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Sequence flanking the bfpA locus on the enteroadherent factor plasmid of the enteropathogenic Escherichia
coli (EPEC) strain B171-8 (O111:NM) was obtained to identify genes that might be required for bundle-
forming pilus (BFP) biosynthesis. Deletion experiments led to the identification of a contiguous cluster of at
least 12 open reading frames, including bfpA, that could direct the synthesis of a morphologically normal BFP
filament. Within the bfp gene cluster, we identified open reading frames that share homology with other type
IV pilus accessory genes and with genes required for transformation competence and protein secretion.
Immediately upstream of the bfp gene cluster, we identified a potential replication origin including genes that
are predicted to encode proteins homologous with replicase and resolvase. Restriction fragment length poly-
morphism analysis of DNA from six additional EPEC serotypes showed that the organization of the bfp gene
cluster and its juxtaposition with a potential plasmid origin of replication are highly conserved features of the

EPEC biotype.

Enteropathogenic Escherichia coli (EPEC) strains are a
common cause of diarrhea, particularly among children living
in developing countries (30, 31, 50, 52). Unlike the enterotoxi-
genic, enterohemorrhagic, and enteroinvasive E. coli biotypes,
EPEC strains do not produce secretory enterotoxins or cyto-
toxins and do not invade and destroy intestinal epithelial cells
(51). Instead, small-bowel biopsies of EPEC-infected children
reveal discrete microcolonies of bacteria attached to mucous
membranes (84, 85). Beneath adherent bacteria, close juxta-
position of the bacterial outer membrane and the underlying
plasma membrane occurs, associated with localized elevation
and invagination of the plasma membrane, loss of microvilli,
and rearrangement of the cell’s cytoskeleton (85). Together,
these features compose the attaching and effacing lesion that
epitomizes EPEC infection of epithelial surfaces (42, 43). In-
cubation of EPEC with tissue culture cell monolayers in vitro
produces a similar pattern of adherence characterized by cir-
cumscribed clusters of bacteria attached to the epithelial cell
surface (15, 61, 91). This pattern of attachment, termed local-
ized adherence (LA), is now recognized to be a common prop-
erty of the classic EPEC serotypes and requires the ~80-kb
enteroadherent factor (EAF) plasmid (6, 53, 59, 60). Strains
cured of the EAF plasmid no longer adhere to epithelial cells
and when tested in human volunteers are found to be less
virulent (6, 41, 53).

During growth in tissue culture media, EPEC strains express
thin pilus filaments that emanate from localized sites on the
bacterial surface, where they form laterally aligned aggregates
or bundles of pilus filaments (29, 103). Designated bundle-
forming pili (BFP), these structures are produced within ad-
herent microcolonies of EPEC, where they appear to form a
meshwork of interbacterial fibers that may physically stabilize

* Corresponding author. Phone: (415) 723-8158. Fax: (415) 723-
1399.

2613

the attached colony (29). BFP also mediate the autoaggrega-
tion phenotype, manifested by the formation of unattached
bacterial aggregates that float above the epithelial cell surface
and which may constitute the functional EPEC infectious unit
(103).

Purified BFP, analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), appear to be com-
posed of a single, repeating 19.5-kDa polypeptide subunit (29).
bfpA, the gene coding for this structural component of the BFP
filament, has been cloned from the EAF plasmid of two EPEC
serotypes (18, 93) and found to code for a 180-amino-acid
polypeptide containing an N-terminal amino acid prepilin
leader sequence and hydrophobic domain that demonstrates
similarity to other members of the type IV pilin family (97).

Studies of the uropathogenic E. coli pyelonephritis-associ-
ated pilus (Pap) have demonstrated a contiguous cluster of
genes that code for its pathogenic and biosynthetic properties,
including a variety of accessory genes that are required for the
production of a morphologically and functionally normal pilus
filament (37). However, the amino acid sequence of PapA, the
principal structural subunit of the Pap filament, is not homol-
ogous with the type IV pilins, and little similarity is evident
with respect to genomic organization or biosynthetic process.
Of the eight type IV pilin genes cloned thus far (97), only the
toxin-coregulated pilus (Tcp) biosynthetic system of Vibrio
cholerae was found to be arranged as a contiguous cluster of
genes. The dispersal of type IV biosynthetic genes in many of
the species studied thus far has impeded their morphogenic
and functional characterization compared with the E. coli Pap
system.

To determine if bfpA is closely linked to other genes re-
quired for the production of the BFP filament, we obtained ca.
17 kb of sequence from the EAF plasmid in the region flanking
bfpA. Deletion experiments demonstrated that a region of
DNA containing at least 12 contiguous open reading frames
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TABLE 1. E. coli strains and plasmids used in this study

Strain or

plasmid Description Reference(s)
Strains
B171 EPEC O111:NM 69, 103
B171-8 EPEC O111:NM, containing the EAF plasmid 29
B171-4 EAF plasmid cured derivative of B171-8 82, 83
DH5a Laboratory K-12 strain 87
BL21(DE3)  Expression host for cloned gene in pET plasmid 98
Plasmids
pWKS130 Low-copy-number cloning vector (Km") 105
pBTA-BH1 pWKS130 (Km") derivative carrying 3.9-kb BarmHI EAF fragment containing bfpT 100
pSS9 pACYC177 (Ap") derivative carrying 4.0-kb HindIIl EAF fragment containing bfpA 93
pSSD1 pJF119 (Ap") derivative carrying 0.6-kb fragment containing bfpA 93
pISP pKK233 (Ap") derivative carrying PCR-amplified fragment of bfpP ORF at EcoRI-PstI sites of the This study
multicloning site

pKK233-3 pBR322 (Ap")-derived vector for overexpression of proteins 4
pISD pET23a+ (Ap") derivative carrying PCR-amplified fragment of bfpD This study
pISE pET23a+ (Ap") with insert of PCR-amplified fragment of bfpE This study
pISF pET23a+ (Ap") carrying PCR-amplified fragment of bfpF This study
pET23a+ Expression vector with T7 promoter 99
plS1 pACYC184 (Cm") derivative carrying 10-kb EAF Sau3Al partial library fragment containing repl to bfpF This study
pIS2 pET23a+ (Ap") derivative carrying 11.5-kb HindIII fragment containing bfpB to the end of bfpM This study
pERI-992 pUCI18 (Ap") derivative carrying 10.9-kb EcoRI EAF fragment containing bfpA to the end of bfpJ This study
pERI-493 pUC18 (Ap") derivative carrying 7.5-kb EcoRI EAF fragment containing bfpA to bfpF This study
pISK pBC KS+ (Cm") derivative carrying 11.3-kb EcoRI-Sspl EAF fragment containing bfpA4 to the end of bfpK This study
pISJ pBC KS+ (Cm") derivative carrying 10.9-kb EcoRI EAF fragment containing bfpA to the end of bfpJ This study
pISL pBC KS+ (Cm") derivative carrying 12.1-kb EcoRI-EcoRV EAF fragment containing bfpA to the end of bfpL This study
pISM pUCI18 (Ap") derivative carrying PCR-amplified 13.9-kb EAF fragment containing rsv to the end of bfpM This study
pISB2 pWKS130 (Km") derivative carrying the ~9-kb BamHI EAF fragment from nt 11764 to 20564 This study

(ORFs), which we have termed the bfp gene cluster, can direct
the synthesis of morphologically normal BFP filaments. Anal-
ysis of these ORFs revealed similarities with accessory proteins
involved with type IV pilin biogenesis, protein secretion, and
DNA uptake.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Bacteria were grown in Luria-
Bertani (LB) broth and agar or, to induce BFP expression, in Dulbecco’s mod-
ified Eagle’s medium containing 0.45% glucose (DMEM) or on Trypticase soy
agar supplemented with 5% defibrinated sheep blood (TSA blood agar) as
described by Vuopio-Varkila and Schoolnik (103) and Giron et al. (29).

DNA techniques. DNA manipulations were performed by standard genetic
and molecular techniques (87). Restriction and DNA-modifying enzymes were
obtained from New England Biolabs, Inc. (Beverly, Mass.), and used according
to the manufacturer’s instructions. Radiolabeled nucleotide [*>P]JdCTP (3,000
Ci/mmol) was purchased from Amersham Corp. (Arlington Heights, Il1.). Oli-
gonucleotides were prepared by Operon Technologies Inc. (Alameda, Calif.).
PCRs were performed with AmpliTaq (Perkin-Elmer, Norwalk, Conn.) accord-
ing to the manufacturer’s instructions.

