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Enteropathogenic Escherichia coli (EPEC) secretes at least five proteins. Two of these proteins, EspA and
EspB (previously called EaeB), activate signal transduction pathways in host epithelial cells. While the role of
the other three proteins (39, 40, and 110 kDa) remains undetermined, secretion of all five proteins is under the
control of perA, a known positive regulator of several EPEC virulence factors. On the basis of amino-terminal
protein sequence data, we cloned and sequenced the gene which encodes the 110-kDa secreted protein and
examined its possible role in EPEC signaling and interaction with epithelial cells. In accordance with the
terminology used for esp4 and espB, we called this gene espC, for EPEC-secreted protein C. We found signif-
icant homology between the predicted EspC protein sequence and a family of immunoglobulin A (IgA)
protease-like proteins which are widespread among pathogenic bacteria. Members of this protein family are
found in avian pathogenic Escherichia coli (Tsh), Haemophilus influenzae (Hap), and Shigella flexneri (SepA).
Although these proteins and EspC do not encode IgA protease activity, they have considerable homology with
IgA protease from Neisseria gonorrhoeae and H. influenzae and appear to use a export system for secretion. We
found that genes homologous to espC also exist in other pathogenic bacteria which cause attaching and effacing
lesions, including Hafnia alvei biotype 19982, Citrobacter freundii biotype 4280, and rabbit diarrheagenic E. coli
(RDEC-1). Although these strains secrete various proteins similar in molecular size to the proteins secreted
by EPEC, we did not detect secretion of a 110-kDa protein by these strains. To examine the possible role of
EspC in EPEC interactions with epithelial cells, we constructed a deletion mutant in espC by allelic exchange
and characterized the mutant by standard tissue culture assays. We found that EspC is not necessary for
mediating EPEC-induced signal transduction in HeLa epithelial cells and does not play a role in adherence or

invasion of tissue culture cells.

Secretion of proteins by gram-negative bacteria requires
their transfer across both the cytosolic (inner) and outer mem-
branes in addition to the intervening periplasmic space. To fa-
cilitate this, these organisms have developed a variety of
secretion mechanisms, as exemplified by the Escherichia coli
hemolysin (type I pathway) system and the sec-dependent re-
lease of pullulanase (type II pathway), which have been studied
extensively (9, 36, 46-48). Recently, a type III secretion system
family has been identified in many gram-negative animal
pathogens such as Yersinia sp. (8, 41), Shigella flexneri (2-4, 55),
and Salmonella typhimurium (11, 21) and in plant pathogens
such as Pseudomonas syringae, Pseudomonas solanacearum, and
Xanthomonas campestris pv. campestris (54). A distinguishing
characteristic of proteins secreted by the type III system is the
lack of a cleavable leader peptide and the requirement for
specific chaperones. Many of the proteins released by the type
III system have been shown to be virulence factors, such as the
invasion plasmid antigens (Ipas) of Shigella spp. (25, 26, 51)
and the Yersinia outer membrane proteins (Yops) (12).

Recently, it has been shown that enteropathogenic E. coli
(EPEC), a human pathogen that causes neonatal diarrhea, also
encodes a type III secretion system mediated by the sep gene
products (27). This system is responsible for secretion of at
least four proteins, two of which (EspA and EspB) have been
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characterized as proteins essential for transducing signals to
host cells (15, 19, 31). EPEC induced signaling leads to inositol
phosphate fluxes (20), increased intracellular calcium levels
(5), host protein phosphorylation (38, 39, 49), and accumula-
tion of actin and other cytoskeletal proteins beneath adherent
bacteria (18, 35). However, strains containing mutations in
tested sep genes, espA, or espB are deficient in activating epi-
thelial signaling (13, 19, 30, 31).

In addition to these secreted effector molecules, an EPEC
outer membrane protein, intimin, is required for intimate bac-
terial attachment to host cells (28, 29) and to focus the poly-
merization of cytoskeletal components beneath the adherent
bacteria (18, 35). In the gut, EPEC attachment and EPEC-
mediated cytoskeletal rearrangements lead to the disruption of
the intestinal microvilli. This phenotype is known as the at-
taching and effacing (A/E) lesion phenotype (42).

