Translocated EspF protein from enteropathogenic
Escherichia coli disrupts host intestinal barrier function
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The mechanisms by which enteropathogenic Escherichia coli (EPEC), an important cause of diarrhea
among infants in developing countries, induce symptoms are not defined. EPEC have a type III secre-
tion system required for characteristic attaching and effacing changes that modify the cytoskeleton
and apical surface of host cells. Infection of polarized intestinal epithelial cell monolayers by EPEC
leads to aloss of transepithelial electrical resistance, which also requires the type III secretion system.
We demonstrate here that EspF, a protein that is secreted by EPEC via the type III secretion system,
is not required for quantitatively and qualitatively typical attaching and effacing lesion formation in
intestinal epithelial cells. However, EspF is required in a dose-dependent fashion for the loss of
transepithelial electrical resistance, for increased monolayer permeability, and for redistribution of
the tight junction-associated protein occludin. Furthermore, the analysis of EPEC strains express-
ing EspF-adenylate cyclase fusion proteins indicates that EspF is translocated via the type III secre-
tion system to the cytoplasm of host cells, a result confirmed by immunofluorescence microscopy.
These studies suggest a novel role for EspF as an effector protein that disrupts intestinal barrier func-

tion without involvement in attaching and effacing lesion formation.

J. Clin. Invest. 107:621-629 (2001).

Introduction

Diarrhea remains one of the leading causes of mortal-
ity in children in developing countries. Enteropatho-
genic Escherichia coli (EPEC) strains may be the leading
bacterial cause of diarrhea among newborns and young
infants in such nations (1).

Much progress has been made in the past decade in
unraveling the molecular basis for EPEC interactions
with host cells. EPEC strains are defined by the ability
to induce an effect known as attaching and effacing
and by the lack of production of Shiga toxins. Attach-
ing and effacing is a characteristic ultrastructural
lesion in host cells that consists of loss of microvilli, the
formation of cuplike pedestals composed of actin and
other cytoskeletal elements, and the intimate attach-
ment of bacteria to the surface of the cells at the sites
of these alterations (2, 3). Attaching and effacing abili-
ty is encoded on a pathogenicity island known as the
locus of enterocyte effacement (LEE) that is composed
of 41 open reading frames (4).

Several categories of genes from the LEE have been
described. The esc and sep genes encode a type III secre-
tion system (5). The espA, espB, and espD genes encode
proteins secreted by this system that may form a

translocation apparatus for delivery of effector mole-
cules into host cells (6). EspB may also be an effector
protein that disrupts the cytoskeleton (7). The eae gene
encodes an outer membrane adhesin known as intimin,
and tir encodes the translocated intimin receptor (Tir)
to which intimin binds after the type III system inserts
Tir in the host membrane (8). The LEE also encodes
EspF, a protein of unknown function that is also secret-
ed via the type III system (9). Deletion of the espF locus
has no effect on the ability of EPEC to induce the accu-
mulation of actin in HEp-2 cells at sites of bacterial
attachment, a phenotype that is considered to be equiv-
alent to the attaching and effacing effect (10). The
function of EspF is therefore unknown.

The mechanisms by which EPEC cause diarrhea have
not been identified. Because EPEC can colonize and
destroy microvilli along the entire bowel, it has been
proposed that malabsorption may lead to an osmotic
diarrhea (11). Indeed, fasting leads to improvement of
symptoms in some infants (12). However, other infants
continue to have diarrhea despite total parenteral
nutrition (13), and in volunteers the diarrhea develops
rapidly while fasting (14), making this mechanism
implausible as the sole cause of symptoms. Recently, a
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rapid and transient change in short-circuit current has
been noted in polarized intestinal epithelial cells infect-
ed with synchronized cultures of EPEC, which may
reflect a secretory diarrhea due to net movement of
ions and fluid across the intestinal epithelium (15). A
change in voltage potential in patch-clamped Caco-2
cells infected with EPEC could represent a similar
phenomenon (16). It was also shown recently that
enterovirulent strains of E. coli, including EPEC, upreg-
ulate receptors for the neuropeptide galanin-1, which
in turn stimulates chloride secretion (17). Finally, a
number of laboratories have reported that infection of
polarized intestinal epithelial cell monolayers with
EPEC leads to a dramatic drop in transepithelial elec-
trical resistance (TER) (15, 18-20). This drop in TER is
accompanied by increased flux of paracellular fluid
markers, altered distribution of the tight junction pro-
tein ZO-1 and is not accompanied by death of the cells
in the monolayer. It has therefore been proposed that
EPEC diarrhea may be due, in part, to loss of intestinal
barrier function with movement of ions and fluid from
the intestinal submucosa to the lumen. Since EPEC
induces all three of these effects, loss of microvilli, ion
fluxes, and loss of tissue resistance, it has not been pos-
sible to determine the relative contributions of these
mechanisms to the pathogenesis of diarrhea. The pur-
pose of this study was to further define the role of EspF
in EPEC pathogenesis by studying its effects on attach-
ing and effacing and TER in a polarized intestinal
epithelial cell monolayer and by determining whether
it is translocated into epithelial cells.

