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Background: The function of HtrA proteases in bacterial infections is widely unknown.

Results: Secreted HtrA from various bacterial pathogens exhibits a conserved specificity for cleavage of E-cadherin.
Conclusion: HtrA-mediated E-cadherin cleavage is a prevalent novel mechanism in bacterial pathogenesis.
Significance: HtrA activity plays a direct role in the pathogenesis of different bacteria.

The periplasmic chaperone and serine protease HtrA is
important for bacterial stress responses and protein quality con-
trol. Recently, we discovered that HtrA from Helicobacter pylori
is secreted and cleaves E-cadherin to disrupt the epithelial bar-
rier, but it remained unknown whether this maybe a general
virulence mechanism. Here, we show that important other
pathogens including enteropathogenic Escherichia coli, Shigella
flexneri, and Campylobacter jejuni, but not Neisseria gonor-
rhoeae, cleaved E-cadherin on host cells. HtrA deletion in
C. jejuni led to severe defects in E-cadherin cleavage, loss of cell
adherence, paracellular transmigration, and basolateral inva-
sion. Computational modeling of HtrAs revealed a conserved
pocket in the active center exhibiting pronounced proteolytic
activity. Differential E-cadherin cleavage was determined by an
alanine-to-glutamine exchange in the active center of neisserial
HtrA. These data suggest that HtrA-mediated E-cadherin cleav-
age is a prevalent pathogenic mechanism of multiple Gram-neg-
ative bacteria representing an attractive novel target for thera-
peutic intervention to combat bacterial infections.

Intact epithelial cell layers in mammals provide functional
barriers protecting from intruding pathogens. Thus, many bac-
terial pathogens have evolved sophisticated mechanisms to
subvert the epithelial integrity and to promote pathogenesis.
The cell adhesion protein and tumor suppressor E-cadherin is a
key molecule in the establishment of epithelial barrier func-
tions, which tether adjacent cells by homotypic interactions (1).
E-cadherin has five extracellular domains, a transmembrane
domain, and an intracellular domain. Matrix metalloprotease 3
(MMP3) and MMP?7 or a disintegrin and metalloprotease 10
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(ADAM10) cleave E-cadherin, generating a soluble fragment
that impairs cell adhesions (2, 3); however, the exact cleavage
site is not known.

Recently, we identified high temperature requirement A
(HtrA)? from the class-I carcinogen Helicobacter pylori act-
ing as a novel secreted virulence factor that directly cleaves
E-cadherin on the surface of human gastric epithelial host
cells. HtrA-mediated cleavage of E-cadherin facilitated the
loss of the adherence junction complex, leading to the dis-
ruption of the epithelial barrier function in response to
H. pylori infection (4).

Structure and functions of HtrA proteases have been widely
studied in Escherichia coli. Generally, the E. coli HtrA homo-
logues DegP, DegS, and DegQ exhibit dual functions as chap-
erones and serine proteases in the periplasm. DegP plays a role
in cellular unfolded protein stress responses and protein quality
control, as well as maturation and delivery of secreted proteins
(5). Structurally, the 48-kDa monomeric DegP harbors an
N-terminal trypsin-like protease domain followed by one or
two PDZ domains (postsynaptic density protein (PSD95),
Drosophila disc large tumor suppressor (Dlgl), and zonula
occludens-1 protein (ZO-1)) responsible for substrate recogni-
tion and homo-oligomerization into larger complexes (5). The
hexameric oligomer DegP represents the proteolytic inactive
form that can be converted into active 12- or 24-mers upon
substrate binding or via a temperature-dependent switch (6, 7).
The first relevant target protein for DegP was identified as the
acylated precursor of colicin A lysis protein (8). Discovery of
pilin PapA (9) or a-amylase (MalS) (7) followed, indicating a
strong implication of the HtrA chaperone activity, which is
important for bacterial survival.