In addition to the secretion of the four proteins mentioned
above via the type III pathway, EPEC also releases a fifth
protein by an alternative mechanism. Although secretion of
this protein is not altered by mutations in the sep genes, its
secretion is coregulated with sep-mediated protein secretion
(30). Both sep-dependent and independent secretion pathways
are affected by temperature, CO,, and a positive regulator,
perA (23, 24, 27, 30). perA is responsible for the regulation of
several known virulence factors such as intimin and BfpA (a
protein involved in the formation of microcolonies and effi-
cient binding to host cells) (22). In this study, we examined the
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Genotype or description

Reference or source

Strains
EPEC
E2368/69 Wild type 13
JPN15 pMAR?2-cured E2368/69 13
UMDS864 E2368/69 with espB deletion 23
MASI111 E2368/69 with espC deletion This study
MAS112 MASI111 complemented with pMS14 This study
MAS113 MASI111 complemented with pMS15 This study
MAS120 JPN15/pCVD450 with espC deletion This study
MASI121 E. coli K-12 transformed with pMS16 This study
Rabbit diarrheagenic E. coli Wild type 10
RDEC-1
Citrobacter freundii
DBS100 (C. freundii EacA™ EspB™ 6
biotype 4280)
DBS342 Type strain
Hafnia alvei
19982 (biotype) A/E" eaeA™ 1
ATCC 13337 Type strain
E. coli
DH5«a supE44 AlacU169 ($p80lacZAM15) hsdR17 recAl endAl gyrA96 thi-1 relA1 Bethesda Research Laboratories
Life Technologies Inc.
K-12
SM10Apir Permissive host for pCVD422 52
Plasmids
pACYC184 Low-copy-number plasmid; Cm" Tc" New England Biolabs
pBluescript SK(+) High-copy-number phagemid; Ap” Stratagene
pCVD422 Suicide plasmid for positive selection of allelic DNA exchange 14
pMW119 Low-copy-number plasmid, Ap*
pCVD450 PACYC184 containing the perA regulator 15
pMS6 espC 5" end in pbluescript; Ap” This study
pMS7 espC 3’ end in pbluescript; Ap® This study
pMS14 espC in pACYC184; Cm" This study
pMS15 AespC in pACYC184, Cm" This study
pMS16 espC in pMW119, Ap* This study

role of the 110-kDa secreted protein in EPEC signal transduc-
tion in epithelial cells. We describe the cloning of the structural
gene, characterization of the 110-kDa product, and distribu-
tion of the gene and product among other A/E pathogens.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1. Bacteria were grown overnight in Luria-Bertani (LB)
broth or in Dulbecco’s minimal Eagle medium (DMEM) at 37°C without shak-
ing.
HeLa (ATCC CCL2), HEp-2, and CaCo-2 cells were grown at 37°C 5% CO,
in minimal Eagle medium supplemented with 10% (vol/vol) fetal calf serum.

Cloning and DNA sequence analysis of espC. To clone the espC gene, the
degenerate oligonucleotide MS2 [5'-GCCCAIACA(G)TTA(G)TCA(G,T)ATA
(G)TT-3'], which was derived from N-terminal protein sequencing (30), was
hybridized with EcoRI-Sall-digested chromosomal DNA from EPEC E2368/69
under stringent hybridization conditions. This probe hybridized to a 2,000-bp
EcoRI-Sall fragment which was cloned into the vector pBluescript SK(+). The
resulting plasmid was called pMS6. Since this fragment was insufficient to en-
code the entire 110-kDa protein, it was used as a hybridization probe to identify
a 5,500-bp Bg/ll chromosomal fragment. This fragment, which contained a
130-bp overlap with pMS1, was also cloned into the vector pBluescript SK(+)
and called pMS7. To construct a clone which contained contiguous DNA from
both fragments, the 2,000-bp EcoRI-Sall fragment from pMS1 was cloned into
pACYC184. The resulting clone was digested with Sa/l-Eagl and recombined
with the 5,500-bp Sa/l*-Eagl fragment (* indicates partial digestion) of plasmid
pMS7, and the larger resulting chimera was called pMS14. To express EspC
under the control of the lac promoter in E. coli K-12, we amplified espC by PCR
with the oligonucleotides MS66 (5'-AAAGGATCCCTGGTGATAAAAACAT
TATGTG-3') and MS67 (5'-AAAGAATTCGCAGTATATAAACATACTCA
G-3') and cloned the resulting fragment behind the isopropyl-B-p-thiogalacto-
pyranoside (IPTG)-inducible lac promoter of the vector pMW119. The resulting

plasmid was called pMS16 and transformed into the E. coli laboratory strain
K-12.

The plasmids pMS1 and pMS7 were then digested with exonuclease IIT
(Erase-a-Base; Promega) to obtain a set of nested deletions. Priming of DNA
sequencing reactions utilized the M13 forward primer and the T3 primer. By
using the exonuclease III deletion clones, both DNA strands were sequenced,
including a 250-bp overlap between pMS1 and pMS7. The DNA sequence of
espC was determined with the Tag DyeDeoxy terminator cycle sequencing kit
from Applied Biosystems as described in the manufacturer’s instructions. Se-
quence similarity searches were carried out with the BLAST program of the
National Center for Biotechnology Information. The Seqapp program from Don
Gilbert (Biocomputing Office, Biology Department, Indiana University, Bloom-
ington) was used for alignments of the predicted EspC sequence.

