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Cytotoxic necrotizing factor type 1 (CNF1) is one of the virulence factors produced by uropathogenic
Escherichia coli (UPEC). How this toxin is translocated from the bacterial cytoplasm to the surrounding
environment is not well understood. Our data suggest that CNF1 may be regarded as a secreted protein,
since it could be detected in culture supernatants. Furthermore, we found that CNF1 was tightly associ-
ated to outer membrane vesicles, suggesting that such vesicles play a role in the secretion of this protein.
Interestingly, vesicle samples containing CNF1 could exert the effects known for this protein on HeLa cell
cultures, showing that CNF1 is transported by vesicles in its active form. Taken together, our results
strongly suggest that outer membrane vesicles could be a means for the bacteria to deliver CNF1 to the
environment and to the infected tissue. In addition, our results indicate that the histone-like nucleoid
structuring protein H-NS has a role in the downregulation of CNF1 production and that it affects the outer

membrane vesicle release in UPEC strain J96.

Uropathogenic Escherichia coli (UPEC) strains are respon-
sible for at least 80% of human urinary tract infections (UTIs),
which include urethritis, cystitis, and pyelonephritis (21). UTI
is among the most common bacterial infections in humans and
has been shown to be an independent risk factor for both
bladder cancer and renal cell carcinoma (30). To achieve patho-
genicity, the UPEC strains produce many virulence factors such
as adhesins (P and type 1 pili), hemolysin, aerobactin sid-
erophore system, a capsule, and cytotoxic necrotizing factor
type 1 (CNF1). CNF1 belongs to a group of bacterial necrotic
substances which include the dermonecrotic toxin of Bordetella
spp. (14), the virulence plasmid-encoded CNF2 of E. coli (14,
29), and the recently described CNFy from Yersinia pseudo-
tuberculosis (24). Unlike CNFy, whose mechanism of action is
specific to RhoA (13), CNF1 affects three proteins of the Rho
family of the small GTPases: RhoA, Racl, and Cdc42. CNF1
deamidates GIn63 of RhoA (or the corresponding GIn61 of
Racl and Cdc42), leading to the loss of both intrinsic and
GAP-stimulated GTPase activities but without affecting the
GTP-binding activity (14). This modification renders these
GTPases constitutively active, which commonly results in for-
mation of cellular actin stress fibers, filopodia and lamellipo-
dia, with an overall effect of blocking the cytokinesis, leading to
giant multinucleated cells (7, 23, 25). CNF1 is a 115-kDa A-B
toxin, in which a catalytic A domain is located in the C-termi-
nal region of about 300 amino acids and where the cell binding
B-domain is in the N-terminal region (amino acids 53 to 190)
(6, 22). No typical signal peptide is found in the CNF1 se-
quence, and the secretion pathway of this toxin remains un-
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clear. In this work we show that CNF1 is secreted and that it is
associated with membrane vesicles. Furthermore, we present
evidence that CNF1 is down regulated by H-NS (histone-like
nucleoid structuring protein).

MATERIALS AND METHODS

Bacterial strains and growth conditions. As UPEC clinical strains, we used E.
coli J96 (17) and an isolate (RZ422) from the collection of the “Institut fiir
Molekulare Infektionsbiologie der Universitdt Wiirzburg” obtained from pa-
tients suffering from either cystitis or pyelonephritis (39). E. coli LE392 was
transformed using either a pISS391 cosmid or empty vector pHC79 (20), result-
ing in the K12/cnfl™* strain and LE392/pHC79, respectively. The J96 mutants
used in these studies were the Ahns derivative BEU801 (33) and the Acnfl
derivative USU128, which carries the AcnfI-120 allele (32).

Bacterial cells were allowed to grow at 37°C on LA (LB medium supplemented
with agar) plates or in LB medium. The same media were used for BEU801 and
the LE392 transformants supplemented with 15 ug/ml tetracycline and 50 pg/ml
carbenicillin, respectively.

PCR detection of the cnfI gene. The oligonucleotide primers used to confirm
the presence of the intact or mutant CNF1 gene in UPEC strains were 5'-TAT
TAATCTTCACAGAGGAG-3' (forward primer) and 5'-GGCCAATAAATAA
TTTCCCGAATC-3' (reverse primer); the PCR conditions have been previously
described (32).

Cell fractionation and culture supernatants. Cytoplasmic, periplasmic, and
membrane fractions were obtained following procedures described previously (38).

The supernatants from overnight cultures were passed through a 0.45-um-
pore-size Millipore filter (to remove bacterial cells) and centrifuged at 100,000 X
g for 3 h to spin down any floating material. Proteins soluble in the supernatants
were obtained from 500 pl of these samples by trichloroacetic acid (TCA)
precipitation. The precipitated proteins were resuspended in Tris-HCI buffer.

