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The StcE zinc metalloprotease is secreted by enterohemorrhagic Escherichia coli (EHEC) O157:H7 and
contributes to intimate adherence of this bacterium to host cells, a process essential for mammalian coloni-
zation. StcE has also been shown to localize the inflammatory regulator C1 esterase inhibitor (C1-INH) to cell
membranes. We tried to more fully characterize StcE activity to better understand its role in EHEC patho-
genesis. StcE was active at pH 6.1 to 9.0, in the presence of NaCl concentrations ranging from 0 to 600 mM,
and at 4°C to 55°C. Interestingly, antisera against StcE or C1-INH did not eliminate StcE cleavage of C1-INH.
Treatment of StcE with the proteases trypsin, chymotrypsin, human neutrophil elastase, and Pseudomonas
aeruginosa elastase did not eliminate StcE activity against C1-INH. After StcE was kept at 23°C for 65 days, it
exhibited full proteolytic activity, and it retained 30% of its original activity after incubation for 8 days at 37°C.
Together, these results show the StcE protease is a stable enzyme that is probably active in the environment
of the colon. Additionally, k,/K,, data showed that StcE proteolytic activity was 2.5-fold more efficient with the
secreted mucin MUC7 than with the complement regulator C1-INH. This evidence supports a model which
includes two roles for StcE during infection, in which StcE acts first as a mucinase and then as an anti-
inflammatory agent by localizing C1-INH to cell membranes.

Enterohemorrhagic E. coli (EHEC) O157:H7 strains cause
infections that result in diarrhea and hemorrhagic colitis,
which can progress to hemolytic-uremic syndrome (17). These
bacteria belong to a group of pathogens that form attaching
and effacing (A/E) lesions, which are characterized by intimate
adherence to the host cells and effacement of the microvilli (9,
17). The StcE protease produced by EHEC is secreted by the
type II secretion system (15) that is encoded 3’ of stcE on
the pO157 virulence plasmid (2). Our laboratory has recently
demonstrated that StcE contributes to intimate adherence of
EHEC to host cells (12), a process essential for colonization of
the terminal rectum of the bovine host (18). We have also
shown that StcE cleaves C1 esterase inhibitor (C1-INH), a
regulator of multiple inflammatory pathways (15), and local-
izes it to host cell surfaces (14).

The current model for StcE activity (12) proposes that ini-
tially, StcE allows passage of EHEC through the oral cavity by
cleaving the salivary glycoproteins that are responsible for bac-
terial aggregation. Similarly, in the colon, StcE cleaves the
glycoproteins that protect the intestinal epithelial surface, al-
lowing EHEC to come into close contact with host cell mem-
branes, where components of the locus of enterocyte efface-
ment mediate formation of the characteristic A/E lesions.
Later during infection, Shiga toxins and other virulence factors
compromise the intestinal epithelial and endothelial barriers,
allowing blood with its complement effectors into the intestinal
lumen (9, 17). At this point, StcE localizes C1-INH to mem-
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branes, thereby reducing complement-mediated lysis of the
bacteria and host cells (14).

Based on this model for StcE activity, several predictions can
be made. As a secreted protein, StcE is likely to be resistant to
most proteases encountered during passage through the body
and at the site of EHEC infection in the colon. The model
suggests that mucins comprising the glycocalyx and mucus
layer should be cleaved efficiently because intimate adherence
should be established quickly for EHEC so that it is not flushed
out of the colon. StcE cleavage of C1-INH is likely to be less
efficient than cleavage of mucus-associated glycoproteins. The
result could be increased localization of C1-INH around the
bacteria and host cells to reduce complement deposition on
the cell membrane, thereby protecting cells from complement-
mediated lysis.

The data presented here describe StcE protease activity in a
variety of temperature, pH, and salt conditions. After treat-
ment with other proteases or after treatment with polyclonal
antisera against it, StcE remained active. StcE exhibited activ-
ity after weeks of incubation at 23°C and after days of incuba-
tion at 37°C. These findings show that StcE is probably active
during infection in the conditions presented by environments
such as the colon. Kinetic studies demonstrated that StcE
activity for MUC7 was 2.5-fold more efficient than StcE activity
for C1-INH. These results both broaden our understanding of
StcE proteolytic activity and support the model for StcE activ-
ity in EHEC infection.

MATERIALS AND METHODS

Production of StcE protease. The recombinant secreted form of StcE (rStcE’)
was produced as described previously (12). Briefly, the protein was expressed as
a fusion protein using the IMPACT system (New England Biolabs, Beverly,
Mass.). The fusion was then purified with a chitin column, and rStcE’ was eluted
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by inducing proteolytic cleavage of the fusion protein. A proteolytically inactive
mutant, E435D rStcE’, was produced using the same method.