Methods

Bacterial strains, plasmids and culture conditions. Wild-
type EPEC strain E2348/69 (21), strain UMD874,
which has a deletion that extends from the end of
ORF29, just upstream of espF, to the end of the LEE
that removes espF and the remnants of a transposon,
and strain UMD876, which has a deletion that
extends from the end of espF to the end of the LEE,
have been described previously (9). Strain UMD872
has a disruption in the espA gene (22), strain
UMDS870 has a disruption of the espD gene (23), and
strain CVD452 has a disruption in the escN gene (5).
Plasmid pBPM32 was constructed by amplifying the
espF gene using DeepVent polymerase (New England
Biolabs Inc., Beverly, Massachusetts, USA) and
primers Donne-335 (5'-GCG GGA TCC CCC TTT CTT
CGA TTG CTC ATA G-3') and Donne-336 (5'-CAT GCC
ATG GTT AAT GGA ATT AGT AAC-3"). The PCR product
was cloned into pTEB68, a derivative of plasmid pTrc
99A (Amersham Pharmacia Biotech, Piscataway, New
Jersey, USA) that was modified to allow the addition
of a carboxyl-terminal hexahistidine tag. However,
sequencing of pBPM32 revealed the presence of a
frame-shift mutation that resulted in the inclusion
of only three histidine codons as well as 13 addition-
al codons to the 3" end of espF. Primers Donne-355
(5'-CGG GAT CCA TAT AAA GAG GCA TAA ATT ATG-3')

and Donne-356 (5'-AAC TGC AGC CCT TTC TTC GAT
TGC TCA TAG-3") were used to amplify the espF gene
for fusion to the amino-terminus of c¢ya, which
encodes the catalytic domain of Bordetella pertussis
adenylate cyclase, in plasmid pBScya (24) to create
pBPM37. Similarly, primer Donne-355 was used with
primer Donne-338 (5'-AGG GCC CGG GAG TAA ATG
AAG TCA CCT G-3') to create a fusion between the first
73 codons of espF and cya to create plasmid pBPM36.
Recombinant plasmids were introduced into EPEC
strains by electroporation as described (9).

Bacteria were routinely cultured in Luria-Bertani (LB)
broth or on LB plates. Ampicillin was added at 200
Mg/ml and chloramphenicol at 25 pg/ml when needed
to maintain plasmids.

Tissue culture. HeLa cells (CCL2; American Type Cul-
ture Collection, Rockville, Maryland, USA) were grown
as described (25). T84 cells were grown in a 1:1 (vol /vol)
mixture of Dulbecco-Vogt modified Eagle’s medium
and Ham’s F-12 supplemented with 6% newborn calf
serum, then passaged, and plated on collagen-coated
filters, as previously described (26).

Electron microscopy. Overnight bacterial cultures were
diluted (1:33) in serum- and antibiotic-free T84 medi-
um containing 0.5% mannose and grown to midloga-
rithmic growth phase. The bacterial suspension was pel-
leted and resuspended in culture medium. Bacteria
(approximately 5 x 107 CFU) were added to the apical
surface of T84 monolayers grown on collagen-coated
permeable supports (Transwells; Corning-Costar Corp.,
Cambridge, Massachusetts, USA). Infected monolayers
were incubated in antibiotic- and serum-free medium at
37°C in an atmosphere of 95% air, 5% CO; for 6 hours.
The filter units were coded to blind the investigator to
their identity and processed for electron microscopy as
described previously (25). Attaching and effacing activ-
ity was quantified as described previously (27). Propor-
tions were compared with the X? test.

Immunoblots. Immunoblots of bacterial pellets and
supernatants for detection of EspF were performed and
developed with enhanced chemiluminescence (ECL)
detection reagents as described previously (9).
Polyvinylidene fluoride membranes were cut horizon-
tally. The lower half was probed as described with an
affinity-purified anti-EspF antiserum, while the upper
half was probed with mAb 5D1 against the catalytic
domain of adenylate cyclase at a dilution of 1:2000 (28).
For examination of EspF expression by the espF mutant
containing pBPM32, isopropyl B-D-thiogalactopyra-
noside (IPTG) at various concentrations was added for
2 hours after the initial incubation. Preparations con-
taining both bacterial pellet and supernatant proteins
were obtained by addition of trichloroacetic acid direct-
ly to the culture. To quantify expression, blots were dig-
itized and analyzed using Scion Image software (Scion
Corp., Frederick, Maryland, USA).