Isolation of OMVs. Outer membrane vesicles (OMVs) were isolated as pre-
viously described (36). Briefly, bacterial cultures were centrifuged at 5,000 X g
for 30 min at 4°C, and the supernatants were filtered through a 0.45-pm-pore-
size polyvinylidene difluoride membrane. The filtrates were submitted to ultra-
centrifugation (100,000 X g for 3 h) at 4°C in a 45Ti Rotor (Beckman Instru-
ments, Inc.). The vesicle samples were obtained by suspending the resulting
pellets in 20 mM Tris-HCI (pH 8.0). Before analysis by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), the vesicle preparations were
precipitated with 10% TCA in order to free the samples from non-protein
interfering substances.
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Western blot analysis. Samples were subjected to SDS-PAGE using various
acrylamide percentages and were transferred to a polyvinylidene difluoride mem-
brane using a semidry transfer system from Bio-Rad. The membrane was blocked
overnight in 5% milk powder in phosphate-buffered saline (PBS)-Tween 20 at
4°C. The primary antibodies were rabbit polyclonal antiserum raised against
CNF1 (6), the TolC protein (35), the H-NS protein (18), the Lep protein (4), the
DsbA protein (1), the OmpA protein (11), and the Crp protein (this laboratory,
unpublished data), respectively. Detection using horseradish peroxidase-conju-
gated anti-rabbit secondary antibodies (Amersham Biosciences) was carried out
following the instructions provided with an ECL™ kit (Amersham Biosciences).
Chemiluminescent bands were imaged by autoradiography or by using a Fluor-S
Multilmager (Bio-Rad).

Dissociation assay. A dissociation assay was carried out as described by Horst-
man and Kuehn (15), with few modifications. Briefly, 20 wl of the Ahns J96 strain
BEUS8O01 vesicle preparation was treated in 1 M NaCl, 0.8 M urea, 1% SDS, or
20 mM Tris-HCI, pH 8.0, on ice for 1 h in a total volume of 1 ml. Samples were
centrifuged for 1 h, and the pellets were resuspended in 10 pl of Tris-HCI buffer.
The resulting supernatants were TCA precipitated and resolubilized in the same
amount of Tris-HCI buffer. Both pellets and supernatants were analyzed.

Electron microscopy. The purified vesicle samples were visualized after neg-
ative staining using 0.5% uranyl acetate in a JEM 2000EX electron microscope
(JEOL, Akishima, Tokyo, Japan) at 100 kV.

Atomic force microscopy (AFM). Bacterial cultures were grown overnight on
LA plates at 37°C. Bacteria were washed and resuspended in 100 pl of ultrapure
water, and 10 pl of the suspension was placed onto freshly cleaved mica (Good-
fellow Cambridge Ltd., Cambridge, United Kingdom). The cells were incubated
for 5 min at room temperature and rinsed with water. After the specimens were
dried, they were placed into a desiccator for at least 2 h. Samples were imaged
in air with a Nanoscope IITa AFM (Digital Instruments, Santa Barbara, CA) by
using the tapping mode with standard silicon cantilevers oscillating at resonant
frequency (270 to 305 kHz).

Cell lines and growth conditions. HeLa cells were seeded (about 5 X 10* cells
per well) onto cover glasses (diameter, 12 mm) placed in a 24-well tissue culture
plate (Sarstedt) in minimum essential medium (Sigma) supplemented with 10%
fetal bovine serum and eventually 15 pg/ml of chloramphenicol, at 37°C in a
humid environment containing 5% CO,.

HeLa cell treatment with CNF1 or vesicle samples. Purified CNF1 was used at
a concentration of 2 nM. In tests using OMVs, we used 100 pl of each vesicle
preparation. The pure CNF1 or OMVs were added at cell seeding, and the
culture medium was replaced with fresh medium after 20 to 24 h and 48 h of
incubation, respectively. The cells were then monitored for up to 72 h under
these conditions. At different time points, cells were subjected to phase-contrast
microscopy or stained.

DAPI staining. Cells were fixed with 3% paraformaldehyde for 10 min at room
temperature, washed twice with PBS, and stained with a 1 pg/ml DAPI (4',6'-
diamidino-2-phenylindole hydrochloride) solution for 10 min. After two washes
the cells were subjected to fluorescence microscopy.

Actin staining. The cells were stained for actin filaments as previously de-
scribed (34), with some modifications. Briefly, the cells were fixed with 3%
paraformaldehyde for 10 min at room temperature, washed twice with PBS, and
permeabilized with 0.5% Triton X-100 for 3 min. After two washes with PBS, the
actin microfilaments were stained with Alexa Fluor 568 phalloidin (Invitrogen/
Molecular Probes) for 20 min at room temperature and washed thoroughly to
remove the excess of fluorescent dye. The specimens were then mounted in a
medium containing Cityfluor (Cityfluor Ltd., London, United Kingdom), and the
cells were subjected to fluorescence microscopy on the following day.

Quantitations and statistics. Western blotting data were quantified using the
volume analysis tool of the QuantityOne software (Bio-Rad). The protein
amounts were determined using a bovine serum albumin standard curve in a
Bio-Rad protein assay kit. Multinucleation was evaluated as the percentage of
multinucleated cells from the total number of cells observed (at least 28 cells
taken in different areas of the coverslips in each case) under light microscopy. All
data are presented as the means = standard deviations from values obtained in
independent experiments.

