,,.
Western blot analysis of the OM fractions, using a polyclonal anti-
body against CroP, confirmed the presence of CroP or CroPy,,, at
the OM of C. rodentium wild-type, AcroP(pYCcroP), and
AcroP(pYCcroPy,,,) strains (Fig. 1A). The band corresponding to
CroP was absent in the OM of the AcroP strain (Fig. 1A). These
results indicate that both CroP and CroP,,, are localized at the
OM of C. rodentium. FRET substrate cleavage assays were per-
formed to compare the activity of the various C. rodentium
strains. C. rodentium wild-type and AcroP(pYCcroP) strains incu-
bated with the FRET substrate resulted in a 2- to 3-fold increase
in fluorescence compared to the C. rodentium AcroP and
AcroP(pYCcroPy,,,) strains (Fig. 1B). These results clearly indicate
that CroP,,,, present at the C. rodentium OM is inactive and un-
able to cleave the FRET substrate. To further confirm these results,
AMP cleavage assays were performed by incubating the various C.
rodentium strains with the murine cathelicidin CRAMP. Although
the C. rodentium wild-type and AcroP(pYCcroP) strains generated
two observable cleavage products and degraded the full-length
peptide almost to completion, the AcroP and AcroP(pYCcroPy,,,)
strains did not produce observable cleavage products (Fig. 1C).
Together, these data show that the catalytic dyad Asp,,,-His,,, is
necessary for CroP proteolytic activity. They also confirm that
CroP and OmpT have similar catalytic mechanisms.
Purification of the native CroP protease. Despite the high
level of sequence identity between CroP and OmpT, CroP differs
from OmpT by the deletion of two basic amino acids in the sur-
face-exposed loop 4 (see Fig. S1 in the supplemental material). In
OmpT, this dibasic motif (Lys,,,-Arg, ) corresponds to the main
autoproteolytic site that hampered early attempts to purify the
native protease (16). The absence of this motif in CroP allowed
us to purify the protein in its native state. The CroP protein
was expressed in the C. rodentium AcroP strain transformed with
the pWSK129-derived plasmid pCReroP (Table 1) (6). Compari-
son of whole-cell lysates of AcroP and AcroP(pCRcroP) cells
showed the appearance of a prominent band at ~32 kDa in the
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FIG 1 Expression and proteolytic activities of C. rodentium CroP and CroP,,,.
(A) Presence of CroP and CroP,,,, at the OM of C. rodentium. The OM frac-
tions of C. rodentium wild-type, AcroP, AcroP(pYCcroP), and AcroP
(pYCcroPyy,,) strains were resolved on an SDS-11% PAGE gel. Western blot-
ting was done using a polyclonal rabbit antibody raised against purified CroP.
(B) Proteolytic cleavage of the FRET substrate by CroP and CroPy,,,. The
various C. rodentium strains were incubated with the FRET substrate for 60
min. The results are expressed as means = the standard errors of the mean
(SEM) of triplicate samples and are expressed relative to the activity of the C.
rodentium AcroP strain. Statistical significance was assessed using a one-way
analysis of variance, followed by Dunnett’s post hoc comparison test (***, P <
0.001). (C) Proteolytic cleavage of CRAMP by CroP and CroPy,,. CRAMP
(0.1 wM) was incubated with the various C. rodentium strains for 15 min. After
incubation, bacteria were pelleted by centrifugation, and supernatant aliquots
were resolved by Tris-Tricine SDS-PAGE on 10 to 20% polyacrylamide gels
and visualized by Coomassie blue staining. The data shown are representative
of three independent experiments. Ctl., control; WT, wild type.

AcroP(pCRcroP) lysate, which is close to the expected size of ma-
ture CroP (32.9 kDa) (see Fig. S2 in the supplemental material).
CroP was purified from total membranes by Sarkosyl extraction of
OMs, solubilization with Triton X-100 and anion-exchange chro-
matography. The purified product was visualized by SDS-PAGE,
followed by Coomassie staining (see Fig. S2 in the supplemental
material). After dialysis against PBS, purified CroP was incubated
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FIG 2 Proteolytic cleavage of the synthetic FRET substrate by purified CroP.
(A) Effect of pH on CroP activity. Reactions were performed in a mixed buff-
ering system (50 mM citrate, phosphate, and Tris-HCI) adjusted to the indi-
cated pHs. The percentage of CroP activity is relative to the optimal pH. The
results are expressed as means * the SEM of triplicate samples and are repre-
sentative of three independent experiments. (B) Dose-dependent increase of
CroP activity. The FRET substrate was incubated with the indicated concen-
tration of purified CroP in PBS. RFU, relative fluorescence units. The data
shown are representative of three independent experiments performed in trip-
licate.

with a 3-fold molar excess of E. coli LPS, which is required for
omptin activity (13, 15).