Construction of an espC deletion mutant in EPEC E2348/69. We used plasmid
pMSI1, which contained the first 1,250 bp of espC, to create a 5" deletion of 369
bp between bp 51 and bp 420 of the open reading frame. This was done by
inverse PCR amplification with the oligonucleotides MS9 (5'-CAAAGCTTCC
GGATGACGAATGGAGAT-3") and MS10 (5'-CAAAGCTTTCAGGCCAGT
TCGGATACAGC-3'). Both oligonucleotides contained a HindIII site as a 5’
extension, allowing the religation of the amplification product. The oligonucle-
otide MS9 also introduced a stop codon in front of the newly created HindIII site
to terminate protein translation. The 1,600-bp Smal-Sall fragment of the deleted
clone was then transferred into pCVD422 (14), a positive-selection suicide vector
containing the sacB gene, and transformed into SM10Apir (51). Selection for
homologous recombination was carried out as described before (14). One re-
combinant clone which was deleted in the chromosomal espC locus as shown by
whole-cell PCR was identified. This strain failed to secrete the 110-kDa protein
and was designated MAS111 and used in further investigations.

To create an in-frame deletion mutant which was missing the putative catalytic
serine endopeptidase site (GDSGS), we used inverse PCR as described above.
The oligonucleotides MS64 (5'-TTTCCCGGGGGTGACAATACTACAGTCG
ACTGG-3') and MS65 (5'-TTTCCCGGGAGCTCCACCTATAGATGTAGTA
GC-3") were used to delete 831 bp (bp 386 to 1217) in plasmid pMS14 and also
to introduce a Smal site to allow religation. The resulting plasmid was called
pMSI15 and transformed into the espC deletion strain MAS111. The new strain
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expressed an EspC product with an apparent molecular mass that was 30 kDa
smaller than that of the wild-type protein and was designated MAS113.

IgA protease activity. EPEC and MASI111 were grown as overnight standing
cultures at 37°C in DMEM. The next morning, the bacteria were removed by
centrifugation for 5 min at 8,000 X g. Proteases in the supernatant were removed
by cation-exchange chromatography (Bio-Rad; S Cartridge) since, otherwise,
degradation of the supernatant proteins was observed during concentration. This
procedure did not remove the EspC protein, as the flowthrough still contained all
EPEC-secreted proteins as tested by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The supernatant proteins were then concentrated
500-fold by ultrafiltration (Amicon) through a 30-kDa filter membrane (Diaflo
ultrafilters; model PM30). Eight microliters of a 1-mg/ml concentration of hu-
man immunoglobulin A (IgA) was added to 17 pl of concentrated supernatant
(about 75 pg of EspC per ml, as estimated from SDS-PAGE), and the mixture
was incubated overnight at 37°C. Alternatively, fresh culture supernatant was
incubated with IgA. Five microliters of IgA protease of Neisseria gonorrhoeae
(100 wg/ml) was used as a positive control (purified IgA protease was a gift from
T. F. Meyer). Samples were analyzed by SDS-PAGE on a 10% polyacrylamide
gel, and the gel was silver stained.

Adherence and invasion assay. Adherence and invasion assays were carried
out as described by Finlay and Falkow (17) with slight modifications. Briefly,
HeLa cells were seeded in 24-well tissue culture plates at a density of 10° cells per
well and grown overnight at 37°C under 5% CO,. Ten microliters of fresh
bacterial overnight cultures was added to each well, and the cells were infected
for 3 h at 37°C under 5% CO,. To measure invasion, bacterium-infected mono-
layers were washed twice with phosphate-buffered saline (PBS) and incubated
with fresh tissue culture medium containing 100 pg of gentamicin per ml to kill
extracellular EPEC. After 2 h, monolayers were washed with PBS and lysed by
incubating with 200 pl of 1% Triton X-100 per well for 5 min. Appropriate
dilutions were made in PBS and plated onto LB agar plates. To determine the
number of adherent bacteria, washed monolayers were lysed immediately before
the gentamicin step.

Protein secretion assay. Culture supernatants were obtained as described
above and elsewhere (30). Proteins were then precipitated with 10% trichloro-
acetic acid for 1 h on ice. The proteins were collected by centrifugation (18,000 X
g, 15 min), resuspended in 1X SDS-PAGE loading buffer, and analyzed by
SDS-PAGE on a 10% polyacrylamide gel. For radioactive labeling, bacteria were
grown in DMEM without methionine and cysteine at 37°C to an optical density
at 600 nm of 0.2. Then, 10 wCi of [**S]methionine and [**S]cysteine (Tran>>S
label; ICN) was added, and the bacteria were incubated for 30 min at 37°C.
Secreted proteins were separated by SDS-PAGE and detected by autoradiogra-
phy.
Southern blot and colony blot hybridization. Southern and colony blot hybrid-
izations using stringent hybridization conditions were carried out as described
before (58). Hybridization of chromosomal DNA with 3?P-labeled oligonucleo-
tide MS2 was carried out at 42°C. Following overnight incubation, the mem-
branes were washed twice at 23°C for 30 min and once at 50°C for 10 min in
washing buffer (2X SSPE, 0.05% SDS) and exposed with X-ray film overnight
(1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH 7.7]).
Hybridizations with fluorescein-labeled DNA were carried out by using the
random prime DNA labeling kit from Amersham as described in the manufac-
turer’s recommendations.