Construction of an EAF plasmid library. The EAF plasmid library used in this
study was constructed as follows. Plasmid DNA was purified from strain B171-8
(Table 1) by using a Qiagen (Chatsworth, Calif.) plasmid DNA purification kit.
A partial Sau3 Al digestion of the plasmid DNA was conducted, and the resulting
fragments were ligated to the BamHI-digested vector pACYC184 (11). After
transformation into E. coli DH5a (Table 1), recombinants were selected by
growth on LB agar containing chloramphenicol (50 pg/ml). Clones containing
overlapping fragments with bfpA were identified by using the labeled bfpA4 se-
quence (93) as a hybridization probe.

DNA sequence analysis. Double-stranded DNA sequencing of the 17-kb bfp
gene cluster locus depicted in Fig. 1 was performed by the dideoxy-chain termi-
nation procedure (89). The resulting sequence was analyzed by using programs
from Intelligenetics, Inc. (Mountain View, Calif.), the Center for Molecular and
Genetic Medicine (Stanford University, Stanford, Calif.), and the Genetics Com-
puter Group of the University of Wisconsin (19).

Construction of recombinant plasmids. The plasmids described in Table 1
were prepared as follows. pER1-992 was prepared by using an 11.5-kb gel-
purified EcoRI fragment from the EAF plasmid containing ORFs bfpA to bfpJ
ligated to the EcoRlI site of the polylinker in pUC18; the resulting recombinant
plasmid was transformed into E. coli DH5a. pER1-483 was derived similarly to

pER1-992 in pUCI18 and contains a 7.5-kb fragment with an EcoRI site only at
the 5’ end of the insert; this fragment encompasses bfpA through the middle of
bfpF. pISP was constructed by ligating a PCR-amplified fragment of bfpP with
adapted EcoRI and PstI ends to the EcoRI-PstI-digested expression vector
pKK233-3 (Pharmacia Biotech Inc., Uppsala, Sweden) (9). pPBTA-BH1 contains
a 3.9-kb BamHI EAF plasmid fragment with bfpT (100), inserted into a BamHI
site of pWKS130 (105). pISD, pISE, and pISF were constructed by the PCR
amplification of bfpD, bfpE, and bfpF, respectively, using EcoRI and HindIIl
restriction sites engineered at the 5’ and 3’ ends of each gene; the resulting
fragments were then ligated to the unique EcoRI and HindIII sites of the
polylinker of the T7 polymerase expression vector pET23a+ and transformed
into E. coli BL21(DE3) (Novagen Inc., Madison, Wis.). bfpD, bfpE, and bfpF
were also prepared with EcoRI sites engineered at both the 5’ and 3’ ends by
PCR amplification; these were then ligated to the unique EcoRI site of
pKK233-3, a high-level expression vector. pIS2 was constructed by gel purifica-
tion of the 11.5-kb HindIII-digested EAF fragment carrying bfpB through bfpM,
ligation of the fragment to HindIlI-digested pET23a+, and transformation into
E. coli BL21(DE3).

pISJ, pISK, and pISL (Table 1) were constructed in the following manner.
pISJ was constructed with a 10.9-kb fragment encompassing nucleotides (nt)
2267 to 13179 (Fig. 1) from the EAF plasmid that had been digested with EcoRI;
the resulting fragment was gel purified and ligated to EcoRI-digested vector pBC
KS+ (Stratagene, La Jolla, Calif.), transformed into EPEC strain B171-4, and
selected for chloramphenicol resistance. pISK was constructed by digesting pISJ
with AatIl and Smal; the resulting fragment was gel purified and ligated to a
gel-purified 523-bp EAF plasmid fragment resulting from double digesting the
EAF fragment in pISB2 with AatIl and Sspl. pISB2 was prepared from an EAF
plasmid BamHI library and contains a ca. 9-kb fragment delimited by nt 11763
and 20565 (Table 1 and Fig. 2). The product of this ligation, pISK, therefore
carries an insert of 11.3 kb from nt 2267 (an EcoRI site of the EAF plasmid) to
13571 (a SspI site of the EAF plasmid; Fig. 2). pISL was constructed as follows.
pISB2 was digested with Aatll and EcoRV, and the gel-purified 1,333-bp frag-
ment was ligated to AarII- and Smal-digested pISJ and transformed into EPEC
strain B171-4. pISL therefore carries a 12.1-kb EAF plasmid insert extending
from the EcoRI site at nt 2267 to the EcoRV site at nt 14381 (Table 1 and Fig.
2). pISJ, pISK, and pISL were examined for the presence of the correct insert by
hybridization with appropriate probes. In addition, the junction points between
the EAF plasmid fragments that constitute these inserts and between the inserts
and the plasmid vector were verified by nucleotide sequencing.

pISM was constructed by PCR amplifying a 13.9-kb fragment of the EAF
plasmid from EPEC strain B171-8. The amplification was carried out with a
Takara LA PCR kit (PanVera Corp., Madison, Wis.) according to the manufac-
turer’s instructions. The amplified fragment is delimited by nt 1150 and 15070
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FIG. 1. Schematic representation of the organization of the bfp gene cluster locus on the EAF plasmid of EPEC strain B171-8. The 16 ORFs identified by computer analysis of a 17-kb segment of the EAF plasmid are
indicated at the bottom as boxes. The direction of transcription of each ORF is depicted by a horizontal arrow, and the positions of putative promoter motifs (P) and Shine-Dalgarno (S.D) sequences are shown. Putative
Rho-independent transcription terminators (stem-loop structures) are indicated together with the calculated free energy. Above the transcript arrows, the paired numbers correspond to the DNA base pairs at the beginning
and end of each ORF. repI and rsv, to the left of the bfp gene cluster, are predicted to encode Repl and resolvase, respectively, proteins required for the replication of plasmid members of the IncF incompatibility group.
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FIG. 2. EPEC strain B171-8 EAF plasmid map showing the relative positions of the bfp gene cluster, the repl, rsv, and bfpT loci, and the 1-kb EPEC diagnostic probe.
Mapping was performed by Southern blot analysis using radiolabeled probes prepared from PCR-amplified fragments of structural genes (® - ®) and the purified 1-kb
EAF fragment from plasmid pJPN16 (59). The arrows indicate the direction of transcription of the genes. Position 1 on the EAF map corresponds to the first B/l

restriction site upstream of repl.

and thus encompasses rsv through bfpM (Fig. 2). Both the 5" and 3’ primers were
engineered with Sall restriction sites, and accordingly, the amplified fragment
was cloned into the Sall-digested vector pUCI18 (New England Biolabs). The
resulting plasmid was transformed into EPEC strain B171-4 and selected for
ampicillin resistance.

Southern blot analysis of the bfp gene cluster. EAF plasmid DNA was isolated
as described above and digested to completion with BamHI, Bcll, BglIl, EcoRlI,
HindIIl, Sall, or Smal. Two micrograms of digested DNA was separated by
electrophoresis, blotted onto a nylon membrane (Amersham), and hybridized to
the labeled probes shown in Fig. 2. The blotted filters were incubated for 2 h at
42°C in a prehybridization solution containing 6X SSC (1X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate), 5X Denhardt’s solution (0.2% Ficoll, 0.2% poly-
vinylpyrrolidone, 0.2% bovine serum albumin [BSA]), 0.5% (wt/vol) SDS, and
0.1 mg of calf thymus DNA per ml. Hybridization was carried out in a fresh
solution at 65°C for 12 to 16 h with 20% formamide, using 10° cpm of one of the

radioactive probes described above. Filters were washed at 65°C, first in 1X
SSC-0.1% SDS and then in 0.1X SSC-0.1% SDS, and subjected to autoradiog-
raphy.