Adenylate cyclase reporter assay. Overnight cultures of
bacterial strains were diluted 1:100 in DMEM/F12 (Life
Technologies Inc., Grand Island, New York, USA) and
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cultured with aeration at 37°C for 4 hours. Bacteria
were diluted in DMEM/F12 to a concentration of
approximately 2.5 x 107 CFU/ml and added at an moi
of 100:1 to HeLa or T84 cells. The HeLa cells were pre-
treated for 30 minutes with cytochalasin D (2 pg/ml) to
block bacterial invasion (29). Cells were incubated at
37°C for 1.5 hours in an atmosphere of 95% air, 5% CO,.
After infection, cells were washed twice with cold medi-
um, and 400 pl of HCI (50 mM) was added to each well.
Cells were removed with a rubber policeman, boiled for
5 minutes, and neutralized by the addition of 24 pl
0.5 M NaOH. A sample (10 pl) of each lysate was
retained for determination of protein concentration by
the bicinchoninic acid method (Pierce Chemical Co.,
Rockford, Illinois, USA). Ethanol (800 pl) was added to
each sample for S minutes, and the samples were cen-
trifuged (11,000 g for 5 minutes). The supernatants were
dried in a SpeedVac (Savant Instruments Inc., Hol-
brook, New York, USA) for 2 hours and stored
overnight at -20°C. The concentration of cAMP for
each sample was determined using a commercial ELISA-
based kit (BioTrak; Amersham Pharmacia Biotech)
according to the directions stipulated in protocol one
of the manufacturer’s instructions. Reactions were ter-
minated after 30 minutes by the addition of 1 M H,SO..
A linear standard curve was constructed using known
concentrations of BSA for protein determinations, and
a logarithmic standard curve was constructed using
known concentrations of cAMP for the ELISA. A single
value of cAMP concentration per milligram of protein
was calculated for each sample. When necessary to yield
values within the range of the standards, samples were
diluted tenfold or 100-fold in assay buffer before assay.

Confocal microscopy. HeLa cells were incubated on cov-
erslips that were placed in 24-well plates in an atmos-
phere of 95% air, 5% CO, until 85% confluence was
reached. Cells were pretreated with cytochalasin D and
infected with EPEC at an moi of 100:1 as described for
cAMP assays. After 1 hour, the cell monolayers were
washed three times with PBS and incubated before fixa-
tion with wheat germ agglutinin (WGA) conjugated to
Alexa 488 (25 pg/ml; Molecular Probes Inc., Eugene,
Oregon, USA) in PBS for 5 minutes to label HeLa cell
surface carbohydrates. Cells were then fixed with 3%
formaldehyde and permeabilized with 0.5% Triton-X-
100 for 3 minutes. The fixed monolayers were stained
with 4', 6'-diamidino-2-phenyl-indole (DAPI; Sigma
Chemical Co., St. Louis, Missouri, USA) (5 pg/ml in
H,0) for 1 hour at room temperature to label adherent
bacteria and host cell nuclei. The monolayers were then
blocked overnight at 4°C in 1% BSA and 0.2% sodium
azide. An affinity-purified anti-EspF Ab (9) was used at
a dilution of 1:200 in 1% BSA in PBS and detected with
an anti-rabbit IgG Ab conjugated to lissamine rho-
damine B (Molecular Probes Inc.) at a dilution of 1:200
in 1% BSA-PBS. The samples were examined with a Zeiss
LSM410 confocal laser scanning microscope (Carl Zeiss
Inc., Thornwood, New York, USA) and analyzed using
LSM410 software as described previously (30).

Measurement of transepithelial electrical resistance and
mannitol flux. T84 cells were grown to confluence on
permeable, collagen-coated filters (Corning-Costar
Corp.) and infected as described for electron
microscopy. A simplified apparatus for measuring elec-
trophysiological parameters described by Madara et al.
(31) was used to measure TER. The cells were infected
as described for electron microscopy with bacteria at
moi from 10 to 1,000. After 1 hour, media were aspi-
rated and monolayers were gently washed to remove all
nonadherent bacteria as described previously (32).
Fresh tissue culture medium was added and monolay-
ers were incubated for the indicated times. TER was
determined by passing 25 HA of current, measuring the
resulting voltage deflection, and applying Ohm’s law
(V=1R) to calculate resistance. To measure changes in
paracellular permeability, monolayers were infected as
above. After 5 hours of infection, monolayers were
placed in Ringer’s solution containing 10 mM glucose
and 5 mM cold mannitol and allowed to equilibrate for
30 minutes. Apical medium was removed and replaced
with Ringer’s solution as above, but containing 0.4 HCi
of [*H]-mannitol per filter. Incubation was continued
for 1 hour. Basal medium was collected and counted in
a scintillation counter. Mannitol flux is expressed as
percentage of uninfected controls. To assess cell death,
monolayers were monitored in parallel for release of
lactate dehydrogenase (LDH) using a commercially
available kit (Cytotoxicity Detection Kit; Roche Molec-
ular Biochemicals, Mannheim, Germany).