Immunofluorescent microscopy and Western blotting (immunoblotting). Im-
munofluorescent microscopy and Western blotting were carried out as described
before (49). To raise antibody against the EspC protein, EPEC supernatant
proteins were concentrated by ultrafiltration, separated by 10% polyacrylamide
gel electrophoresis, and transferred onto nitrocellulose. Nitrocellulose contain-
ing the 110-kDa band was then excised, fragmented by sonication, and injected
into rabbits.

RESULTS

Identification, cloning, and sequencing of the chromosomal
espC locus. We previously determined the N-terminal se-
quence for the first 20 amino acids of the 110-kDa EPEC-
secreted protein (30). On the basis of this sequence, we de-
signed a degenerate 20-bp oligonucleotide (MS2) to hybridize
with the 5 end of the corresponding gene. MS2 was the first
hybridization probe we used to detect the fragment that re-
sulted in clone pMS1 and encoded the 5’ end of espC. This
espC 5' fragment was used in a second hybridization step to
identify and clone the 3’ end of espC (including an overlapping
region with clone pMS1) that was called pMS7. We then cre-
ated a set of nested deletions in the cloned DNA regions of
pMS1 and pMS7. From these deletion clones, the DNA se-
quence of the gene encoding the 110-kDa protein was deter-
mined. An open reading frame of 3,924 bp was identified and
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subcloned (pMS14). Analysis of this gene and the deduced
protein sequence revealed the presence of an N-terminal ex-
tension not present on the mature secreted protein. This 53-
amino-acid extension presumably encodes a signal peptide
which is processed during the transport of EspC across the
cytoplasmic bacterial membrane (33).

We found that EspC was also secreted by an EPEC strain
(JPN15) missing the virulence plasmid, indicating that espC is
not located on the virulence plasmid pMAR2 (known to en-
code perA and bfpA) but is probably on the chromosome. It has
been recently reported that a larger region of the EPEC chro-
mosome, the LEE region, is necessary for A/E lesion forma-
tion (40) and contains all known bacterial loci involved in this
phenotype. We probed two cosmid clones, SA10 and 9B3,
which span this region, for hybridization with an espC-specific
oligonucleotide (MS2). However, we were unable to detect a
homologous region in either cosmid clone (data not shown).
Additionally, sequence data of the LEE region (29a) does not
match the 5’ end of the espC sequence. On the basis of the
results described above, espC is not contained within the LEE
region.

Data bank comparison of the deduced amino acid sequence
of EspC. We next compared the EspC sequence with other
known protein sequences with the Blast P and Blast X pro-
grams of the National Center for Biotechnology Information.
This data bank comparison revealed a high homology of EspC
throughout the entire sequence with two proteins, SepA of
Shigella flexneri and Tsh of avian pathogenic E. coli, although
the degree in homology was significantly higher in the carboxy-
terminal portions of these proteins (Fig. 1). SepA Shigella
mutants are attenuated for virulence in a rabbit-based ileal
loop model (7), while Tsh is responsible for hemagglutination
of E. coli at low temperatures (45). The carboxy-terminal re-
gion of EspC was homologous to SepA with 94% similarity and
89% identity over the last 470 amino acids. The homology of
EspC to Tsh was somewhat lower, with 75% similarity and
57% identity over the carboxy-terminal 450 amino acids. How-
ever, EspC exhibited greater homology with Tsh than with
SepA at the amino-terminal region. A second group of pro-
teins from pathogenic bacteria showed a lesser degree of ho-
mology with EspC. This group included IgA protease of H. in-
fluenzae and N. gonorrhoeae. EspC exhibited homology to
a higher degree with the amino-terminal protease domain.
Twenty-four percent identity and 46% similarity also exist be-
tween the Hap protein of H. influenzae and EspC. Hap is
responsible to some extent for mediating H. influenzae adher-
ence and penetration into tissue culture cells (53). Addition-
ally, there were similar regions within the carboxy-terminal
region to the sequences of virulence proteins BrkA and per-
tactin of Bordetella pertussis. These proteins mediate serum
resistance and adhesion to host cells, respectively (16, 37).
C-terminal homology also exists for Hsr, a 150-kDa ring-form-
ing surface antigen of Helicobacter mustelae (43).