Western blot (immunoblot) analysis. Bacteria were grown in DMEM under
bfpA-inducing conditions (75, 103) and centrifuged, the pellet was resuspended
in water, the bacteria were lysed by sonication, and the total protein concentra-
tion was determined with a bicinchoninic acid protein assay reagent kit (Pierce,
Rockford, Ill.), using BSA as the standard. Bacterial lysates (20 ug of protein)
were denatured by boiling 5 min in 5% SDS-0.1% B-mercaptoethanol, the
proteins were separated by SDS-PAGE (15% gel) (46), and the resolved proteins
were then electrophoretically transferred to an Immobilon-P membrane (Milli-
pore Co., Bedford, Mass.). The membranes were blocked and incubated with the
indicated dilutions of a BFP-specific antiserum (29, 93), and the antibody-bound
proteins were then detected with a horseradish peroxidase-labeled goat anti-
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TABLE 2. Proteins homologous with predicted bfp gene cluster products®

Gene

Function Source cluster Predicted protein product(s) Reference(s)

Pilin biogenesis EPEC B171 bfp A B C D E F P H 1 J K L M This study
Vibrio cholerae tcp A C T E E J 25, 39, 40, 66, 67
Pseudomonas aeruginosa  pil A B, T C UT D vV V V 3, 62, 63, 94, 96, 103
Neisseria gonorrhoeae pil E F D A 49, 56
Dichelobacter nodosus fim A,B A,B B 34

Type II membrane Klebsiella oxytoca pul D E F E O H LJ 17, 18, 77, 74, 81

traffic wardens

P. aeruginosa xcp R S R A T T,V 7, 64, 65
Erwinia spp. out D E F E O H LG 14, 33, 54, 80
Xanthomonas campestris ~ xps D E F E G I 21, 36

DNA uptake Bacillus subtilis com Gl G2 G1 C 1,57

¢ The homologous relationships shown are based on the presence of the following conserved structural and functional motifs, as judged from amino acid sequence
similarity and in some cases from biochemical evidence for a conserved functional role. Each column is explained below by reference to the corresponding Bfp protein.
BfpA proteins are type IV pilin subunit proteins, each with a conserved N-terminal prepilin domain recognized by a prepilin peptidase. Each of these proteins has been
biochemically identified as the major component of a pilus polymeric filament. BfpB proteins are lipoproteins involved with the type II, sec-dependent secretion system,
each containing the lipoprotein peptidase processing N-terminal motif. In addition, BfpB and OutD of Erwinia spp. both contain an internal polyserine domain of
unknown function. No homologies with BfpC were identified. BfpD proteins are type 11, sec-dependent proteins with conserved Walker box A motifs, conserved cysteine
residues, and less well conserved Walker box B domains. All are hydrophilic and devoid of a signal peptide consensus sequence, suggesting that they are nucleotide-
binding cytoplasmic proteins that provide energy by ATP hydrolysis. BfpE exhibits between 21 and 28% identity (47% similarity to PulF) with type II, sec-dependent
proteins that lack signal peptides but appear to be associated with the cytoplasmic membrane. BfpF, like BfpD, contains a highly conserved Walker box A but lacks
the conserved cysteine and Walker box B motifs found in the listed BfpD homologs. BfpP is highly homologous in structure and function with other type IV prepilin
peptidases. BfpH, other than having a conserved lipoprotein processing site, is not homologous with other type II, sec-dependent proteins. Bfpl, -J, and -K contain type
IV pilin-like proteins with conserved N-terminal prepilin processing motifs and two cysteine residues in the middle to last one-third of the molecule, but without

biochemical evidence for forming part of the pilus polymer. BfpL and BfpM are unrelated to other proteins in the GenBank database.

rabbit antibody as instructed for the ECL (enhanced chemiluminescence) West-
ern blotting detection system (Amersham).

Electron microscopy. Transmission electron microscopy (TEM) was con-
ducted with negatively stained (1% phosphotungstic acid [pH 7.5]) bacteria that
had been cultivated overnight at 37°C on TSA blood agar. Immunogold electron
microscopy was carried out with bacteria that had been grown in DMEM at 37°C
for 4 h and then induced with 1 mM isopropylthiogalactopyranoside (IPTG) for
2 h. The bacteria were transferred to carbon-coated grids and incubated for 30
min in phosphate-buffered saline (PBS)-1% (wt/vol) BSA containing a 1/400
dilution of a BFP-specific rabbit antiserum. The grids were washed and then
incubated with goat anti-rabbit immunoglobulin G conjugated with 30-nm gold
particles for 30 min. After being washed with PBS, the bacteria were stained with
1% phosphotungstic acid and the grids were examined by TEM.

Nucleotide sequence accession number. The nucleotide sequence of the 17-kb
EAF plasmid bfp locus of EPEC strain B171-8 has been deposited with GenBank
with accession number U27184.

RESULTS

Identification and organization of a hfp gene cluster. To
identify genes required for the biogenesis of the BFP fiber,
approximately 17 kb of EAF plasmid DNA sequence was ob-
tained in the region flanking bfpA. Computer-assisted analysis
of this sequence revealed 16 ORFs which fulfill the following
criteria: an ORF that would encode a polypeptide of 100 or
more translated amino acids; ATG as the translational initia-
tion codon; and an E. coli consensus Shine-Dalgarno sequence,
located at an optimal distance upstream of the ATG (92).
These ORFs are depicted in Fig. 1. Potential ORFs with start
codons other than ATG and ORFs predicted to encode pro-
teins of less than 100 amino acids were also identified but are
not included in this analysis.

Upstream of bfpA, we found two ORFs that are homologous
with genes required for the maintenance and replication of
several other E. coli and Salmonella plasmids: repl is predicted
to encode replicase I (Repl), a component of the replication
region of the IncF plasmid group (71, 72, 90); rsv is predicted
to encode resolvase, a protein that affects the resolution of
cointegrates formed by plasmid replication (5, 13, 44, 47).
Because repl and rsv may be components of the EAF plasmid
replicon, as discussed below, sequence obtained during the
course of this study was numbered beginning with a Bcll re-

striction site located 361 bp upstream from the rep/ translation
initiation codon; this numbering system is used in the physical
map shown in Fig. 1, in the EAF plasmid map shown in Fig. 2,
and in the sequence data deposited in GenBank.

Downstream of bfpA, 13 additional ORFs were identified
and are designated alphabetically bfpB through bfpN, with one
exception: the ORF between bfpF and bfpH is designated bfpP
instead of bfpG because its homolog was previously cloned
from EPEC strain 2348/69, serotype O127:H6, by Zhang et al.
(110) and named bfpP because it was found to encode the
prepilin peptidase. We have retained their nomenclature for
this ORF. As demonstrated below, bfpA, together with the next
11 OREFs (i.e., bfpA through bfpL; Fig. 1) can encode a mor-
phologically normal BFP filament when cotransformed with
bfpT, a positive transcriptional regulator of bfpA4 that is located
on the EAF plasmid outside the contiguous cluster of genes
discussed in this report (100) (Fig. 2). Thus, for the purpose of
this study, the bfp gene cluster is defined as the 11,257-bp
segment of the EAF plasmid that encompasses at least 12
contiguous ORFs delimited by the translation initiation codon
of bfpA on the left (corresponding to nt 2714; Fig. 1) and by the
stop codon of bfpL on the right (corresponding to nt 13971;
Fig. 1).

Three of the 12 ORFs analyzed here that comprise the bfp
gene cluster are known to be required for the biogenesis of the
BFP fiber: bfpA encodes the major structural pilus subunit (20,
93), bfpB encodes a lipoprotein required for the export and/or
assembly of the signal peptidase-processed form of BfpA (79),
and bfpP encodes the prepilin signal peptidase that processes
BfpA (reference 110 and this report). The remaining nine
ORFs were assigned to the bfp gene cluster because they are
contained within a fragment that can direct the production of
the BFP filament, and their orientation and spacial juxtaposi-
tion suggest that they could be part of the same transcriptional
unit. In addition, as summarized in Table 2, the predicted
products of some of these ORFs are homologous with proteins
believed to be required for the biogenesis of type IV pili by
other bacterial species (97), with proteins that comprise the
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type II sec-dependent general secretory pathway involved in
the secretion of enzymes and/or toxins by diverse gram-nega-
tive bacteria (35, 76, 86), or with proteins that mediate DNA
uptake (1, 2, 48, 57, 101, 106). bfpM and bfpN are not included
in the bfp gene cluster because they are not required for BFP
filament production (as shown below) and their predicted pro-
tein sequences do not share homology with the accessory pro-
teins of other members of the type II sec-dependent general
secretory pathway family.

Each of the 12 analyzed ORFs of the bfp gene cluster was
predicted by sequence analysis to be transcribed in the same
direction and to be preceded by a ribosome binding site. From
bfpD through bfpL, the stop codon of each ORF and the start
codon of the next ORF either overlap by between 3 and 18 nt
(bfpE-F, bfpP-H, bfpl-J, and bfpJ-K; Fig. 1) or are separated by
only 3 to 21 nt (bfpD-E, bfpF-P, bfpH-I, and bfpK-L; Fig. 1).
The bfpA stop codon is followed by an inverted repeat that
might form a stem-loop structure (AG = —14.3 kcal [1 cal =
4.184 J]) that could function as a potential Rho-independent
transcriptional terminator or attenuator (Fig. 1). At the end of
the bfp gene cluster, 287 bp separate bfpM from the tightly
grouped ORFs bfpD through bfpL, and downstream from the
translational stop of bfpL is a potential Rho-independent ter-
minator (AG = —16 kcal; Fig. 1).

