
INFECTION AND IMMUNITY,
0019-9567/00/$04.0010

Dec. 2000, p. 6595–6601 Vol. 68, No. 12

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Epithelial Cell Adherence Mediated by the Enterotoxigenic
Escherichia coli Tia Protein

JOSEPH G. MAMMARAPPALLIL AND ERIC A. ELSINGHORST*

Department of Molecular Biosciences, University of Kansas, Lawrence, Kansas 66045-2106

Received 26 June 2000/Returned for modification 16 August 2000/Accepted 5 September 2000

In vitro studies have shown that enterotoxigenic Escherichia coli (ETEC) strains are capable of invading
cultured epithelial cells derived from the human ileum and colon. Two separate invasion loci (tia and tib) have
previously been isolated from the classical ETEC strain H10407. The tia locus has been shown to direct the
synthesis of Tia, a 25-kDa outer membrane protein. Tia is sufficient to confer the adherence and invasion
phenotypes on laboratory stains of E. coli, suggesting that this protein is an adhesin and invasin. Here we
report the purification of Tia and characterize its biological activity. Tia was purified by electroelution of outer
membrane proteins that had been separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Purified Tia was labeled with biotin and then shown to bind to HCT8 human ileocecal epithelial cells in a
specific and saturable manner. Polyclonal anti-Tia antiserum blocked this binding. These results show that Tia
acts as an adhesin. Polyclonal anti-Tia antiserum also inhibited invasion of recombinant E. coli bearing tia
clones, indirectly suggesting that Tia may also act as an invasin. We predict Tia to contain eight transmem-
brane amphipathic b-sheets with four loops that are exposed on the surface of the bacterial cell. A peptide
corresponding to 19 residues in one of the four predicted surface-exposed loops inhibits Tia-mediated epithelial cell
invasion. Seeding HCT8 cells on wells coated with purified Tia reduced Tia-mediated epithelial cell invasion.
Together, these results indicate that Tia is an invasin and adhesin that binds a specific receptor on HCT8 cells.

Diarrheal disease is a persistent problem in developing
countries. Enterotoxigenic Escherichia coli (ETEC) is a leading
cause of this disease, and is responsible for about 600 million
cases of diarrhea worldwide, annually resulting in over 1.2
million deaths, 700,000 of which occur in children under the
age of 5 years (35). ETEC infections are initiated by the con-
sumption of contaminated food or drink. The bacteria then
colonize the small intestine via fimbrial colonization factor anti-
gens. Subsequent to colonization, the bacteria release heat-stable
and/or heat-labile enterotoxins that lead to a net secretion of fluid
and diarrhea (28). However, human and animal challenge studies
performed with ETEC strains that no longer produce heat-stable
or heat-labile enterotoxins indicate that enterotoxins may not be
exclusively required for diarrhea (21, 30, 31, 34). This result sug-
gests the presence of previously uncharacterized enterotoxins or
other virulence factors in ETEC strains.

Many diarrheal pathogens are capable of penetrating intes-
tine epithelial cells. Although there is currently no direct evi-
dence that epithelial cell invasion occurs during ETEC patho-
genesis in humans, it has been found that ETEC strains are
capable of invading epithelial cell lines derived from the hu-
man ileocecum and colon (10). Additionally, intestinal biopsy
samples taken from ETEC-infected piglets have shown intra-
cellular bacteria (27), supporting the possibility that epithelial
cell invasion may occur in vivo during human infections. Two
separate chromosomally encoded invasion loci (tia and tib)
have been cloned from the human-specific classical ETEC
strain H10407 (10, 11, 13). These loci direct nonadherent and
noninvasive laboratory strains of E. coli to adhere to and in-
vade cultured human intestinal epithelial cells.

The adherence and invasion phenotypes of the tia locus are
conferred by a single gene (tia) that directs the synthesis of Tia,

a 25-kDa outer membrane protein. Transformation of Tia-
expressing plasmids into laboratory strains of E. coli allows
these strains to adhere to and invade cultured human ileocecal
and colonic epithelial cells (13). This result suggests that Tia
acts as an adhesin and as an invasin. In support of this hypoth-
esis, deletion of tia from the parent ETEC strain reduces the
ability of H10407 to adhere to and invade epithelial cells to
about 25% of the wild-type level (13). Additionally, Tia shares
homology with Ail and Hra-1. Ail is an afimbrial adhesin and
invasin that has been identified in pathogenic Yersinia species
(25), and Hra-1 is an afimbrial adhesin identified in a porcine
ETEC strain (24). However, direct evidence of the ability of
Tia to act as an adhesin and invasin has not been shown. We
report here the purification of the Tia protein and demonstrate
the ability of purified Tia to bind human intestine epithelial
cells, and thereby act as an adhesin. Additionally, we show that
anti-Tia polyclonal antibodies block Tia-mediated epithelial
cell invasion, indirectly suggesting that Tia may act as an in-
vasin as well as an adhesin. Furthermore, these activities ap-
pear to result from the interaction between Tia and a specific
receptor(s) on the surface of the host cell.

