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Disruption of the barrier properties of the enterocyte tight junction is believed to be important in the
pathogenesis of diarrhea caused by enteropathogenic Escherichia coli (EPEC). This phenotype can be measured
in vitro as the ability of EPEC to reduce transepithelial resistance (TER) across enterocyte monolayers and
requires the products of the locus of enterocyte effacement (LEE) and, in particular, the type III secreted
effector protein EspF. We report a second LEE-encoded gene that is also necessary for EPEC to fully reduce
TER. rorfl0 is not necessary for EPEC adherence, EspADB secretion, or formation of attaching and effacing
lesions. However, rorfl0) mutants have a diminished TER phenotype, reduced intracellular levels of EspF, and
a reduced ability to translocate EspF into epithelial cells. The product of rorfl10 is a 14-kDa intracellular
protein rich in a-helices that specifically interacts with EspF but not with Tir or other EPEC secreted proteins.
These properties are consistent with the hypothesis that rorf10 encodes a type III secretion chaperone for EspF,
and we rename this protein CesF, the chaperone for EPEC secreted protein F.

Diarrhea remains one of the leading causes of childhood
mortality in developing nations, and enteropathogenic Esche-
richia coli (EPEC) is a leading cause of bacterial diarrhea in
infants (28). However, the pathogenesis of diarrhea due to
EPEC is incompletely understood and may involve production
of an enterotoxin (25), the formation of attaching and effacing
lesions on host epithelial cells (28), or alterations in tight-
junction permeability (33).

Epithelial tight junctions may be studied in vitro by using
polarized T84 epithelial cell monolayers. When T84 monolay-
ers are infected with EPEC, an increase in myosin light chain
phosphorylation and redistribution of the tight-junction-asso-
ciated protein occludin are seen and correlate with disruption
of the tight-junction barrier (32, 37). This is measured as a
dramatic reduction in transepithelial resistance (TER) across
the monolayer and an increase in solute flux across the para-
cellular space (33). The reduction in barrier function may be
an important factor in EPEC diarrhea.

To reduce TER, EPEC requires proteins encoded by the
locus of enterocyte effacement (LEE) pathogenicity island (21,
32). The LEE contains genes encoding an outer membrane
protein (intimin), a regulator of LEE gene expression (Ler) (9,
24), a type III secretion system (Esc, Sep, Ces), and several
type III secreted proteins, including Map (15) and Tir (14) as
well as EspA, EspB, EspD, EspF, and EspG (5, 8, 12, 22). Type
III secretion by EPEC is believed to involve a bacterial mem-
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brane complex of Esc/Sep proteins upon which is assembled an
extracellular filament of polymerized EspA (17). EspB and
EspD proteins are proposed to form a pore in the host mem-
brane at the distal end of the EspA filament (11, 35). Together,
these components function to translocate effector proteins di-
rectly from the bacterial cytoplasm into the host via the EspA
filament. Translocation of EspF in particular has been dem-
onstrated to be absolutely essential for the EPEC-induced
drop in TER (23).

The process of translocation of type III secreted proteins
may also require cytoplasmic chaperones, which typically per-
form multiple roles, including preventing premature and inap-
propriate protein-protein interactions, assisting protein fold-
ing, stabilizing the protein, and otherwise enabling protein
secretion (reviewed in references 4 and 36). Chaperones in-
volved in type III secretion are not highly similar at the amino
acid level but in general are small (15- to 20-kDa), cytoplasmic,
acidic proteins with a putative amphipathic a-helix in the C-
terminal portion, and they are usually specific for a given
secreted protein. Two LEE-encoded EPEC chaperones have
been described. CesD, the chaperone for E. coli secretion of
EspD (34), directly interacts with EspD, is necessary for EspD
stability in the cytoplasm, and is required for secretion of both
EspD and EspB but not EspA. CesT, the chaperone for Tir (1,
6), binds the N terminus of Tir and is necessary for Tir trans-
location and stability in the cytoplasm. CesT is not absolutely
required for Tir secretion, although secretion is markedly re-
duced in a cesT mutant.