Immunofluorescence. T84 monolayers were grown on
glass coverslips and infected for 6 hours at an moi of
500 in the presence or absence of IPTG as described
above. Occludin was visualized using a commercially
available Ab (Zymed Laboratories Inc., South San Fran-
cisco, California, USA), as described (33).

Results
EspFis not required for attaching and effacing activity in an intes-
tinal epithelial cell line. We reported previously that EspF is
not required for EPEC to induce rearrangements of actin
in infected human laryngeal carcinoma HEp-2 cells (9).
To determine whether EspF is required for full attaching
and effacing activity in differentiated intestinal epithelial
cells, we infected polarized T84 intestinal epithelial cells
with either wild-type EPEC strain E2348/69 or espF
mutant strain UMD874 and determined the percentage
of bacteria that were involved in attaching and effacing
lesions by electron microscopy. Of a total of 192 wild-type
bacteria observed in the samples, 95 (49%) were engaged
in attaching and effacing activity. Similarly, of a total of
122 espF mutant bacteria observed, 65 (53%) were
engaged in attaching and effacing activity (P=0.59). Fur-
thermore, we detected no qualitative difference in the
nature of the attaching and effacing lesions induced by
the wild-type and espF mutant strains (Figure 1).

EspFis translocated into epithelial cells. We reported previ-
ously that EspF is exported by EPEC via the type III
secretion pathway (9). We used an adenylate cyclase
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Figure 1

Transmission electron micrographs
of polarized T84 cells infected with
(a) wild-type EPEC strain E2348/69
or (b) espF mutant strain UMD874.
Typical
lesions are present in both micro-
graphs (arrows). Bar, 1T um.

attaching and effacing

reporter system (34) to determine whether EspF is tar-
geted to the host cell cytoplasm. Since the B. pertussis
adenylate cyclase requires calmodulin for activity,
fusion proteins that contain the catalytic portion of this
enzyme have activity only if they are directed to the cyto-
plasm of host cells where calmodulin is abundant. We
constructed a plasmid that has a fusion between full-
length espF and a portion of the ¢ya gene encoding the
catalytic domain of adenylate cyclase and introduced
this plasmid into various EPEC strains. We also fused
the first 73 codons of espF to cya, since in other systems
the 5" end of the gene is sufficient to allow effector mol-
ecules to be translocated via type III systems (35). We
then infected HeLa cells with EPEC strains containing
these constructs, prepared cell lysates, and assayed
cAMP by ELISA. We found that cells infected with wild-
type EPEC strain E2348/69 containing the full-length
espF-cya fusion plasmid had levels of cAMP that were
more than 100-fold greater than uninfected cells (Table
1). Similar levels were detected in cells infected with
wild-type EPEC containing the plasmid encoding the
truncated EspF'-adenylate cyclase fusion. In contrast,
cells infected with mutant EPEC strains containing the
full-length fusion plasmid, but with mutations in genes
encoding components of either the type III secretion
apparatus itself (escN) or the translocation apparatus
(espA), did not have elevated cAMP levels. Expression of
wild-type EspF does not appear to be
required for translocation of EspF as
cells infected with an espF mutant
expressing the EspF-adenylate cyclase

Table 1

cyclase confirmed that the fusions were expressed by
each strain and secreted into the supernatant by all
strains except the type III secretion mutant, as expected
(data not shown). Overall, these results indicate that the
type III secretion system of EPEC delivers EspF to the
host cell cytoplasm.