MATERIALS AND METHODS
Bacterial strains, tissue culture cells, and culture conditions. ETEC strain

H10407 (12) (serotype 078:H11; colonization factor antigen I [CFA]) was the
parent strain from which the tia gene was cloned. Laboratory E. coli strains
HB101 (4) and DH5a (15) were used as nonadherent and noninvasive recipients
of tia-containing plasmids. Organisms were grown in Luria broth (10 g of tryp-
tone, 5 g of yeast extract, and 5 g of NaCl per liter; pH 7.6) at 37°C and 200 rpm
unless otherwise indicated. Ampicillin was added to growth medium at a final
concentration of 100 mg per ml. HCT8 (ATCC CCL 244) human ileocecal
epithelial cells were maintained in RPMI 1640 medium containing 10% fetal
bovine serum (FBS), 1 mM sodium pyruvate, and 2 mM L-glutamine (HCT8
medium). HCT8 cells were grown at 37°C in a 6% CO2 environment.

Membrane fractionation. Outer membrane fractions were isolated as previ-
ously described (11, 32). Luria broth cultures (500 ml) of E. coli DH5a(pET125)
were grown overnight with shaking at 37°C. Plasmid pET125 contains the tia
gene under the transcriptional control of its native promoter (13). The overnight
cultures were harvested by centrifugation and then lysed by two passages through
a French press. Inner and outer membranes were separated by sucrose density
ultracentrifugation.
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Purification of Tia. Outer membranes were isolated from E. coli
DH5a(pET125) as described above. Purified outer membranes (800 mg) were
treated with Laemmli sample buffer at 98°C for 10 min and then separated by
discontinuous sodium dodecyl sulfate–13% polyacrylamide gel electrophoresis
(SDS–13% PAGE) for 24 h at 70 V. After electrophoresis, proteins were eluted
using the Bio-Rad Whole Gel Eluter (WGE). Briefly, polyacrylamide gels were
overlaid on the WGE and the individual bands were eluted into separate frac-
tions in 60 mM Tris–40 mM 3-[cyclohexylamino]-1-propanesulfonic acid (CAPS)
(pH 9.4) buffer containing 1% SDS at 250 mA for 1 h. After collection by vacuum
harvesting, individual fractions were analyzed by SDS–13% PAGE. Tia-contain-
ing fractions were pooled, concentrated in dialysis tubing against sucrose, and
then dialyzed against phosphate-buffered saline (PBS), pH 7.4. The concentra-
tion of the purified Tia was determined using the Pierce Micro BCA protein
assay. Purified Tia was treated with urea as follows: 3 mg of purified Tia was
brought to 6 M urea and then incubated with Laemmli sample buffer prior to
analysis by SDS-PAGE as described above.

The same procedure was used to purify OmpW from the E. coli DH5a outer
membrane. OmpW is a 21-kDa outer membrane protein produced by E. coli
strains, including DH5a. The function of OmpW is unknown, although recently
it has been shown to act as a receptor for colicin S4 (26, 30). OmpW was used as
a control for binding assays.

Antiserum. The immune and preimmune sera used in these assays were a
generous gift from J. M. Fleckenstein. The immune serum was prepared by
immunization of rabbits with a urea-solubilized suspension of a His-tagged Tia
fusion protein that had been subjected to nickel-chelation affinity chromatogra-
phy (J. M. Fleckenstein, unpublished data). We prepared the sera for these
experiments by first absorbing them with E. coli HB101 and then subjecting them
to affinity purification. E. coli HB101 absorption was performed as follows.
HB101 was grown overnight in Luria broth. One milliliter of the overnight
culture was harvested by centrifugation (16,000 3 g for 1 min at room temper-
ature), resuspended in 0.5 ml of PBS, mixed with 0.5 ml of antiserum, and then
incubated at room temperature for 1 h. After incubation, bacteria were removed
by two 1-min room temperature centrifugations at 16,000 3 g. Immunoglobulin
G (IgG) antibodies from the absorbed rabbit polyclonal antisera were affinity
purified on protein G columns (MabTrap G II; Pharmacia) according to the man-
ufacturer’s recommendation. Absorbed and affinity-purified immunoglobulins were
dialyzed against PBS overnight at 4°C. The protein concentration of the dialyzed
sample was adjusted to 25 mg/ml (as determined by the Micro BCA assay).