Cleavage of the FRET substrate by purified CroP. The activity
of purified CroP was examined by monitoring the increase in flu-
orescence emission indicative of FRET substrate cleavage at the
RK dibasic motif [2Abz-SLGRKIQIK(Dnp)-NH,] (35). The pH
activity profile of CroP was first examined using a mixed buffering
system over a pH range of 4 to 10. CroP exhibited robust activity
over a pH range of 6.0 to 8.0, with optimal activity at pH 7.0 (Fig.
2A). This CroP optimal pH value is consistent with those obtained
for OmpT and Pla, and it differs from the low optimal pH value of
aspartate proteases (12, 16). Cleavage of the FRET substrate using
increasing amounts of CroP (0 to 10 nM) was then monitored
over time. The results showed a dose-dependent increase in CroP
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FIG 3 OmpT-like activity of purified CroP. (A) Proteolytic degradation of
CRAMP by CroP. CRAMP was incubated with purified CroP with samples
collected at the indicated times. Samples were resolved by Tris-Tricine SDS-
PAGE on 10 to 20% polyacrylamide gels and visualized by Coomassie blue
staining. The molecular mass of full-length CRAMP is indicated on the left.
The data shown are representative of three independent experiments. (B)
Cleavage of plasminogen into active plasmin by purified CroP and C. roden-
tium cells expressing various omptins. Glu-plasminogen and the plasmin
substrate VLKpNA were incubated with purified CroP (OJ), control LPS buffer
(O), and C. rodentium Awaal (A), Awaal AcroP (®), and Awaal AcroP
(pYCpla) (@) strains. The absorbance at 405 nm was monitored over a 300-
min period. For each data set, the initial absorbance was subtracted from all
values. The data shown are expressed as means * the SEM of triplicate samples
and are representative of three independent experiments.

activity against the FRET substrate (Fig. 2B). Purified CroP was
used at a concentration of 10 nM for further experimentation.
Purified CroP rapidly cleaves CRAMP but poorly activates
plasminogen. We have previously shown that CroP expressed by
C. rodentium degrades the murine cathelicidin CRAMP, a 34-ami-
no-acid AMP (6). A time course experiment monitoring the cleav-
age of CRAMP confirmed that purified CroP cleaves CRAMP. As
shown in Fig. 3A, CroP rapidly cleaved CRAMP into two major
cleavage products, with cleavage almost complete by 5 min. Pre-
vious studies showed that Y. pestis Pla readily cleaves plasminogen
to generate plasmin, the serine protease that degrades fibrin clots
(29). In contrast, E. coli OmpT is known to poorly activate plas-
minogen (11, 12). The ability of purified CroP to activate plasmin-
ogen was assessed by measuring plasmin activity using the chro-
mogenic plasmin substrate VLKpNA. Incubation of purified CroP
with Glu-plasminogen did not result in any notable increase in
absorbance over a period of 300 min compared to the control
sample (Fig. 3B), suggesting that CroP does not activate plasmin-
ogen well. To confirm this result, Glu-plasminogen was incubated
with wild-type C. rodentium cells. Since the O-antigen of smooth
LPS is known to interfere with the activation of plasminogen by
omptins (49), these assays were performed using rough C. roden-
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tiurmn Awaal strains that lack the O-antigen ligase WaaL. Com-
pared to the control C. rodentium AwaaL AcroP strain, no sub-
stantial increase in absorbance was observed when C. rodentium
AwaalL cells were incubated with Glu-plasminogen (Fig. 3B). As a
positive control, incubation of Glu-plasminogen with the C. ro-
dentium Awaal AcroP(pYCpla) strain, which expresses Y. pestis
Pla, resulted in a pronounced increase in absorbance (Fig. 3B).
These data show that unlike Pla, CroP is a poor plasminogen ac-
tivator. Taken together, these data suggest that CroP and OmpT
may share similar substrate specificity.