Of particular relevance, chaperone-dependent protein con-
trol has been also linked to bacterial pathogenicity (10), but the

2 The abbreviations used are: HtrA, high temperature requirement A; EPEC,
enteropathogenic E. coli; HHI, HpHtrA inhibitor; aa, amino acids; E-cad,
E-cadherin; Ng, N. gonorrhoeae; Cj, C. jejuni; Ep, EPEC; Sf, S. flexneri; Hp,
H. pylori; SA, inactive serine — alanine HtrA mutant.
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detailed mechanism remained largely unknown. In our present
study, we investigated the proteolytic functions on E-cadherin
of different HtrAs expressed by the Gram-negative gastrointes-
tinal pathogens H. pylori, enteropathogenic E. coli (EPEC), Shi-
gella flexneri, and Campylobacter jejuni and the urogenital
pathogen Neisseria gonorrhoeae.

EXPERIMENTAL PROCEDURES

Bacteria—H. pylori (Hp26695) was cultured on agar plates
containing 10% horse serum under microaerophilic conditions
at 37 °C for 48 h. N. gonorrhoeae (MS11, N280) was grown on
GC agar plates, whereas EPEC (E2348) and S. flexneri (15.4)
were grown on LB agar plates. C. jejuni (81-176) htrA mutant
was generated by inserting a chloramphenicol cassette and
grown on Mueller-Hinton agar plates. Bacteria were harvested
in sterile PBS supplemented with 0.1% Triton X-100 and soni-
cated to prepare bacterial lysates.

HtrA Expression and Purification—Cloning of H. pylori htrA
(HpHtrA aa 18 -475) was described previously (11). Bacterial
htrA (NgHtrA aa 25-499, CjHtrA aa 17-472, EpHtrA aa
27—-474, and SfHtrA aa 27—474) and their mutants were ampli-
fied from genomic DNA excluding predicted signal peptides
(supplemental Table S1). PCR fragments flanked by restriction
sites for BamHI/EcoRI (N. gonorrhoeae and EPEC) or BamHI/
Xmal (C. jejuni) were cloned into pGEX-6P-1 (GE Healthcare).

In Vitro Cleavage Experiments—For in vitro cleavage studies,
100 ng of recombinant E-cadherin (R&D Systems) was incu-
bated with 200 ng of recombinant bacterial HtrA in 50 mm
Hepes (pH 7.4) at 37 °C for 16 h. Where indicated, 150 um HHI
(4) was added.

Infection Experiments—MKN-28 cells were cultured in
RPMI 1640 medium (Biochrom) and 10% FCS. INT-407 cells
were grown in Eagle’s minimum essential medium (Invitrogen)
and 10% FCS. Cells were cultured in 12-well plates for invasion
and Transwell assays, and to minimize constitutive E-cadherin
shedding, RPMI was replaced by fresh medium without FCS
prior to infection.

SDS-PAGE and Western Blot—Cells were lysed (4), proteins
were separated by SDS-PAGE and tested for E-cadherin using
polyclonal antibodies recognizing the extracellular domain of
E-cadherin (H-108, Santa Cruz Biotechnology), and whole cell
lysates were tested for GAPDH. Bacterial HtrAs were detected
by Coomassie Blue R250 staining (Bio-Rad).

Zymography—Bacterial lysates or recombinant HtrA were
separated in casein-containing gels under nonreducing condi-
tions. Subsequently, gels were renatured in 2.5% Triton-X-100
and equilibrated in developing buffer (11). Caseinolytic activity
was visualized by staining with 0.5% Coomassie Blue R250. To
detect oligomers by SDS-PAGE, HtrA was separated as
described for zymograms excluding casein.

HtrA Structure Modeling—HtrA protein sequences from
H. pylori (gi 345645045), C.jejuni (gi 87249907), EPEC
(gi 215485324), S. flexneri (gi 30039963), and N. gonorrhoeae
(gi 268598301) were retrieved from PubMed. For structural
comparison of the active sites, cavities located next to the cat-
alytic serine residues were extracted using PocketPicker (12)
and converted into PoLiMorph graph representation (13).
Based on these graphs (pocket frameworks), a comparison of
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shapes and of the pharmacophoric feature distributions within
(please see supplemental Experimental Procedures for eddi-
tional information) the binding sites of HtrA species was
calculated.