Binding assays. Purified Tia, purified OmpW, and bovine serum albumin
(BSA) (Roche Molecular Biochemicals) were labeled with biotin using the re-
agent D-biotinoyl-ε-aminocaproic acid-N-hydroxylsuccinimide ester (Roche) fol-
lowing the manufacturer’s recommendations. The biotin reagent was dissolved at
1 mg/ml in dimethylformamide and then incubated with each protein at a molar
ratio of 10:1 (biotin-protein) and a volume ratio of 1:50 (biotin-protein) for 4 h
at 4°C. After labeling, the proteins were dialyzed against PBS overnight at 4°C.
The concentration of biotin-labeled protein was determined by the Pierce Micro
BCA protein assay, and biotinylation was confirmed by dot blot analysis. HCT8
monolayers were prepared for binding assays by seeding approximately 105 cells
in each well of a 96-well plate and then incubating the plates overnight at 37°C
in a 6% CO2 environment. After overnight growth, monolayers were washed
once with Earle’s balanced salts solution (EBSS) and then fixed at room tem-
perature in 0.25% glutaraldehyde in EBSS for 10 min. After fixation, the mono-
layers were washed twice with PBS containing 0.1% Tween 20 (PBS-T) and then
blocked with FBS for 1 h at 37°C. The fixed and blocked monolayers were then
washed thrice with PBS-T prior to the addition of biotin-labeled protein at
various concentrations in a final volume of 60 ml of PBS containing 0.1% Tween
20. Labeled proteins were incubated with the monolayers for 1 h at 37°C and
then washed thrice with PBS-T. After washing, 60 ml of a 1:20,000 dilution (in
PBS-T) of peroxidase-conjugated streptavidin (Roche) was added to each well
and then incubated at room temperature for 1 h. After washing thrice with
PBS-T, 100 ml of a peroxidase substrate (ABST system; Roche) was added to
each well, and color development was measured at 405 nm in an enzyme-linked
immunosorbent assay reader.

In competition assays, 3 pmol of biotinylated Tia was mixed with 0.0, 0.2, 0.4,
1.0, 2.0, 3.0, or 4.0 pmol of unlabeled Tia. Each mixture was brought to a final
volume of 60 ml and a final concentration of 0.1% Tween 20. After incubation
with fixed HCT8 cell monolayers at 37°C for 1 h, the wells were washed and
bound Tia was detected as described above.

When examining the effects of rabbit polyclonal anti-Tia antiserum and pre-
immune serum on the binding of purified Tia to HCT8 cells, serum was added
simultaneously with 3 pmol of labeled Tia to reach the indicated serum dilutions
in a final total volume of 60 ml. The binding assay was then performed as
described above.

Invasion assays. Bacterial invasion of epithelial cells was measured as protec-
tion from the bactericidal antibiotic gentamicin (19). Invasion assays were per-
formed as previously described (10). Briefly, approximately 5 3 106 log-phase
CFU were added to HCT8 monolayers (approximately 3.5 3 105 cells in 24-well
tissue culture plates), which were then incubated at 37°C for 4 h in a 6% CO2
atmosphere. The actual inoculum for each experiment was determined by quan-
titative plate count. After being washed, the infected monolayers were incubated
for an additional 1 h in tissue culture medium containing gentamicin. The
infected monolayers were washed and then lysed in 1% Triton X-100 in deion-

ized water, and the bacteria were quantified by plate count. Invasion is expressed
as the percentage of organisms surviving exposure to gentamicin relative to the
number of bacteria added to the tissue culture wells at the beginning of the assay.
Since the results of invasion assays are variable on a daily basis, the datum points
presented in the figures are average values (6 standard deviation) from triplicate
wells of a single experiment and correlate with values obtained in replicate
experiments that were performed at least three times.

In peptide inhibition experiments, each peptide was dissolved in HCT8 me-
dium at a concentration of 5 mM. Fifteen minutes prior to the inoculation of the
monolayers, the dissolved peptides were added to the HCT8 cells to a final
concentration of 500 mM. At this concentration, the peptides did not affect the
pH of the tissue culture medium. Invasion assays then were performed as de-
scribed above. In receptor sequestration assays, 5 mg (25 ml of a 0.2-mg/ml
solution in PBS) of purified Tia, purified OmpW, or BSA was used to coat the
wells of the 24-well plate. After an overnight incubation at 4°C, the wells were
washed with EBSS and then exposed to UV light in a laminar-flow hood for 30
min prior to seeding the coated wells with HCT8 cells. Invasion assays were
performed using the coated wells as described above.

For antibody inhibition experiments, rabbit polyclonal antisera were absorbed
with E. coli HB101 and affinity purified as described above. It was necessary to
affinity purify the antibodies since heat-inactivated serum inhibited bacterial
growth, as determined by viability counts of bacteria grown under invasion
conditions (data not shown). Affinity-purified IgG did not inhibit bacterial via-
bility (data not shown). In antibody inhibition experiments, the absorbed and
affinity-purified antibodies were added (to reach the indicated dilutions) directly
to the tissue culture medium bathing the HCT8 monolayers 5 min prior to the
inoculation of the wells.