Here we report that the LEE gene rorf10 encodes a protein
with properties consistent with those of an EspF-specific chap-
erone. Following previous nomenclature for the LEE, we re-
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant genotype or description Reference
Strains
E2348/69 Wild-type E. coli O127::H7 EPEC 18

E2348/69 cesF
E2348/69 escN

E. coli E2348/69 cesF::pSE887 This study
Type III secretion-deficient mutant 12

E2348/69 AespF  espF deletion 22
Plasmids
pCesF-F pBluescript KS::P,,.-cesF This study
pCesF-R pBluescript KS::cesF-P,,., This study
pQE30::His,CesF N-terminal MRGSHis, fusion to This study
CesF
pJP5603 oriR6K mobRP4 lacZ::MCS kan 29
pBPM37 EspF-CyaA fusion 23
pSES87 pIP5603::cesF internal fragment This study

name this protein CesF, the chaperone for EPEC secreted
protein F.

MATERIALS AND METHODS

Construction, expression, and purification of HissCesF fusion. A plasmid
expressing CesF fused to an N-terminal MRGSHis, tag (pQE30::His,CesF)
(Table 1) was constructed by amplification of a 360-bp fragment with primers
K1362 (5'-ACGCGGATCCAATGAACAATTTGCAAAGATCTT-3") and K1363
(5'-GCAAATAAATCAAAGTGAAAGTAGTT-3'), digestion with BamHI, and
cloning into BamHI/Smal sites of pQE30. The template used for this and other
PCR amplifications was wild-type EPEC strain E2348/69 (18). The fidelity of the
construct was checked by sequencing. Clones of DH5a containing the
pQE30::HissCesF plasmid were unstable unless they were grown on Luria-
Bertani (LB) agar supplemented with 100 mM glucose at 30°C. To examine
expression, overnight cultures were grown in LB medium containing 100 mM
glucose at 30°C, and 1 ml was inoculated into 100 ml of LB medium and grown
at 37°C for 2 h. Isopropyl-B-p-thiogalactopyranoside (IPTG) was added at a
concentration of 2 mM, and then the culture was allowed to grow for an addi-
tional 3 h. The bacterial pellet was resuspended in buffer containing 300 mM
NaCl and 50 mM NaH,PO, (pH 8.0) (buffer) supplemented with 10 mM imi-
dazole and lysed with a French pressure cell. The cleared bacterial cell lysate was
incubated at 4°C for 1 h with 1 ml of Ni**-nitrilotriacetic acid (NTA) beads
(Qiagen) with gentle mixing. The suspension was then poured into a column, and
the flowthrough was collected and passed over the packed beads two more times.
The column was washed three times with 4 ml of buffer containing 20 mM
imidazole, and bound proteins were eluted with 0.5-ml aliquots of buffer con-
taining 250 mM imidazole. Proteins were examined in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels stained with Coomassie
blue or in Western blots by utilizing antibodies directed against the His, tag
(Pierce) at a dilution of 1:5,000.

Construction of CesF mutant and clones. A fragment containing cesF and the
cesF promoter was amplified as an 815-bp fragment using primers K168 (5'-G
CAAATAAATCAAAGTGAAAGTAG-3") and K184 (5'-GGGTAGTCAGTT
TGCCATGATTAA-3") and ligated into pGEM-T. The insert orientation was
determined by PCR and restriction digestion. Plasmids containing cesF in the
same orientation as lac (pCesF-F) and containing cesF transcribed in the orien-
tation opposite that of lac (pCesF-R) were isolated.

Insertional inactivation of cesF was achieved by using previously described
protocols (7). cesF was amplified as described above and was digested with Bg/II
and EcoRI, resulting in a 275-bp fragment that was internal to cesF. This frag-
ment was cloned into the EcoRI/BamHI site of the suicide plasmid pJP5603, and
the resultant plasmid was introduced into EPEC strain E2348/69 (Nal") via
conjugation. Kan" Nal" transconjugants were examined for loss of the suicide
plasmid and insertion into cesF using plasmid extraction, PCR, and Southern
blotting.

