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The bundle-forming pilus (BFP) of enteropathogenic Escherichia coli (EPEC), an established virulence factor
encoded on the EPEC adherence factor (EAF) plasmid, has been implicated in the formation of bacterial
autoaggregates and in the localized adherence of EPEC to cultured epithelial cells. While understanding of the
pathogenic mechanism of this organism is rapidly improving, a receptor ligand for BFP has not yet been
identified. We now report, using both solid-phase and liposome binding assays, that BFP expression correlates
with phosphatidylethanolamine (PE) binding. In a thin-layer chromatogram overlay assay, specific recognition
of PE was documented for BFP-expressing strains, including E2348/69, a wild-type EPEC clinical isolate, as
well as a laboratory strain, HB101, transformed with a bfp-carrying plasmid. Strains which did not express BFP
did not bind PE, including a bfpA disruptional mutant of E2348/69, EAF plasmid-cured E2348/69, and HB101.
E2348/69 also aggregated PE-containing liposomes but not phosphatidylcholine- or phosphatidylserine-con-
taining liposomes, while BFP-negative strains did not produce aggregates with any tested liposomes. Purified
BFP preparations bound commercial PE standards as well as a PE-containing band within lipid extracts from
human epithelial cells and from E2348/69. Our results therefore indicate a specific interaction between BFP
and PE and suggest that PE may serve as a BFP receptor for bacterial autoaggregation and may promote
localized adherence to host cells, both of which contribute to bacterial pathogenesis.

Infection with enteropathogenic Escherichia coli (EPEC) is a
major cause of severe infantile diarrhea, particularly in parts of
the developing world (33). Knowledge of EPEC pathogenesis
has rapidly expanded in the past 5 years, with the result that a
fairly comprehensive model of attachment and infection has
been developed. Based on studies with cultured epithelial cell
lines, a three-stage model of EPEC attachment to host cells
was developed (9). In this model, initial attachment is medi-
ated by a type IV pilus, the bundle-forming pilus (BFP), en-
coded on the EPEC adherence factor (EAF) plasmid. Recent
studies with pediatric intestinal biopsy samples have suggested
that BFP plays a role in interbacterial aggregation, leading to
the formation of complex three-dimensional colonies produc-
ing the characteristic localized adherence pattern (15).
Whether BFP mediates host attachment, interbacterial aggre-
gation, or both, it is a recognized virulence factor of EPEC, as
has recently been confirmed in studies with volunteers (3). The
expression of BFP requires a cluster of 14 genes, including
bfpA, which encodes bundlin, the major structural BFP subunit
(36, 37). A transcriptional activator encoded by the perA
operon (also called bfpT), located elsewhere on the EAF plas-
mid, is required for bfp operon expression (20, 39). Despite
intense interest in BFP, a receptor has not yet been identified.

In earlier studies, it was found that EPEC (E2348/69), like a
number of other pathogens, including enterhemorrhagic Esch-
erichia coli, Helicobacter pylori, Helicobacter mustelae, Hae-

mophilus influenzae, Chlamydia pneumoniae, Chlamydia tra-
chomatis, and Campylobacter upsaliensis (2, 5, 16, 29, 30, 38),
bound in a specific and dose-dependent manner to phosphati-
dylethanolamine (PE). It was also demonstrated that a number
of bfp-positive clinical isolates recognized PE, while a plasmid-
cured (bfp-negative) strain, JPN15, and several bfp-negative
clinical isolates did not (2).

In this study, we examined the relationship between BFP
expression and PE recognition for both wild-type E2348/69
and a number of bfp-negative strains and found that specific
elimination of bfp ablates PE recognition and that transforma-
tion of E. coli with the bfp gene results in the induction of PE
binding. Purified BFP also binds to commercial PE standards
and to PE extracted from human epithelial cells and from
E2348/69.

MATERIALS AND METHODS

Materials. Thin-layer chromatography (TLC) plates (Polygram-SilG) were
purchased from Macherey-Nagel (Duren, Germany). Phospholipids (PE from E.
coli, lysophosphatidylethanolamine (lysoPE), phosphatidylcholine [PC] from egg
yolk, and phosphatidylserine [PS] from bovine liver), sulfogalactosylceramide
(SGC), and cholesterol were obtained from Sigma Chemical Co. (St. Louis,
Mo.). Ganglioside GM1 was isolated from bovine brain tissue as previously
described (32), and gangliotetraosylceramide (Gg4) was prepared by desialyla-
tion of GM1 (30). Rabbit antiserum to an outer membrane preparation (anti-
OMP) of HS, a human commensal E. coli strain, was kindly provided by P.
Sherman, Division of Gastroenterology/Nutrition, Hospital for Sick Children,
Toronto, Ontario, Canada. A polyclonal antiserum to BFP was prepared as
previously described (12). Goat anti-rabbit–fluorescein isothiocyanate conjugate
(GAR-FITC) and bovine serum albumin were purchased from Sigma.