Protein electrophoresis. SDS-PAGE was performed under denaturing condi-
tions by the method of Laemmli (20). Gels were stained for proteins with
Coomassie blue. The protein concentration of samples was determined by the
Bradford method (5) using a kit from Bio-Rad. For immunoblotting, proteins
separated by electrophoresis were transferred to nitrocellulose (33) at 65 V for
1 h and then blocked with casein filler solution (2% casein and 0.1% sodium
azide in 10 mM Tris-buffered saline [pH 7.4]). Blocked filters were probed for 1 h
with absorbed and affinity-purified polyclonal rabbit anti-Tia antiserum (1:1,000
dilution in casein filler), washed in Tris-buffered saline containing 0.05% Triton
X-100, incubated for 1 h with peroxidase-conjugated protein A (1:5,000 dilution
in casein filler; Sigma), rewashed, and then detected with BM Blue precipitating
peroxidase substrate (Roche).

Amino acid analysis. The locations of amphipathic b-sheets and transmem-
brane domains were determined by using TopPret II 1.3 software (7).

Amino-terminal sequencing of proteins. To confirm their identities, the puri-
fied Tia and OmpW proteins were sequenced by Midwest Analytical, Inc. (St.
Louis, Mo.), using the Edman degradation method (9). The amino-terminal
sequence of our purified Tia (DESKTGFYVT) matched that previously pub-
lished for this protein (13). The amino-terminal sequence of our purified 21-kDa
outer membrane protein (HEAGEFFMRA) matched that of OmpW.

RESULTS

Tia purification. When expressed in recombinant E. coli
strains, the Tia protein confers the ability to adhere to and
invade epithelial cells grown in culture. Deletion of tia from
ETEC strain H10407 reduces epithelial cell adherence and
invasion by this strain to about 25% of the wild-type level (13).
These results indicate that Tia is an adhesin and invasin. To
directly test its biological activity, we purified Tia from the
outer membranes of E. coli DH5a bearing the Tia-expressing
plasmid pET125, which constitutively expresses the tia gene
(13). We purified Tia from a recombinant laboratory strain of
E. coli rather than from the parent strain because H10407
expresses Tia only when grown under adherence or invasion
assay conditions (E. A. Elsinghorst and K. Park, unpublished
data). Therefore, to obtain the quantity of Tia required for our
experiments, E. coli DH5a(pET125) was used as the source of
Tia-containing outer membranes.

We employed several different techniques to purify Tia from
outer membranes, including preparative isoelectric focusing,
continuous-elution native PAGE, and denaturing PAGE. The
Tia purification technique we describe here is the electroelu-
tion of outer membrane proteins separated by SDS-PAGE. In
this purification technique, isolated Tia-containing outer mem-
branes were subjected to discontinuous SDS-PAGE using gels
that had been cast with a single well that ran the length of the
gel. After electrophoresis, the separated proteins were electro-
eluted from the gel into individual fractions using a Bio-Rad
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WGE. Each fraction was then analyzed by SDS-PAGE to iden-
tify those fractions that contained Tia. Electroeluter fractions
containing Tia always contained a 31-kDa contaminant protein
(Fig. 1A). All other attempted purification methods yielded
the same contaminating protein in fractions containing Tia
(data not shown). Because it was consistently found along with
Tia, regardless of purification method, we hypothesized that
the contaminating protein might actually be a form of Tia.
Therefore, we treated Tia-containing electroeluter fractions
with urea, followed by standard denaturing treatment using
Laemmli sample buffer. As a result of this treatment, the 25-
kDa Tia band migrated solely to the 31-kDa form during SDS-
PAGE (Fig. 1A). This result suggests that SDS denaturation
allows Tia to retain some tertiary structure and that treatment
with both urea and SDS fully denatures the protein to a form
that migrates with an apparent mass of 31,000 Da. After treat-
ment with urea and SDS, only a single band was observed by
SDS-PAGE, indicating that Tia had been purified to apparent
homogeneity. In the absence of plasmid pET125, E. coli DH5a
does not produce an outer membrane protein with a mass
similar to that of Tia (Figure 1B and reference 13), supporting
the conclusion that the electroeluted Tia was homogeneous.

To confirm that this purified protein was indeed homoge-
neous Tia, we subject the preparation to amino-terminal se-
quencing. The resulting sequence (DESKTGFYVT) was
strong and clean, indicating a single pure protein, and was an
exact match with the known amino-terminal sequence of Tia
(13). Additionally, both the 25- and 31-kDa bands observed in
the purified Tia preparation were recognized by absorbed and
affinity-purified rabbit polyclonal anti-Tia antiserum (Fig. 1C).
The Tia antiserum also showed that the 31-kDa form of Tia is
present in the outer membranes of E. coli DH5a containing
plasmid pET125 (Fig. 1C).