TER assay. T84 cells were grown to confluence on 0.33-cm? collagen-coated
permeable supports and infected with bacteria for 6 h as described previously
(23). A simplified apparatus for measuring electrophysiological parameters de-
scribed by Madara et al. (20) was used. TER was determined by passing 25 pA
of current, measuring voltage deflection, and applying Ohm’s law (V' = IR, where
V is voltage, I is current, and R is resistance) to calculate resistance.
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Analysis of EspF-CyaA translocation into HeLa cells. The adenylate cyclase
reporter assay was performed as previously described (22). Briefly, overnight
cultures of bacterial strains were diluted 1:100 in Dulbecco modified Eagle
medium (Invitrogen) and grown for 4.5 h at 37°C with aeration. Then 0.5 ml of
a bacterial cell culture was added to HeLa cells to obtain a final multiplicity of
infection of 100 and incubated for 1.5 h. The infected cells were then washed,
harvested, and lysed, and each aliquot was adjusted so that equivalent protein
concentrations were obtained. cAMP levels were determined in extracts by using
the Biotrak cAMP enzyme immunoassay system (Amersham Pharmacia Bio-
tech).

Assays for virulence-associated phenotypes. Bacterial adherence to HEp-2
cells was examined after 3 h by the modified method of Scaletsky et al. (31), as
previously described (7). In the fluorescent actin stain (FAS) test (16) fluorescein
isothiocyanate-phalloidin is utilized to visualize the accumulation of actin be-
neath and around bacteria attached to HEp-2 cells, and this test was used as a
marker for the ability of bacteria to cause attaching and effacing lesions after a
3-h infection.

Expression of bacterial proteins was examined in supernatants and bacterial
fractions which were prepared as outlined previously (6, 13). Following separa-
tion through SDS-PAGE gels, proteins were either stained with Coomassie blue
or blotted onto polyvinylidene difluoride membranes and Western blotted with
murine monoclonal antibodies against the Hisq epitope or rabbit polyclonal
antibodies against EspF, Tir, intimin, and all EPEC secreted proteins as previ-
ously described (6, 13).

Column binding assay. The ability of column-immobilized His4CesF to inter-
act with EspF was determined by previously described methods (6). Briefly,
HissCesF was bound to a Ni>*-NTA column and washed with buffer (see above)
containing 20 mM imidazole, as described above for the purification of
His,CesF. Secreted proteins from E2348/69 were concentrated from 100 ml of a
minimal essential medium-grown culture, resuspended in buffer containing 20
mM imidazole, and passed through the column three times. The column was
then washed three times with 4 ml of buffer containing 20 mM imidazole. CesF
was eluted in 0.5-ml aliquots with buffer containing 250 mM imidazole. In a
control experiment secreted protein preparations were passed through a column
that had not been previously incubated with HisqCesF. The resulting samples
were examined by Western blotting. All samples of HissCesT and secreted
proteins used in the protocol described above were prepared fresh and were
never frozen.

Molecular techniques. When cloning required PCR amplification, the proof-
reading polymerase Pwo (Boeringher Mannheim) was used, and the resultant
clones were examined for fidelity by sequencing. All other PCR were performed
using Tag polymerase (Life Technologies). Automated sequencing was per-
formed at the University of Maryland Biopolymer Core Facility. All other mo-
lecular techniques were performed according to standard protocols. DNA anal-
ysis was performed with DNAsis v5 (Hitachi) and with the suite of programs
provided by the National Center for Biotechnology Information (http:/www
.ncbi.nlm.nih.gov/). Homology searches were performed by using PSI-BLAST
(http://www.ncbi.nlm.gov/blast/psiblast.cgi) with the filter off and the gap func-
tion activated. Protein localization was predicted by using the PSORT algorithm
(http://www.psort.nibb.ac.jp/). Secondary structure was predicted by using the
Jpred program, which gives the consensus of multiple algorithms and is found at
the European Bioinformatics Institute website (http:/jura.ebi.ac.uk).