Metal ion analysis. rStcE’ and E435D rStcE’ were each dialyzed into phos-
phate-buffered saline (PBS) or 20 mM Tris (pH 7.5). The metal contents of the
dialyzed samples and the corresponding buffer controls were determined at the
Soil Science Laboratory (University of Wisconsin-Madison) by inductively cou-
pled plasma mass spectrometry using VG PlasmaQuad PQ2 Turbo Plus. The
metals examined included calcium, copper, nickel, magnesium, and iron.

Purification of MUC7. Whole human saliva was collected and boiled in sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) sample load-
ing buffer (15 mM Tris-HCl, 2% SDS, 10% glycerol, 70 mM 2-mercaptoethanol,
100 mM bromophenol blue). The solution was loaded onto a 6% acrylamide
SDS-PAGE gel using a one-well setup. The edges of the gel were stained with
Coomassie brilliant blue to visualize the banding pattern, which allowed the
MUCT7 band to be excised from the unstained gel. The gel fragments containing
MUCT7 were placed in an electroelution chamber, and the protein was electro-
eluted overnight at 100 V in buffer (192 mM glycine, 25 mM Tris, 0.1% Tween
20; pH 7.5). The detergent was removed from the eluted protein by extraction
using Extract-Gel D detergent removal gel (Pierce, Rockford, IL).

Antibodies and antisera. Polyclonal antiserum (rabbit) against C1-INH was
purchased from Serotec (Raleigh, NC). Monoclonal antibodies (mouse) 3C7 and
4C3 against C1-INH were kind gifts from M. Schapira and P. Patston (6).

Monospecific polyclonal antisera were raised in rabbits against synthetic pep-
tides representing StcE residues 80 to 98 (N-terminal peptide) and 872 to 886
(C-terminal peptide) by Open Biosystems (Huntsville, AL). Polyclonal antiserum
against rStcE’ was raised in rabbits (Chemicon, Temecula, CA).

StcE ELISA activity. C1-INH (100 ng; Complement Technologies, Tyler, TX)
and rStcE’ (50 ng) were combined in a polypropylene 96-well plate (Nalge Nunc
International, Naperville, I1.) in various buffers (final volume, 100 pl). Reactions
were stopped at 0, 20, 40, and 60 min by adding EDTA (50 pl of a 50 mM
solution), and the mixtures were transferred to a 96-well enzyme-linked immu-
nosorbent assay (ELISA) plate (Medisorp; Nalge Nunc International) overnight
at 4°C. Wells were emptied and blocked with 1% bovine serum albumin (BSA)
(Sigma, St. Louis, MO) in PBS for 1 h at room temperature (23°C). Wells were
emptied and washed with PBS with 0.1% Tween 20 three times for 1 min each
time. Wells were probed with the 3C7 monoclonal antibody against C1-INH that
did not recognize StcE-cleaved C1-INH. Wells were washed again and probed
with goat anti-mouse antibody conjugated with horseradish peroxidase (HRP)
(1:3,000; Bio-Rad) for 30 min. The ELISA plates were developed with the TMB
substrate (Bio-Rad), and the results were visualized with a 96-well plate reader
(Molecular Dynamics, Sunnyvale, CA). This method was used for the salt and
pH activity experiments.

Temperature experiments. C1-INH (12 pg) and rStcE’ (3 pg) were equili-
brated at various temperatures for 1 h in separate tubes containing 50 mM Tris
(pH 7.5). C1-INH and StcE were combined and aliquoted into separate samples
for each time (0, 20, 40, and 60 min). At each time, EDTA (final concentration,
25 mM) was added to samples to stop the reaction. Samples were transferred to
nitrocellulose using a slot blot apparatus. Full-length C1-INH was detected with
the 3C7 monoclonal antibody (1:250, 1 h), followed by HRP-conjugated goat
anti-mouse antibody (1:1,000, 30 min). Blots were visualized with a phosphor-
imager (Typhoon 8600; Amersham Biosciences). The intensities of bands were
quantified with the ImageQuant software (GE Healthcare, Little Chalfont,
United Kingdom) to determine the loss of full-length C1-INH.

Stability experiments. The rStcE’ protease was repeatedly frozen in an ace-
tone-dry ice bath and thawed in 37°C water, and samples were taken after various
cycles. Aliquots of freeze-thawed rStcE’ or control rStcE’ (1 pg) were added to
PBS containing C1-INH (1 pg) and incubated for 30 and 60 min. The reactions
were stopped by adding SDS-PAGE sample loading buffer containing EDTA
and boiling the preparations for 5 min. Proteins were separated by SDS-PAGE
and blotted onto nitrocellulose. The blots were probed with rabbit antiserum
against CI-INH (1:2,000; Serotec) and HRP-conjugated goat anti-rabbit anti-
bodies (1:2,000; Bio-Rad). The blots were analyzed with the ImageQuant soft-
ware to determine the loss of full-length C1-INH.

The rStcE’ protease was also incubated at room temperature for 8, 18, or 65
days or at 37°C for 8 or 18 days. Aliquots were assayed for activity by the method
used for the stability experiments described above.