We used the same electroelution technique to purify the
E. coli OmpW protein to apparent homogeneity (data not
shown). OmpW is a 21-kDa minor outer membrane protein of
unknown function. This protein served as an outer membrane
protein control for the epithelial cell binding and receptor
sequestration experiments described below.

Tia is an adhesin. Since Tia-expressing bacteria adhere to
cultured epithelial cells, we were interested in determining if
purified Tia could bind epithelial cells in vitro. Therefore, the
purified Tia was labeled with biotin and then incubated with
monolayers of glutaraldehyde-fixed and FBS-blocked HCT8
ileocecal epithelial cells. After washing, the Tia that remained
bound to monolayers was detected using peroxidase-conju-
gated streptavidin. Binding of Tia to epithelial cells was con-
centration dependent and saturated at approximately 5 pmol
(Fig. 2A), suggesting that Tia bound to some specific recep-
tor(s) that was limited in number. To support this conclusion,
increasing concentrations of unlabeled Tia were mixed with 3
pmol of labeled Tia. Three pmol of unlabeled Tia was enough
to decrease binding of labeled Tia by 50% (Fig. 2B). The
ability of unlabeled Tia to compete with labeled protein for
binding to epithelial cells indicates the presence of a limited
number of Tia binding sites, such as a specific receptor. Tia
failed to bind to FBS-blocked tissue culture wells that did not
contain HCT8 cells. As controls, BSA and purified OmpW
were biotinylated and used in binding assays. Neither protein
demonstrated a specific interaction with HCT8 cells, as only
background levels of binding were observed (Fig. 2A). These
results showed that epithelial cell binding was a property of
Tia. Polyclonal rabbit anti-Tia antiserum, but not preimmune
serum, blocked Tia binding activity by 65% (Fig. 3).

Anti-Tia antiserum inhibits invasion. The results obtained
from the binding experiments show that Tia acts as an adhesin.

To address the question of whether Tia mediates invasion, IgG
antibodies from preabsorbed polyclonal anti-Tia antiserum
were purified on a protein G column and then added to stan-
dard invasion assays. Antibodies were added to the wells of a
24-well plate containing confluent HCT8 cells prior to inocu-
lation of those wells with log-phase bacteria. A 1:10 dilution of
anti-Tia antibodies decreased invasion by recombinant E. coli
HB101 carrying Tia-expressing plasmids by about 75%, ap-
proaching the background levels observed by HB101 alone
(Fig. 4). Antibodies from absorbed and affinity-purified preim-
mune serum had no effect on Tia-mediated invasion. These

FIG. 1. Purification of Tia. (A) Coomassie blue-stained SDS–13% PAGE of
purified Tia. Lanes: 1, outer membranes from E. coli DH5a(pET125); 2, pooled
WGE fractions containing Tia, showing 25- and 31-kDa forms of Tia; 3, Tia-
containing WGE fraction treated with urea prior to SDS-PAGE, showing only
the 31-kDa form of Tia. (B) Coomassie-blue stained SDS–13% PAGE of outer
membranes prepared from E. coli DH5a bearing either pHC79 (the vector for
plasmid pET125) (lane 1) or the Tia-expressing plasmid pET125 (lane 2). (C)
Western blot performed with absorbed and IgG-affinity-purified rabbit poly-
clonal anti-Tia antibodies. Lanes: 1, outer membranes isolated from E. coli
DH5a(pHC79); 2, purified Tia; 3, outer membranes isolated from E. coli
DH5a(pET125). Molecular mass standards (in kilodaltons) are indicated to the
left of the panels.
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results suggest that Tia acts as an invasin as well as an adhesin.
However, these results do not prove that Tia is an invasin, since
the effect of anti-Tia antibodies might be indirect.

Peptide inhibition. We were interested in predicting how Tia
might be folded in the bacterial outer membrane. Therefore,
we used TopPred software to analyze the Tia amino acid se-
quence. TopPred predicted eight certain transmembrane am-
phipathic sheets within the protein (Fig. 5). Previously re-
ported homology searches revealed that Tia has limited
homology with Ail, an adhesin and invasin identified in Yersinia
species (13, 25). One region of homology spans residues 78 to
96 of Tia in which 11 of 19 amino acids either are identical or
represent conserved changes compared with Ail. The corre-
sponding sequence of amino acids in Ail was predicted to

reside in a loop that is exposed on the bacterial cell surface (2).
In Tia, we predict that these 19 amino acids are also surface
exposed (Fig. 5).