RESULTS

CesF is a small intracellular protein with features consis-
tent with those of a chaperone. The EPEC cesF gene (previ-
ously named rorf10) is 360 bp long and is predicted to encode
a 120-amino-acid 14-kDa protein. However, the length of CesF
may vary in different isolates, from 119 amino acids in RDEC-1
to 120 amino acids in an EPEC O127:H7 isolate and 127 amino
acids in an enterohemorrhagic E. coli (EHEC) O157:H7 iso-
late. Interestingly, the relative lengths of CesF in the isolates
reflect differences in the length of EspF in the strains, which
ranges from 160 amino acids in RDEC-1 to 206 amino acids in
EPEC and 248 amino acids in EHEC. A comparison also
demonstrated that CesF may diverge in isolates by up to 26%
(Fig. 1), which is greater than the divergence observed in most
LEE-encoded proteins that constitute the type III secretion



VoL. 70, 2002

GENE ENCODING CHAPERONE FOR EspF 2273

struct. aaaaaaaaaaa aaaaaaaaaaaa aabbbbaa aaabbbbaaaa aaaaa
0157 MNEKFRTDLAHTFGIALEEQTDVLSFHDNDGHEWILEQASQSEILFFYCYLLNSESIQIN 60
OL127  veite e e .. +. ... 80
RDEC1 et e e e + ... Fooe e e R +.. +.+
Fank P ++ + + o+
aaaaa aaaaaaaabbaa aaabbba aaaaaaaaaaaaaaaaaaaaaaaa
0157 SILEMNSNRELLGMFFLSLKDDNILLNIAFPADKIDITEFANLMENGYLLKNEIIRSLSSRPTDFLP 127
0127 B F o e e e e e e et . 120 (78,84)
RDEC1 et et e e B P E e +. .. 119 (74,85)
FanE . L+t +o4 4+

length (%id,siml)

FIG. 1. Alignment of CesF amino acid sequence from EHEC O157:H7 (0157) with the 120-amino-acid CesF sequence of EPEC E2348/69
(O127:H6) and the 119-amino-acid CesF sequence of RDECI. The region of similarity of the chaperone FanE with CesF is also shown. Identical
amino acids are indicated by periods, similar amino acids are indicated by plus signs, and dissimilar amino acids are indicated by spaces. The
percentages of identity (%id) and similarity (siml) relative to the O157:H7 sequence are indicated at the ends of the aligned sequences. Structural
details (struct.) were predicted by Jpred and are indicated above the CesF amino acid sequence as follows: a, a-helix; b, B sheet; boldface type,
potential amphipathic regions. Also indicated in the CesF amino acid sequence are paired cysteine residues (underlined) and the large number
of L, I, and V residues (boldface type) that occur, especially in the a-helices.

machinery; this level of divergence is more typical of secreted
proteins, such as EspA (20% divergence) (5, 30, 38). PSI-
BLAST homology searches also demonstrated that CesF was
weakly similar to the K99 pilus chaperone FanE (27). Unlike
FanE, CesF does not possess an obvious signal sequence, and
computer analysis (http://www.psort.nibb.ac.jp) predicted that
CesF was located in the bacterial cytoplasm, supporting the
experimental observations. Secondary structural analyses pre-
dicted that CesF is rich in a-helices containing leucine, isoleu-
cine, and valine residues, a feature that is often associated with
protein-protein interactions.