RESULTS

CNF1 expression and subcellular localization in wild-type
and Ahns mutant UPEC strains. It is well known that CNF1 is
composed of a cell binding domain (N-terminal), a membrane-
spanning domain, and a catalytic C-terminal domain (3), while
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no typical signal peptide has been found in the sequence. We
decided to determine the CNF1 subcellular localization by
fractionation of UPEC strain J96. For these experiments the
J96 Ahns mutant (strain BEU801) was studied as well, since
our preliminary studies (see also below) indicated that whole-cell
lysates of this derivative contained more CNF1 compared to
wild-type J96. When the cell fractions of these strains were
analyzed by Western immunoblotting, CNF1 was found in the
cytoplasmic and periplasmic fractions (Fig. 1A). The cytoplas-
mic fraction of the Ahns mutant contained more CNF1, which
is in good accordance with the CNF1 content of the whole-cell
samples. A similar difference in the amounts of CNF1 was
detected also in the periplasmic fractions (Fig. 1A). These
results suggested that the protein could cross the bacterial
inner membrane. We used three well-known E. coli proteins as
markers with respect to the cytosolic protein fraction and the
periplasmic fraction, respectively. The cyclic AMP receptor
protein (Crp) is a cytosolic protein acting as a transcriptional
regulator (8), and the histone-like nucleoid-associated protein
H-NS is an abundant peptide that binds to DNA and regulates
the expression of several genes in E. coli. The DsbA (disulfide
oxidoreductase) protein is a major component of the system
for disulfide bond formation in the periplasm (2). Western blot-
ting using antibodies directed against the cytoplasmic markers
Crp and H-NS indicated that the appearance of CNF1 in the
periplamic fraction was not a consequence of contamination by
the cytosol due to, e.g., bacterial cell lysis. As expected, DsbA,
which is known to reside in the periplasm, was found in large
amounts in these fractions (Fig. 1A). Furthermore, Western blot
analysis revealed the presence of CNF1 in outer membrane (OM)
fractions from both J96 wild-type and Ahns mutant strains (Fig.
1B). Leader peptidase (Lep), used in these studies as an inner
membrane (IM) marker, was present only in the IM fractions
(Fig. 1B), and the common E. coli porins were found in the OM
fractions (data not shown).

In order to determine whether the CNF1 protein was re-
leased from the bacterial cells, supernatants from UPEC cul-
tures were filtered and centrifuged as described in Materials
and Methods. A relatively strong CNF1 band could be de-
tected in the samples from strains BEU801 (J96 Ahns) and
LE392/pISS391. A corresponding band but with lower intensity
was present in the case of the supernatant from the J96 wild
type as well, while no CNF1 was detected in the RZ422 sample
(Fig. 1C). Based on data analysis of the CNF1 bands shown in
Fig. 1C using the volume analysis tool of the QuantityOne
software (Bio-Rad), it was estimated that only a minority
(<5%) of the CNF1 protein is secreted from the bacterial cells.

As indicated above, when analyzing the total cell lysates for
CNF1 by Western immunoblotting, we found that the Ahns
mutant expressed about 10 times more CNF1 than the wild
type, which suggested a downregulation of CNF1 production
by H-NS in wild-type J96 (Fig. 2A and B). We used the E. coli
Acnf1 strain as a negative control and the OM protein TolC as
a reference when quantifying the relative amount of CNF1 in
the J96 derivatives.

CNF1 is associated with OMVs. Since recent findings sug-
gest that protein toxins in some cases may be released via
OMVs (36), we decided to determine whether CNF1 could be
detected in association with such vesicles.
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FIG. 1. CNF1 subcellular localization and secretion in E. coli J96. (A) Western blot analysis of the cytoplasmic (Cyto) and periplasmic (Peri)
fractions from J96 (wt and Ahns). The numbers at the left indicate the sizes of molecular standards (MagicMark XP; Invitrogen Life Technologies)
on a 6.5% polyacrylamide gel. Along the right side are shown the proteins (CNF1, Crp, H-NS, and DsbA) detected by specific antisera. (B) Western
blot analysis of the OM and IM fractions from J96 (wf and Ahns). The numbers at the left indicate the sizes of molecular standards (MagicMark
XP) on a 13.5% polyacrylamide gel. Along the right side are shown the proteins (CNF1 and Lep) detected by specific antisera. (C) Western blot
detection of CNF1 in the bacterial culture supernatants. Lanes 1 and 2 are whole-cell lysates (WC) from J96 (wt) and USU128 (J96 Acnf1), positive
and negative controls for CNF1, respectively. The numbers at the left indicate the sizes of the recombinant proteins of the MagicMark XP Western
protein standard (Invitrogen Life Technologies) loaded in lane 3. The supernatants were obtained from J96 (wt, lane 4), BEU801 (J96 Ahns, lane
5), USU128 (J96 Acnfl, lane 6), LE392/pISS391 (lane 7), and RZ422 (lane 8) broth cultures. In each case, 500 wl of supernatant after filtration
and centrifugation was precipitated with 10% TCA. The precipitate was dissolved in 10 pl of 20 mM Tris-HCI (pH 8.0), mixed with 4X sample

buffer and boiled before loading. wt, wild type.