Test for IgA protease activity. Because of the sequence ho-
mology between EspC and the family of IgA proteases, we
subsequently investigated the possibility that EspC contained
IgA protease activity or has a similar secretion pathway to that
used for the export of the IgA protease family proteins. Su-
pernatant proteins of EPEC and MAS111 were concentrated
by ultrafiltration and extensively washed with PBS. Human IgA
was then incubated with concentrated or unconcentrated su-
pernatants and subsequently analyzed by SDS-PAGE under
reducing conditions. In both cases, IgA was not cleaved or
degraded (Fig. 2). However, purified N. gonorrhoeae 1gA pro-
tease, which was used as a positive control, cleaved the human
IgA.
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FIG. 1. Amino acid sequence alignment of EspC with SepA of Shigella flex-
neri (7) and Tsh of avian pathogenic E. coli (44). Regions of identity are shaded.
Typical signal sequence features (N, H, and C domains) for sec-dependent
secretion are indicated below the protein sequence. The first amino acid of the
mature proteins is underlined and in bold type. The catalytic site of IgA pro-
teases (residues 285 to 290) is underlined and in bold italic type, as is the putative
carboxy-terminal cleavage site of the helper domain for protein export across the
outer membrane (residues 1162 to 1168).

The putative serine endopeptidase site of EspC is not nec-
essary for cleavage of the protease domain from the C-termi-
nal helper domain. The last step in secretion of IgA proteases
from N. gonorrhoeae and H. influenzae into the extracellular
space involves the autoproteolytic activity of the catalytic se-
rine endopeptidase site. This event leads to the cleavage of the
protease domain from the C-terminal helper domain which
resides in the outer membrane (32, 33, 44). Because of the
striking homology between IgA proteases and EspC, we tested
whether the process of autocleavage is also necessary for se-
cretion of EspC in EPEC. We constructed the strain MAS113,
which carried a 429-bp in-frame deletion in the espC gene
including the consensus region of the putative serine endopep-
tidase site (GDSDG). The mutant still secreted EspC (Fig. 3),
indicating that the consensus sequence of the catalytic site is not
necessary for release of EspC from the helper domain. As expect-
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ed, the EspC protein secreted by the deletion strain MAS113 was
277 amino acids shorter than the wild-type protein and about
75 kDa in size. This result was also supported by the secretion
of EspC into the supernatant by E. coli K-12. This strain was
transformed with the plasmid pMS16, which contained the
espC gene under control of the lac promotor (Fig. 3).
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FIG. 2. Test for EspC IgA protease activity. Concentrated (conc) and un-
concentrated supernatants of EPEC wild-type strain E2348/69 and MAS111 were
incubated with human IgA at 37°C overnight. As a positive control, purified IgA
protease of N. gonorrhoeae was incubated with IgA under the same conditions.
IgA alone was also tested. Incubation mixtures were analyzed by SDS-PAGE on
a 10% polyacrylamide gel, and proteins were stained by silver staining. Lanes are
labeled to indicate IgA incubated with supernatant from the identified strains,
with purified IgA protease, or with no supernatant (no SN). Molecular mass
standards (in kilodaltons) are indicated on the left.

EspC is not involved in EPEC-mediated A/E lesion forma-
tion in cultured epithelial cells. Because of the critical role two
other EPEC-secreted proteins, EspA and EspB, play in the
signaling process and A/E formation, we tested whether EspC
was also necessary for this activity. We constructed a 369-bp
deletion mutation followed by a stop codon in the 5’ region of
the espC gene by use of the suicide plasmid pCVD422 (14).
This vector allowed positive selection for allelic exchange of an
espC deletion with the chromosomal espC gene. To confirm
that the espC deletion mutant, designated MAS111, was lack-
ing the 110-kDa secreted protein, we examined radiolabeled
secretion profiles from MAS111 by methods described else-
where (30). As expected, we found that MAS111 was lacking a
secreted protein of 110 kDa (Fig. 4). When a plasmid contain-
ing the cloned 110-kDa protein (pMS14) was transformed into
MASI11, this strain, designated MAS112, now secreted a 110-

43 —

FIG. 3. Immunoblot analysis. Supernatants and whole-cell lysates of various
strains (EPEC, C. freundii biotype 4280 (DBS100), and E. coli K-12) were
separated by SDS-PAGE on a 10% polyacrylamide gel, electrophoretically trans-
ferred onto nitrocellulose, and probed with polyclonal anti-EspC antibody. Sim-
ilar results to those obtained for DBS100 were also obtained for RDEC-1 and
Hafnia alvei biotype 19982 (data not shown). In all three strains, neither secreted
proteins nor proteins of whole-cell lysates cross-reacted with the anti-EspC
antibody. The apparent molecular sizes in kilodaltons are indicated on the left.
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FIG. 4. Profile of secreted proteins of EPEC wild-type strain E2348/69,
MASI111, and MAS112. EspC (110 kDa) is not secreted by the AespC deletion
mutant MAS111. The mutant was complemented by introduction of the plasmid
pMS14 (MAS112). Bacteria were grown in DMEM to an optical density at 600
nm of 0.2. Bacterial proteins were then labeled for 30 min with [**S]cysteine and
[**S]methionine. After removal of bacteria by centrifugation, supernatant pro-
teins were precipitated with 10% trichloroacetic acid, separated by 12% poly-
acrylamide gel electrophoresis, and visualized by autoradiography. Arrowheads
mark the five EPEC-secreted proteins, and their apparent molecular sizes in
kilodaltons are indicated on the left.

kDa protein, indicating that the AespC mutation could be com-
plemented (Fig. 4).