Expression of BFP filaments by the bfpA-bfpL cluster of
genes. To determine the downstream boundary of the bfp gene
cluster, a series of deletions was made to identify the last ORF
in the cluster required for BFP filament production. For this
purpose, four constructs were prepared (Fig. 2 and Table 1).
pISJ carries a 10,912-bp EAF plasmid fragment delimited by nt
2267 and 13179 (Fig. 1) which includes the entire ORFs bfpA
through bfpJ and part of bfpK. pISK carries an 11,305-bp EAF
plasmid fragment spanning nt 2267 to 13572 which includes
full-length ORFs from bfpA through bfpK and part of bfpL.
pISL carries a 12,115-bp EAF plasmid fragment corresponding
to nt 2267 through 14382 which encompasses all of bfpA
through bfpL and part of bfpM. pISM carries a 13.9-kb PCR-
amplified fragment of the EAF plasmid corresponding to nt
1150 to 15070 comprising rsv through bfpM (Fig. 1 and 2). Each
of these constructs was transformed into the EAF plasmid-
cured strain B171-4 (Table 1) together with the compatible
plasmid pBTA-BHI1, which contains bfpT, an EAF plasmid
gene that codes for a trans-acting transcriptional activator of
bfpA expression (100). The four resulting recombinant strains
were analyzed for BfpA pilin expression by Western blotting
and for the production of BFP filaments by TEM.

The wild-type EPEC parent strain B171-8 served as the
BFP-positive control for these experiments. It produced BFP
filaments and signal peptidase-processed pilin (Fig. 3A and H,
lane 1). Serving as an EAF plasmid-negative control, B171-4
was found to produce neither BFP filaments nor pilin (Fig. 3D
and H, lane 2). In contrast, B171-4 carrying pISJ, pISK, pISL,
and pISM each produced processed pilin (data not shown and
Fig. 3H, lanes 3 to 5). However, while pISL and pISM also
produced BFP filaments (Fig. 3E and G), pISJ and pISK did
not (Fig. 3F and data not shown). Thus, bfpL, but not the
complete bfpM OREF, is required for the biogenesis of the BFP
filament, suggesting that the 3’ boundary of the bfp gene clus-
ter is the termination codon of bfpL and that the bfp gene
cluster encompasses approximately 14 kb. This deletion study
also suggests that bfpJ, bfpK, and bfpL are necessary for the
biogenesis of the BFP filament and that they act as steps that
follow signal peptidase processing of BfpA.

The experiments described above were conducted with an
EPEC host strain, B171-4, that had been cured of the EAF
plasmid. To determine if the bfp gene cluster could also direct
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the synthesis of BFP filaments in a non-EPEC E. coli host, two
compatible plasmids (pIS1 and pIS2; Table 1), which together
contain repl through bfpM, were cotransformed into the non-
EPEC strain BL21(DE3). pIS1 is a derivative of pACYC184
that carries a 10-kb Sau3Al fragment encompassing repl to the
middle of bfpF. pIS2 is a derivative of pET23a+ that carries a
11.5-kb HindIII fragment encompassing bfpB to bfpM. A third
compatible plasmid, pBTA-BH1, carrying bfpT on a 3.9-kb
BamHI fragment of the EAF plasmid (Table 1), was also
transformed to provide the positive transcriptional regulator
for bfpA expression (100).

As in the deletion experiments described above, expression
of the processed form of the BfpA protein by this recombinant
strain was demonstrated by Western blotting (data not shown).
Immunogold TEM of the negatively stained recombinant using
a BFP-specific antiserum showed colloidal gold-labeled pilus
fibers (Fig. 3C), indicating that a contiguous series of genes
(repl through bfpM; Fig. 1) together with bfpT can direct BFP
filament biogenesis in a non-EPEC host. These results and the
findings from the deletion study led us to concentrate on the
bfpA-bfpL cluster of genes in the remaining sections of this
report.

bfpB and bfpH code for lipoproteins. bfpB, the second ORF
of the bfp gene cluster, is located to the right of repl, rsv, and
bfpA (Fig. 1). Transcribed in the same direction as bfpA4, it
contains 1,656 bp and is predicted to encode a 552-amino-acid,
58.2-kDa protein. Analysis of this sequence with the Prosite
database of structural motifs revealed a prokaryotic membrane
lipoprotein lipid attachment site, including a precursor signal
peptide, at the N-terminal region of BfpB. This leader se-
quence conforms closely to the lipoprotein signal peptidase
recognition site including the presence of the essential cysteine
to which a glyceride fatty acid lipid would be attached. Intrinsic
labeling experiments in our laboratory have proven BfpB to be
a lipoprotein, given its capacity to incorporate [*H]palmitate
during growth (79). Between residues 216 and 243 of the de-
duced BfpB amino acid sequence is a centrally located poly-
serine domain (Fig. 1) predicted by the Chou-Fasman algo-
rithm (12) to have a high B-turn probability; the function of
this region is unknown, but it might serve to separate N-
terminal and C-terminal functional domains.

bfpH, the seventh ORF downstream of bfpA, is also pre-
dicted to encode a lipoprotein, given the presence of a char-
acteristic N-terminal cysteine lipid attachment site. However,
unlike most other prokaryotic membrane lipoproteins, it does
not contain a conserved lysine or arginine within the first seven
amino acids of the signal peptide. The possibility that mature
BfpH incorporates a covalently linked fatty acid is under in-
vestigation.

bfpC is predicted to encode a 45.4-kDa protein. bfpC com-
prises 1,209 bp and would encode a 402-amino-acid, 45.4-kDa
protein; no signal peptide motif is evident. A GenBank data-
base search for homologous sequences showed that bfpC is
51% identical at the nucleotide sequence level with tcpT of V.
cholerae, but no significant amino acid sequence homology was
detected with this or any other protein in the database. Be-
cause of this disparity and evidence that TcpT may be required
for biogenesis of the type IV Tcp pilus filament (10, 39, 40, 66,
67), the sequencing gels were reexamined for the possibility
that an erroneous reading may have mistakenly deleted or
added a base, leading to an apparent frameshift. However, no
such error was detected, and translation of the sequence in
each of the remaining five reading frames failed to disclose an
amino acid sequence with homology to TcpT.

bfpD through bfpL comprise a cluster of nine closely spaced
OREFs. Following an intergenic segment of 482 bp containing
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FIG. 3. Expression of the BfpA protein and BFP fibers by the bfp gene cluster. After overnight growth at 37°C on TSA blood agar, the bacteria were examined for
production of the BfpA subunit by Western blotting and for the production of BFP filaments by TEM. (A) TEM of a negatively stained sample of EPEC strain B171-8
(serotype O111:NM) showing BFP filaments. (B) Negatively stained specimen of the bfp gene cluster-negative E. coli strain BL21(DE3) carrying plasmid pET23a+
(Table 1) showing no pilus filaments. (C) bfp gene cluster-positive recombinant strain BL21(DE3) carrying pIS1, pIS2, and pBTA-BH1. Immunogold TEM of this
negatively stained specimen shows gold-labeled BFP. (D) TEM of a negatively stained sample of EPEC strain B171-4 (EAF plasmid cured) showing no BFP. (E) TEM
of B171-4 carrying pISM and pBTA-BHI. Production of BFP is demonstrated by immunogold TEM. (F) TEM of B171-4 carrying pISK and pBTA-BH1. No BFP are
seen. (G) TEM of B171-4 carrying pISL and pBTA-BH1 showing production of BFP. (H) Production of the BfpA subunit detected by Western blotting of bacterial
lysates, using a BFP-specific antiserum. Each lane was loaded with 20 pg of total protein. Lanes: 1, wild-type EPEC strain B171-8 showing the production of the
processed 19-kDa BfpA subunit; 2, EPEC strain B171-4 (EAF plasmid cured) showing no production of BfpA; 3, EPEC strain B171-4 carrying pISK and pBTA-BH1;
4, EPEC strain B171-4 carrying pISL and pBTA-BH1; and 5, EPEC strain B171-4 carrying pISM and pBTA-BHI1. The arrow indicates the position of the band

specifically recognized by the anti-BfpA antiserum.

an upstream ribosome binding site at an optimal distance from
the bfpD translational initiation codon, there is a succession of
nine ORFs, each predicted to be transcribed in the same ori-
entation and which either overlap or are separated by 21 or
fewer nt (Fig. 1).

bfpD comprises 1,605 bp and is predicted to encode a 534-
amino-acid, 60.5-kDa protein. Proof that this ORF can express
a protein of the predicted molecular mass was sought by clon-
ing bfpD in pKK233-3, a high-level expression vector, and in
pET23a+, the inducible T7 promoter-RNA polymerase ex-
pression system described in Materials and Methods. Follow-
ing induction by IPTG, SDS-PAGE analysis of E. coli DH5a
carrying bfpD in pKK233-3 (data not shown) and E. coli
BL21(DE3) carrying bfpD cloned into pET23a+ (pISD; Table
1) revealed production of a new protein with an estimated
molecular mass of 61 kDa, in good agreement with the pre-
dicted molecular mass of BfpD (Fig. 4A, lane 5).