To examine the properties of CesF, the cesF gene was cloned
into vector pQE30, generating pQE30::His,CesF, which ex-
pressed an N-terminal Hisg-tagged fusion protein (HissCesF)
in DHS5a. Upon induction, large amounts of a 15.5-kb protein
were observed in Coomassie blue-stained SDS-PAGE gels and
in Western blots when monoclonal antibodies directed against
the His, tag were used (data not shown). These data are in
agreement with the predicted molecular mass of the fusion
protein, 15.2 kDa. E2348/69 was transformed with pQE30::
HisCesF and grown in minimal essential medium with 2 mM
IPTG to induce HissCesF production. Unlike EspF, which was
present in both fractions, a 15-kDa protein was observed in the
whole-cell preparations but not in the supernatant (Fig. 2).
These results indicate that CesF is not secreted into the super-
natant and are consistent with earlier predictions.

cesF mutants show diminished ability to disrupt intestinal
epithelial barrier function. cesF is monocistronic and tran-
scriptionally divergent from its flanking genes, orfl9/map and
orfl8 (Fig. 3). We therefore mutated the cesF gene by cloning
an internal fragment of cesF into the suicide vector pJP5603
and recombining the entire plasmid into the homologous site
in E2348/69.

To provide cesF in trans and complement the chromosomal
mutation, an 815-bp fragment containing the cesF structural
gene and the cesF promoter was cloned into pBluescript KS in
forward and reverse orientations with respect to lacZ, gener-
ating pCesF-F and pCesF-R, respectively. Both plasmids were
stable in DH5a and E2348/69 cesF, unlike pQE30::His,CesF,
which was unstable in both hosts (data not shown).

To examine the role of CesF in EPEC virulence phenotypes,
we compared wild-type E2348/69, E2348/69 cesF, and E2348/69
cesF transformed with either pCesF-F or pCesF-R in several in
vitro assays for EPEC virulence phenotypes. These four strains
were indistinguishable in terms of their ability to form micro-
colonies on HEp-2 cells in the modified localized adherence
assay and in the 3-h FAS test for formation of attaching and
effacing lesions (data not shown). The presence or absence of
CesF also did not affect the ability of EPEC to secrete proteins
EspABD or Tir (Fig. 4).

In contrast, expression of CesF affected the ability of EPEC
to alter the TER of T84 monolayers. Uninfected polarized T84
cell monolayers showed increased resistance over time, while
polarized T84 cell monolayers infected with wild-type EPEC
strain E2348/69 showed a significant decrease in TER (37)
(Table 2). In contrast, E2348/69 AespF did not induce a signif-
icant drop in TER (23) (Table 2). When polarized T84 mono-
layers were infected with E2348/69 cesF, an attenuated de-
crease in the TER response was observed that was 38% of the
wild-type decrease. Infection with E2348/69 cesF strains com-
plemented with multicopy plasmids encoding cesF restored
and even enhanced the TER response compared to the re-

secreted
| bacteria

EspFp --" 22 kDa

CesFP -  ww 15.5 kDa

FIG. 2. Western blots of secreted proteins and whole bacteria
probed with antiserum against EspF and the His, tag, which recog-
nized His,CesF. CesF is found in whole bacteria but is not secreted
into the supernatant, unlike the type III secreted protein EspF.
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FIG. 3. Region of the E2348/69 LEE containing cesF. cesF, encod-
ing the chaperone for the type III secreted effector protein EspF, is
located near the map and tir genes, which encode other type III
secreted effector proteins, and also near cesT, which encodes the chap-
erone for tir. However, cesF is distant from and transcriptionally iso-
lated from the LEE4 operon that contains espF. cesF is also transcribed
divergently from the adjacent map gene and from orfI8, which is part
of the LEE3 operon that encodes components of the type III secretion
system. An expanded view of cesF shows the EcoRI and Bg/II sites that
were used to construct the cesF mutant strain. The nucleotide (nt)
scale is from the LEE sequence described by Elliott et al. (5).

sponse seen with the wild type (Table 2). E2348/69 cesF con-
taining pCesF-F with cesF in the same orientation as the lac
promoter showed an 80% decrease in the TER, while E2348/69
cesF containing pCesF-R with cesF transcribed against the lac
promoter decreased the TER by 60%. These values were
slightly greater than the 52% decrease in TER seen with wild-
type strain E2348/69. As shown in Fig. 4, higher levels of EspF
were observed in cells containing CesF-F than in cells contain-
ing pCesF-R, suggesting that the TER response parallels the
amount of CesF produced.