The similarity in biological activity between Tia and Ail
suggested that the 19-amino-acid region of homology might be
involved in Tia function. The predicted surface exposure of
these sequences supported this hypothesis. To test this possi-
bility, we synthesized two peptides: a Tia peptide (GYDFY
QHYNVPVRTEVEFY) that corresponded to residues 78 to

FIG. 2. Binding of purified proteins to HCT8 monolayers. Bound biotinylated protein was detected by peroxidase-coupled streptavidin and a chromogenic
peroxidase substrate. Color development in each well was measured at 405 nm. (A) Saturation curves performed with 0.0, 0.04, 0.2, 0.4, 1.0, 4.0, 8.0, and 20.0 pmol of
biotin-labeled protein/well. Symbols: E, Tia; h, BSA; ‚, OmpW. (B) Competition curve performed at a constant concentration of biotin-labeled Tia (3 pmol) plus 0.0,
0.2, 0.4, 1.0, 2.0, 3.0, or 4.0 pmol of unlabeled Tia. Binding experiments were performed at least three times. The extent of biotin labeling varied from day to day,
resulting in significant differences in color development. Therefore, the curve shown for each protein represents the result of one experiment performed in triplicate,
with the range indicated by bars.

FIG. 3. Anti-Tia antiserum blocks Tia binding to HCT8 cells. IgG from E.
coli HB101-absorbed rabbit preimmune or polyclonal anti-Tia antiserum was
affinity purified on a protein G column. Three picomoles of purified and biotin-
ylated Tia was added to HCT8 monolayers simultaneously with the indicated
dilutions of absorbed and purified rabbit preimmune or polyclonal immune
serum. Bound protein was detected by peroxidase-coupled streptavidin and a
chromogenic peroxidase substrate. Color development was measured at 405 nm.
Antibody inhibition experiments were performed at least three times. The extent
of biotin labeling varied from day to day, resulting in significant differences in
color development. Therefore, the values shown for each condition represent the
results of one experiment performed in triplicate. Statistically significant (P ,
0.001) effects of antibody treatments, as determined by analysis of variance, are
indicated (p).

FIG. 4. Anti-Tia antibody inhibits invasion of HCT8 cells. Invasion assays
were performed in the absence of antibodies (no antiserum) or in the presence
of absorbed and affinity-purified IgG from rabbit preimmune serum or polyclonal
anti-Tia antiserum. All percent invasion values are expressed relative to the
invasion of E. coli HB101(pET125) in the absence of antiserum, which represents
100% invasion. Data are shown as an average of three replicates performed in
triplicate. The average percent invasion of HCT8 cells by E. coli HB101(pET125)
in the absence of antiserum was 0.40% (the percent of the inoculum recovered
after gentamicin treatment). HB101 is included as a control to show the back-
ground level of invasion observed with this laboratory strain of E. coli. The
statistically significant (P , 0.005) effect of antibody treatments, as determined
by analysis of variance, is indicated (p).
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96 of Tia and a scrambled peptide (QTYRPFVGYEVYD
YFHVNE) that contained the same residues but in a random
order. These peptides were added to the tissue culture medium
bathing HCT8 monolayers prior to the inoculation of those
monolayers with log-phase ETEC strain H10407 or E. coli
HB101 bearing the Tia-expressing plasmid pET125. The pres-
ence of the Tia peptide inhibited invasion by these two strains
by over 80% compared to untreated wells or wells treated with
the scrambled peptide (Fig. 6), indicating that this region of
Tia may be involved in its biological activity.

The Tia receptor can be sequestered. The saturation curve
observed during Tia binding to HCT8 cells suggested that a
specific receptor might be recognized by this protein. To pro-
vide additional evidence that a specific molecule might be
involved in Tia binding, receptor sequestration experiments
were performed. HCT8 cells were seeded into tissue culture
wells that had been coated with BSA, purified OmpW, or
purified Tia. If Tia binds to a specific receptor, coating the
plastic surface with Tia might sequester that receptor to the
basolateral surface of the epithelial cell. Such sequestration
would effectively reduce the abundance of that receptor on the
apical surface of the cell, thereby inhibiting Tia-mediated bac-
terial invasion. Coating wells with Tia decreased invasion effi-
ciency by E. coli DH5a containing Tia-expressing plasmids, as
well as the invasion efficiency of the wild-type ETEC strain
H10407 (Fig. 7). Coating the wells with BSA or OmpW had no
effect on invasion efficiency, supporting the hypothesis that Tia
binds to a specific receptor.

DISCUSSION

It has previously been shown that the tia locus of ETEC
strain H10407 directs the synthesis of a 25-kDa outer mem-
brane protein, Tia. Recombinant laboratory strains of E. coli
bearing Tia-expressing plasmids are capable of adhering to and
invading cultured human intestine epithelial cells (10, 13). De-
letion of tia from the H10407 genome reduces the ability of
H10407 to adhere to and invade epithelial cells to about 25%
of the wild-type level (13). The residual invasion activity
present in H10407 tia deletion mutants is due to the presence
of the tib locus, as double tia-tib deletion mutants are nonin-
vasive (E. A. Elsinghorst, unpublished data). The tib locus also
contributes to the residual HCT8 epithelial cell adherence
present in tia deletion mutants: H10407 tia-tib double deletion
mutants retain only about 10% of the H10407 wild-type HCT8
cell adherence activity (E. A. Elsinghorst, unpublished data).
H10407 produces a fimbrial adhesin (CFA/I) that may contribute
to the adherence activity observed in tia-tib deletion mutants.