Studies of the bacteria using AFM revealed that the Ahns
cells had more vesicles surrounding the bacteria than wild-type
strain J96 after growth on plates (Fig. 3A and B). Furthermore,
the electron micrographs of the purified vesicle samples from
these two strains after growth in LB medium confirmed that the
Ahns mutant derivative released more OMVs than the wild
type (Fig. 3D and E). The total protein concentration of ves-
icles from the Ahns mutant was almost 10-fold that of its
wild-type counterpart (Fig. 3C), and this could be observed on
gels when either Coomassie blue staining or silver staining was
used. Presumably, much of the difference was due to the pres-
ence of more pili proteins since the Ahns mutant is hyperpili-
ated, but in part we consider the difference due to more

OMVs. In support of this, a Western blot analysis revealed that
OmpA, the OM protein used as a marker for OMVs (36), was
about twofold more abundant in the OMV preparation from
J96 Ahns in comparison with that from the wild-type J96 strain
(Fig. 4A). There was no significant difference in the quantity
of vesicles released when the J96 wild-type and the Acnf!
mutant (USU128) strains were compared (Fig. 3D and F),
and the OmpA band intensities were similar in these two
strains (Fig. 4A). These observations suggest that absence of
the H-NS protein alters the quantity of vesicles released
from J96. The presence of OmpA protein in the vesicle
samples as analyzed by Coomassie-stained SDS-PAGE gels
and Western immunoblotting (Fig. 4A and data not shown)
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FIG. 2. Western blot analysis of whole-cell lysates with anti-CNF1 antibody (A) Samples were obtained from J96 (lane 1), J96 Ahns mutant
(lane 2), and J96 Acnfl mutant (lane 3) strains. The numbers at the right indicate the sizes of molecular standards (MagicMark XP, Invitrogen
Life Technologies) on an 8% polyacrylamide gel. (B) Relative CNF1 amount was calculated from the estimated CNF1 quantity divided by that
of TolC in each sample. wt, wild type.

confirmed that the preparations are OMVs (15, 36, 37). The As shown in Fig. 4A, a weak but recognizable immunoreactive
vesicle preparations were precipitated with 10% TCA in band corresponding to CNF1 was detected in the vesicle sam-

order to free the samples from non-protein interfering sub- ples of the UTI clinical isolate J96 (Fig. 4A, lanes 3 and 8). In
stances. analogy with previous results, vesicles from AAns mutant bac-

To reveal the eventual presence of CNF1 in the OMVs, teria showed a stronger CNF1 band (Fig. 4A, lane 4). In the
Western blotting with anti-CNF1 antibodies was performed. case of another clinical extraintestinal pathogenic E. coli iso-

% oA a PR Nl

FIG. 3. Comparison of OMVs released by J96 and its Ahns and Acnfl mutants. (A and B) AFM images of J96 wild-type and A/ns mutant bacteria,
respectively. (C) Protein quantification in the vesicle samples from respective strains. The electron micrographs of the purified vesicles are shown in panels
D (J96), E (Ahns, BEU8S01), and F (Acnfl, USU128). Bar, 500 nm. The arrows show examples of the released OMVs. wt, wild type.
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FIG. 4. CNF1 is associated with OMVs. (A) Whole-cell lysates (WC) from J96 (lane 1) and USU128 (lane 2) were used as positive and negative
controls for CNF1, respectively. OMVs analyzed by Western blotting were from J96 (wt, lanes 3 and 8), BEU801 (Ahns, lane 4), USU128 (Acnf1,
lanes 5 and 9), LE392/pISS391 (K12/cnfl ™, lane 6), and RZ422 (clinical isolate, lane 7). Lanes 8 and 9 show results from enhanced detection by
autoradiography in the case of OMVs from wt and Acnfl mutant J96, respectively, since the bands were too weak to be seen otherwise (lanes 3
and 5). The lower panel shows the OmpA band in the various samples as detected by Western blot analysis. The quantification of the levels of
OmpA (by using the Fluor-S Multilmager and QuantityOne software) gave the following relative values for the five different OMV samples (the
wild-type sample in lane 3 was arbitrarily set to 1): 1.0, 2.04, 1.17, 0.65, and 2.78, respectively, for lanes 3 to 7. (B) Lanes 1 and 2 were the same
as shown in panel A. OMVs from the J96 Ahns mutant were treated with Tris-HCI buffer (lanes 3 and 7), NaCl (lanes 4 and 8), SDS (lanes 5 and
9), and urea (lanes 6 and 10). After treatment, the samples were centrifuged, and the pellet (P) as well as the supernatants (S) was analyzed by
Western blotting. The numbers at the left in panels A and B indicate the sizes of molecular standards. (C) Quantitative analysis of the dissociation
assay. The CNF1 amounts (arbitrary units) were obtained by employing the volume analysis tool of the QuantityOne software (Bio-Rad), and the
values are means * standard deviations from two independent sets of data as shown in panel B. wt, wild type.

late, strain RZ422, the band attributed to CNF1 was even
stronger (Fig. 4A, lane 7). In order to further confirm the

Taken together, these data show evidence of an association of
CNF1 with membrane vesicles in E. coli.

presence of CNF1 in the vesicle samples, we used an E. coli
K-12 strain carrying a cosmid that contains the CNF1 deter-
minant, strain LE392/pISS391. The whole-cell lysate of this
strain showed a relatively high CNF1 level, even with this
low-copy-number cosmid (data not shown). The vesicle sample
from LE392/pISS391 showed a band indicating that CNF1 was
relatively abundant in the vesicle fraction (Fig. 4A, lane 6).