Aprotinin inhibits CroP activity. Although the serine pro-
tease inhibitor aprotinin was reported to inhibit OmpT activity
(23), it remains unclear whether it inhibits other omptins, includ-
ing CroP. Having purified native CroP and a FRET assay to mea-
sure CroP activity allowed us to perform a small-scale screen for
potential CroP inhibitors and confirm previous results obtained
with OmpT. Inhibitors of the main classes of proteases, such as
PMSF, leupeptin, pepstatin A, and EDTA, did not significantly
affect CroP activity (Fig. 4A). In sharp contrast, addition of apro-
tinin at a concentration of 10 WM considerably decreased fluores-
cence emission, indicating inhibition of CroP proteolytic activity
(Fig. 4A). Inhibition of CroP activity by aprotinin was further
examined over abroad range of aprotinin concentrations (5 to 200
wM). Increasing concentrations of aprotinin resulted in a dose-
dependent decrease in fluorescence emission, indicating that
aprotinin inhibits CroP activity in a dose-dependent manner (Fig.
4B). CroP activity was reduced by ca. 93% at a concentration of
aprotinin of 200 M (Fig. 4B). To ensure that aprotinin or LPS
was not interfering with fluorescence emission, we combined
completely digested FRET substrate with either aprotinin (200
pM) or LPS (16 wM). No significant differences in fluorescence
emission were observed between these samples compared to the
PBS control (see Fig. S3 in the supplemental material). Together,
these data show that aprotinin inhibits CroP activity at micromo-
lar concentrations.

Aprotinin inhibits the cleavage of CRAMP by CroP. To assess
whether aprotinin inhibits the CroP-mediated cleavage of
CRAMP, this AMP was incubated with purified CroP in the ab-
sence or presence of aprotinin and the reaction products were
visualized on Tris-Tricine SDS-PAGE gels. Consistent with the
results shown in Fig. 3A, CRAMP was completely cleaved by CroP
into two smaller cleavage products in the absence of aprotinin
(Fig. 5). When the cleavage assay was performed in the presence of
aprotinin, the band corresponding to full-length CRAMP was still
visible on gels, indicating inhibition of CRAMP cleavage (Fig. 5).
In addition, inhibition of CRAMP cleavage appeared to be in-
versely proportional to the concentration of aprotinin present in
the assay (Fig. 5). Taken together, these data show that aprotinin
inhibits the cleavage of CRAMP by CroP.

Aprotinin is a competitive inhibitor of CroP. Aprotinin acts
as a competitive inhibitor of trypsin and other serine proteases
(50). Kinetic analyses were performed to determine the mode of
aprotinin inhibition on CroP activity. Rates of the FRET substrate
cleavage by purified CroP were measured in the presence of dif-
ferent concentrations of aprotinin. The Lineweaver-Burk plot
analysis was indicative of competitive inhibition with increasing
aprotinin concentrations resulting in an increase of the K, values,
whereas V,,, values remained mostly unchanged (Fig. 6). The
inhibition constant (K;) of the cleavage of the FRET substrate by
CroP was estimated to be 0.127 = 0.035 wM. These data revealed
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FIG 4 Inhibition of CroP activity by aprotinin. (A) Aprotinin inhibits cleav-
age of the FRET substrate by purified CroP. FRET assays were performed with
10 nM CroP in PBS (black) or in the presence of EDTA (2.5 mM, green), PMSF
(2.5 mM, purple), leupeptin (10 wM, blue), pepstatin A (10 uM, red), or
aprotinin (10 pM, orange). RFU, relative fluorescence units. The data shown
are representative of three independent experiments performed in triplicate.
(B) Inhibition of purified CroP by aprotinin is dose dependent. FRET assays
were performed with 10 nM CroP in the presence of increasing concentrations
of aprotinin, as indicated. The percentage of CroP activity is relative to the
uninhibited reaction. The results are expressed as means = the SEM of tripli-
cate samples and are representative of three independent experiments. Statis-
tical significance was assessed by one-way analysis of variance, followed by
Dunnett’s post hoc test (***, P < 0.001).

that aprotinin inhibits CroP in a competitive manner and thus
competes with the FRET substrate for binding to the CroP active
site.