The association of Tia with bacterial adherence and invasion
suggests that this protein acts as an adhesin and invasin. To
gain direct evidence for its biological activity, we purified Tia
from recombinant E. coli bearing a Tia-expressing plasmid. We
used a recombinant E. coli strain for Tia purification because
we have found that Tia is expressed by the parent ETEC strain
only when grown under adherence or invasion assay conditions
(Elsinghorst and Park, unpublished data). Therefore, to purify
sufficient quantities of Tia for these studies, we utilized a lab-
oratory strain of E. coli bearing a plasmid that constitutively

FIG. 5. Proposed Tia topology. (A) Prediction of amphipathic b-sheets. The amino acid sequence corresponding to mature Tia (i.e., Tia as found in the outer
membrane after cleavage of its signal sequence [13]) was analyzed for the presence of amphipathic b-sheets (full window 10) using TopPret software. Filled bars along
the top of the figure indicate membrane-spanning b-sheets predicted as certain (1.6 upper cutoff). (B) Model of proposed folding of Tia in the outer membrane. The
number adjacent to each exposed loop indicates the number of amino acid residues predicted to be in each corresponding loop. The 19-amino-acid region of the second
outward-facing loop that is homologous to Ail is indicated by a thick black line.
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expresses Tia (13). We confirmed the purified protein to be Tia
by amino-terminal sequencing and immunoblotting. When ex-
amined by SDS-PAGE, purified Tia migrated as two bands
with apparent masses of 25 and 31 kDa. Upon treatment with
SDS and urea, the purified Tia migrated as a single band with
an apparent mass of 31 kDa. A Tia homolog (referred to as
Omp21) has been identified in Comamonas acidovorans. Puri-
fied preparations of this 21-kDa outer membrane protein also
exhibited multiple bands (at 21 and 24 kDa) upon examination
by SDS-PAGE (1), suggesting that such migration patterns
may be a characteristic of Tia and its homologs.

Purified Tia bound to cultured human ileocecal epithelial
cells in a specific and saturable manner. Such binding is not an
intrinsic property of all outer membrane proteins, as purified
OmpW failed to adhere to HCT8 cells. These results show that
Tia is an adhesin. The ability of Tia to act as an adhesin is in
agreement with its known 67% homology with Hra-1 (13).
Hra-1 is an afimbrial adhesin that can agglutinate human and
animal erythrocytes and human colonic epithelial cells (24).
Although these experiments do not provide direct evidence
that Tia is an invasin, the ability of polyclonal anti-Tia anti-
serum to inhibit Tia-mediated epithelial cell invasion suggests
that this protein is an invasin. This conclusion is supported by
the observations that a peptide corresponding to Tia residues
78 through 96 blocked Tia-mediated invasion of HCT8 cells
and that plating HCT8 cells in wells coated with purified Tia
inhibited invasion. However, the effects of these treatments on
the invasion of HCT8 cells by Tia-expressing bacteria could be
indirect. Therefore, additional experiments will be needed to
prove that Tia acts directly as an invasin.

Under the conditions employed in these experiments, Tia
binding to HCT8 cells saturated at approximately 5 pmol,
suggesting that this protein recognizes some specific molecule

that is limited in abundance in the plasma membrane of the
epithelial cells. In support of this conclusion, purified unla-
beled Tia effectively competed with purified labeled Tia for
binding to epithelial cells. Additionally, coating tissue culture
wells with Tia prior to seeding with HCT8 cells reduced the
efficiency of Tia-mediated invasion. These results indicate that
Tia binds to a molecule that can be sequestered to the baso-
lateral surface of the epithelial cell. Such a molecule could be
referred to as a Tia receptor. Additional supporting evidence
for a specific Tia receptor comes from our inhibition experi-
ments in which a Tia peptide blocked Tia-mediated invasion.
Previous work has shown that Tia-expressing recombinant E.
coli will invade only certain epithelial cell lines. The cell line
specificity displayed by these recombinant strains is identical to
that displayed by the wild-type parent ETEC strain, H10407
(13). These findings suggest that the Tia receptor is present
only in specific cell lines and regions of the intestinal epithe-
lium. We are currently performing experiments to determine
the identity and distribution of this receptor.