Bacterial strains and growth conditions. The characteristics of the bacterial
strains used in this study are listed in Table 1. Strains 31-6-1(1), HB101
(pMAR7), and E2348/69(pOG127) were generously provided by J. Kaper, Uni-
versity of Maryland School of Medicine, Baltimore. Bacteria were stored in 40%
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glycerol–5% citrate at �70°C. Prior to use, bacteria were cultured on Luria agar
supplemented with the appropriate antibiotics (Table 1). For Western blot as-
says, bacteria were subcultured overnight on either horse blood agar or Trypti-
case soy agar with 5% defibrinated sheep blood (TSA blood agar) or for 4 h in
Dulbecco minimum essential medium (DMEM) (to maximize BFP expression)
(12). For binding assays, two suspension protocols were compared: overnight
cultures from TSA blood agar suspended in phosphate-buffered saline (PBS)
with 1% bovine serum albumin and overnight Luria agar cultures suspended and
grown for 4 h in DMEM. Both suspensions were used immediately after prep-
aration in the binding assays.

Lipid extracts from human epithelial cells and from bacteria. The human
epithelial cell line HEp-2 (American Type Culture Collection, Manassas, Va.)
was grown in minimum essential medium supplemented with 10% decomple-
mented fetal calf serum, 0.5% glutamine, 1% sodium bicarbonate, 2% strepto-
mycin-penicillin, and 1% amphotericin. A lower-phase lipid extract of the cells
was prepared as described previously (2, 13) and stored at �70°C. A lower-phase
lipid extract was similarly prepared from a pellet of E2348/69.

TLC overlay binding assay. A TLC overlay assay (2) was used to assess
bacterial interactions with PE, PC, Gg4, GM1, and lipid extracts from HEp-2 cells
and from E2348/69. The choice of the phospholipid standards and glycolipids was
based on previous work in which E2348/69 binding was assayed with a large panel
of glycolipids and phospholipids, with binding being seen only for PE and Gg4

(2). The effect of anti-BFP antiserum on bacterium-lipid interactions was assayed
by preincubating bacterial suspensions with equivalent dilutions of either anti-
BFP or rabbit nonimmune serum (30 min at 37°C) prior to overlaying on phos-
pholipid standards immobilized on TLC plates. Bacterial binding was visualized
immunologically as previously described (2).

Bacterial binding to liposomes. Bacterial recognition of phospholipids was
also determined by assessing the aggregation of bacteria with various phospho-
lipid vesicles as previously described (2). Bacterial suspensions (100 �l of 109

CFU/ml) were incubated for 1 h at 37°C with 50 �l of vesicles containing PE, PC,
PS, or cholesterol (0.20 or 0.10 mg of lipid/ml). The degree of binding was
estimated by the size and number of liposome aggregates observed by differential
interference contrast microscopy.

Western blot analysis of BFP expression. Bacterial expression of BFP was
analyzed by detection of the 19.5-kDa BFP structural subunit, BfpA, by Western
blot analysis as previously described (8). Blots were blocked with 5% skim milk
powder–50 mM Tris-buffered saline–0.05% Tween 20, reacted with rabbit anti-
BFP antiserum (12), incubated with goat anti-rabbit–fluorescein isothiocyanate
conjugate, and developed with hydrogen peroxide.

Isolation and purification of BFP. BFP was purified as previously described
(12).

BFP-lipid binding. BFP was radiolabeled with iodine-125 as previously de-
scribed (40) and overlaid on TLC-separated lipids. Binding was detected by
autoradiography.

RESULTS

Expression of BFP correlates with PE binding. The expres-
sion of BFP was determined by Western blotting of all bacte-
rial extracts using a polyclonal anti-BFP antiserum (Fig. 1).
BFP expression was detected for all bfp-positive strains, in-
cluding E2348/69, HB101(pMAR7), and E2348/69(pOG127),
grown on TSA blood agar (Fig. 1) or horse blood agar (data
not shown) or subcultured in DMEM (data not shown). No
BFP expression was detected for HB101, EAF plasmid-cured
E2348/69 (JPN15), or the bfpA disruptional mutant of E2348/69
[31-6-1(1)].