We then tested MAS111 and the isogenic parental EPEC
strain for their ability to adhere to and invade cultured epithe-
lial cells. We did not observe significant differences between
these strains in their levels of adherence to or invasion of
epithelial cell lines, including HeLa (Fig. 5), HEp-2, or polar-
ized Caco-2 cells. To exclude the possibility that differences in
adherence and invasion levels between EPEC and MAS111
were being obscured by strong adherence and invasion levels

120
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100 B invasion

80

60

40

rel. adherence and invasion

20

E2348/69

MAS111  JPN15/pCVD450 MAS120 UMD86&4

FIG. 5. Relative adherence to and invasion of various EPEC strains to HeLa
cells. EPEC wild-type strain E2348/69 and JPN15/pCVD450 were compared with
the corresponding strains deleted in the espC gene (MAS111 and MAS120).
UMDS864 carries a deletion in the espB gene. This mutant does not invade Hela
cells and is also attenuated in adhesion. Adherence and invasion assays were
performed in triplicate, and values are expressed relative to that of the EPEC
wild-type strain. The total number of adherent and invasive EPEC bacteria are
3.5 X 10° and 4.5 X 10* bacteria per 10° HeLa cells, respectively. Error bars
represent standard deviations.
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FIG. 6. Immunoblot analysis. After 3 h of infection of HeLa cells with var-
ious EPEC strains wild-type strain E2348/69, UMD864 [espB deletion mutant],
and MASI11), Triton X-100-soluble HeLa cell membrane proteins were sepa-
rated by SDS-PAGE on a 10% polyacrylamide gel, electrophoretically trans-
ferred onto nitrocellulose, and probed with anti-phosphotyrosine antibody.
Lanes are labeled to indicate the infecting EPEC strains and the uninfected
control. Molecular mass standards (in kilodaltons) are indicated on the left.

mediated by the bundle-forming pilus, we also constructed the
same espC deletion in JPN15/pCVD450, which is an EPEC
strain cured of the virulence plasmid and therefore lacking
bundle-forming pili (22). This strain was designated MAS120.
JPN15/pCVD450 contains a cloned copy of the positive regu-
lator perA (23) that is necessary for transcription and expres-
sion of EPEC-secreted proteins. Because of the inability to
form microcolonies, JPN15/pCVD450 adheres and invades less
than the parental strain. However, no detectable difference in
adherence or invasion levels between JPN15/pCVD450 and
MASI120 was detected (Fig. 5).

To further test whether EspC was involved in mediating
signals in EPEC-infected epithelial cells, we examined the ef-
fect of MAS111 (AespC) on epithelial signaling and resulting
cytoskeletal rearrangements. MAS111 was not defective for
signaling or cytoskeletal rearrangements. Immunofluorescent
microscopy studies of Hela cells infected with MAS111 using
anti-phosphotyrosine and anti-a-actinin antibodies demon-
strated that there was still colocalization of tyrosine-phosphor-
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FIG. 7. Comparison of secreted protein profiles from A/E lesions causing
pathogens (wild-type strain E2348/69, C. freundii biotype 4280 [DBS100], Hafnia
alvei biotype 19982, and RDEC-1) and nonpathogenic strains (C. freundii
[DBS342] and Hafnia alvei type strain ATCC 13337). Bacteria were grown in
DMEM to an optical density at 600 nm of 0.2. Bacterial proteins were then
labeled for 30 min with 3S. After removal of bacteria by centrifugation, super-
natant proteins were precipitated with 10% trichloroacetic acid, separated by
12% polyacrylamide gel electrophoresis, and visualized by autoradiography. Mo-
lecular mass standards (in kilodaltons) are indicated on the left.

EPEC-SECRETED PROTEINS 6551

o
~N
o

X QW
niin

n

2
]

232

1.93 =

1.37 ==

FIG. 8. High-stringency Southern hybridization analysis of chromosomal
DNAs from various bacterial species with an espC probe. DNA of A/E lesion-
causing bacteria (wild-type strain E2348/69, C. freundii biotype 4280 [DBS100],
Hafnia alvei biotype 19982, and RDEC-1) and nonpathogenic bacteria (C. freun-
dii [DBS342], Hafnia alvei type strain ATCC 13337, and E. coli DH5a) were
digested with Bg/IT and hybridized with an internal 2,000 bp of espC DNA probe.
Markers (in kilobases) are A DNA digested with BstEII.

ylated proteins and actin condensation beneath MASI111 as
has been previously reported for EPEC (18, 35, 49).