CesF affects intracellular levels of EspF and EspF translo-
cation into epithelial cells. E2348/69 cesF exhibited a marked
reduction in the amount of EspF in the bacterial cell compared
with the wild type, and complementation of the cesF mutation
with cesF on a multicopy plasmid restored expression of intra-
cellular EspF to wild-type levels (Fig. 4). However, the pres-
ence or absence of CesF did not appear to have a significant
effect upon the levels of EspF secreted into the supernatant, as
the cesFF mutant exhibited only slightly less EspF secretion into
the supernatant than the wild type (Fig. 4). The slightly de-
creased levels of secreted EspF observed may have been due to
a reduced intracellular pool of EspF to be secreted, or, less
likely, EspF may have an accessory function in secretion.

To measure the levels of EspF translocated into epithelial
cells, bacteria were transformed with pBPM37, which ex-
presses an EspF-CyaA fusion protein. By measuring the result-
ing intracellular cAMP levels due to the translocation of calm-
odulin-dependent adenylate cyclase (CyaA), the efficiency of
EspF translocation in the absence of CesF was estimated. In
this assay, mutation of the escN gene encoding the predicted
ATPase of the type III secretion system completely abolished
translocation of EspF (Table 3). Mutation of cesF greatly re-
duced but did not abolish translocation of EspF [55% reduc-
tion of EspF translocation compared to the wild type; P =
0.001 for E2348/69(pBPM37) versus E2348/69 cesF(pBPM37)
(Table 3)]. These data parallel those from the TER assay
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FIG. 4. Western blots of secreted proteins and whole bacteria
probed with antiserum against EspF. Mutation of cesF does not affect
secretion of EspABD or Tir, and the secretion of EspF by the cesF
mutant is only slightly less than that by the wild type. In contrast, the
EspF levels in whole bacteria are substantially lower in a cesF mutant.
EspF levels are restored by complementation with cloned CesF.

secreted proteins

(Table 2). In the absence of CesF the amount of EspF deliv-
ered to host cells was reduced, as was the TER.

CesF specifically interacts with EspF. To determine if a
specific interaction occurred between EspF and CesF, we ex-
amined the ability of His,CesF immobilized on an Ni*"-NTA
column to bind EspF compared to its ability to bind other
secreted EPEC proteins (Fig. SA). When a secreted protein
preparation containing all EPEC secreted proteins (Fig. 5A,
lane 1) was applied to a column containing immobilized CesF,
EspF was retained on the column and could be eluted from the
column with CesF (lanes 6 to 9) by high concentrations of
imidazole. By contrast, the other secreted proteins, Tir, EspA,
EspB/D, and EspC, were not retained on the column as they
did not appear in significant amounts in the eluate and ap-
peared only in the flowthrough (lane 2). A small amount of Tir
was observed to bind to the HissCesF column (lane 6), but this
was not considered significant and likely represented nonspe-
cific interactions with the column. In a control experiment,
EspF was not retained on an Ni*"-NTA column that was not

TABLE 2. Change in TER across polarized T84 monolayers after
6 h of infection with bacteria

Strain Change in TER? % EPEC” P < 0.05¢

E2348/69 -52(3) 100

E. coli K-12 4(2) -8 +
No bacteria -13(3) 25 +
EPEC escN 4(4) -8 +
EPEC espF —4(2) 8 +
EPEC cesF =20 (4) 38 +
EPEC cesF (pUC18) =20 (3) 38 +
EPEC cesF (pCesF-R) =60 (3) 115 +
EPEC cesF (pCesF-F) =80 (5) 154 +

“ Mean change in TER between zero time and 6 h, expressed as a percentage
of the TER at zero time. The values in parentheses are standard errors of the
means.

 Change in TER expressed as a percentage of the E2348/69 change in TER.