RESULTS

To investigate whether HtrA plays a central role in the patho-
genesis of other bacteria, HtrAs of H. pylori, N. gonorrhoeae,
EPEC, S. flexneri, and C. jejuni were analyzed by casein zymo-
graphy (Fig. 1A). Bacterial lysates were separated by SDS-PAGE
gels containing casein under nonreducing conditions. After
renaturation and Coomassie Blue R250 staining, transparent
bands indicate protease activity. As expected, in H. pylori
lysates, caseinolytic activities of proteases with molecular
masses between 45, 55, and ~170 kDa were detected; these
proteases have been previously identified as self-processed (45
kDa) HtrA, monomeric (55 kDa), and oligomeric HtrA (~170
kDa) (Fig. 14, lane I) (11). Comparable with H. pylori, lysates of
C. jejuni contained 170- and ~60-kDa proteins and only a very
little amount of an ~45-kDa protease (Fig. 14, lane 5). To iden-
tify these proteases, negatively stained proteolytic bands were
excised and analyzed by mass spectrometry (supplemental Fig.
S1, supplemental Table S2), indicating that the 170-kDa prote-
ase represents multimeric HtrA (supplemental Fig. S1, supple-
mental Table S2). We also identified HtrA in EPEC (Fig. 14,
lane 3) and S. flexneri (Fig. 1A, lane 4) by mass spectrometry
analyses (supplemental Fig. S1, supplemental Table S2). Inter-
estingly, EPEC and S. flexneri HtrA appeared mainly as mono-
mers, indicating that multimerization in H. pylori and C. jejuni
HtrA might be more stable. Both EPEC and S. flexneri also
expressed an ~80-kDa protease, which could be identified as
the ATPase and specificity subunit of ClpA-ClpP ATP-depen-
dent serine protease (supplemental Fig. S1, supplemental Table
S2). In comparison with H. pylori, N. gonorrhoeae reproducibly
expressed very low caseinolytic protease activities (Fig. 1A, lane
2). Unfortunately, we could not identify the responsible prote-
ase, which might be due to small amounts of expressed protein.
Equal protein loading was confirmed by Coomassie Blue R250
staining (Fig. 14, lanes 6—10).

To characterize HtrA activities in more detail, we cloned and
purified different recombinant wild-type (WT) HtrAs from
H. pylori (HpHtrA), N. gonorrhoeae (NgHtrA), EPEC (EpHtrA),
S. flexneri (SfHtrA), and C. jejuni (CjHtrA) and generated cor-
responding inactive mutants by exchanging serine to alanine
(HpHtrA S221A, CjHtrA S225A, NgHtrA S246A, EpHtrA
S236A, and SfHtrA S236A) in the active center. Activities of
purified recombinant proteases were determined by casein
zymography (Fig. 1B) and a protease assay with fluorophore-
labeled casein (supplemental Fig. S1B). All tested recombinant
HtrAs displayed caseinolytic activities either as a monomer
and/or as an oligomer (Fig. 1B, lanes 1-5), whereas the corre-
sponding inactive (SA) HtrA mutants were completely inactive
(Fig. 1B, lanes 6 -10). The HtrA activity was confirmed by a
fluorometric assay using fluorophore-labeled casein to quantify
HtrA activities. NgHtrA exhibited similar protease activity as
compared with HpHtrA, whereas EpHtrA, SfHtrA, and CjHtrA
showed an increased caseinolytic activity revealing differential
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FIGURE 1. Bacterial HtrA cleaves E-cadherin. A, lysates of H. pylori (Hp), N. gonorrhoeae (Ng), EPEC (Ep), S. flexneri (Sf), and C. jejuni (Cj) were tested for protease
activities in casein zymography. Coomassie Blue R250-stained SDS-PAGE gels served as a loading control. B, active (WT) and inactive (SA) recombinant HtrAs
were separated by casein zymography. Equal HtrA amounts were demonstrated by Coomassie Blue R250 staining. HtrA ,;,., HtrA oligomers; HtrA,,,,,,, HtrA
monomers. C, in in vitro cleavage assays, recombinant E-cadherin was incubated with active (WT) or inactive HtrA (SA) or left untreated (—). Ectodomain
shedding of E-cadherin was detected by the loss of full-length E-cadherin (E-cadg,). HtrAs were shown in SYPRO Ruby-stained gels. D, MKN-28 cells were
colonized with C. jejuni, H. pylori, N. gonorrhoeae, EPEC, and S. flexneri for the indicated time periods or left untreated for 8 h (mock). Aliquots of supernatants
were analyzed by Western blot for the extracellular domain (E-cad,y). GAPDH in whole cell lysates is shown as loading control.