BFP expression directly correlated with PE binding, as de-
termined by a TLC overlay assay. All BFP-expressing strains,
E2348/69 (wild type), E2348/69(pOG127), and HB101(pMAR7),
bound specifically to PE (Fig. 2). In contrast, all non-BFP-
expressing strains, 31-6-1(1), HB101, and JPN15 (data not
shown), did not bind PE. None of the strains recognized PC or
GM1. Binding to Gg4, a glycolipid previously shown to bind
E2348 in a TLC overlay assay (2), did not correlate with BFP
expression. All BFP-expressing strains also bound to a band
within the lower-phase lipid extracts from HEp2 cells and from
E. coli E2348/69 (data not shown). This band comigrated with
commercial PE and was stained with iodine, ninhydrin, and
molybdenum blue in a manner identical to that of commercial
PE. The BFP-expressing strains also recognized within the
same lipid extracts a band of lower mobility which comigrated
with lysoPE and was stained similarly with iodine, ninhydrin,
and molybdenum blue.

To verify the correlation between BFP expression and PE
binding, bacterial suspensions were used simultaneously for
the TLC overlay assay and for Western blot analysis of BFP
expression. The degree of PE binding was proportional to

FIG. 1. Western blot of bacterial extracts. Extracts from overnight cultures grown on TSA blood agar supplemented with the appropriate
antibiotics (Table 1) were electrophoresed on 15% polyacrylamide gels, transferred to blots, and visualized with polyclonal BFP-specific antiserum
(1/1,000 dilution). The positions of molecular mass markers are shown on the left, and that of the 19.5-kDa BFP structural subunit is shown on
the right. Lane 1, E2348/69. Lane 2, JPN15. Lane 3, HB101. Lane 4, 31-6-1(1). Lane 5, E2348/69(pOG127). Lane 6, HB101(pMAR7).

TABLE 1. Bacterial strains used in this studya

Strain Description Reference EAF plasmid bfpA genotype

E2348/69 Wild-type EPEC 27 � �
JPN15 EAF plasmid-cured E2348/69 17 � �
HB101 Nonpathogenic laboratory E. coli K-12 strain 31 � �
31-6-1(1) E2348/69 mutated in bfpA; Kanr 8 � �
HB101(pMAR7) HB101 complemented with bfpA-containing plasmid

pMAR7; Ampr
14 � �

E2348/69(pOG127) Derivative of E2348/69 mutated in perA; Cmr 14 � �

a �, positive; �, negative.
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the level of BFP expression, with E2348/69 and E2348/69
(pOG127) showing strong PE binding and high levels of BFP
expression and HB101(pMAR7) showing slightly weaker PE
binding and lower levels of BFP expression. It was curious that
E2348/69(pOG127), a perA disruptional mutant, showed BFP
expression similar to that of the wild type, but even this out-
come was consistent with the PE binding phenotype.

BFP-positive strains bind to PE-containing liposomes. Since
the TLC overlay assay detects binding to a lipid conformer
which may be of questionable physiological relevance, binding
was also assessed by means of bacterium-liposome aggrega-
tion, where lipid presentation may more closely model that of
a membrane receptor (Fig. 3). Incubation of E2348/69 with
PE-containing liposomes produced aggregates whose size and
number increased with increasing PE concentration. At a con-
centration of 0.1 mg of PE/ml, averages of 2 aggregates per

high-power field (Fig. 3C) and 25 aggregates per low-power
field were detected. At a concentration of 0.2 mg of PE/ml,
averages of 5 aggregates per high-power field and 80 aggre-
gates per low-power field were detected (data not shown). In
contrast, BFP-negative strains JPN15 and 31-6-1(1) showed no
aggregation with PE-containing liposomes. Phospholipid rec-
ognition was specific, since liposomes containing PC, PS, or
cholesterol alone did not aggregate with any of the strains
(only results for E2348/69 are shown). Incubation of any of the
strains with PBS also did not result in the formation of auto-
aggregates (data not shown).