Protease treatment experiments. BSA was used as a control for the activity of
the proteases tested. The proteases tested were trypsin (Sigma), chymotrypsin
(Sigma), Pseudomonas aeruginosa elastase (Calbiochem), human neutrophil elas-
tase (Crescent Chemicals), and proteinase K (Sigma). The treatments were
sufficient to degrade BSA (2 pg) completely, as visualized on a Coomassie
blue-stained SDS-PAGE gel after various times (Table 1 shows specific incuba-
tion times for various proteases). All reactions took place at 37°C in PBS.
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TABLE 1. StcE activity after treatment with proteases

Incubation StcE BSA
Protease Amt (ig) time (h) activity  degraded
Trypsin 1 1 + +
Chymotrypsin 2 1 + +
Neutrophil elastase 1 2 + +
P. aeruginosa elastase 0.1 1 + +
Proteinase K 0.1 0.5 - +

C1-INH and rStcE’ were each treated with the proteases for 2 h and also for 4 h
as a control. rStcE’ was treated with a protease for 2 h, and then C1-INH was
added and the preparation was incubated for an additional two hours. Con-
versely, C1-INH was treated with a protease for 2 h, and then rStcE’ was added
and the preparation was incubated for an additional two hours. A control reac-
tion mixture containing rStcE’ and CI-INH was also incubated for 2 h. All
reactions were stopped by adding SDS-PAGE sample loading buffer containing
EDTA and boiling the mixtures for 5 min. Proteins were separated on an 8%
acrylamide gel, blotted onto nitrocellulose, and probed with antiserum against
CI1-INH (polyclonal, 1:2,000) and secondary antibodies conjugated with HRP.
The C1-INH immunoblots were analyzed to determine whether addition of
C1-INH to protease-treated rStcE’ resulted in C1-INH fragments that matched
the fragments obtained in the StcE-cleaved C1-INH control reaction, which were
indicative of StcE activity.

Anti-StcE antiserum experiments. Purified rStcE’ (0.5 pg) was incubated with
antiserum against the N-terminal peptide (1:60), antiserum against the C-termi-
nal peptide (1:300), and polyclonal antisera against rStcE’ (1:1,500) for 2 h at
23°C in PBS. The corresponding control sera were also tested. Following this
incubation, human C1-INH (0.5 p.g) was added to each sample and incubated for
2.5 h at 23°C in a 10-pl (total volume) mixture. Samples were boiled in SDS-
PAGE sample loading buffer for 5 min. Antibody inhibition of rStcE’ proteolytic
activity against C1-INH was examined by SDS-PAGE and immunoblot anal-
ysis using polyclonal goat antiserum against human C1-INH (1:2,000; Cedar-
lane, Hornby, Canada) and an HRP-conjugated secondary antibody (1:2,000;
Bio-Rad).

Anti-C1-INH antiserum experiments. The effect of antibodies on StcE-medi-
ated cleavage of C1-INH was determined by incubating C1-INH (0.5 pg) with
3C7 (1:250), 4C3 (1:50), or goat anti-human CI-INH polyclonal antibodies
(1:100) at 23°C in PBS. After this incubation, rStcE’ (0.5 ng) was added to each
mixture, and the samples were incubated overnight at 23°C in 10-pl (final vol-
ume) mixtures. Proteins were boiled for 5 min in SDS-PAGE sample loading
buffer and analyzed by SDS-PAGE and immunoblot analysis using rabbit anti-
human C1-INH polyclonal antibody (1:2,000) and an HRP-conjugated secondary
antibody (1:2,000; Bio-Rad).

Mucin immunoblots. Cell fractions of Hep-2, Caco-2, and LS174T cells were
prepared as described previously (12). Briefly, S1 fractions contained proteins
secreted by cells into PBS, S2 fractions were cell lysates extracted with saponin,
and S3 fractions were lysates extracted with saponin and digitonin. Cell fractions
(30 pl for S2 and S3 and 300 wl for S1) were treated with rStcE’ (3 pg) or 20 mM
Tris (pH 7.5) at 37°C for 4 h (3 h for S1 fractions, which were subsequently
precipitated with trichloroacetic acid). Control reactions demonstrated that
rStcE’ was proteolytically active against C1-INH in the lysis buffers (data not
shown). Reactions were stopped by adding SDS-PAGE sample loading buffer
containing EDTA and boiling the mixtures for 5 min. Proteins were separated on
an agarose gel (1%) and blotted onto nitrocellulose as described previously (12).
Each blot was probed and stripped several times. The antibodies and antisera
used as probes recognized MUC5AC (1:500; US Biologicals,) and MUC2 (poly-
clonal [1:500; Biomeda] and monoclonal [1:500; US Biologicals]). The results for
the MUCS5AC immunoblots were corroborated by the results of similar experi-
ments performed with sputum from persons with cystic fibrosis (11).