Aprotinin inhibits the activity of CroP present at the bacte-
rial cell surface. To determine whether aprotinin is able to inhibit
the activity of CroP present at the OM of cells, we measured the
ability of smooth wild-type C. rodentium cells to cleave the FRET
substrate in the presence of increasing concentrations of apro-
tinin. The amount of CroP produced by wild-type C. rodentium
was quantified by Western blotting, followed by density analysis of
the Western blot signals (Fig. 7A). We estimated that our assays
using C. rodentium whole cells contained approximately 24 = 2
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FIG 5 Aprotinin inhibits CRAMP proteolytic degradation by CroP. CRAMP
was incubated with purified CroP in the presence of the indicated concentra-
tion of aprotinin for 5 min. Samples were resolved by Tris-Tricine SDS-PAGE
on 10 to 20% polyacrylamide gels. Gels were stained with Coomassie blue. The
molecular masses of aprotinin and CRAMP are indicated on the left. The
results are representative of three independent experiments.

nM CroP, which is roughly twice the amount used for the purified
CroP experiments shown in Fig. 4B. Increasing the concentration
of aprotinin from 0 to 200 wM resulted in a steady decrease of
CroP activity from 100% to ca. 17% (Fig. 7B). Compared to the
experiment performed with 10 nM purified CroP (Fig. 4B), inhi-
bition of CroP activity by aprotinin was less pronounced in the
whole-cell experiment. This slight difference is likely due to non-
specific binding of aprotinin to bacterial cell surfaces, resulting in
lowered concentrations of free inhibitor. These data indicate that
aprotinin inhibits the activity of CroP in its native environment.
Aprotinin inhibits other omptins. Since aprotinin was capa-
ble of inhibiting the activity of CroP present at the C. rodentium
cell surface, we investigated the possibility that it inhibits omptins
other than CroP. Inhibition of E. coli OmpT was examined by
measuring the ability of EHEC EDL933 cells to cleave the FRET
substrate in the presence of increasing concentrations of apro-
tinin. Although aprotinin appeared to be less potent at inhibiting
OmpT compared to CroP, the proteolytic activity of OmpT was
inhibited by ~90% in the presence of 200 uM aprotinin (Fig. 8A).
The Y. pestis pla gene was heterologously expressed in the C. ro-
dentium AcroP strain. The proteolytic activity of Pla was gradually
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FIG 6 Aprotinin is a competitive inhibitor of CroP. A Lineweaver-Burk plot
for inhibition of CroP by aprotinin is shown. The rates of the FRET substrate
(0.66 to 16 uM) cleavage by CroP (10 nM) were measured in the presence of
different concentrations of aprotinin, as indicated. The data shown are the
mean of three independent experiments.
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FIG 7 Aprotinin inhibits the activity of CroP present at the OM. (A) Produc-
tion of CroP by C. rodentium wild type was quantified by densitometry analysis
of Western blots by comparing to a standard curve of purified CroP. Western
blots were performed in triplicate with the anti-CroP antibody. In the resulting
standard curve of purified CroP (solid circles and line of best fit), data are
expressed as means = the SEM. The concentration of CroP in C. rodentium
wild-type was interpolated from the standard curve (open circle and vertical
line). AU, arbitrary units. (B) FRET assays were performed with wild-type C.
rodentium cells in the presence of increasing concentrations of aprotinin, as
indicated. The percentage of CroP activity is expressed relative to the uninhib-
ited reaction. The results are expressed as means * the SEM of triplicate sam-
ples and are representative of three independent experiments. Statistical sig-
nificance was assessed by one-way analysis of variance followed by Dunnett’s
post hoc test (**, P < 0.01; ***, P < 0.001).

inhibited by incubating cells with increasing concentrations of
aprotinin, and almost complete inhibition was observed at 200
wM aprotinin (Fig. 8B). A similar inhibition pattern was observed
when pla was expressed in E. coli BL21 (see Fig. $4 in the supple-
mental material). As controls, expression of the EHEC ompT and
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FIG 8 Inhibition of OmpT and Pla by aprotinin. FRET assays were performed
with EHEC EDL933 cells containing wild-type levels of OmpT (A) and C.
rodentium AcroP cells producing Pla from plasmid pYCpla (B). FRET assays
were performed in triplicate in the presence of increasing concentrations of
aprotinin, as indicated. The percentage of omptin activity is expressed relative
to the uninhibited reaction. The results are expressed as means * the SEM of
triplicate samples and are representative of three independent experiments.
Statistical significance was assessed by one-way analysis of variance followed by
Dunnett’s post hoc test (***, P < 0.001).

Y. pestis pla genes were monitored by gPCR, and the presence of
both omptins at the bacterial OM was assessed by measuring the
proteolytic activity against the FRET substrate (see Fig. S5 in the
supplemental material). Our data indicate that both omptin genes
are expressed and suggest that Pla is present at the bacterial cell
surface at higher levels than OmpT, which is consistent with the
overexpression of Pla from a plasmid. Together, these data show
that aprotinin inhibits not only the activity of CroP but also the
activity of E. coli OmpT and Y. pestis Pla.