¢ +, significantly different from E2348/59 at P values of <0.05, as determined
by a single-tailed ¢ test.
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TABLE 3. Translocation of EspF-CyaA into HEp-2 cells
. . cAMP total protein P value vs P value vs
Strain Genotype Plasmid added (pmol/mg)* E2348/69(pBPM37)” CVD452(pBPM37)?
E2348/69 Wild type None 7545 <0.001 0.007
E2348/69 Wild type pBPM37 (EspF-Cya) 1,697.5 + 2224 <0.001
CVD452 AescN pBPM37 (EspF-Cya) 141+ 43 <0.001
E2348/69 cesF AcesF pBPM37 (EspF-Cya) 792.2 £ 126.5 0.001 <0.001

“ Mean * standard error based on triplicate samples from three independent experiments.

b P values were calculated by using a ¢ test.

prebound with His,CesF (Fig. 5B). These data indicate that
there is a specific interaction between CesF and EspF in vitro.

DISCUSSION

CesF fulfills all the criteria necessary to define it as the
specific chaperone for EspF in that (i) cesF and espF mutants
have similar phenotypes in EPEC virulence assays, (ii) cesF
mutants are defective in EspF translocation and accumulate
less EspF in the cytoplasm, and (iii) CesF specifically interacts
with EspF. The experimental data presented here are also
consistent with computational analysis of CesF, which pre-
dicted features typical of a chaperone.

In a variety of phenotypic assays used to study EPEC viru-
lence, the phenotypes of a cesF mutant parallel those of an
espF mutant (23). Both cesF and espF mutants were unaltered
in the ability to adhere to HEp-2 cells, the ability to secrete Tir,
EspA, EspD, and EspB, and the ability to form attaching and
effacing lesions as determined by the FAS assay. In contrast to
the lack of effects on these phenotypes, mutation of either cesF
or espF affected the ability of EPEC to disrupt the barrier
function of T84 monolayers as determined by measurement of
TER. Furthermore, cesF mutants containing cesF cloned on a
multicopy plasmid were able to decrease TER to a greater
degree than wild-type EPEC, suggesting that the levels of CesF
expression parallel the changes in TER. These data indicate
that there is a specific link between CesF and TER. CesF is not
secreted from the bacterial cell and so is unlikely to act upon
the host cell directly. The data presented in this report dem-
onstrate that the phenotypes associated with the cesF mutation
were due to the effect of CesF on EspF.

Using EspF-CyaA fusions, we demonstrated that a cesF mu-
tant translocated 50% less EspF into HeLa cells than wild-type
EPEC translocated. This observation closely parallels the 62%
reduction in TER observed on T84 cell monolayers and indi-
cates that there is a close correlation of CesF production, EspF
translocation, and TER. The levels of EspF inside EPEC cells
were dramatically reduced in the cesF mutant, but the levels of
other Esp proteins were unaffected. Because espF is cotrans-
cribed with espABD (9, 24) and because EspABD levels are not
affected by the cesF mutation, these results suggest that cesF
does not act on espF transcription but rather acts on EspF
stability. Type III secretion chaperones, such as SycE in Yer-
sinia (3, 10), IpgC in Shigella (26), and CesT in EPEC (6), are
known to bind to and stabilize effector proteins, characteristics
that are functionally consistent with our data regarding CesF.
Finally, we demonstrated that CesF bound specifically to EspF
and did not bind to Tir or other Esp proteins. These data

experimentally demonstrated that CesF has properties consis-
tent with those of a chaperone for EspF.