Analysis of the BfpD amino acid sequence showed a highly
conserved Walker box A motif (104) between residues 259 and
267 (Fig. 1 and 5) and the associated Asp boxes and four
conserved cysteine residues characteristic of nucleotide-bind-
ing proteins (Fig. 5). A poorly conserved Walker box B is also

evident just beyond the cluster of conserved cysteines (Fig. 5).
Further analysis of BfpD showed a relatively hydrophilic Kyte-
Doolittle hydropathy profile (data not shown) and the absence
of a signal peptide consensus sequence, features that suggest
that it may be localized to the cytoplasm of the bacteria. A
search of the GenBank database revealed that BfpD is homol-
ogous with proteins involved in type IV pili biogenesis, protein
secretion, and DNA uptake (Table 2).

bfpE comprises 1,059 bp and is predicted to encode a 352-
amino-acid, 39.8-kDa protein. Proof that bfpE can direct the
synthesis of a protein of this mass was sought by using the T7
promoter expression system described above. Following IPTG
induction and SDS-PAGE analysis, the production of a novel,
34.7-kDa polypeptide could be detected by Coomassie blue
staining (Fig. 4A, lane 7).

Examination of the BfpE deduced amino acid sequence
showed no signal peptide consensus sequence but four prom-
inent hydropathic segments, located between residues 116 and
150, 162 and 187, 205 and 230, and 324 and 342 (data not
shown), that could be membrane-spanning domains. These
features suggest that BfpE may be an integral cytoplasmic
membrane protein. A search of the databases identified pro-
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FIG. 4. Protein expression by ORFs bfpD, bfpE, and bfpF. E. coli BL21(DE3)
harboring the T7 expression vector pET23a+ containing the PCR-amplified
fragment corresponding to bfpD (pISD), bfpE (pISE), or bfpF (pISF) was culti-
vated overnight in LB broth at 37°C, and the bacteria were then transferred to
fresh LB broth and grown at 37°C for 4 h before being induced by the addition
of 1 mM IPTG for 2 h. Bacterial lysates (25 pg of total protein per lane) were
analyzed by SDS-PAGE (15% gel), and the protein bands were visualized by
Coomassie blue staining. The estimated molecular masses (in kilodaltons) are
indicated at the left of each gel, and the positions of the ORF-specific expressed
polypeptides are indicated by arrows on the right. (A) Lanes: 1, protein size
standards; 2, E. coli BL21(DE3); 3, BL21(DE3)/pET23a+; 4, BL21(DE3)/pISD,
uninduced; 5, BL21(DE3)/pISD, induced with IPTG; 6, BL21(DE3)/pISE, un-
induced; 7, BL21(DE3)/pISE, induced with IPTG. (B) Lanes: 1, BL21(DE3); 2,
BL21(DE3)/pET23a+; 3, BL21(DE3)/pISF, uninduced; 4, BL21(DE3)/pISF, in-
duced with IPTG. (Note that uninduced cultures express low levels of BfpD and
BfpF.)

teins homologous with BfpE that are involved in the biogenesis
of type IV pili, protein secretion, and DNA uptake (Table 2).

bfpF comprises 996 bp and is predicted to encode a 331-
amino-acid, 36.7-kDa protein. To determine if bfpF can en-
code a polypeptide of this expected mass, a subclone of bfpF
was prepared in the T7 expression system. Upon IPTG induc-
tion, expression of a new polypeptide with an estimated mo-
lecular mass of 36.5 kDa was detected by SDS-PAGE and
Coomassie blue staining (Fig. 4B, lane 4). Like BfpD, BfpF
contains a Walker box A nucleotide-binding motif located be-
tween residues 131 and 141 (Fig. 1 and 5). BfpF also contains
two Asp boxes but lacks the conserved four cysteine residues
and the Walker box B motif found in BfpD.

BfpF was found to be homologous with the TcpE protein of
V. cholerae and the PilT protein of Pseudomonas aeruginosa
(Table 2). PilT is required for pilus-mediated twitching motil-
ity, possibly providing energy through ATP hydrolysis for the
depolymerization-repolymerization of pilin subunits (16, 109).

The deduced amino acid sequence of the next downstream
ORF was found to be identical with the prepilin signal pepti-
dase cloned from EPEC strain E2348/69 (O127:H6) by Zhang
et al. (110), who designated it bfpP. The bfpP homolog iden-
tified in the bfpA4 gene cluster of EPEC strain B171-8 com-
mences 7 nt downstream from the bfpF termination codon, is
preceded by a probable ribosome binding site, and consists of
750 bp that would encode a 249-amino-acid, 28-kDa protein.
Analysis of this sequence by the Kyte-Doolittle (45) and Chou-
Fasman (12) algorithms predicted eight hydrophobic B sheets;
this finding and the absence of a signal peptide consensus
sequence indicate that BfpP may be an integral protein of the
inner membrane. Comparison of the deduced amino acid se-
quence of BfpP with entries in the GenBank database showed
that it is 40% identical to TcpJ (the V. cholerae toxin-coregu-
lated prepilin peptidase [39]), 44% identical to the prepilin
peptidase (PilD) of Neisseria gonorrhoeae (49), and 41% iden-
tical to PilD of P. aeruginosa (63) (Table 2).

Proof that the BfpP protein of EPEC strain B171-8 functions
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as a prepilin peptidase for BfpA was sought by determining if
subclones containing bfpP would process BfpA from the 22-
kDa precursor protein to the 19-kDa mature pilus subunit (Fig.
6). A 11.5-kb EcoRI fragment of the EAF plasmid was cloned
in pUCI1S, yielding pERI-992 (Fig. 6B). This fragment, extend-
ing from 447 bp upstream of the bfpA translation initiation
codon to the middle of bfpJ (Fig. 1 and 6B), resulted in normal
processing of the BfpA subunit (Fig. 6A, lane 3) after induc-
tion with IPTG compared with wild-type EPEC strain B171-§,
which contains an intact EAF plasmid and processes BfpA
normally (Fig. 6A, lane 4). In contrast, the same plasmid vector
containing a smaller, 7.5-kb fragment of the EAF plasmid
(pERI-493), which extends from the same nucleotide upstream
of bfpA but ends in the middle of bfpF (Fig. 6B), expresses
unprocessed pilin (Fig. 6A, lane 1). These findings pointed to
bfpP, bfpH, or bfpl as the prepilin peptidase gene. To identify
which of these ORFs is responsible for the processing activity
of pERI-992, three additional constructs were prepared. The
first of these, pIS1, which contains a 10-kbp EAF plasmid
fragment that extends from sequences upstream of the natural
promoter of bfpA through the first one-half of bfpF (Fig. 6B),
produced neither prepilin nor pilin (Fig. 6A, lane 5). Upon
addition of a second compatible plasmid (pBTA-BH1) con-
taining bfpT, which codes for a transcriptional activator for
bfpA (100), unprocessed pilin was produced (Fig. 6A, lane 6).
Finally, addition of a third compatible plasmid (pISP; Fig. 6B)
containing the PCR-amplified bfpP coding sequence in an in-
ducible expression vector led to the production of processed
pilin (Fig. 6A; lane 7) after IPTG induction. These results and
the homology of BfpA to other type IV prepilin peptidases
indicate that BfpP is the BfpA prepilin peptidase of EPEC
strain B171-8 and confirm the findings of Zhang et al. (110).

Bfpl, BfpJ, and BfpK are type IV pilin-like proteins. bfpl,
bfpJ, and bfpK are predicted to code for proteins ranging from
162 to 183 amino acids that share four common structural
features with BfpA and other type IV pilins: similar sizes of the
polypeptides; a conserved prepilin peptidase processing site,
including the presence of a glutamate residue at position +5
which is required for posttranslational modification of the ma-
ture protein’s amino terminus (95) (Fig. 7); a conserved hy-
drophobic N-terminal region of 30 amino acids; and the pres-
ence of two cysteine residues (Fig. 7). These similarities in
primary structure were supported by the presence of nearly
identical hydropathy profiles through position 30 (Fig. 7).
However, these sequences and the corresponding hydropathy
profiles diverge markedly toward the carboxy termini of the
four proteins.