Kinetic activity assays. C1-INH and MUC7 (700 ng) were treated with rStcE’
(molar ratios, 1:20, 1:40, and 1:80) for 5 to 7 h in 20 mM Tris (pH 7.5) at 37°C.
Reactions were stopped at various times with SDS-PAGE sample loading buffer
containing EDTA. Proteins obtained at the different times were separated by
SDS-PAGE and stained with Pro-Q Emerald 300 glycoprotein stain (Molecular
Probes, Eugene, OR). Gel images were captured with a Gel-Doc transillumina-
tor equipped with a charge-coupled device camera (Bio-Rad, Hercules, CA). Gel
images were processed with the ImageQuant software to quantify protein bands.
For these experiments, 1 U of product was defined as loss of 1 U of full-length
substrate. Kinetic curve data were processed using the KaleidaGraph software
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(Synergy Software, Reading, PA) and were fitted to the integrated Michaelis-
Menten equation (28): t = p/k . Eo + (K,,./keaiEo) X In[p./(p.. — p)].

The catalytic efficiencies were compared by averaging the k,/K,, ratios of
three independent experiments. The V,,,, was calculated using the first several

max
times to determine the amount of turnover of substrate per minute and then
dividing by the amount of protease (in micrograms). The apparent K,,, for each
reaction was calculated by dividing the V., by k,/K,,,.

RESULTS

StcE contains zinc but not calcium. The StcE primary se-
quence contains the zinc metalloprotease consensus sequence,
HEXXH (15). Other zinc proteases contain additional metals
that have structural roles, most commonly calcium (10). To
determine which metals were present in StcE, the metal con-
tents of samples of rStcE’ and E435D rStcE’ diluted in either
PBS or 20 mM Tris (pH 7.5) were analyzed using inductively
coupled plasma mass spectrometry. The molar ratio of zinc to
protein was 0.7 for rStcE’ and 0.9 for E435D rStcE'. These
values were less than the expected value (1.0) probably because
some protein in the preparations was misfolded or degraded.
For other metals, including calcium, we did not obtain consis-
tent molar ratios that correlated with the concentrations of
rStcE’ or E435D rStcE’ compared to the buffer controls. This
indicates that only zinc is associated with the StcE protease (16).

StcE is active under a variety of conditions. EHEC grows or
persists in many different environments, including the bovine
rumen and intestines, ground beef, apple cider, and the human
oral cavity, stomach, and colon. We wanted to determine the
range of conditions under which the StcE protease was active,
as measured by C1-INH cleavage. Proteolytic activity was ob-
served at pH 6.1 to 9.0. The optimum pH, pH 6.5 to 7.0,
resulted in only 5 to 10% additional cleavage of C1-INH com-
pared with the cleavage at other pHs (Fig. 1A). rStcE’ was
most active in the absence of sodium chloride, although activity
was observed with 600 mM NaCl in Tris buffer (Fig. 1B).
Several repetitions of the experiment showed that the rStcE’
activity in the presence of 400 mM NaCl was lower than the
rStcE’ activity in the presence of either 300 mM or 500 mM
NaCl. These anomalous results may reflect some structural
effect at a salt concentration of 400 mM. rStcE’ activity with
CI1-INH was determined at a range of temperatures. The max-
imum activity was observed at 37°C and 42°C, and more mod-
erate activity was observed at 23°C (Fig. 1C). Low levels of
activity were observed at 4°C and 55°C, as determined by the
appearance of StcE-cleaved bands that were the size of Cl-
INH bands on an immunoblot (data not shown). rStcE’ was
also active in water, in two tissue culture media, RPMI and
Eagle’s minimal essential medium supplemented with 10%
fetal bovine serum, and in buffers containing detergents, such
as saponin (2%), digitonin (0.5%), and SDS (0.02%) (data not
shown).

StcE activity is stable after prolonged incubation and freeze-
thawing. Using experiments similar to the experiments de-
scribed above, we examined the practical aspects of handling
the StcE protease in the laboratory setting. A test of the sta-
bility of rStcE’ protease activity produced some surprising re-
sults. Incubation for 8§ or 18 days at 23°C did not result in a loss
of StcE activity against C1-INH (Fig. 2A). After incubation at
37°C rStcE’ retained its 30% activity after 8 days, and after 18
days about 15% of the activity remained (Fig. 2A). Immuno-
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FIG. 1. Characterization of rStcE’ activity with C1-INH in various
reaction conditions. The activity of rStcE’ was examined in Tris or
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) buffer (50 mM) at
pH 6.1 t0 9.0 (A), in the presence of various NaCl concentrations (0 to
600 mM) (B), and at various temperatures (C).

blots of rStcE’ samples stored at 37°C revealed that there was
significant loss of full-length StcE (data not shown). After 65
days of incubation at room temperature (23°C), rStcE’ was as
active as the control protein stored at —20°C (Fig. 2B). Freez-
ing and thawing seemed to have little effect on rStcE’ activity
(Fig. 2C). Immunoblots revealed that full-length rStcE’ pro-
tein was still present after rStcE’ was stored at 23°C for 53 days
and after rStcE’ was subjected to 11 cycles of freezing and
thawing (data not shown).