Docking model of the aprotinin-omptin complex. Aprotinin
forms highly stable complexes with trypsin. The P1 residue (Lys, 5)
of aprotinin binds tightly to Asp, g, of trypsin, which is located at
the bottom of the S1 specificity pocket (50, 51). Based on the
finding that aprotinin inhibits CroP in a competitive manner
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FIG 9 Model of interaction between aprotinin and OmpT. (A) Overview of
aprotinin (green) docked within the OmpT active site (brown). The C and N
termini of aprotinin are labeled accordingly. (B) Aprotinin residue Lys, 5 ex-
tending from the protease-binding loop. The predicted salt bridges of apro-
tinin Lys, 5 with the conserved omptins residues Glu,, and Asp,,, are repre-
sented as yellow dashed lines. The diagrams were rendered using PyMOL.

(Fig. 6), we hypothesized that Lys, 5 of aprotinin interacts with
Glu,, and Asp,ys (OmpT numbering), which are the two nega-
tively charged residues that form the S1 specificity pocket of
omptins (10, 12). A three-dimensional docking model of the
aprotinin-omptin complex was generated as described in Materi-
als and Methods. Essentially, similar models were obtained using
the atomic coordinates of either OmpT or Pla. As shown in Fig.
9A, aprotinin fits within the omptin active-site groove and Lys, 5 of
aprotinin protrudes into the S1 specificity pocket. Residue Lys, 5 of
aprotinin is predicted to form a salt bridge with Glu,, but not with
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Asp, s of the S1 specificity pocket (Fig. 9B). In addition, Lys, 5 is
predicted to interact with the catalytic residue Asp,,, (Fig. 9B).
Overall, this protein-docking model suggests that aprotinin inhib-
its trypsin and omptins through a similar mechanism.

DISCUSSION

Integral OM proteases of the omptin family, which are found ex-
clusively in Gram-negative bacteria, play important roles in bac-
terial pathogenicity. Omptins have a unique mechanism of action
combining features of both serine and aspartate proteases. Al-
though this protease family constitutes a novel therapeutic target,
specific omptin inhibitors are still unavailable. Having the C. ro-
dentium omptin CroP purified in its native form, we analyzed the
potential of purified CroP to cleave various relevant substrates.
Purified CroP readily cleaved a synthetic FRET substrate and
CRAMP, the sole murine cathelicidin AMP. However, unlike the
Y. pestis omptin Pla, CroP did not significantly activate plasmin-
ogen into active plasmin. Most importantly, we found that the
serine protease inhibitor aprotinin acts as a competitive inhibitor
of CroP. In whole-cell assays, aprotinin was capable of inhibiting
not only CroP activity but also the activity of E. coli OmpT and Y.
pestis Pla. Therefore, aprotinin may represent a starting point for
the development of specific omptin inhibitors with potential ther-
apeutic applications.

Several proteins or peptides contributing to the host’s innate
defenses are either processed or inactivated through the proteo-
Iytic activity of omptins. However, whether these substrates are
cleaved by all omptins remains unclear. The best-characterized
omptin substrate, plasminogen, was shown to be readily activated
by Pla, but poorly cleaved by OmpT (11, 12). Based on this finding
and sequence identity, omptins have been divided into two sub-
families, namely, the Pla-like and OmpT-like omptin subfamilies
(9). Our data showed that CroP poorly activates plasminogen into
plasmin, as previously reported for OmpT (Fig. 3B). Previously,
we reported that OmpT cleaves AMPs such as the human catheli-
cidin LL-37 (35, 44). Similarly, C. rodentium CroP rapidly cleaves
the murine cathelicidin CRAMP (Fig. 3A) (6). These data are con-
sistent with CroP and OmpT having similar substrate specificities.
As suggested by the high sequence similarity between OmpT and
CroP, our data indicate that CroP belongs to the OmpT subfamily
of omptins.

Based on the involvement of the Aspg;-Aspgs dyad in catalysis,
omptins are mechanistically classified as aspartic proteases in the
MEROPS database (52). However, several lines of evidence sug-
gest that omptins are not aspartic proteases. For example, omptins
deviate from the classical catalytic mechanism of aspartic pro-
teases. An Asp,,,-His,,, dyad is involved in the activation of the
nucleophilic water molecule in omptins, whereas aspartic pro-
teases use an Asp-Asp dyad to activate the water molecule. In
contrast to aspartic proteases that have a low optimal pH of ~4,
both Pla and OmpT exhibit optimal pHs close to neutrality (12,
16). Our study provides additional evidences distinguishing
omptins from aspartate proteases. First, CroP has a neutral opti-
mal pH, like Pla and OmpT (Fig. 2A). Second, the activity of
CroP is not inhibited by common protease inhibitors, includ-
ing pepstatin A that is a potent inhibitor of aspartic proteases
(53). Altogether, these lines of evidence support the reclassifi-
cation of omptins apart from aspartic proteases, as proposed by
others (12, 18).