In order to access the type of association between CNF1
protein and OMVs, we performed a dissociation assay as de-
scribed in Materials and Methods. The vesicle preparations
were treated with 20 mM Tris-HCI, pH 8.0, 1 M NaCl, 0.8 M
urea, or 1% SDS. In these experiments, the J96 Ahns mutant
was analyzed since the vesicle preparations from this strain
showed relatively large amounts of CNF1. As shown in Fig. 4B



VoL. 74, 2006

L~

A.‘Controhk‘y

A

E. J96 Ahns F. RZ422 J

DAPI staining:

H. J96 Ahns I. RZ422

C. LE392/pHC79

| GTE392/pISS391

J. LE392/pISS391

CNF1 ASSOCIATED WITH OUTER MEMBRANE VESICLES 2027

B

T e |
D. CNEA 2 nM)

Al
B -
C.|

D I
E
F

G

0 25 50 75 100
% multinucleation

FIG. 5. CNF1-containing vesicle preparations induce enlargement and multinucleation in HeLa cells. The vesicle samples analyzed were from
the J96 (B), J96 Ahns mutant (E and H), RZ422 (F and I) and LE392/pISS391 (G and J) strains, and the amounts of total protein in these vesicle
preparations were about 7 pg, 60 pg, 10 pg, and 10 pg, respectively (which correspond to 100 wl of each vesicle sample). The same volume (100
wl) of the OMV preparation from LE392/pHC79 was used in these assays (C). Control HeLa cells without any treatment are shown in panel A,
whereas panel D shows HeLa cells treated with purified CNF1 (2 nM). Cells were incubated for 48 h, and the magnification was the same for each
sample. Panels A to G are phase-contrast micrographs, whereas panels H to J are fluorescence micrographs of cells after DAPI staining. Panel
K shows the percentage of multinucleated cells as means * standard deviations from observation of cells represented in the different samples as
shown above: panel A, n = 86 cells; panel B, n = 32 cells; panel C, n = 53 cells; panel D, n = 28 cells; panel E, n = 67 cells; panel F, n = 56

cells; and panel G, n = 58. wt, wild type.

the CNF1 protein was recovered with vesicles in the pellet
after treatment with urea, salt (NaCl), or buffer. Upon SDS
solubilization of the vesicles, however, there was no detection
of the CNF1 protein in the pellet. The CNF1 protein was
instead liberated to the supernatant in this case. The CNF1
protein was not found in the supernatant after urea treatment,
while it could be detected after treatment with NaCl, but not at
a greater extent than with the buffer (Fig. 4C). These data
suggest that CNF1 is tightly associated with the OMVs since it
was resistant to salt and urea disruptions and was liberated
only after SDS solubilization.

CNF1 in the vesicle is in its active form. Since we could
detect CNF1 in vesicle samples from some bacterial strains, the
question arose as to whether the vesicle-associated CNF1 pro-
tein was active. To address this, we checked if the vesicle
samples containing CNF1 could exert the effects known for this
protein on HeLa cell cultures.

In these experiments, HeLa cells were treated with the ves-
icle samples obtained from the RZ422, J96, J96 Ahns, J96
Acnfl, LE392/pHC79, and LE392/pISS391 strains and purified
CNF1 (as positive control). The CNF1-containing vesicle prep-
arations induced enlargement (phase-contrast microscopy) and
multinucleation (fluorescence microscopy after DAPI staining) of
HeLa cells, and the effects were clearly observed after 48 h of
incubation (Fig. 5). The J96 Ahns mutant caused a more pro-
nounced effect than the wild type, suggesting a correlation
between the CNF1 amount and the changes occurring in HeLa
cells. After 72 h of incubation, more multinucleated HelLa cells
could be observed when the vesicle samples from J96 were
used. At this time, many cells treated with pure CNF1 or
vesicle preparations with high CNF1 content were more or less
dead. Within the first 24 h, no clear difference was recorded for
all the samples, and the cells seemed to be quite intact. On the
other hand, the effect of the pure CNF1 at 2 nM was greater
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FIG. 6. Stress fiber formation by CNF1 containing vesicles in HeLa cells after 48 h. Fluorescence micrographs of cells treated by 2 nM CNF1
(A) or 100 pl of OMV samples from LE392/pISS391 (B), J96 Ahns mutant (C and D), RZ422 (E), J96 Acnfl mutant (F), and J96 wt (H) strains.
Untreated HeLa cells are shown in panel G. The magnification was the same in all cases, and the cell represented in the panel D is the occasionally
observed “ultra-giant cell” after treatment with the J96 Ahns mutant. wt, wild type.

than the effects of any of the vesicle samples studied, except in
the case of the K12/cnf1™ (LE392/pISS391) strain, when quan-
tified as the percentage of multinucleated cells for the various
samples (Fig. 5K). HeLa cells treated with vesicle preparations
from the LE392/pHC79 or the J96 Acnfl strain were neither
enlarged nor multinucleated (Fig. 5C and data not shown).

As CNF1 is well known to modify the small GTPases of the
Rho family and therefore leads to formation of stress fibers, we
investigated the effect of the purified vesicles on F-actin. During
the first 20 h, there was no obvious induction of stress fiber
formation by vesicles from any of the strains. However, after 48 h
we could observe these fibers in HeLa cells that were treated with
vesicle samples that contained CNF1 (Fig. 6). As in the case of the
enlargement and the multinucleation effects, the appearance of
stress fibers was variable according to the strain, and it seemed to
be due to CNF1 in a concentration-dependent fashion. With the
Ahns mutant vesicle sample, we could occasionally observe some
very large, “ultra-giant” cells (Fig. 6D) that were larger than any
of the giant cells induced by other strains or vesicle samples or by
the pure protein (2 nM CNF1).