BfpL is not homologous with other type IV pilus biogenic
proteins. bfpL is predicted to encode a 149-amino-acid protein
that is remarkable for the presence of five cysteine residues
and for a hydrophobic N-terminal segment of 18 amino acids
that is predicted by the Chou-Fasman algorithm (12) to com-
prise a B sheet. bfpL was identified as a component of the bfp
gene cluster on the basis of the deletion experiments depicted
in Fig. 3. In addition, its proximity to other bfp genes and its
predicted transcriptional orientation suggested that it might be
part of the same functional genetic unit. However, computer
analysis of its deduced amino acid sequence failed to identify
similarities with other proteins associated with type IV pilus
assembly or regulation.

Location of the bfp gene cluster near a putative EAF plasmid
replicon. Analysis of sequence upstream of bfpA revealed two
OREFs that are components of plasmid replicons: rsv and repl
(Fig. 1). rsv is located 587 bp upstream of bfpA and is tran-
scribed in the opposite direction. The predicted start codon is
preceded by potential —35 and —10 promoter sequences and
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*

FIG. 5. Partial alignment of highly conserved regions around the putative nucleotide-binding domains of BfpD, BfpF, and related proteins. The Walker box A,

Asp boxes, and Walker box B consensus sequences and the positions of the four

conserved cysteine residues of BfpD are shown above the alignment (104). The

numbers 123 and 220 on the top indicate the positions of the translated amino acids of BfpF, and the numbers 249 and 347 on the top and 351 and 484 on the bottom
indicate the positions of the translated amino acids of BfpD. Identical residues in all proteins are indicated by asterisks, and conserved residues are indicated by dots.
Dashes show the positions of gaps that were introduced to improve alignments. The following proteins were aligned: BfpF and BfpD (this study), PulE of K. oxytoca
(Ko) (73), XcpR of P. aeruginosa (Pa) (7), OutE of Erwinia chrysanthemi (Ech) (54), OutE of Erwinia carotovora (Eca) (80), XpsE of Xanthomonas campestris (Xc)
(21), ExeE of Aeromonas hydrophila (Ah) (38), EpsE of V. cholerae (Vc) (88), PilF of N. gonorrhoeae (Ng) (49), PilB of P. aeruginosa (Pa) (62), TcpT of V. cholerae
(Vc) (40, 67), PilT of P. aeruginosa (Pa) (109), PilT of N. gonorrhoeae (Ng) (49), ComG1 of B. subtilis (Bs) (2), VirB11 of A. tumefaciens (At) (106), OrtH of Bordetella
pertussis (Bp) (108), and KilB from plasmid pRK2 (58). This alignment is modified by the addition of BfpD and BfpF to an alignment of the other proteins prepared

by Possot and Pugsley (74).

by a putative ribosome binding site located 21 bp upstream, not
an optimal distance for effective expression (92). Consisting of
537 bp, rsv is predicted to encode a 178-amino-acid polypep-
tide that is 43% identical with the Salmonella dublin resolvase
protein encoded by rsd on the 80-kDa pSDL2 virulence plas-
mid (44). Like resolvase of S. dublin, the predicted protein
product of the rsv locus on the EPEC EAF plasmid contains a
highly conserved C-terminal domain having residues in com-
mon with other site-specific recombinases of the integrase fam-
ily (Fig. 8A).

Further upstream of bfpA and transcribed in the opposite
direction as rsv is a 906-bp ORF that is predicted to encode a
301-amino-acid protein (Fig. 1). Analysis of the deduced
amino acid sequence revealed significant homology with two
related E. coli plasmid-encoded replicase proteins: 98% iden-
tity with Repl of pCO1V-K30 (71, 72) and 83% identity with
RepF1B of the P307 replicon (90). These related sequences
each contain the same helix-turn-helix motif that is character-
istic of DNA-binding proteins (68). Because of its near identity
with Repl, this EAF plasmid ORF was designated repl. Up-

stream of repl are putative ribosome binding site and promoter
sequences, and on either side of repl are sequence motifs
common to E. coli plasmid replicons (Fig. 8B). These include
two putative DnaA-binding sites 219 and 311 bp upstream of
the repl translation start codon; the second has perfect homol-
ogy with the DnaA-binding consensus sequence (5" TTAT[A/
C]CAJA/CJA 3"), and the first is identical except in the first and
sixth positions (27). In addition, the adenine methylation
(dam) tetranucleotide 5" GATC 3’ is found in high frequency
in the repl upstream and downstream regions (55). This se-
quence motif is also commonly found within plasmid origins of
replication. Eight 18-bp direct repeats are also noted in the
repl upstream region and overlap the putative —35 and —10
RNA polymerase binding sites.

Downstream of the repl stop codon are two indirect repeats
which could form a stem-loop structure for transcription ter-
mination. Also found in the downstream repl region are three
copies of the 18-bp repeat 5" ATAA(A/G)CTGT(A/G)GTAA
3’. Finally, four copies of a 19-bp repeat (5" TACTNACTAC
TACAGCTTATAT 3’) are located at the 3’ end of repl; they
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FIG. 6. Identification of bfpP, the gene coding for the BfpA prepilin pepti-
dase of EPEC strain B171-8. (A) Western blot analysis of BfpA processing by
cloned prepilin peptidase, BfpP. Bacteria were grown under inducing conditions
in DMEM or in Luria broth with 1 mM IPTG at 37°C, and their lysates were
analyzed by SDS-PAGE (15% gel) and Western blotting with a BFP-specific
antiserum (29). Each of the recombinant plasmids was expressed in the non-
EPEC strain DH5a. Lanes: 1, pERI-493; 2, pSSD1; 3, pERI-992; 4, EPEC strain
B171-8; 5, pIS1 (derivative of the nonexpression vector pACYC184; Table 1); 6,
pIS1 and pBTA-BHI; 7, pIS1, pBTA-BHI, and pISP. (Plasmid pBTA-BH1
carries bfpT, which codes for the transcription factor necessary for the expression
of bfpA.) The numbers on the left denote the molecular masses (kilodaltons) of
the BfpA polypeptides estimated from the migration of molecular weight stan-
dards (not shown). The arrows on the right indicate the locations of the prepro-
cessed (top arrow) and processed (lower arrow) pilin polypeptides. (B) Sche-
matic representation of the EAF plasmid fragments used to deduce the location
of bfpP. A 24-kb DNA region of the EAF plasmid is shown; the bfp gene cluster,
positions of restriction sites used to construct the recombinant clusters used in
this analysis, and the locations of bfpA, bfpP, and bfpT are indicated. The dark
horizontal bars beneath the map show the DNA fragments included in each
plasmid. The symbols + and — denote the presence and absence of pilin pro-
cessing to the correct size by BfpP; 0 indicates no detectable pilin subunit
synthesis.

complement one of the direct repeats and thus form part of the
above-hypothesized stem-loop structure. These sequences are
part of the incE and incF incompatibility motifs found in repl-
containing plasmids (28, 32, 102).

Physical map of the EAF plasmid with respect to the bfp
gene cluster. To locate the bfp gene cluster on the EAF plas-
mid, a physical map of the ca. 80-kb EAF plasmid from EPEC
strain B171-8 (O111:NM) was constructed (Fig. 2) by using 12
restriction endonucleases and eight probes that hybridize with
repl, rsv-bfpA, bfpC, bfpE, bfpH-bfpl, or bfpJ-bfpK or with two
loci beyond the sequence reported here: bfpT, which corre-
sponds to the positive transcriptional activator of bfpA expres-
sion discussed above (100); and the 1-kb segment that corre-
sponds to the EAF diagnostic probe described by Nataro et al.
(59). bfpT was determined to be within a 3.9-kb BamHI frag-
ment and was located approximately 18 kb downstream of bfpA
and oriented in the same transcriptional direction (100); the
1-kb noncoding EPEC diagnostic probe locus was located ap-
proximately 4 kb beyond bfpT or about 23 kb from bfpA (Fig.
2).