Common protease inhibitors such as PMSF, leupeptin, pepsta-
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tin A, and EDTA have proven useful in the classification of pro-
teases into serine, cysteine, and aspartic protease and metallo-
protease families, respectively. In agreement with previous studies
(19, 20), we found that these inhibitors do not affect CroP activity
(Fig. 4A). In sharp contrast, we showed that the serine protease
inhibitor aprotinin decreased the cleavage of the FRET substrate
and CRAMP by purified CroP in a dose-dependent manner (Fig. 4
and 5). Aprotinin inhibited not only the activity of purified CroP
but also the activity of CroP expressed by wild-type C. rodentium
cells (Fig. 7). This suggests that aprotinin interacts with the extra-
cellular domain of CroP, most likely with the CroP active site.
Kinetic analyses revealed that aprotinin inhibits CroP in a com-
petitive manner and thus confirms that aprotinin competes with
the substrate for binding to the CroP active site (Fig. 6). In addi-
tion, we found that OmpT in wild-type EHEC EDL933 and Pla
produced in the C. rodentium AcroP strain were also inhibited by
aprotinin (Fig. 8). This is the first study to demonstrate that apro-
tinin inhibits multiple omptins.

Aprotinin is the most extensively studied Kunitz-type inhibitor
of serine proteases. It is a competitive inhibitor that binds tightly
to the S1 specificity pocket of trypsin mainly through the forma-
tion of a salt bridge between Lys, 5 of aprotinin and Asp,g of
trypsin (51). Similar to Asp, g, of trypsin, the S1 specificity pocket
of omptins contains the negatively charged residues Glu,, and
Asp,ps. Our computer-generated docking model of the omptin-
aprotinin complex shown in Fig. 9 suggests that Lys, s of aprotinin
makes two critical interactions with omptin residues. First, Lys, 5
interacts with Glu,, of the omptin S1 specificity pocket in a similar
manner to that of the interaction with Asp, g, of trypsin. Second,
Lys,5 forms a salt bridge with Asp,,, that is part of the Asp,q,-
His,,, dyad and considered a catalytic residue, suggesting that
residues involved in both catalysis and substrate specificity could
be targeted by aprotinin variants. Surprisingly, no interaction was
predicted with Asp,.s, the second negatively charged residue of
the omptin S1 pocket. Although plausible, this structural model
will require further experimental confirmation.

Although the main target of aprotinin is trypsin (K; = 0.06
pM), it also potently inhibits other serine proteases such as plas-
min (K; = 1 nM), kallikrein (K; = 0.09 nM), and chymotrypsin
(K; = 9 nM) (54). Although aprotinin inhibits CroP (K; = 0.127
nM) to a lesser extent than the aforementioned proteases, CroP
inhibition is greater than that of the serine proteases thrombin
(K; = 61 pM), elastase (K; = 3.5 uM), and urokinase (K; = 27.0
uM) (55-57). Therefore, the design of more potent (decreased K;
for omptins) and more specific (increased K; for trypsin) omptin
inhibitors appears to be feasible using a computational approach
validated by experimental testing.

Because of their direct involvement in pathogenesis, omptins
are prime candidates for therapeutic targeting. These proteases,
which are found at the OM of important Gram-negative bacterial
pathogens, have their active sites readily accessible to exogenous
inhibitors. Since omptins are unique proteases with no homologs
identified in mammalian hosts, specific omptin inhibitors are un-
likely to have major off-target adverse drug effects. The finding
that aprotinin inhibits CroP, OmpT, and Pla suggests that it is
possible to develop inhibitors acting on multiple omptins that
could be used for the treatment of various infections. Inhibition of
the omptins expressed by various pathogens is expected to prevent
invasion and dissemination of Y. pestis, to interfere with the cell-
to-cell spread of S. flexneri in the intestinal epithelium, and to
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potentiate the effect of AMPs against E. coli pathotypes. Such anti-
virulence drugs targeting key virulence factors represent promis-
ing new therapeutic options in the fight against antibiotic-resis-
tant bacteria.
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