EspF can be detected within infected host cells by confocal
microscopy. To confirm that EspF is translocated into
host cells with an alternative method, we used confo-
cal laser scanning microscopy to examine HeLa cells
that had been pretreated with cytochalasin D and
infected with various EPEC strains. For these studies
we stained DNA with DAPI to visualize host cell nuclei
and bacteria, EspF with specific antiserum, and host
cell membranes with WGA conjugated to Alexa 488.
Examination of multiple 0.5-um optical sections
through individual cells clearly demonstrated EspF
signal within host cells infected with wild-type EPEC
strain E2348/69 (Figure 2). The signals were not
homogeneous throughout the infected cells, but were
instead present as focal accumulations within the
cytoplasm, near but clearly separated from those of the
infecting bacteria. In contrast to cells infected with
wild-type EPEC, no signal was detected in cells infect-
ed with the espF mutant strain UMD874. Weaker EspF
signals were detected in samples containing cells
infected with escN and espA mutant strains, which have

Cyclic AMP levels in HelLa and T84 cells infected with EPEC strains expressing
EspF-adenylate cyclase fusion proteins

fusion had high levels of cAMP. Similar

results were obtained using T84 cells,  Strain Genotype Plasmid cAMP (pmol mg" total protein)?
%ndmatmlg that EspF is allso t.railnslpolrteﬁ HelLa Cells T84 Cells
i,nto a’frebivailt m;es,tmah eprehelial cell i nfected - - 12641 101+ 1

ine (Table 1) and in the presence or  gy345/60  \yild-type pBPM36 (EspF'-Cya) 1580 + 82 ND
absence (data not shown) of cytocha-  gr345/69  wild-type pBPM37 (EspF-Cya) 2460180 1857 +200
lasin, which blocks bacterial invasionby  ymps74 espF pBPM37 (EspF-Cya) 5260+250 2547 £177
greater than 90% (29), indicating that  umD872 espA pBPM37 (EspF-Cya) 6.47 + 1 9.63 1
the observed enzyme activity was not  CVD452 escN pBPM37 (EspF-Cya) 6.50 + 4 9.73+1

due to delivery from internalized bacte-
ria. Western blots using Ab’s directed
either against EspF or against adenylate

AMean + SEM of triplicate samples from one experiment. Two additional experiments (for Hela
cells) or one additional experiment (for T84 cells) yielded similar results. EspF" indicates a trun-
cated protein containing only the first 73 amino acids of EspF. ND, not done.
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mutations in components of the type III secretion sys-
tem and the translocation apparatus, respectively.
However, the signals in these samples were associated
with the bacteria and the cell surface rather than with-
in the host cells. Reconstruction of yz and xz planes
through the depth of the epithelial cells confirmed
that the EspF signal was within the cells infected with
the wild-type strain only, while the signals were near
the surface of cells infected with the escN and espA
mutant strains (not shown). These studies confirm
that the type III secretion and translocation system of
EPEC delivers EspF to the interior of host cells.
EspFis required for EPEC-induced loss of transepithelial elec-
trical resistance and increase in paracellular permeability in
intestinal epithelial monolayers. Several investigators have
reported that EPEC infection of polarized intestinal
epithelial cells leads to a loss of TER (18-20). To deter-

mine whether EspF plays a role in altering intestinal
barrier function, we infected polarized T84 monolayers
with EPEC strains at an moi of 500, removed nonad-
herent organisms as described, and monitored TER
over time. This method of infection yields a final ratio
of 50 cell-associated bacteria per cell at 6 hours (data
not shown). As reported previously, we found a dra-
matic time-dependent loss of TER in monolayers
infected with the wild-type EPEC strain E2348/69 (Fig-
ure 3a). However, we detected no significant loss of
TER in monolayers infected with espF mutant strain
UMDS874. The results with the espF mutant were simi-
lar to results obtained with the escN type III secretion
mutant and the espA translocation mutant, which are
incapable of delivering EspF to the host cell (data not
shown). In contrast, mutant strain UMD876, which
retains espF but has a deletion of the downstream trans-

Figure 2

Confocal laser scanning microscopy of Hela cells infected with wild-type and mutant EPEC strains. Hela cells were infected in the presence
of cytochalasin D with wild-type EPEC strain E2348/69 (a-d), espF mutant strain UMD874 (e-h), escN mutant strain CVD452 (i-l), and espA
mutant strain UMD872 (m-p). Bacterial and cellular nucleic acid was labeled with DAPI (a, e, i, and m), surface carbohydrates were labeled
with WGA conjugated to Alexa 488 (b, f, j, and n), and EspF was labeled with affinity-purified EspF antiserum and detected with a second-
ary Ab against IgG conjugated to lissamine rhodamine (¢, g, k, and o). Separate images of the same fields excited at different wavelengths
as well as composite images (d, h, I, and p) are shown. In the composite images the bacteria and host cell nuclei appear blue, the cell sur-
face carbohydrates appear green, and EspF appears red.
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Figure 3