HtrA activities in Gram-negative bacteria (supplemental Fig.
S1B).

We have previously shown that E-cadherin represents an
important substrate for HpHtrA allowing paracellular transmi-
gration of H. pylori across the polarized epithelial cell barrier
(4). Having established that recombinant HtrAs from various
Gram-negative pathogens were indeed proteolytically active,
we next tested whether different HtrAs also target E-cadherin
as a substrate in vitro or on the cell surface. For this purpose,
WT or SA recombinant HtrA proteins were incubated with
recombinant E-cadherin in in vitro cleavage experiments fol-
lowed by Western blot analysis detecting the extracellular
domain of E-cadherin. WT HtrAs from H. pylori, EPEC, S. flex-
neri, and C. jejuni efficiently cleaved E-cadherin as reflected by
the disappearance of the full-length molecule (Fig. 1C). Surpris-
ingly, neisserial NgHtrA, which was highly active in casein deg-
radation (Fig. 1B), did not cleave E-cadherin (Fig. 1C, lane 3). As
control, E-cadherin was co-incubated with SA variants (Fig. 1C,
lanes 7-11). Quantification data indicated that HpHtrA
degraded ~95% E-cadherin, whereas EpHtrA, SfHtrA, and
CjHtrA cleaved ~70-90% E-cadherin (supplemental Fig. S1C,
black bars). As expected, E-cadherin cleavage was not observed
using the proteolytic inactive HtrAs (Fig. S1C, gray bars).

To demonstrate the physiological relevance of E-cadherin
cleavage for Gram-negative gastrointestinal pathogens, we
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infected MKN-28 cells with different pathogens for 1, 4, or 8 h
or left them untreated (Fig. 1D). The pathogen-induced shed-
ding of the extracellular domain of E-cadherin (E-cad;) was
detected in the supernatants. Comparable with in vitro E-cad-
herin cleavage experiments, infection led to strong bacteria-
induced E-cadherin shedding induced by H. pylori, C. jejuni,
EPEC, and S. flexneri (Fig. 1D, lanes 2—7 and 12—17), but not by
N. gonorrhoeae (Fig. 1D, lanes 9—11), although they adhered to
and invaded host cells (data not shown). Similar results were
observed in infection experiments using other human epithelial
cell lines including Caco-2 or INT-407 cells (data not shown).

To investigate whether HtrA-mediated E-cadherin cleavage
represents a general molecular pathogenicity mechanism,
we generated a genomic htrA deletion mutant in C. jejuni
(CjAhtrA). Successful blocking of HtrA expression and secre-
tion was demonstrated by casein zymography (supplemental
Fig. S2A) and Western blotting (supplemental Fig. S2B). Impor-
tantly, genomic s1trA knock-out did not influence survival and
growth (supplemental Fig. S2C). We also did not observe an
altered bacterial morphology and motility (data not shown).
CjAhtrA exhibited a strong defect in adherence to host cells
(Fig. 24, black bars) and cellular invasion (Fig. 24, gray bars). In
fact, CjAhtrA did not induce strong E-cadherin shedding as
compared with GGWT (Fig. 2B). Consequently, we observed
that GGWT efficiently transmigrates across a polarized epithe-
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FIGURE 2. HtrA secretion is important for C. jejuni infections. A, INT-407
cells were infected for 6 h with Cjwt and GjAhtrA and analyzed for adherence
(black circles) or invasion (gray circles) at a multiplicity of infection of 100.
Asterisks indicate statistical significance (**, p = 0.01). B, to examine E-cad-
herin cleavage, MKN-28 cells were infected with Cjwt and GjAhtrA for the
indicated time periods or left untreated (mock). Aliquots of supernatants
were analyzed for shedded E-cadherin (E-cad,p). GAPDH in whole cell lysates
was shown as loading control. C, translocating C. jejuni across confluent
MKN-28 monolayers were quantified in filter assays. Gjwt and CjAhtrA were
infected with multiplicity of infection 50 for 24 h, transmigrated bacteria
across the monolayer were harvested, and CFUs were determined.

lial monolayer formed by MKN-28 cells (Fig. 2C). Based on
these data, we conclude that bacterial HtrAs directly interfere
with host cell functions independently from its chaperone
activity as a crucial step in its pathogenesis.