StcE retains activity after treatment with proteases. As an
enteric pathogen, EHEC faces proteolytic activity throughout
its passage from the oral cavity through the colon, both from
host-produced proteases and from microbial proteases. Since
StcE is a secreted protein, we examined whether human or
microbial proteases eliminated StcE activity.

To determine whether rStcE’ activity was protease resistant,
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FIG. 2. Determination of rStcE’ activity after prolonged incubation
or freeze-thaw cycles. A sample of rStcE’ in Tris buffer was incubated
at room temperature (23°C) or at 37°C, and activity assays were per-
formed with C1-INH (A and B). Additional enzyme samples were
subjected to no, two, or six freeze-thaw cycles before activity assays
(C). The activity of rStcE’ after various treatments was compared to
the activity of control rStcE’, which was obtained from a thawed stock
solution and was used immediately in the assays.

rStcE’ was treated with a protease, and then CI-INH was
added to observe whether StcE-cleaved fragments that were
the size of C1-INH fragments were produced. Figure 3 shows
the results of these experiments for neutrophil elastase. Table
1 shows a summary of rStcE’ activity after treatment with other
proteases. The incubation times and concentrations of the pro-
teases were sufficient to degrade BSA. The reaction mixtures
were separated by SDS-PAGE, blotted, and probed with anti-
serum against C1-INH. Treatment of C1-INH with the pro-
teases resulted in a unique pattern of breakdown products.
Conversely, rStcE’ was relatively resistant to proteolytic diges-
tion, except for digestion with proteinase K. Addition of C1-
INH to protease-treated rStcE’ resulted in C1-INH fragments
different than the fragments obtained for protease-treated C1-
INH, as well as some fragments whose sizes were similar to the
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FIG. 3. Determination of rStcE’ activity with C1-INH after treat-
ment with proteases. rStcE’ was treated with various proteases at levels
that completely degraded BSA (not shown). The results of a repre-
sentative experiment performed with neutrophil elastase are shown.
All reaction mixtures were incubated for 2 h at 37°C; then either the
reaction was stopped or there was a second 2-h incubation. Reaction 1,
untreated C1-INH; reaction 2, C1-INH treated with neutrophil elas-
tase; reaction 3, rStcE’ treated with neutrophil elastase prior to addi-
tion of CI-INH; reaction 4, C1-INH treated with elastase prior to
treatment with rStcE’; reaction 5, C1-INH treated with neutrophil
elastase for 4 h; reaction 6, C1-INH treated with rStcE’. All reaction
mixtures were separated by SDS-PAGE, blotted, and probed with
polyclonal antiserum against C1-INH. The blots were exposed for 5 to
10 times the normal time to detect all breakdown products. The mo-
lecular masses of markers (in kilodaltons) are indicated on the left. C,
CI1-INH; E, neutrophil elastase; S, rStcE’.
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sizes of StcE-cleaved CI1-INH fragments (Fig. 3). Control re-
action mixtures contained C1-INH that was treated with pro-
teases for an extended incubation time, and the results dem-
onstrated that the CI1-INH breakdown products created by
addition of rStcE’ were unique and not due to continued
breakdown of C1-INH with the proteases. C1-INH cleavage
activity was observed after rStcE’ was treated with any of four
proteases, trypsin, chymotrypsin, neutrophil elastase, or P.
aeruginosa elastase. Proteinase K, however, degraded StcE
enough that proteolytic activity with C1-INH was eliminated.

Antibodies against StcE or C1-INH do not eliminate StcE
activity with C1-INH. Workers in our lab demonstrated previ-
ously that StcE can be detected in the stools of EHEC-infected
children (15). Another report showed not only that StcE was
expressed in vivo but also that sera from convalescent-phase
hemolytic-uremic syndrome patients reacted to the StcE pro-
tein (referred to as TagA) (20). Therefore, we examined
whether antiserum against the StcE protein disrupts its pro-
teolytic activity. Rabbit polyclonal antiserum against rStcE’ or
against peptides derived from the protein sequence were pre-
incubated with rStcE’. When C1-INH was added, rStcE’ was
still able to cleave amounts of C1-INH similar to the amounts
observed with the corresponding control sera (Fig. 4A). We
then examined whether antiserum against the StcE substrate,
CI1-INH, inhibited the cleavage. Rabbit polyclonal antiserum
and mouse monoclonal antibodies against C1-INH were pre-
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FIG. 4. Effects of antisera and antibodies against C1-INH and
rStcE’ on the ability of rStcE’ to cleave C1-INH. (A) Polyclonal anti-
serum (pAb) against rStcE’ (reactions 7 and 8), monospecific anti-
serum against the C terminus (C) of StcE (reactions 5 and 6), and
monospecific antiserum against an N-terminal region (N) of StcE
(reactions 3 and 4) all failed to inhibit cleavage of C1-INH by rStcE’
compared to the control sera (pAb-pb, C-pb, and N-pb [reactions 4, 7,
and 8, respectively]). (B) Polyclonal antiserum (pAb) against C1-INH
(reaction 7), monoclonal antibody 3C7 (reaction 3), and monoclonal
antibody 4C3 (reaction 5) did not inhibit rStcE’ activity, as measured
by cleaved CI1-INH fragments compared to a control (reaction 2).
Control (reactions 4, 6, and 8) did not show proteolytic activity in the
absence of rStcE’. Ab, antibody.