The effect of EPEC strains on intestinal barrier function in T84 mono-
layers. (a) The TER of polarized T84 monolayers was measured using
a simplified apparatus. Monolayers were left uninfected (open cir-
cles) or infected at an moi of 500 with wild-type EPEC strain
E2348/69 (open squares); espF mutant strain UMD874 (open trian-
gles); strain UMD876, which retains espF but contains a deletion of
downstream sequences (filled circles); UMD874 containing plasmid
pBPM19, which has the cloned espF gene (filled squares); or
UMD874 with control plasmid pACYC184 (filled triangles). TER was
measured over time and expressed as a percentage change from base-
line values. Data shown represent the means (+ SEM) of four or five
experiments containing triplicate or quadruplicate samples. The dif-
ferences between monolayers infected with E2348/69 and UMD874
were significant at 2 hours, 4 hours, and 6 hours (P =0.006, 0.02,
and < 0.001, respectively; Student’s t test). There was no significant
difference between monolayers infected with E2348/69 and
UMDB876 or between those infected with E2348/69 and UMD874
(pBPM19). There was also no significant difference between unin-
fected monolayers and those infected with UMD874 or UMD874
(pACYC184). The mean + SEM TER of uninfected monolayers at
baseline was 1138 + 67 ohms-cm?. (b) TER was measured in mono-
layers infected for 6 hours at the indicated concentrations with wild-
type EPEC strain E2348/69 (open squares) or with espF mutant strain
UMD874 (open triangles) or left uninfected (open circle). Data
shown represent the means (+ SEM) of three or four experiments
containing triplicate samples. The differences between monolayers
infected with E2348/69 and UMD874 were significant at moi of 250
(P=0.04) and 500 (P < 0.001). (c) Mannitol flux was measured as
described in Methods and expressed as a percentage of that record-
ed in uninfected monolayers. Monolayers were infected for 6 hours
with wild-type EPEC strain E2348/69 (open squares) or espF mutant
strain UMD874 (open triangles). Data shown represent the means
(+ SEM) from two experiments containing triplicate samples. The dif-
ferences between monolayers infected with E2348/69 and UMD874
were significant at moi of 500 (P=0.02) and 1,000 (P=0.001).

poson remnants, was able to induce a drop in TER.
Furthermore, complementation of strain UMD874
with plasmid pBPM19 containing espF, but no down-
stream sequences (9), restored the ability of the mutant
to induce a drop in TER. In contrast, introduction of
pACYC184, the plasmid vector alone, had no effect.
Complementation of the escN and espA mutants simi-
larly restored the ability to induce a drop in TER (data
not shown). To further evaluate the differences
observed between the wild-type and espF mutant strain
in ability to induce a drop in TER, we infected T84 cells
for 6 hours with these strains at a range of moi. Where-
as the wild-type strain induced a significant drop in
TER at moi of 250 and greater, the espF mutant strain
caused a significant drop in TER only at an moi of
1,000 (Figure 3b). Thus, we conclude that espF is criti-
cal for the EPEC-induced drop in TER.

TER is a highly sensitive method for measuring per-
turbations in monolayer permeability (36). To determine
the physiological significance of the differences in TER
observed between the wild-type and espF mutant strains,
we measured the flux of mannitol, a compound that dif-
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fuses exclusively through the paracellular pathway, in
T84 monolayers infected with these strains for 6 hours.
We found a dose-dependent increase in mannitol flux
that was much more pronounced in monolayers infect-
ed with the wild-type EPEC strain than in those infected
with the espF mutant strain (Figure 3c). These differences
were significant at moi of 500 and 1,000 (corresponding
to concentrations of approximately 50 and 100 adherent
organisms per cell, respectively, at the end of the incu-
bation period). Thus, we conclude that espF is central to
the EPEC-induced increase in paracellular permeability.

To determine whether the differences in TER and
mannitol flux induced by the wild-type and espF
mutant strains were due to differences in the ability of
these strains to cause death of the cells in the mono-
layer, we measured LDH release at 6 hours. Approxi-
mately 2% of total LDH was released both by uninfect-
ed cells and by cells infected with the wild-type or the
espF mutant at moi up to 500. At an moi of 1,000 the
wild-type strain caused a release of 2.1 + 0.2% of total
cellular LDH while the espF mutant strain caused a
release of 2.4 + 0.1% of total cellular LDH (P = 0.2).
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Figure 4

The level of expression of recombinant EspF correlates with ability of
EPEC strains to induce a drop in TER in T84 monolayers. Bacteria were
grown in the presence or absence of IPTG to induce EspF expression.
Cultures were (a) concentrated and examined by immunoblot for EspF
expression, or (b) used to infect T84 cells for 4 hours, and the change
in TER was determined. Lane 1 in a and the open bar in b represent
culture medium alone. Lane 2 and the filled bar represent wild-type
EPEC strain E2348/69 in the absence of IPTG. Lanes 3-6 and the gray
bars represent espF mutant strain UMD874 containing plasmid
pBPM32 grown in the absence (lane 3) and the presence of varying
concentrations of IPTG (lanes 4-6), as indicated. Data in b represent
the mean (+ SEM) of two experiments with triplicate samples. The dif-
ference between monolayers infected with UMD874 (pBPM32) in the
absence of IPTG and those infected with UMD874 (pBPM32) in the
presence of 0.1 mM IPTG was significant (P = 0.04).