Although active NgHtrA did not target E-cadherin, the above
data demonstrate that HtrA-mediated E-cadherin cleavage is
not restricted to HpHtrA, but may represent an important and
unique mechanism in the pathogenesis of multiple gastrointes-
tinal microbes. Analyzing this important aspect, HtrA protein
sequences of selected Gram-negative bacteria were aligned and
examined for signal peptides, protease, and PDZ domains (sup-
plemental Fig. S3A). Sequence alignment revealed a slightly
higher identity of NgHtrA to the E. coli DegQ homolog (38%)
than to DegP (37%) as recently suggested for Neisseria menin-
gitidis (14). Hence, NgHtrA seems to be less related to other
HtrAs, whereas HpHtrA and CjHtrA together with EpHtrA and
SfHtrA exhibit high pairwise similarity (supplemental Fig. S3B).
In particular, our comparative HtrA models suggest high struc-
tural conservation of the protease domain. Importantly,
NgHtrA differed in the active site pocket by the exchange of an
Ala to Gln (A263Q), which crucially protrudes into the pocket,
likely interfering with substrate recognition (Fig. 34). To test
whether the A — Q exchange in NgHtrA prevents E-cadherin
cleavage, we generated NgHtrA Q263A, and conversely,
CjHtrA (A242Q) and SfHtrA (A253Q) mutants. In comparison
with WT, NgHtrA QA showed a slight increase in proteolytic
activity, whereas A — Q mutations decreased the activity of
CjHtrA oligomers and SfHtrA monomers (Fig. 3B, lanes 1-6).
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This was obviously due to the glutamine in the active center
because equal amounts of protease were loaded and did not
interfere with oligomer formation of CjHtrA (Fig. 3B, lanes
7-12). Interestingly, in contrast to NgHtrA WT, the NgHtrA
QA variant was able to cleave E-cadherin as a substrate,
whereas A — Q mutations in CjHtrA and SfHtrA showed a
significant decrease in E-cadherin shedding (Fig. 3C). In sum-
mary, these data indicate that evolutionary-driven structural
differences in the active site pocket of HtrA determine E-cad-
herin cleavage activity.

Small molecule inhibitors binding to the active center of
HtrA would represent an attractive strategy in combating
microbes. We described the first functional inhibitor HHI tar-
geting HpHtrA (15) to prevent E-cadherin shedding and the
paracellular transmigration of H. pylori (4). To test whether
HHI also inhibits HtrA from other Gram-negative bacteria, we
performed in vitro E-cadherin cleavage experiments (Fig. 3D).
Western blots of three independently performed experiments
were quantified and expressed as relative intensity as compared
with untreated E-cadherin controls (supplemental Fig. S3C). As
expected, a strong inhibitory effect of HHI on HpHtrA was
observed, whereas inhibition of EpHtrA, SfHtrA, and CjHtrA
occurred to lesser extents (Fig. 3B, supplemental Fig. S3C).
These data indicate structural differences in the active pockets,
which require selective compounds for efficient inhibition.

DISCUSSION

The periplasmic chaperone and serine protease HtrA has
been shown to play key roles in protein folding, maturation, and
preventing host-induced protein-denaturation and in the bac-
terial unfolded protein response (5). These data led to the
widely accepted opinion that HtrA exhibits a rather indirect
effect on infectious diseases (10). Based on current studies, we
now expanded this knowledge by unraveling a more direct role
of HtrA through its immediate interfering with host cell factors.
We identified HpHtrA as a secreted protease that cleaves
E-cadherin to disrupt intercellular adhesion of host cells, thus
adding a novel aspect to HtrA functions in bacterial pathogen-
esis (4). Very recently, Chlamydia trachomatis-secreted HtrA
was detected in the host cytosol, where it might also manipulate
host signaling pathways (16), supporting our findings that HtrA
can directly target eukaryotic host cell proteins.