Comparison of the organizations of bfp gene clusters from
seven EPEC serotypes. Eleven E. coli O-antigen EPEC sero-
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groups have been identified as etiologic agents of diarrhea and
found to contain an EAF plasmid and to exhibit the localized
adherence and actin condensation phenotypes (50, 52). In this
study, nine EPEC O:H serotypes were subjected to restriction
fragment length analysis to determine if they were identical
with respect to organization of their bfp gene clusters and their
proximity to repl and rsv. Genomic DNA from these strains was
digested with HindIII, and the fragments were analyzed by
Southern blot hybridization (Fig. 9) using six probes corre-
sponding to repl, rsv, bfpA, bfpB, bfpC, bfpF, and bfpI-J. Ac-
cording to the physical map of the repI-rsv-bfp gene cluster on
the EAF plasmid of EPEC strain B171-8 (Fig. 1 and 2), the
HindIII digest was expected to yield three fragments: a ca.
11,154-bp fragment (from nt ~69500 to 654), a 4,085-bp frag-
ment (from nt 655 to 4739), and a ca. 11,061-bp fragment
(from nt 4740 to ~15800). On the basis of the locations of the
probe sequences with respect to these fragments (Fig. 1 and 2),
hybridization was predicted to be as follows: the repl probe
with the 11,154- and 4,085-bp fragments, the rsv and bfpA4
probes with the 4,085-bp fragment only, the bfpB probe with
the 4,085- and 11,061-bp fragments, and the bfpC and bfpl-J
probes with the 11,061-bp fragment only.

These predicted patterns are evident in lane 11 of the six
Southern blots shown in Fig. 9, which contains DNA from the
O111:NM prototype strain B171-8. Sharing this pattern are
strains prototypic of EPEC serotypes O55:NM, O127:H6, and
O111:H2. In the region flanked by rsv on the left and bfpI-J on
the right, similar but nonidentical patterns are seen for EPEC
serotypes O119:H6 and O142:H6 (which appear to have the
same pattern) and for serotype O126:NM, indicating minor
degrees of polymorphism in this region with respect to the
HindlIII restriction sites. However, more dramatic differences
are evident around repl for these three strains.

As expected, no hybridized fragments were seen in the lane
containing DNA of B171-4, a derivative of strain B171-8 that
was cured of the EAF plasmid. The absence of hybridized
fragments in the lanes containing DNA from EPEC serotypes
O114:NM and O26:NM was unexpected. However, further
analysis of these strains showed that each had spontaneously
lost the EAF plasmid during storage.

To determine if the restriction fragment length polymor-
phism patterns shown in Fig. 9 are indicative of the juxtaposi-
tion of the bfp cluster with repl and rsv as was demonstrated by
sequence analysis of the B171-8 EAF plasmid (Fig. 1), PCR
experiments were conducted with forward and reverse primers
that in B171-8 led to the amplification of a fragment spanning
repl, rsv, and bfpA. Each of the strains shown to contain these
genes by restriction fragment length polymorphism analysis
was also shown to yield a common, amplified fragment con-
taining repl, rsv, and bfpA, demonstrating that the bfp gene
cluster is located next to a potential replicon in each of the
tested EPEC serotypes (data not shown).

DISCUSSION

The work reported here has identified a ca. 11-kb region of
the EAF plasmid containing a cluster of at least 12 tandemly
arrayed ORFs that is sufficient to direct the production of a
morphologically normal BFP filament. Our analysis has not
proven that every ORF within this cluster is required for BFP
biogenesis. However, knockout mutations and/or functional
studies have demonstrated that 3 of the 12 cluster genes are
required for pilus fiber production: bfpA encodes pilin, the
repeating subunit that comprises the pilus filament; bfpB en-
codes an outer membrane lipoprotein that is required for steps
in the biogenesis of the pilus filament that follow signal pep-
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FIG. 7. Comparison of BfpA with Bfpl, BfpJ, and BfpK, pilin-like proteins of the bfp gene cluster. (A) Alignment of the amino-terminal sequence of the EPEC
B171-8 BfpA prepilin (unprocessed BfpA) with the translated amino acid sequences of putative BfpA-like proteins. The solid arrow indicates the predicted prepilin
peptidase cleavage site in each of these sequences; cleavage has been demonstrated only in BfpA. The open arrow indicates the invariant Glu residue at position +5,
demonstrated for type I'V pilins to be required for signal peptidase processing and N-terminal modification (49). (B) Hydropathy plots of BfpA and the three BfpA-like
proteins (Bfpl, BfpJ, and BfpK) according to the algorithm of Kyte and Doolittle (45), calculated by using a window of six amino acids. The relative hydrophobicity
is shown on the vertical axis (>0, increasing hydrophobicity; <0, increasing hydrophilicity). The amino acid number is shown on the horizontal axis of each plot. C’s

denote the positions of cysteines.

tidase cleavage of prepilin (79); and bfpP encodes the prepilin
signal peptidase (reference 110 and Fig. 6). Beyond the iden-
tification of these essential cistrons, we have not yet sought to
determine if the other internal genes are required for pilus
biogenesis. However, according to the 3’ deletion analysis de-
picted in Fig. 3, the boundaries of the essential bfp gene cluster
are delimited by bfpA on the left of Fig. 1 and by bfpL on the
right, because bfpL, but not bfpM, was found to be required for
BFP filament biogenesis. Results from the same experiment
also suggest that the requirement of bfp/, bfpK, and bfpL for
filament production occurs after signal peptidase cleavage of
BfpA (Fig. 3). Studies are now in progress to determine if the
remaining genes in the cluster are required for BFP biogenesis
and function by using allelic exchange to generate in-frame
mutations that do not interrupt the transcription of down-
stream genes.

Genes outside the bfp gene cluster are also required for BFP
biogenesis. bfpT, located on the EAF plasmid 6,777 bp beyond
the last downstream gene of the bfp gene cluster, encodes an
AraC-like trans-acting protein that activates bfpA transcription

(100). In addition, several chromosomal genes may also par-
ticipate in BFP biogenesis. Among these are the product of
dsbA, a periplasmic chaperone protein that catalyzes intramo-
lecular disulfide bond formation in exported proteins (70);
DsbA may be required for the correct folding of BfpA and the
pilin-like proteins of the cluster (Bfpl, BfpJ, and BfpK; Fig. 7),
each of which contains two cysteine residues which probably
form intramolecular disulfide bonds. IspA, a chromosomal
gene that codes for lipoprotein signal peptidase (signal pepti-
dase II), together with the glyceryl and fatty acyl transferase
genes, probably is necessary to process BfpB and BfpH, which
have lipoprotein protease processing consensus sequences
(76). While type IV pilin export across the cytoplasmic mem-
brane appears to be SecA independent (39), it is likely that the
six chromosomally encoded proteins that constitute the Sec
system (SecA, -B, -D, -E, -F, and -Y) are necessary for BFP
biogenesis because they are required for lipoprotein export
(76) and the lipoprotein BfpB is required for pilus filament
production (79). If so, the biogenesis of BFP probably requires
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FIG. 8. Analysis of the deduced amino acid and nucleotide sequences of a possible origin of replication region of the EAF plasmid upstream of bfpA (including
the putative resolvase and replicase loci) from EPEC strain B171-8. (A) Alignment of amino acids of the C-terminal domain of site-specific recombinases of the
integrase family. The following sequences are depicted: Rsv protein of the EPEC B171-8 EAF plasmid (this work); Rsd protein of pSDL2 from S. dublin (44); D protein
of F plasmid from E. coli K-12 (47); integrase of plasmid R46 (32); xerC product involved in the resolution of ColE1 plasmids (13); and Cre of bacteriophage P1 (5).
The shadowed residues are conserved in at least three of the six proteins. Vertical arrows denote invariant amino acids in all recombinases of the integrase family. This
figure was adapted from an alignment of site-specific recombinases in reference 44 by the addition of the EAF plasmid rsv locus of EPEC strain B171-8. (B) Nucleotide
sequences flanking repl showing the incE and incF incompatibility regions. Nucleotide numbers are indicated at the top of the sequence and correspond with the
numbering system used in Fig. 1 and 2. The ORF of rep[ is represented by the dark horizontal bar; the nucleotide sequences 360 bp upstream and 480 bp downstream
of repI are shown. The three potential DNA methylation sites around the origin of replication (5" GATC 3’ [#]), the two DnaA boxes and the direct repeats (27, 102)
discussed in the text, are highlighted in the sequence. The 18-bp direct repeat, 5" ATAA(A/G)CTGT(A/G)GTAAGTTA 3', and the 19-bp motif, 5" TACTNACTA
CAGCTTATAT 3’, are boxed, and the arrow depicts the direct and inverse orientation of the repeats. The dots above these boxed sequences denote the base pairs
that are different from the consensus sequences. The direct repeats and the DnaA boxes overlap each other. Possible RNA polymerase-binding sites are marked above
the lines as —35 and —10 and are underlined. RBS refers to the putative ribosome binding site (underlined). The incE and incF incompatibility regions are shown
between nt 1414 and 1429, denoted by dots over the relevant base pairs. The ORF repl is followed by an inverted repeat shown as split arrows under the sequence.
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FIG. 9. Southern blot analysis of the organization of bfp gene clusters in E.
coli strains representing different EPEC serotypes. HindIII-digested plasmid
DNA from class I and IT EPEC strains (52) was analyzed by Southern blotting
using radiolabeled probes of PCR-amplified EAF plasmid loci repl, rsv, bfpA,
bfpB, bfpF, and bfpl-bfpJ, as indicated. Lanes: 1, size standards; 2, EPEC strain
6170-50 (O111:H2); 3, strain 4393-57 (O114:NM) (class II); 4, strain 1157-54
(O119:H6); 5, strain 1929-55 (O126:NM); 6, strain E2348/69 (O127:H6); 7, strain
1181-83 (O142:H6) (class II); 8, strain 1914-55 (O26:NM); 9, strain 5513-51
(O55:NM); 10, strain B171-4 (O111:NM); 11, strain B171-8 (O111:NM). The
DNA size standards are shown on the left. The arrows on the right indicate the
HindIII bands hybridizing to the respective probes.

in excess of 22 genes, provided that all of the bfp gene cluster
cistrons are needed.