Thus, the differences between these strains in their abil-
ity to disrupt intestinal barrier function are not due to
differences in their ability to kill cells.

We noted in these experiments that the mutant strain
complemented with the plasmid containing the espF
gene consistently induced a greater loss of TER than
did the wild-type strain. To determine whether there is
a direct relationship between the levels of EspF
expressed and the loss of TER, we transformed the espF
mutant strain with plasmid pBPM32, which contains
the espF gene under control of an inducible tr¢ promot-

Figure 5

EspF is required for EPEC-induced changes in the distribution
of occludin. T84 cells were left uninfected in the absence (a)
or presence (b) of IPTG, infected with wild-type EPEC strain
E2348/69 (c), or infected with the espF mutant strain
UMD874 containing plasmid pBPM32 in the absence of IPTG
(d) orin the presence of 0.01 mM (e) or 0.1 mM (f) IPTG.
Occludin was visualized by immunofluorescence using a poly-
clonal Ab. Note the progressive redistribution of occludin cor-
responding to the IPTG concentration: a beaded pattern is
seen with the lower concentration (e) and a shift from the
region of the tight junction to the cytoplasm is seen with the
higher concentration (f) similar to that observed with infec-
tion by wild-type EPEC (c).

er. We then infected monolayers with this strain in the
presence of a range of concentrations of the inducer,
IPTG. We found a direct correlation between the con-
centration of IPTG, the expression of EspF, and the
drop in TER (Figure 4). In fact, the correlation coeffi-
cient for the relationship between the amount of
recombinant EspF expressed (as measured in arbitrary
units from the digitized blot image) and the percentage
fall in TER was 0.955. Expression of native EspF from
wild-type EPEC resulted in a greater loss in TER for the
amount of protein expressed than did expression of the
recombinant protein in the espF mutant, a difference
that we attribute to the altered sequence of the recom-
binant protein (see Methods), which may have affected
its activity. Thus, we conclude that the level of EspF
expression is directly related to the drop in TER.

EspF is required for EPEC-induced disruption in the distri-
bution of occludin in intestinal epithelial monolayers. To
determine whether the observed electrophysiological
effect of EspF on intestinal epithelial cell monolayers
has a morphological counterpart, we examined the dis-
tribution of occludin, a transmembrane tight-junc-
tions protein that contributes to barrier function, in
cells infected with EPEC strains. As reported previous-
ly (33), the wild-type EPEC strain induces a change in
occludin distribution from a uniform band outlining
the cell junctions to a discontinuous beaded pattern
outlining the cells with increased cytoplasmic staining
(Figure 5). In contrast, cells infected with the espF
mutant containing the inducible espF gene on pBPM32
in the absence of IPTG retained the uniform pattern of
occludin staining. The addition of IPTG to induce
expression of EspF from the plasmid caused a dose-
dependent relocalization of occludin such that a bead-
ed pattern was apparent at a concentration of 0.01 mM
IPTG and a beaded and cytoplasmic pattern similar to
that observed in cells infected with the wild-type strain
at a concentration of 0.1 mM IPTG.

Discussion
Since the initial identification of the gene that encodes
it, EspF has been suggested to play a direct role in inter-
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acting with host cells (37). The observations that EspF
has three repeats of a proline-rich sequence that is sim-
ilar to SH3-binding domains and that EspF is secreted
by a type III apparatus have led to the hypothesis that
EspF interacts inside cells directly with a host protein.
However, the lack of an effect of deleting the espF gene
on EPEC adhesion, attaching and effacing activity, and
invasion cast doubt on the importance of EspF in
pathogenesis (9). In this manuscript we describe a phe-
notype for the espF mutant and suggest a role for EspF
in infection. By quantifying the ability of an espF
mutant to form attaching and effacing lesions in polar-
ized intestinal cell monolayers, we confirmed and
extended previous findings that indicated that EspF is
not required for attaching and effacing ability. Howev-
er, despite its ability to induce morphologically normal
attaching and effacing lesions, we found that the espF
mutant is deficient in its ability to disrupt electrical
resistance across a polarized monolayer of intestinal
epithelial cells. This deficiency was associated with a
reduced ability to enhance the transepithelial flux of
mannitol, a marker for paracellular permeability, and
with an inability to induce the redistribution of the
tight junction associated protein occludin. In addition,
we determined by two methods that EspF is translo-
cated by EPEC into host cells, a result that would be
expected of a protein secreted via the type IIl apparatus
that functions as an effector molecule. Together, these
results suggest a novel role of EspF in EPEC pathogen-
esis: an effector molecule required for disrupting intes-
tinal epithelial barrier function.