DISCUSSION

We here show that the CNF1 toxin from uropathogenic E. coli
is released from the bacteria by a pathway that includes OMVs.

While we found that CNF1 in the bacterial cells is mainly
localized in the cytoplasm of UEPC strain J96 and its Ahns
derivative BEUS801, detectable amounts of this protein were
also present in the periplasmic fractions. This suggests that the
CNF1 protein is able to cross the cytoplasmic membrane de-
spite the fact that no signal peptide is present in its sequence
and, therefore, is not considered to be secreted by a Sec-

dependent type 2 mechanism (3). Interestingly, we could de-
tect the CNF1 protein in the supernatants from strains J96, J96
Ahns, and LE392/pISS391 in broth cultures. These data sug-
gest that CNF1 may be regarded as a secreted protein. Since it
recently has been shown that some bacterial toxins could be
secreted via OMVs (36), we analyzed such OMVs from some
UPEC strains and could indeed detect the presence of CNF1
in these OMYV samples. The association of the CNF1 protein
with OMVs was shown to be rather tight since the protein was
still recovered together with vesicles after ionic and urea dis-
ruption and could be liberated from the vesicles only upon
SDS solubilization. From these results we may consider that
CNF1 might be localized inside the lumen of the vesicles,
hence providing a protected means of transport for the toxin.
CNF1 might also be partially anchored to the vesicle mem-
brane as our data suggest its presence in the OM fraction (Fig.
1B). Whether the membrane-spanning domain of CNF1 plays
a role in its association with vesicles remains to be elucidated.
We could also detect CNF1 in vesicle samples from other
clinical isolates of the O6 serotype, among which E. coli RZ422
produced slightly more CNF1 than the J96 (serotype O4) wild
type. In the case of an enterotoxigenic E. coli (ETEC), it has
recently been shown that vesicles serve as specifically targeted
transport vehicles that mediate entry of active enterotoxin and
other bacterial envelope components into host cells, therefore
suggesting a role in virulence for ETEC vesicles (19). Consid-
ering our findings, we suggest that OMVs from UPEC strains
can play such a role as well.

Our preliminary data suggested a downregulation of CNF1
expression by the H-NS protein in UPEC strain J96. This is the
first time that CNF1 was shown to be under regulation by this
nucleoid protein. H-NS is known as a pleiotropic regulator that
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causes repression or silencing of transcription at some promot-
ers (5, 10). The observation that the Ains mutant of strain J96
released more vesicles and overexpressed CNF1 made this
strain a good tool for us to localize the CNF1 in cell fractions
and to study the protein in general in a UPEC background.

Recently, it has been reported that the Tol-Pal system of E.
coli, required to maintain the OM integrity, plays a role in
vesicle production. Indeed, the periplasmic overproduction of
TolR domains, as well as Tol ligands, was shown to increase
vesicle release in E. coli by destabilizing the bacterial cell envelope
(12). Whether Ans is involved in this system or another pathway
remains to be elucidated. In the case of an ETEC strain, it was
found that vesicle production is affected by H-NS as a three-
fold increase in OMVs released from the Ahns mutant was
observed (16). The authors attributed this to the pleiotropic
effects of the 4ns mutation. Other studies have reported H-NS
to be involved in downregulation of toxins in different gram-
negative bacteria including some proteins in the ToxR regulatory
cascade in Vibrio cholerae (27), hemolysin in Serratia marcescens
(9), and products of the spv virulence locus in Salmonella enterica
serovar Typhimurium (28) and of two structural genes (mxiC and
icsB) in Shigella flexneri (31).

When HeLa cells were treated with CNF1-containing vesicle
samples, enlargement and multinucleation were clearly observed
only after 2 days of incubation. This delay in the toxin effect
might be partly explained by the cell division process. It is well
known that fast growing mammalian cells usually enter mitosis
only 24 h after the previous division (about 12 h of rest in the
G, phase, 6 h to synthesize the genetic material, and 6 h to
prepare for the division in the G, phase) (26). Since enlarge-
ment and multinucleation are thought to be a result of an
inhibition of the cytokinesis, it is not surprising to have no
visible effects of the CNF1 on the first day after treatment. In
the presence of CNF1, the cells, which are allowed to grow
without division and undergo cytoskeleton rearrangements by
the toxin, become giant and multinucleated. Of course, an-
other possible explanation of the delay could be that the cas-
cade of reactions that is started by CNF1 for the induction of
the cell modifications is slow enough to display the final effects
only later.

Altogether, our data indicate that active CNF1 is associated
with OMVs in UPEC. As for other toxins, this could be a
means for the bacteria to deliver CNF1 to the environment and
to the infected tissue.

ACKNOWLEDGMENTS

We are indebted to A. Takade (Department of Bacteriology, Kyushu
University, Japan) for help with electron microscopy. We are grateful to
A. D. O'Brien (Department of Microbiology and Immunology, Uni-
formed Services University of the Health Sciences, Bethesda, MD) for
supplying the AcnfI mutant J96 and to P. Boquet (INSERM U452, Fac-
ulté de Medecine de Nice, France) for his kind gift of the CNF1 antibod-
ies and the purified CNF1.