We have previously shown that a 90-kDa host protein, Hp90,
becomes tyrosine phosphorylated following EPEC infection of
epithelial cells (49). However, we also found that MAS111 still
caused tyrosine phosphorylation of Hp90, as demonstrated by
immune blotting HeLLa membrane fractions with anti-phospho-
tyrosine antibodies (Fig. 6).

On the basis of all these results, we conclude that the 110-
kDa protein does not play a role in EPEC-mediated epithelial
cell signaling and cytoskeletal rearrangements, processes which
are critical to A/E lesion formation in vitro.

Distribution of espC in other A/E pathogens. Rabbit diar-
rheagenic E. coli (RDEC-1), Citrobacter freundii biotype 4280
(DBS100), and Hafnia alvei biotype 19982 all cause A/E lesions
(1, 6, 10). We examined whether these bacteria also secrete a
110-kDa protein. However, no member of this group secreted
a protein of this size. Interestingly, two of the tested strains,
RDEC-1 and DBS100, secreted proteins of similar sizes to the
25-, 37-, 39-, and 40-kDa proteins of EPEC, which might cor-
respond to the four EPEC-secreted proteins exported by the
type III pathway, including EspA and EspB. Hafnia alvei bio-
type 19982 secreted two proteins of 35 and 40 kDa, while
secretion of a 25-kDa protein was only weakly detected. In
contrast, type strains of Hafnia alvei (ATCC 13337) or C. freun-
dii (DBS342) that do not cause A/E lesions, and are not asso-
ciated with disease, do not secrete any proteins into the culture
supernatant (Fig. 7).

Using Southern blotting, we also examined these various
strains for the presence of a DNA sequence which hybridizes
to an espC DNA probe, which corresponded to an internal
2,000-bp fragment of the espC gene. We identified homolog-
ous sequences to espC in RDEC-1, C. freundii biotype 4280
(DBS100), and Hafnia alvei biotype 19982, while chromosomal
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DNA from nonpathogenic strains such as C. freundii DBS342,
Hafnia alvei ATCC 13337, and E. coli DH5 did not hybridize
with the espC probe (Fig. 8).

To examine whether some of these strains not only have
homologous gene sequences but also express a protein homol-
ogous to EspC, we used polyclonal antiserum raised against
the secreted form of EspC. We analyzed supernatants and
whole-cell lysates of EPEC, RDEC-1, C. freundii biotype 4280
(DBS100), and Hafnia alvei biotype 19982 grown in cell culture
medium by immunoblotting. EspC was detected only in EPEC
supernatant (Fig. 3).