Several laboratories have documented the ability of
EPEC to cause a dramatic drop in TER (15, 18-20). Pre-
vious studies have described the loss of the ability to
induce this drop in TER in mutants partially or totally
deficient in adherence or attaching and effacing activi-
ty. In contrast, the current report represents the first
identification of a mutant that is deficient in the abili-
ty to induce a fall in TER, but retains full adherence and
attaching and effacing activity. The results of comple-
mentation studies using an inducible espF gene indicate
that the amount of EspF produced is closely correlated
with the degree by which TER falls. The observed
changes in TER also correlated well with changes in
occludin distribution. These relationships are consis-
tent with a direct role of EspF in causing a defect in bar-
rier function. Furthermore, we observed that mutants
with defects in the type III secretion apparatus or the
translocation apparatus are unable to deliver EspF to
the host cell or disrupt tight junction permeability.
Thus it is likely that the previously described inability
of mutants with defects in adherence or attaching and
effacing activity to induce a fall in TER is attributable
to their inability to deliver sufficient EspF into host
cells. The effect of the espF mutation on the ability of
EPEC to induce a fall in TER appears to be relevant to
other EPEC strains, because a similar mutation that we
engineered in a recent clinical isolate of EPEC from
Brazil had a similar effect (data not shown).

Previous studies have shown that the drop in tissue
resistance and altered occludin distribution are
reversible when antibiotics are applied to kill the adher-
ent bacteria (18, 33). Furthermore, the drop in TER is
not associated with an increase in LDH levels in the
medium, indicating that the loss of tissue resistance is
not due to death of the host cells (19). We confirmed
these findings and, in addition, found no difference
between the wild-type and espF mutant strains in their
ability to damage cells in the monolayer.

While we demonstrated that EspF is necessary for dis-
ruption of barrier function by EPEC, we did not prove
that EspF is solely responsible for this function. At the
highest doses tested, even the espF mutant caused a
drop in TER. This result may indicate a residual ability
of the espF mutant to affect barrier function or may be
a nonspecific effect of heavy bacterial infection.
Attempts to determine whether EspF is sufficient to
cause a drop in TER by transfecting monolayers with
an EspF expression vector have yielded inconsistent
results (data not shown). However, the dose-response
relationships we observed between the level of EspF
expression and both the drop in TER and altered local-
ization of occludin are consistent with a direct effect.

For EspF to be directly involved in disrupting TER,
the protein would have to interact with a specific sur-
face receptor or be translocated into host cells. The
results of the adenylate cyclase fusion assays indicate
that at least at the carboxyl-terminal two-thirds of the
protein is exposed to the cytoplasm of HeLa and T84
cells, since fusions containing only the first 73 amino
acids of EspF as well as full-length fusions yield high
enzyme activity. Thus, the information required for
EspF translocation resides in the first 73 codons of the
gene. Since EspF lacks hydrophobic segments that
might serve as transmembrane domains, it is likely that
the entire protein is translocated to the cytoplasm. The
results of confocal microscopy also show EspF inside
host cells. As was reported previously for Tir and EspB,
the other EPEC-secreted proteins translocated into host
cells, the distribution of EspF is not homogeneous, as
would be expected of a soluble cytoplasmic protein (8,
30, 38). Thus, EspF appears to be sequestered, perhaps
by the host proteins with which it interacts. An alterna-
tive possibility, that EspF is present in cells within a vac-
uole, seems less likely in light of the results of the adeny-
late cyclase fusion assays and the apparent lack of a
transmembrane segment.

Despite decades of study, the mechanisms by which
EPEC cause diarrhea remain unclear. A variety of path-
ogenic processes, including malabsorption due to loss
of microvilli, active fluid secretion, and loss of barrier
function, have all been implicated as potential factors
contributing to EPEC diarrhea. However, until now it
has not been possible to assess the relative contributions
of these mechanisms to disease since these properties of
EPEC have been closely linked. Having demonstrated
that EspF is required for disrupting barrier function,
but not for attaching and effacing activity, it may now
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be possible to separate some of these effects and assess
the relative contributions of these mechanisms to diar-
rhea. A study comparing the virulence of an espF mutant
with a wild-type strain in volunteers should provide crit-
ical information on the pathogenesis of EPEC infection.
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