Analysis of the Tia amino acid sequence allowed us to pre-
dict that this protein contains eight outer membrane spanning
amphipathic b-sheets. Based on the predicted structure of
other outer membrane proteins (17), the eight Tia amphi-
pathic b-sheets are likely to associate as a b-barrel. This pre-
dicted tertiary structure results in the presence of four loops
that are exposed on the surface of the microorganism. One of
these loops contains the 19-amino-acid Ail homologous se-
quence that appears to be involved in Tia biological activity
based on our peptide inhibition experiments. Additional ex-
periments will be needed to determine if other regions of Tia
are involved in its biological activity.

We purified Tia under denaturing conditions using the ionic
detergent SDS to solubilize Tia-containing outer membranes.

FIG. 6. Peptide inhibition of Tia-mediated invasion. Tia peptide (solid bars),
scrambled peptide (hatched bars), or no peptide (open bars) was added to HCT8
monolayers to a final concentration of 500 mM prior to the addition of log-phase
bacteria. Standard invasion assays were then performed. Data are shown as an
average of three replicates performed in triplicate. (A) Invasion of HCT8 cells by
ETEC strain H10407 relative to untreated wells receiving no peptide, which
represents 100% invasion (percent invasion by H10407 in no peptide wells was
0.88%). (B) Invasion of HCT8 cells by E. coli HB101(pET125) relative to un-
treated wells receiving no peptide, which represents 100% invasion [percent
invasion by HB101(pET125) in no peptide wells was 3.12%]. E. coli HB101
without a Tia-expressing plasmid had an invasion percentage (with or without
Tia-specific or scrambled peptide) of 0.32% 6 0.06% relative to E. coli
HB101(pET125). Statistically significant effects of peptide treatments as deter-
mined by analysis of variance are indicated by p (P , 0.05) and pp (P , 0.005).

FIG. 7. The Tia receptor can be sequestered. Tissue culture wells were
coated with purified Tia (solid bars), purified OmpW (hatched bars), or BSA
(stippled bars) or left untreated (open bars) prior to seeding with HCT8 cells.
Invasion assays were then performed with the coated wells. Data are shown as an
average of three replicates. (A) Invasion of HCT8 cells by ETEC strain H10407
relative to untreated wells representing 100% invasion (percent invasion by
H10407 in untreated wells was 0.60%). (B) Invasion of HCT8 cells by E. coli
DH5a(pET125) relative to untreated wells, which represents 100% invasion
[percent invasion by E. coli DH5a(pET125) in untreated wells was 1.03%]. E.
coli DH5a without a Tia-expressing plasmid had an invasion percentage (with or
without coating of wells) of 1.26% 6 0.07% relative to E. coli DH5a(pET125).
Statistically significant effects of treatments as determined by analysis of variance
are indicated by p (P , 0.005) and pp (P , 0.05).
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Interestingly, SDS solubilization did not appear to completely
denature Tia. The use of an additional denaturing agent, such
as urea, was required in combination with SDS to completely
denature the protein. We performed our experiments with
purified Tia that had been denatured only with SDS. The
ability of Tia to retain some folded structure in the presence of
SDS may have allowed the protein to remain biologically ac-
tive. Alternatively, the binding activity of Tia may not be de-
pendent on the maintenance of a particular tertiary structure,
as might be suggested by the ability of a synthetic peptide to
block Tia-mediated invasion of HCT8 cells. Although our pu-
rified Tia does retain binding ability, it is possible that partial
denaturation with SDS interferes with the full biological activ-
ity of the protein. Consequently, there may be differences in
the biological activity of our purified Tia compared to native
Tia found in the outer membrane of H10407.

Colonization of the intestine epithelial mucosa is a key
ETEC virulence mechanism. Most ETEC strains have been
shown to possess fimbrial adhesins (i.e., CFAs) that are
thought to be responsible for the initial adherence of the
pathogen to the intestinal epithelium, and it is known that
these CFAs are required for disease (3, 6, 8, 14, 22). In addi-
tion to fimbrial adhesins, some ETEC strains are capable of
producing afimbrial adhesins (23), but the role of these ad-
hesins in the disease process has not been established. Tia
appears to be another type of afimbrial adhesin produced by
some strains of ETEC. In other enteric pathogens, afimbrial
adhesins are thought to mediate an intimate adherence that
allows the more effective delivery of toxins and other effector
molecules to the host cell (16, 18). In the case of ETEC infec-
tions, CFA-mediated colonization might allow a more intimate
contact directed by afimbrial adhesins. This intimate contact
might allow the most efficient and effective delivery of ETEC
enterotoxins. In the laboratory, Tia can direct epithelial cell
invasion. Although epithelial cell invasion currently has not
been demonstrated during human ETEC infections, the ability
of animal-specific ETEC strains to penetrate the intestinal
epithelium in vivo (27) supports a possible role for this activity
in the disease process. Invasion directed by Tia might contrib-
ute to the development of diarrheal disease through unchar-
acterized mechanisms. We are currently conducting experi-
ments to determine the role of Tia in the pathogenesis of
human ETEC infections.
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