Inhibition of binding with anti-BFP antiserum. The inter-
action of EPEC with PE could be inhibited by preincubation
with anti-BFP antiserum (Fig. 4). Binding of E2348/69 to PE
was disrupted in a dose-dependent manner by preincubation
with increasing concentrations of anti-BFP antiserum (dilu-

FIG. 2. TLC overlay assay with bacterial suspensions (109 CFU/ml) overlaid on TLC-separated lipids. Detection was done with anti-OMP
(1/1,000 dilution). (A) E2348/69. (B) E2348/69(pOG127). (C) HB101(pMAR7). (D) 31-6-1(1). (E) HB101. Each lane contains 5 �g of lipid. Lane
1, PE from E. coli. Lane 2, PC. Lane 3, Gg4. Lane 4, GM1.
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tions of 1/50 and 1/100 are shown in Fig. 4). Preincubation with
equivalent concentrations of rabbit nonimmune serum or
buffer alone did not affect PE binding. Once again, binding
specificity was limited to PE and not PC.

Binding of BFP to PE. Radiolabeled BFP bound to a com-
mercial PE standard (from E. coli) and to a band within an
HEp-2 cell lower-phase lipid extract which comigrated with the
PE standard and stained with iodine, ninhydrin, and molybde-
num blue in a manner identical to that of commercial PE (Fig.
5). BFP also bound to an HEp-2 cell lipid extract band which
had a mobility similar to that of lysoPE and which also stained
with iodine, ninhydrin, and molybdenum blue in a manner
similar to that of a commercial lysoPE standard (Fig. 5, lanes
4 and 6, lower band). Binding to PE and lysoPE by these strains
is consistent with previous studies showing that organisms
which recognize PE also recognize lysoPE (4, 5, 13). BFP did
not bind to an equivalent quantity of PS, PC, or SGC.

DISCUSSION

Our results indicate that BFP-expressing strains of EPEC
specifically recognize PE in both solid-phase binding and lipo-
some aggregation assays. In the TLC overlay assay, PE binding

was directly correlated with BFP expression. All of the bfp-
positive strains expressed BFP and bound PE (from E. coli and
human epithelial cells), and the levels of BFP expression were
similar to those for PE binding. This finding is consistent with
earlier work which showed a correlation between PE binding
and the bfp genotype of several clinical EPEC isolates (2). On
the other hand, recognition of glycolipid Gg4, previously re-
ported to bind a variety of pathogens, including E2348/69 (2, 5,
25, 26, 28), did not correlate with the bfp genotype. None of the
strains tested recognized PC or GM1. These results confirm
previous findings in which the BFP expression of several clin-
ical EPEC isolates correlated with PE binding (2). The forma-
tion of aggregates of bacteria and PE-containing liposomes
with BFP-positive E2348/69 and the absence of aggregates with
the BFP-negative strains 31-6-1(1), JPN15, and HB101 not
only confirm the results of the TLC assay but also indicate that
the recognition of PE by BFP-expressing strains is not limited
to the solid-phase presentation. The absence of interactions of
E2348/69 with the PC- and PS-containing liposomes attests to
the specificity of the PE interaction. Furthermore, the interac-
tion of BFP-expressing EPEC with PE can be inhibited by
preincubation of the bacteria with anti-BFP antiserum, clearly

FIG. 3. Liposome-bacterium aggregation. Bacterial suspensions (109 CFU/ml) were incubated with liposome suspensions (0.1 mg/ml) for 1 h
at 37°C. Aggregates (arrows) were examined and photographed using differential interference contrast microscopy. (A) JPN15 with PE-containing
liposomes. (B) 31-6-1(1) with PE-containing liposomes. (C) E2348/69 with PE-containing liposomes. (D) E2348/69 with PC-containing liposomes.
(E) E2348/69 with PS-containing liposomes.
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indicating the specificity of the interaction between BFP and
PE.

EPEC expresses BFP as a long, rope-like structure of inter-
twining filaments composed of repeating subunits of bundlin
(12). The multimeric nature of BFP likely contributes to its PE
binding affinity. Certainly, the ability of BFP to intertwine and
create a fibrous network is important to its role both in bacte-
rial autoaggregation and in localized adherence to cultured
epithelial cells (9, 12, 15, 24). The former refers to unattached
EPEC aggregates in liquid cultures. The latter refers to adher-
ent microcolonies of EPEC where BFP forms a meshlike net-
work of interbacterial fibers which may enhance the stability of
the attached microcolonies. BFP has also been shown to attach
directly to human epithelial cells (12, 24), although the physi-
ological relevance is not clear (15).

PE may serve as a receptor for both interbacterial and bac-
terium-host attachments. This phospholipid is present in bac-
terial and eukaryotic membranes, although the specific levels
and presentations in these sites are not well established (34).