incubated with C1-INH. When rStcE’ was added to the mix-
ture, it was able to cleave at levels comparable to the levels
observed for the buffer control (Fig. 4B).

StcE does not cleave MUC2 or MUCS5AC. Our previous
results demonstrated that StcE cleaves heavily glycosylated,
mucin-like proteins (12). Here we tested StcE activity with
other mucins present in the gastrointestinal tract. Cell fractions
from two mucin-producing cell lines, Caco-2 and LS174T, were
treated with rStcE’ or buffer, separated by agarose gel electro-
phoresis, and blotted. The same immunoblot was probed
with antibodies against MUC2, a major colonic mucin, and
MUCSAC, a major salivary mucin. No breakdown products or
differential banding was apparent in either experiment, dem-
onstrating that rStcE’ does not cleave MUC2 or MUCSAC
produced by the Caco-2 and LS174T cell lines (data not
shown).

StcE does not cleave a1 acid glycoprotein. Like C1-INH, a1
acid glycoprotein (AGP) is an acute-phase glycoprotein found
in the serum that is thought to play a role as an anti-inflam-
matory agent and immunomodulating regulator (for a review
see reference 7). AGP has a molecular mass of 41 to 43 kDa,
and 45% of its molecular mass is in the form of five or six
sialylated N-linked glycans (23). The physical and functional
similarities of AGP and C1-INH suggested that AGP might be
a substrate for StcE. AGP and C1-INH were immobilized on
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FIG. 5. rStcE’ interaction with C1-INH and MUC?7. Samples ob-
tained at various times during cleavage reactions of rStcE’ with C1-
INH or MUC7 were separated by SDS-PAGE and stained with Pro-Q
Emerald 300 glycoprotein stain. The full-length substrate bands were
imaged and used to calculate progress curves for cleavage of C1-INH
(A) and MUCT7 (B).

nitrocellulose and probed with rStcE’, and only C1-INH was
bound by rStcE’ (data not shown). StcE-treated AGP was the
same size as buffer-treated AGP, as determined by SDS-PAGE
(data not shown). Together, these data show that StcE neither
binds nor cleaves AGP.

StcE activity with MUCT7 is twofold more efficient than StcE
activity with C1-INH. Proteases often exhibit different kinetics
with different substrates. We examined whether StcE activity
with the complement regulator C1-INH differed from its in-
teraction with MUCT, a secreted mucin. Assays of rStcE’ ac-
tivity with MUC7 and C1-INH were performed using a time
course format, and the results were analyzed to determine
several kinetic parameters. The V. revealed the maximum
speed of cleavage under the conditions tested per mass of
protease. The k_,/K,,, ratio measured the efficiency of cleavage,
taking into account both binding and turnover events. From
these data, the apparent K,,, for reactions was calculated, and
the results provided insight into binding events.

As determined using activity curves (Fig. 5 A and B), the
kea/K,, for the StcE-MUC?7 interaction was 2.61 X10* M !
s~ !, while the k,/K,, for the StcE-C1-INH interaction was
1.16 X10* M~ ! s~ !, The average ratio of the k., /K,, for MUC7
to the k.,/K,,, for C1-INH for three independent experiments
was 2.5 = 0.3, indicating that the StcE protease cleaved the
MUCT7 substrate more efficiently. The V., values for StcE

max
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TABLE 2. Kinetic parameters for activity of StcE
with C1-INH and MUC7*

. Avg ratio

Parameter CI-INH MUcy Ratio (mean * SD;
(rep.) (ep)  (ep) L
kel K,y M71s7h) 116 X 10*  2.61 X 10*  2.25 25+03
Vimax (NM/min/pg) 66.8 70.2 1.05 1103

“The data were fitted to a modified Michaelis-Menten curve, allowing inter-
polation of k., /K,,, and V., values for the representative reactions (rep.) shown
in Fig. 5.

b Average ratios (three independent trials) of .
C1-INH and of V,,,, for MUCT7 to V,

max max

cat/K,,, for MUCT to k,
for C1-INH.

K, for

cat/

with C1-INH and MUC7 were 66.8 and 70.2 nM/min/pg, re-
spectively (Table 2), indicating that the rates of cleavage were
similar. The K, was calculated to be 0.13 pM for MUC7 and
0.27 uM for C1-INH, revealing that the StcE interaction with
MUCT has a twofold-greater affinity than the StcE interaction
with C1-INH.