The organization of the bfp gene cluster depicted in Fig. 2
most resembles the Tcp gene cluster of V. cholerae (10, 40, 66,
67) and the pullulanase gene cluster of Klebsiella oxytoca (77).
Both of these in turn have been assigned by Salmond and
Reeves (86) to the type II, sec-dependent general secretion
pathway family of secreted proteins. Several other members of
this family are shown in Table 2, which also depicts homolo-
gous relationships between the accessory proteins of these
secretion systems. Besides the identification of homologous
proteins, support for the assignment of the type IV pili to this
family comes from heterogeneric complementation experi-
ments in which the prepilin-like peptidase of the K. oxytoca
pullulanase system (PulO) was shown to correctly process N.
gonorrhoeae and P. aeruginosa type 1V pilins (22, 97).

The most fundamental attribute of the type II secretion
system is its capacity to move macromolecules across the cell
envelope, into or out of the bacterial cytoplasmic space. Be-
yond the secreted enzymes and type I'V pilins described above,
this system also is associated with the translocation of DNA
across the cell envelope and thus is required for transformation
competence in Haemophilus influenzae (101, 48) and Bacillus
subtilis (1, 2, 57) and with the transport of Agrobacterium tu-
mefaciens Ti plasmid DNA to host plant tissues (106, 109).
However, until the discovery of the BFP system, E. coli was not
known to secrete proteins via the type II secretion pathway,
even though several cryptic genes that could potentially code
for proteins with type IV prepilin signal sequences (ppdA4 to
ppdC) had been identified (26), and some processing of N.
gonorrhoeae and Dichelobacter nodosus type IV prepilins re-
portedly occurs in E. coli (23, 24). Nonetheless, it seems likely
that E. coli normally lacks several essential genes required to
secrete proteins by the type II secretion pathway (78) and that
these genes are provided through acquisition of the EAF plas-
mid and its bfpA gene cluster.

In addition to the translocated molecule (e.g., pilins, degra-
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dative enzymes, and DNA), the type II secretion system also
includes the secretion apparatus itself, a hypothetical assembly
that is believed to be composed of both structural and catalytic
proteins that together have been termed type II membrane
traffic wardens (86). The exact protein composition, size, and
location of the pilus secretion apparatus are unknown, but
there is no evidence to suggest that it is similar to the well-
characterized E. coli Pap pilus assembly system (37) since none
of the bfp gene cluster proteins are homologous to Pap pilus
accessory proteins. Except for the catalytic activity of BfpP and
the other prepilin peptidases shown in Table 2, which are all
probably bifunctional enzymes that both cleave and N methy-
late prepilin and prepilin-like proteins (63, 96), little is known
about either the subcellular locations or the functions of the
other traffic wardens, although functional and topological
models have been proposed (35, 76, 86). These models and our
own concepts based on preliminary localization studies of
BfpA and BfpB in EPEC strain B171-8 suggest that the mem-
brane traffic wardens encoded by the bfp gene cluster compose
topologically discrete pilus assembly sites that are associated
with the bacterial cell envelope. The localized nature of these
sites would account for the observation that type IV pili often
emanate from the bacterial poles, in contrast to the peritri-
chous distribution of E. coli somatic pili. In addition to pro-
cessing prepilin, the traffic wardens within the assembly com-
plex would need to perform two additional functions necessary
for pilus biogenesis and function: provide energy for the se-
cretion and assembly phase of biogenesis, and form a periplas-
mic and/or outer membrane channel through which the pilus
polymer would pass. Energy from ATP hydrolysis could be
supplied by BfpD or BfpF, both of which have well-conserved
nucleotide-binding motifs (104) (Fig. 5). ATP-binding traffic
wardens that are homologous to BfpD and BfpF by virtue of
the same nucleotide-binding motifs have been proposed to
provide energy not only for pilin export and assembly but also
for the twitching motility phenotype (16, 109). Twitching mo-
tility, which provides lateral mobility along a surface, is readily
observed in type IV piliated N. gonorrhoeae, P. aeruginosa, and
Moraxella nonliquefaciens but has not yet been reported for
BFP-producing EPEC grown on solid media. However, pre-
liminary observations now suggest that the autoaggregation
phenotype, evident when EPEC strains are grown in tissue
culture media (103), may be the consequence of non-flagel-
lum-mediated movement in liquid that is equivalent to the
twitching motility phenotype reported for most other type IV
piliated species (8). Studies are in progress to determine if
BfpD and BfpF are required for the autoaggregation pheno-
type.

How type IV pilins transit the periplasmic space and outer
membrane is unknown. Localization studies of BfpA suggest
that a BfpA pilin pool is associated with the cytoplasmic mem-
brane and that BfpB is an outer membrane protein (79). It is
possible that BfpB, either as a homooligomer or in association
with other accessory proteins, forms a transmembrane channel
for the pilus fiber. Furthermore, BfpA, Bfpl, BfpJ, and BfpK
all share the conserved hydrophobic N-terminal segment that
was shown for P. aeruginosa pili to be involved with pilin
subunit-subunit association within the pilus polymer (107). As
a result, it is possible that Bfpl, BfpJ, and BfpK interact
through this domain with BfpA and through their nonhomolo-
gous C-terminal domains with other proteins comprising the
pilus assembly complex, including the hypothesized pilus chan-
nel.

The stoichiometric relationships between the components of
the pilus assembly complex are probably regulated within a
narrow range in order to form a functional entity (97). How
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optimal molar ratios between these proteins are achieved is not
known, but the mechanism may relate to the transcriptional
organization of the bfp gene cluster. Potential stem-loop struc-
tures that might function as mRNA transcriptional terminators
or attenuators are located 3’ to bfpA and bfpL. Northern
(RNA) blotting experiments (75) and preliminary RNase pro-
tection studies (79) show that bfp4 mRNA is much more
abundant than bfpB mRNA, a finding that agrees with Western
blot estimates of the relative amounts of the corresponding
proteins that are produced. However, at present it is not
known if the transcription of units within the bfp gene cluster
is differentially regulated or if protein production is also gov-
erned at the translational level.

The bfp gene cluster is located next to a possible origin of
replication of the EAF plasmid (Fig. 2), and this arrangement
is conserved in the EAF plasmids of six additional EPEC
serotypes (Fig. 9). This juxtaposition may constitute what
Perez-Casal et al. have termed a virulence factor replication
unit (71, 72) because it brings together two potentially crucial
plasmid loci, one which may be required for plasmid replica-
tion (repl and rsv) and the other (the bfp gene cluster) which
may confer a survival advantage to the plasmids and strains
that harbor it. This arrangement would reduce the probability
that these loci would become dissociated as a result of dele-
tions sustained by the EAF plasmid during recombination
events. As a result, the bfp gene cluster would retain a repli-
cation region and thus survive as a functional and evolutionary
entity.
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ADDENDUM IN PROOF

The nomenclature of the bfp locus described in this manu-
script was developed by agreement between the laboratories of
G.K. Schoolnik and M. S. Donnenberg to facilitate consistency
in the literature. In the course of developing this nomencla-
ture, we became aware of two open reading frames in the bfp
region with putative start sites other than ATG. By convention,
these genes are designated bfpG and bfpU. Antipeptide anti-
bodies generated to BfpG (S. Ramer, unpublished observa-
tion) have been used to demonstrate that bfpG encodes an
EAF plasmid-dependent protein in B171-8.
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