The majority of plasma membrane PE, like PS, is localized on
the cytosolic leaflet. However, studies have suggested that lev-
els of both aminophospholipids in outer leaflets may constitute
10 to 30% of total membrane PE and PS (19). It was previously
shown that the adherence of E2348/69 to epithelial cells cor-
relates with the level of outer leaflet PE and that this adher-
ence can be partially inhibited with anti-PE antiserum (2). All
of the BFP-expressing strains as well as isolated BFP filaments
recognized a PE-containing component within human epithe-
lial cell lipid extracts. Since BFP has been reported to promote
EPEC adherence to cultured epithelial cells (8), our findings
suggest that host cell membrane PE may play a role in BFP-
mediated localized adherence of EPEC to epithelial cells.

PE may also serve as a BFP receptor in the formation of
interbacterial aggregates involved in autoaggregation and lo-
calized adherence. In our studies, BFP-expressing EPEC con-
sistently recognized PE from E. coli in all of the binding assays,
including the TLC overlay assay, the receptor-based enzyme-
linked immunosorbent assay, and the liposome aggregation

FIG. 4. Inhibition of PE binding with anti-BFP antiserum. Suspensions of E2348/69 (109 CFU/ml) were preincubated with PBS (A), anti-BFP
antiserum (1/100 dilution) (B), rabbit nonimmune serum (1/100) (C), anti-BFP antiserum (1/50) (D), and rabbit nonimmune serum (1/50) (E) and
then overlaid on PE and PC immobilized on TLC plates.
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assay (2). In this study, we also found that isolated BFP rec-
ognized PE from E. coli. Myxococcus xanthus and Pseudomonas
aeruginosa, both of which express type IV pili, show directed
chemotaxis toward PE, and it has been postulated that PE
serves as an autoattractant (21–23). Bacterial PE in EPEC may
similarly serve as an autoattractant for BFP, thereby inducing
the formation of bacterial autoaggregates that produce the
patterns of localized adherence characteristic of EPEC infec-
tion.

There is a growing list of proteins which show a binding
specificity for PE. These include a 19-amino-acid cyclic pep-
tide, Ro09-0198, from Streptoverticillium griseoverticillatum (7);
a 23-kDa protein from rat sperm plasma membrane (18); and
a 21-kDa protein from bovine brain cytosol (35). Ro09-0198,
whose interaction with PE has been well characterized (6, 10,
11), is an antibiotic peptide which induces the lysis of erythro-
cytes and fibroblasts and increases the permeability of PE-
containing liposomes (6, 7). It is also able to arrest cytokinesis
by ligating outer leaflet PE on the cytoplasmic bridge of divid-
ing cells. It is possible that BFP shares some or all of these
capabilities. We have shown that enterohemorrhagic E. coli
and EPEC both induce apoptosis in human epithelial cell lines,
an event which leads to an increase in the level of outer leaflet
PE on the cells and also enhances bacterial binding (1). Fur-
thermore, the level of PE on the outer leaflet correlates with
the level of bacterial binding, whether by natural variation of
outer leaflet PE across cell types or by time-dependent induc-
tion of apoptosis. These findings were confirmed by studies in
which the addition of exogenous PE augmented outer leaflet
PE levels and enhanced bacterial binding.

The correlation between bacterial recognition of PE and the
induction of apoptosis suggests that PE binding may be in-
volved in the initiation of apoptotic signaling. Consequently,
we examined the ability of bfp-positive and bfp-negative strains
to induce apoptosis and found that BFP-expressing EPEC

strains induced significantly higher levels of apoptosis than
non-BFP-expressing strains (unpublished observations). Fur-
thermore, HB101(pMAR7) was also able to induce apoptosis
at the same level as wild-type E2348/69. These results, taken
together with the current findings, suggest that BFP interaction
with host cell membrane PE plays a role in bacterial induction
of apoptosis. However, further studies are necessary to char-
acterize the involvement of membrane PE-BFP binding in
these events.

The identification of PE as a receptor candidate, albeit a
host receptor, a bacterial ligand, or both, for the virulence
factor BFP of EPEC provides the basis for future studies that
will enable a more detailed analysis of the pathogenic mecha-
nism and that may permit new therapeutic opportunities for
the treatment of EPEC-induced diarrheal disease. Further-
more, the identification of a PE binding adhesin in EPEC may
indicate the presence of as-yet-unidentified BFP analogues in
other PE binding pathogens, particularly enterohemorrhagic
E. coli, another attaching and effacing gastrointestinal patho-
gen that also forms clusters of bacteria on cultured cells.
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