This work was supported by grants from the Swedish Research
Council, the Swedish Foundation for International Cooperation in
Research and Higher Education (STINT), and the Deutsche For-
schungsgemeinschaft (DFG), Sonderforschungsbereich 479, TP Al.
J.C.K. is a postdoctoral research fellow of the International Graduate
College program “Gene regulation in and by microbial pathogens.”

CNF1 ASSOCIATED WITH OUTER MEMBRANE VESICLES

10.

11.

12.

13.

16.

17.

19.

20.

21.

22.

23.

24.

25.

2029

REFERENCES

. Akiyama, Y., S. Kamitani, N. Kusukawa, and K. Ito. 1992. In vitro catalysis

of oxidative folding of disulfide-bonded proteins by the Escherichia coli dsbA
(ppfA) gene product. J. Biol. Chem. 267:22440 to 22445.

. Bardwell, J. C., K. McGovern, and J. Beckwith. 1991. Identification of a

protein required for disulfide bond formation in vivo. Cell 67:581-589.

. Boquet, P. 2001. The cytotoxic necrotizing factor 1 (CNF1) from Escherichia

coli. Toxicon 39:1673-1680.

. de Gier, J. W., P. Mansournia, Q. A. Valent, G. J. Phillips, J. Luirink, and

G. von Heijne. 1996. Assembly of a cytoplasmic membrane protein in Esch-
erichia coli is dependent on the signal recognition particle. FEBS Lett.
399:307-309.

. Dorman, C. J. 2004. H-NS: a universal regulator for a dynamic genome. Nat.

Rev. Microbiol. 2:391-400.

. Fabbri, A., M. Gauthier, and P. Boquet. 1999. The 5’ region of cnfl harbours

a translational regulatory mechanism for CNF1 synthesis and encodes the
cell-binding domain of the toxin. Mol. Microbiol. 33:108-118.

. Fiorentini, C., A. Fabbri, P. Matarrese, L. Falzano, P. Boquet, and W.

Malorni. 1997. Hinderance of apoptosis and phagocytic behaviour induced
by Escherichia coli cytotoxic necrotizing factor 1: two related activities in
epithelial cells. Biochem. Biophys. Res. Commun. 241:341-346.

. Forsman, K., B. Sonden, M. Goransson, and B. E. Uhlin. 1992. Antirepres-

sion function in Escherichia coli for the cAMP-cAMP receptor protein tran-
scriptional activator. Proc. Natl. Acad. Sci. USA 89:9880-9884.

. Franzon, J. H., and D. S. Santos. 2004. A role for histone-like protein H1

(H-NS) in the regulation of hemolysin expression by Serratia marcescens.
Braz. J. Med. Biol. Res. 37:1763-1769.

Goransson, M., B. Sonden, P. Nilsson, B. Dagberg, K. Forsman, K.
Emanuelsson, and B. E. Uhlin. 1990. Transcriptional silencing and thermo-
regulation of gene expression in Escherichia coli. Nature 344:682-685.
Henning, U., H. Schwarz, and R. Chen. 1979. Radioimmunological screening
method for specific membrane proteins. Anal. Biochem. 97:153-157.
Henry, T., S. Pommier, L. Journet, A. Bernadac, J. P. Gorvel, and R.
Lloubes. 2004. Improved methods for producing outer membrane vesicles in
gram-negative bacteria. Res. Microbiol. 155:437-446.

Hoffmann, C., M. Pop, J. Leemhuis, J. Schirmer, K. Aktories, and G.
Schmidt. 2004. The Yersinia pseudotuberculosis cytotoxic necrotizing factor
(CNFY) selectively activates RhoA. J. Biol. Chem. 279:16026-16032.

. Horiguchi, Y. 2001. Escherichia coli cytotoxic necrotizing factors and Borde-

tella dermonecrotic toxin: the dermonecrosis-inducing toxins activating Rho
small GTPases. Toxicon 39:1619-1627.

. Horstman, A. L., and M. J. Kuehn. 2000. Enterotoxigenic Escherichia coli

secretes active heat-labile enterotoxin via outer membrane vesicles. J. Biol.
Chem. 275:12489-12496.

Horstman, A. L., and M. J. Kuehn. 2002. Bacterial surface association of
heat-labile enterotoxin through lipopolysaccharide after secretion via the
general secretory pathway. J. Biol. Chem. 277:32538-32545.

Hull, R. A,, R. E. Gill, P. Hsu, B. H. Minshew, and S. Falkow. 1981. Con-
struction and expression of recombinant plasmids encoding type 1 or p-
mannose-resistant pili from a urinary tract infection Escherichia coli isolate.
Infect. Immun. 33:933-938.

. Johansson, J., and B. E. Uhlin. 1999. Differential protease-mediated turn-

over of H-NS and StpA revealed by a mutation altering protein stability and
stationary-phase survival of Escherichia coli. Proc. Natl. Acad. Sci. USA
96:10776-10781.

Kesty, N. C., K. M. Mason, M. Reedy, S. E. Miller, and M. J. Kuehn. 2004.
Enterotoxigenic Escherichia coli vesicles target toxin delivery into mamma-
lian cells. EMBO J. 23:4538-4549.

Koch, G., C. Benz, G. Schmidt, C. Olenik, and K. Aktories. 1997. Role of
Rho protein in lovastatin-induced breakdown of actin cytoskeleton. J. Phar-
macol. Exp. Ther. 283:901-909.