The experimental evidence that CesF is the EspF chaperone
is supported by computational and genomic analyses. Consis-
tent with the properties of other chaperones, CesF is a small,
acidic, cytoplasmic protein predicted to be rich in a-helices and
contains an amphipathic a-helix. The amino acid sequence of
CesF is similar to that of the K99 chaperone FanE. As ex-
pected for a chaperone, CesF production is coregulated with
production of EspF as transcription of both cesF and espF are
activated by Ler, the LEE-encoded regulator (9, 24). Similarly,
CesF appears to have coevolved with EspF. If the LEE of
EPEC, EHEC 0157, and RDEC-1 are compared, EspF is the
most variable protein within the LEE, ranging in length from
160 to 248 amino acids and diverging by up to 50% when the
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FIG. 5. Column binding assay showing that CesF specifically binds
EspF but not other secreted EPEC proteins. (A) Proteins secreted
from EPEC were passed over an Ni?*-NTA column containing pre-
bound HisCesF. EspF was retained on the column and was eluted
along with CesF (lanes 6 to 9). In contrast, other secreted proteins (Tir,
EspA, EspB, EspC) were not retained and flowed through the column
(lane 2), although a small amount of Tir was detected, consistent with
a nonspecific interaction with the column (lane 6). (B) EspF is not
retained on Ni>*-NTA resin in the absence of CesF. All proteins were
detected by Western blotting with specific antiserum as described in
the text.
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entire length is examined (38). Greater variation is observed in
LEE-encoded proteins that are secreted and/or interact with
the host (30, 38) than in proteins that remain within bacteria,
which is consistent with greater evolutionary pressure on pro-
teins exposed to the host immune system. However, because
CesF interacts with EspF and is necessary for EspF function,
CesF presumably coevolved with the highly divergent protein
EspF and so might be expected to have a higher degree of
variation than other intracellular LEE-encoded proteins. Such
variation is observed, and CesF is more divergent (up to 26%)
than most other LEE-encoded proteins and may range in
length from 119 to 127 amino acids.

The precise chaperone functions of CesF remain to be de-
termined. Indeed, the role of chaperones in type III secretion
remains controversial. Many type III secreted effector proteins
lack chaperones but are nonetheless secreted and/or translo-
cated into host cells. Other effectors, such as YopE, possess
chaperones that stabilize the protein and are necessary for
chaperone-mediated secretion and for translocation into host
cells (reviewed in references 4 and 36). However, YopE can
also be secreted by a chaperone-independent pathway. It has
been proposed that this pathway relies on the secondary
structure of the mRNA to direct secretion (2), although most
work, including a recent publication (19), suggests that the
secretion signal is dependent upon the N-terminal amino acid
sequence.

Our data indicate that CesF is clearly necessary for steady-
state levels of EspF (implying EspF stability) and for full trans-
location of EspF into host cells but may not be necessary for
EspF secretion. The E2348/69 cesF mutant used in this study is
an insertion mutant, and we cannot rule out the possibility that
the failure of the cesF mutant to completely abolish transloca-
tion or secretion might be due to the residual truncated N-
terminal CesF protein produced by the cesF mutant. Never-
theless, it is clear that insertion into the cesF gene is associated
with clearly definable phenotypes consistent with those of a
chaperone and is supported by other evidence. Furthermore, it
is difficult to explain how the possible residual activity is insuf-
ficient for EspF stability but has almost no effect on secretion.
The present data are consistent with chaperone-independent
EspF secretion. In this regard, CesF appears to be most anal-
ogous with CesT, the EPEC Tir chaperone (6). Both CesT and
CesF are necessary for stability of their target effectors but are
not absolutely required for secretion, implying that there is a
chaperone-independent secretion pathway in EPEC (2). Re-
cent data from our laboratory (J. A. Crawford and J. B. Kaper,
submitted for publication) also suggests that Tir translocation
does not absolutely require CesT. It is possible that the resid-
uval EspF translocation in the cesF mutant also represents
chaperone-independent translocation, but in the absence of
complete cesF deletion, this cannot be determined. We are
currently investigating these and other issues involved in the
secretion and translocation of effector proteins by the EPEC
type III system.

Finally, this research supports the recent observation that
EspF is absolutely necessary for the EPEC-mediated depolar-
ization of T84 monolayers (23). CesF affects only EspF and
EspF-mediated functions and attenuates to the same degree
(ca. 50%) EspF translocation into HeLa cells and TER of T84
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cells. It remains to be determined what roles EspF and CesF
play in other models of diarrhea and in human disease.
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