DISCUSSION

We tried to further characterize the activity of the StcE
protease and to test hypotheses derived from a model for the
role of StcE in EHEC pathogenesis. The data show that StcE
is a robust enzyme that is resistant to proteolysis by other
proteases, stable for many weeks at 23°C, stable for days at
37°C, and stable after repeated freeze-thaw cycles. StcE was
active in buffers at pH 6.1 to 9.0, in the presence of NaCl
concentrations ranging from 0 to 600 mM, at temperatures
ranging from 4°C to 55°C, and in the presence of low concen-
trations of detergents. Additionally, polyclonal antisera against
StcE and a substrate, C1-INH, did not inhibit the cleavage of
CI1-INH by StcE. These data provide strong evidence that StcE
could be active in various environmental or colonization con-
ditions.

As a protein released in the oral and intestinal environments
during infection, the StcE protease may be susceptible to deg-
radation by both host and microbial proteases. Our laboratory
found that StcE is present in sterile-filtered stools of EHEC-
infected children, proving that StcE is present extracellularly
during EHEC infection (15). Experiments in the present study
demonstrated that, with the exception of the fungal protease
proteinase K (22), StcE retained its protease activity after
treatment with other proteases, as determined by its ability to
cleave C1-INH. Figure 3 shows that StcE was resistant to a
variety of proteases, even though it contained numerous cleav-
age sites for each of these proteases. For example, trypsin
cleaves its substrates after positively charged residues, chymo-
trypsin cleaves after large hydrophobic residues, and elastase
cleaves after small hydrophobic residues (21). Protease-
cleaved StcE fragments that retain activity may prove to be
useful for identifying structure/function relationships of the
StcE protease.

Not only is StcE present in stools during colitis (15), but
other laboratories have shown that people with EHEC infec-
tions produce antiserum against StcE (referred to as TagA by
Paton and Paton [20] and by Zhang et al. [27]). The finding
that polyclonal antiserum against StcE or against C1-INH did
not eliminate StcE activity is intriguing. The data suggest that
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immunogenic regions of StcE are not present in regions of the
protein involved in substrate binding or proteolysis. It would be
interesting, however, to examine whether convalescent patient
sera could inhibit StcE activity, since these antisera might be
produced in the conditions present during normal EHEC in-
fections.

Little is known about the three-dimensional composition of
the StcE protease. Therefore, a metal analysis was performed
to begin a rudimentary analysis of StcE structure. The data
indicated that StcE contains one zinc atom per protein, likely
carried at the histidine-rich zinc consensus sequence in the
presumed active site. StcE did not contain structural calcium,
which is often associated with other metalloproteases. Impor-
tantly, the proteolytically inactive mutant E435D rStcE’ con-
tained a zinc atom. When E435D rStcE’ was treated with
neutrophil elastase, the breakdown products were similar to
those obtained for rStcE’ (data not shown). Like rStcE’,
E435D 1StcE’ was able to localize C1-INH to cell membranes
(unpublished data). Therefore, the E435D mutation in the
StcE protease did not affect the structural integrity and func-
tionality in terms of zinc binding and the ability to bind sub-
strate and associate with cells.

The characterization of StcE protease in this report places
StcE in the context of other endopeptidases. StcE is a neutral
zinc metalloprotease that lacks structural calcium and is active
against C1-INH in the pH range tested (pH 6.1 to 9.0). Unlike
other proteases, such as those in the thermolysin family (13,
22), StcE does not have a propeptide, nor is it highly thermo-
stable. It was inactive at temperatures above 60°C. Similar to
proteases used commercially in stain removers and laundry
detergents (21), StcE remained active in solutions containing
detergents. This finding is biologically relevant because bile
secreted into the intestines acts like a detergent (24). The fact
that there was StcE activity after repeated freeze-thaw cycles
and extended incubation (Fig. 2) provided evidence that StcE
is a stable protease. The findings that StcE activity was resis-
tant to proteolysis, resistant to antibody interference, and ac-
tive in various buffers and detergents show that StcE could be
active under the physiological conditions in patients with en-
terohemorrhagic colitis.

The model for dual roles of StcE in EHEC infection (12)
was supported by the data showing that MUC7 was a more
efficient substrate for StcE than C1-INH was. The model as-
serts that StcE activity with mucins is important in the oral
cavity to evade aggregation by first-line defense molecules,
such as glycoproteins gp340 and MUCT7. Also, StcE mediates
the ability of EHEC to adhere intimately to intestinal epithelial
cells, an essential step in colonization, by promoting penetra-
tion of EHEC through the mucin barrier lining the intestines.
This activity may contribute to the low infectious dose that is a
hallmark of EHEC pathogenesis. After the bacteria adhere to
host cells intimately via the characteristic A/E lesions, the
infection progresses. The Shiga toxins and other bacterial ef-
fectors compromise the intestinal barrier and associated endo-
thelium, allowing complement factors carried by the blood and
serum to enter the intestinal lumen. StcE then mediates bind-
ing of C1-INH to bacterial and host cell surfaces, protecting
them from complement-mediated lysis. In the bovine host the
mucinase activity of StcE may provide a selective advantage to
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EHEC by increasing the ability of the bacteria to intimately
adhere to and colonize host cells within the terminal rectum.