Landraud, L., M. Gibert, M. R. Popoff, P. Boquet, and M. Gauthier. 2003.
Expression of cnfl by Escherichia coli 196 involves a large upstream DNA
region including the hlyCABD operon, and is regulated by the RfaH protein.
Mol. Microbiol. 47:1653-1667.

Lemichez, E., G. Flatau, M. Bruzzone, P. Boquet, and M. Gauthier. 1997.
Molecular localization of the Escherichia coli cytotoxic necrotizing factor
CNF1 cell-binding and catalytic domains. Mol. Microbiol. 24:1061-1070.
Lerm, M., J. Selzer, A. Hoffmeyer, U. R. Rapp, K. Aktories, and G. Schmidt.
1999. Deamidation of Cdc42 and Rac by Escherichia coli cytotoxic necrotiz-
ing factor 1: activation of c-Jun N-terminal kinase in HeLa cells. Infect.
Immun. 67:496-503.

Lockman, H. A., R. A. Gillespie, B. D. Baker, and E. Shakhnovich. 2002.
Yersinia pseudotuberculosis produces a cytotoxic necrotizing factor. Infect.
Immun. 70:2708-2714.

Mills, M., K. C. Meysick, and A. D. O’Brien. 2000. Cytotoxic necrotizing
factor type 1 of uropathogenic Escherichia coli kills cultured human uroepi-
thelial 5637 cells by an apoptotic mechanism. Infect. Immun. 68:5869-5880.



2030

26.

27.

28.

29.

30.

31

32.

KOUOKAM ET AL.

Murray, A., and T. Hunt. 1993. The cell cycle. W. H. Freeman and Co., New
York, N.Y.

Nye, M. B., J. D. Pfau, K. Skorupski, and R. K. Taylor. 2000. Vibrio cholerae
H-NS silences virulence gene expression at multiple steps in the ToxR
regulatory cascade. J. Bacteriol. 182:4295-4303.

O’Byrne, C. P., and C. J. Dorman. 1994. Transcription of the Salmonella
typhimurium spv virulence locus is regulated negatively by the nucleoid-
associated protein H-NS. FEMS Microbiol. Lett. 121:99-105.

Oswald, E., M. Sugai, A. Labigne, H. C. Wu, C. Fiorentini, P. Boquet, and
A. D. O’Brien. 1994. Cytotoxic necrotizing factor type 2 produced by virulent
Escherichia coli modifies the small GTP-binding proteins Rho involved in
assembly of actin stress fibers. Proc. Natl. Acad. Sci. USA 91:3814-3818.
Parker, A. S., J. R. Cerhan, C. F. Lynch, B. C. Leibovich, and K. P. Cantor.
2004. History of urinary tract infection and risk of renal cell carcinoma.
Am. J. Epidemiol. 159:42-48.

Porter, M. E., and C. J. Dorman. 1994. A role for H-NS in the thermo-
osmotic regulation of virulence gene expression in Shigella flexneri. J. Bac-
teriol. 176:4187-4191.

Rippere-Lampe, K. E., A. D. O’Brien, R. Conran, and H. A. Lockman. 2001.
Mutation of the gene encoding cytotoxic necrotizing factor type 1 (cnf;)
attenuates the virulence of uropathogenic Escherichia coli. Infect. Immun.
69:3954-3964.

Editor: J. T. Barbieri

33.

35.

36.

37.

38.

39.

INFECT. IMMUN.

Sondén, B. 1996. Architectural proteins and DNA curvature in the transcrip-
tional control of fimbrial adhesin genes in E. coli. Umed University Medical
Dissertations. Umed University, Umed, Sweden.

. Sundin, C., M. L. Henriksson, B. Hallberg, A. Forsberg, and E. Frithz-

Lindsten. 2001. Exoenzyme T of Pseudomonas aeruginosa elicits cytotoxicity
without interfering with Ras signal transduction. Cell. Microbiol. 3:237-246.
Thanabalu, T., E. Koronakis, C. Hughes, and V. Koronakis. 1998. Substrate-
induced assembly of a contiguous channel for protein export from E. coli:
reversible bridging of an inner-membrane translocase to an outer membrane
exit pore. EMBO J. 17:6487-6496.

Wai, S. N.,, B. Lindmark, T. Soderblom, A. Takade, M. Westermark, J.
Oscarsson, J. Jass, A. Richter-Dahlfors, Y. Mizunoe, and B. E. Uhlin. 2003.
Vesicle-mediated export and assembly of pore-forming oligomers of the
enterobacterial ClyA cytotoxin. Cell 115:25-35.

Wai, S. N., A. Takade, and K. Amako. 1995. The release of outer membrane
vesicles from the strains of enterotoxigenic Escherichia coli. Microbiol. Im-
munol. 39:451-456.

Wai, S. N., M. Westermark, J. Oscarsson, J. Jass, E. Maier, R. Benz, and
B. E. Uhlin. 2003. Characterization of dominantly negative mutant ClyA
cytotoxin proteins in Escherichia coli. J. Bacteriol. 185:5491-5499.

Zingler, G., M. Ott, G. Blum, U. Falkenhag, . N n, W. Sokolowska-
Kohler, and J. Hacker. 1992. Clonal analysis of Escherichia coli serotype O6
strains from urinary tract infections. Microb. Pathog. 12:299-310.