DISCUSSION

In this study, we examined one of five proteins reported to
be secreted by EPEC (30). This protein, which has also been
reported to be secreted by others (27), is 110 kDa and was
designated EspC for EPEC-secreted protein C. Starting with
the amino-terminal protein sequence of mature secreted EspC,
which was determined by protein sequencing (30), we identi-
fied a chromosomal gene that encoded an open reading frame
of 1,306 amino acids. The first 53 predicted amino acids are
missing from the secreted 110-kDa protein and have several
characteristics found in signal peptides, which mediate sec-
dependent export across the cytoplasmic membrane (46).
These features include a polar stretch of positively charged
amino acids (N domain), followed by a longer region of hy-
drophobic residues (H domain), and, finally, a less-hydropho-
bic region (C domain) that contains a signal peptidase recog-
nition site (Fig. 1). The EspC open reading frame corresponds
to a precursor molecule of about 140 kDa, approximately 30
kDa more than the mature, secreted 110-kDa form found in
culture supernatant. This result suggests a possible secretion
mechanism for EspC. Unlike the four other EPEC-secreted
proteins (25 kDa [EspA], 37 kDa [EspB], 39 kDa, and 40 kDa),
which are exported by a type III pathway using sep-encoded
machinery (27, 30), EspC presumably uses a mechanism sim-
ilar to that of IgA protease from N. gonorrhoeae and H. influ-
enzae. As previously shown for Neisseria strain MS11, the IgA
protease is made as a 169-kDa precursor that is transported
through the cytoplasmic membrane by processing a signal se-
quence, using a sec-dependent pathway (33, 44). Transport
through the outer membrane occurs via the core region of the
carboxy-terminal B-domain (32). This region, whose predicted
structure is a B-barrel, is 274 amino acids (31 kDa) in size and
sufficient for its correct integration into and the transport of
IgA protease across the outer membrane. The IgA protease
domain is then cleaved off by autoproteolytic activity, while the
B-core remains in the outer membrane. Although EspC is
more similar to IgA proteases within the IgA protease domain,
the similarity exists throughout the entire protein sequence
and includes the putative motif for cleavage of the carboxy-
terminal helper domain as well as the catalytic site of the IgA
serine endopeptidase (Fig. 1). These motifs are also conserved
in SepA, Tsh, and Hap, which are secreted proteins found in
various pathogens (see below), although IgA protease activity
has not been attributed to any of these proteins. We also did
not detect IgA protease activity for EspC. Furthermore, the
hap gene is a separate locus distinct from the IgA protease
gene in H. influenzae (53). Although no other protease activity
nor substrate has been found for these proteins, the proteolytic
activity of the amino-terminal region may play a crucial role for
the function of this protein family. We found that an espC
mutant deleted in a region containing the catalytic serine en-
dopeptidase domain was still able to secrete a truncated EspC
product. This result does not exclude an autoproteolytic activ-
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ity of the EspC protease domain but shows that autocleavage
is not necessary to release EspC into the extracellular space. It
appears likely that there is another substrate for the protease
domain which is associated with a function of EspC and which
remains to be identified. Proteases responsible for the release
of EspC might be outer membrane proteins of EPEC with an
intrinsic proteolytic activity such as that of OmpT. OmpT was
shown to release passenger proteins fused to the helper do-
main of IgA protease of N. gonorrhoeae into the extracellular
space (34). The involvement of a general outer membrane
protease is also indicated by the fact that EspC is secreted from
E. coli K-12 when expressed from a lac promoter. No EspC was
detected in a whole-cell lysate of EPEC by immunoblotting
with polyclonal antibodies against the secreted form of EspC.
This means that either no EspC remains associated with the
outer membrane or, less likely, that the antibody cannot rec-
ognize the membrane-bound form of EspC. There are three
other secreted proteins previously described that display a high
homology to the IgA protease family. Tsh was found in avian
pathogenic E. coli and characterized as a protein which agglu-
tinates erythrocytes at 26°C but not at 37°C (45). Hap is se-
creted by H. influenzae and restored the ability of a laboratory
strain (DB117) to adhere to and penetrate HeLa cells at up to
4% of the wild-type level (53). DB117 itself was completely
deficient in these properties. The most recently identified ad-
dition to this family of IgA protease-like proteins is SepA. This
protein is secreted by Shigella flexneri into the supernatant. A
deletion mutant in sepA exhibited attenuated virulence in the
rabbit ligated ileal loop model (7), although the exact mecha-
nisms for this attenuation have not been defined.

We also tested whether EspC was needed for mediating
signal transduction and cytoskeletal rearrangements in epithe-
lial cells. We constructed a deletion in espC, and tested this
strain (MAS111) for various phenotypes after infecting epithe-
lial cells. We found that MAS111 was indistinguishable from its
isogenic parent for adherence, invasion, actin rearrangement,
and Hp90 phosphorylation, events which are crucial for A/E
lesion formation. Because of its homology to other proteins,
we also excluded the possibility that EspC inhibits complement
killing or causes hemagglutination (data not shown), as is the
case for BrkA of B. pertussis and Tsh of E. coli, respectively (16,
45).

The comparison of the protein secretion profiles of EPEC
with other organisms that cause the A/E phenotype demon-
strated that neither RDEC-1, which causes an EPEC-like in-
fection in rabbits, nor the mouse pathogen C. freundii biotype
4280, nor the putative human pathogen Hafnia alvei biotype
19982 secretes a detectable protein of this size. Polyclonal
EspC antibodies did not cross-react with a homologous protein
in either supernatants or whole-cell lysates of any of these
three strains. This result also makes it extremely unlikely that
an EspC homolog is expressed in these strains but remains
associated with the outer membrane. On the basis of hybrid-
ization experiments under stringent conditions, these patho-
gens appear to have a gene homologous to espC. However, the
conditions necessary to induce secretion may be different than
those used in the present study or the gene may be nonfunc-
tional. The presence of homologous sequences to espC in the
pathogenic strains of RDEC-1, C. freundii, and Hafnia alvei yet
not in nonpathogenic strains implies that EspC may have a role
in the virulence of A/E-inducing pathogens. A possible func-
tion in EPEC virulence is supported by the fact that EspC is a
highly immunogenic protein. Human serum collected from a
volunteer 28 days after infection with EPEC strongly recog-
nized EspC, while serum collected prior to infection did not
(27).



VoL. 178, 1996

The actual function of members of the IgA protease-like
proteins in different pathogenic bacteria remains unclear. Cell
culture techniques, standard assays, and homology searches
imply that these proteins might help bacteria escape the im-
mune response of the host, facilitate adherence to epithelial
cells, and even participate in the process of invasion. However,
these functions remain speculative. There is currently no evi-
dence that the high level of protein sequence homology in this
protein group corresponds to similar functions for its different
members. Although we tested EspC for several of the reported
functions of the IgA protease family, we could not confirm any
of these functions for EspC. Indeed, the only common feature
for these proteins might exist in their secretion mechanism.
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