To establish colonization, EHEC needs to rapidly evade
innate immune responses, such as mucin aggregation, and
needs to quickly traverse the mucus layer of the intestines to
colonize the host. StcE activity against MUC7, a secreted mu-
cin, might therefore be more efficient than the StcE interaction
with C1-INH. C1-INH, which occurs at high levels in serum,
likely floods the intestinal lumen during colitis. Less efficient
cleavage of C1-INH may explain the previous finding that StcE
localization of C1-INH to cell membranes resulted in reduced
complement-mediated lysis (14). The in vitro StcE kinetic data
support this model. The V,,,, values for the two substrates
were similar, although low, indicating that cleavage of each
substrate molecule took approximately 5 min. The &, /K,, re-
sults revealed that StcE activity was more efficient against
MUCY7, meaning that each interaction of StcE and MUC7 was
2.5-fold more likely to produce cleavage than each StcE inter-
action with C1-INH. The calculated K,, showed that StcE
might bind MUC7 more tightly than C1-INH, although both
values were surprisingly low compared to the values for other
protease-substrate interactions, suggesting that StcE has a high
affinity for its substrates.

These data suggest that StcE may act as an adhesin as well
as a protease. This interpretation is similar to the hypothesis of
Béckhed et al. that the glycoside hydrolases and other glycan-
utilizing enzymes of Bacteroides thetaiotaomicron may function
as adhesive structures, since the genome of this organism lacks
obvious pilin-like sequences (1). The enzymes purportedly pro-
vide effective adherence in their glycan environment.

In our initial description of the StcE protease, we found that
it stably bound C1-INH that had been immobilized on a poly-
vinylidene difluoride membrane. The high affinity of StcE for
its substrates explains why this interaction could be discovered.
Since the discovery that C1-INH is an StcE substrate, we have
searched for additional proteins with which StcE might inter-
act. In this study, we identified several proteins that exhibit
functional and physical similarities to known StcE substrates
and examined whether they were also substrates for StcE pro-
teolysis. For instance, antibodies against MUC2 and MUC5AC
were used to examine whether StcE cleaved mucins in cell
lysates, but both assays were negative for cleavage (Table 3).
Mucins are produced heterogeneously, even compared to cells
from the same tissue of an individual. This is due to alternative
splicing, as well as varied glycosylation events (8). In addition,
cancer cell lines are known to have differential glycosylation
that may affect protein-protein interactions (3-5). Thus, al-
though the mucins tested in this study were not cleaved, it is
still possible that mucins produced in other types of tissue or
other individuals could be susceptible to StcE cleavage. An-
other protein, AGP, shares physical and functional character-
istics with C1-INH, but it was not cleaved by StcE (Table 3).
The lack of activity with MUC2, MUCS5AC, and AGP contin-
ues to support the contention that StcE is a specific protease.

StcE, whose molecular mass is 95 kDa, is a large protein,
unlike most metalloproteases, which generally have molecular
masses of 25 to 60 kDa. One exception is lethal factor of
Bacillus anthracis, which is a specific zinc metalloprotease with
a molecular mass of approximately 90 kDa. The crystal struc-
ture revealed four separate domains (19). We hypothesized
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TABLE 3. Proteins tested for StcE cleavage activity

Protein StcE substrate Reference
CI1-INH + 15
MUC7/MG2 + 12
gp340/DMBT1/salivary agglutinin + 12
al Acid glycoprotein - This study
MuUC2 - This study
MUC5AC - This study
MUCSB - 11
al-Antitrypsin - 15
a2-Antiplasmin - 15
al-Antichymotrypsin - 15
Casein - 15
Porcine mucin - 12
Bovine fetuin - 12
Bovine submaxillary mucin - 12

that StcE may contain domains other than the protease active
site. The other domains could be important for substrate bind-
ing, glycan interaction, or the ability of StcE to associate with
cells. Recent genome sequencing projects have revealed puta-
tive open reading frames encoding proteins with amino acid
sequences similar to those of StcE. For instance, the genome of
Photobacterium profundum (26) and DNA isolated from Sar-
gasso Sea samples (25) both encode StcE-like sequences. The
new StcE-like sequences are in addition to the previously iden-
tified putative homologues TagA and TagA-related protein of
Vibrio cholerae and Vibrio vulnificus. It will be interesting if
other members of the proposed StcE-like metalloprotease
(SLiMe) family have similar activities or have diverged enough
to have unique activities. In this report we characterize in vitro
activities of the StcE protease and provide a reference point
for characterization of other SLiMe family members.
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