In the present study, we investigated HtrA from N. gonor-
rhoeae, the etiologic agent inducing gonorrhea, and from the
gastrointestinal pathogens H. pylori, C. jejuni, S. flexneri, and
EPEC. We found that HtrAs from all tested pathogens were
catalytic active and degraded casein as a substrate. Interest-
ingly, NgHtrA did not cleave E-cadherin, which is explainable
by the structural differences in the active pocket. NgHtrA was
annotated as a serine protease, but obviously revealed a higher
identity to the DegQ homolog consistent with HtrA from
N. meningitidis (14), suggesting that DegQ and DegP functions
are similar, but do not serve as general functional homologs
(14). Among other differences, the exchanged GIn-263 crucially
protrudes into the pocket of NgHtrA, which might interfere
with E-cadherin binding and cleavage. Strikingly, a single Q —
A mutation was sufficient to convert NgHtrA into an E-cad-
herin-cleaving protease. Obviously N. gonorrhoeae does not
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require E-cadherin processing because it crosses the epithelium
through transcytosis (17), whereas other pathogens may benefit
from HtrA-mediated E-cadherin shedding.

Adherence junctions are key structures maintaining the epi-
thelial barrier functions, which are frequently disrupted by bac-
teria crossing via the paracellular route (18, 19). Due to its cen-
tral function in the architecture of healthy epithelia, E-cadherin
represents a highly attractive target for bacteria because it acts
as a receptor for Listeria monocytogenes (20) or Streptococcus
pneumoniae (21). However, it is unclear whether truncated
E-cadherin can function as a receptor for bacteria. Hence, the
finding that gastrointestinal pathogens cleave E-cadherin on
host cells is exclusively novel and suggests that HtrA-triggered
E-cadherin cleavage is a highly conserved and common mech-
anism in bacterial pathogenesis. It has been described that
S. flexneri localizes to adherence junctions (22). Together with
the observation that E-cadherin expression appears to be nec-
essary for cell-to-cell spread (23), it is now tempting to investi-
gate whether SfHtrA-mediated E-cadherin cleavage may be
involved in S. flexneri intercellular spreading. In fact, HtrA is
required for IcsA expression and S.flexneri uptake (24).
Although EPEC in turn disrupts adherence junctions via
secreted proteins (25) and EpHtrA is important in pili forma-
tion or intimin presentation (26, 27), this study is the first report
on a functional interaction between host and EpHtrA, which
might close the missing link between outer membrane proteins
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from EPEC and the observed increase of paracellular permea-
bility for bacteria across Caco-2 monolayers (25).

Using HtrA-deficient C. jejuni, we confirmed the in vivo rel-
evance of HtrA-mediated E-cadherin cleavage. CjHtrA induced
E-cadherin cleavage on host cells, and we showed an attenuated
transmigration of CjAhtrA. This might be explainable by the
finding that CjAhtrA mutants are less vital (28). However, in
our study, CjAhtrA showed unaltered growth and survival, but
had a strong defect in adherence and invasion. Future studies
will be necessary to determine whether HtrA processes a bac-
terial adhesin or whether truncated E-cadherin serves as a
receptor in bacterial adherence and internalization. However,
deletion of /trA resulted in a drastic loss of bacterial transmi-
gration across a polarized monolayer, a process that has been
identified for H. pylori (4).

Due to the functional role of HtrA in infectious diseases, the
development of specific and pathogen-selective HtrA inhibi-
tors is desirable. We have developed the inhibitor HHI for
HpHtrA (15) that impaired E-cadherin degradation and epithe-
lial barrier (4). On the basis of our data, we concluded that
specific inhibition of HtrAs from different pathogens requires
highly selective compounds. This appears crucially important
because in contrast to unwanted side effects of antibiotics on
the microbiota, selective targeting of bacteria would be highly
beneficial for patient health.
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