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The bundle-forming pilus (BFP) is an important virulence factor for enteropathogenic Escherichia coli
(EPEC). Genes involved in its biogenesis and regulation are tightly regulated by PerA (BfpT), a member of the
AraC/XylS family of transcriptional regulators. The aim of this work was to purify PerA and determine its
association with bfp4 and perA (bfpT) regulatory regions by electrophoretic mobility shift and DNase I
footprinting assays. PerA was purified as a maltose-binding protein (MBP) fusion, which was capable of
complementing bfpA expression and which was able to restore the localized adherence phenotype of an EPEC
perA mutant strain. Upstream of bfpA and perd, MBP-PerA recognized with similar affinity asymmetric
nucleotide sequences in which a 29-bp-long AT-rich consensus motif was identified. These DNA motifs share
66% identity and were previously shown, by deletion analysis, to be involved in the PerA-dependent expression
of both genes. Interestingly, in per4, this motif spans the sequence between positions —75 and —47, approx-
imately one helix turn upstream of the —35 promoter sequence, while in bfpA, it spans the sequence between
positions —83 and —55, approximately two helix turns upstream from the promoter. An additional PerA
binding site was identified at the 5’ end of the bfpA structural gene, which was not required for its activation.
Experiments with LexA-PerA fusions suggested that PerA acts as a monomer to activate the transcription of
both perA and bfpA, in contrast to what has been documented for other members of this family of transcrip-

tional regulators.

Enteropathogenic Escherichia coli (EPEC) strains are a ma-
jor cause of acute and persistent diarrhea in children and a
leading cause of infant death in developing countries (28).
EPEC infections are characterized by two distinctive pheno-
types: localized adherence (LA) and formation of attaching-
and-effacing lesions (A/E) (11, 53). The LA phenotype involves
the initial adherence of EPEC to the intestinal brush border in
a nonintimate fashion, forming discrete microcolonies on the
surface of epithelial cells. This phenotype is mediated by the
bundle-forming pilus (BFP), a long flexible filament that forms
surface organelles (bundles) that interconnect individual bac-
teria to create tridimensional clusters. The genes required for
the biogenesis of the BFP are encoded by the EAF plasmid
(42, 45, 48), while those responsible for the A/E phenotype are
chromosomally encoded within the locus for enterocyte efface-
ment (LEE) (10). The expression of BFP is under the positive
control of PerA (also known as BfpT), an AraC/XylS-like tran-
scriptional activator encoded by the per operon, which contains
the genes perd, perB, and perC (14, 49). Expression of the bfp
operon is modulated by environmental and physiological cues,
such as temperature, the presence of ammonium, and the
growth medium (35). PerA also autoregulates its expression in
a positive manner (23) and has been involved in the regulation
of ler, a positive regulator of genes encoded within and outside
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the LEE (9, 24), as well as that of trcA4, a gene encoded within
the locus for improving microcolony formation (LIM) (50).
perA expression has also been shown to be modulated posi-
tively by a quorum-sensing mechanism (44) and negatively by
GadX, an activator of glutamate descarboxylase genes, under
acidic conditions (41). The essential role of PerA in EPEC
pathogenesis was established in a study with volunteers in
which a per4A mutant strain showed significantly reduced viru-
lence (3).

The nucleotide sequence alignment of the bfpA and perA
regulatory regions revealed significant identity in a 40-bp-long
AT-rich tract segment located upstream from the putative pro-
moters, which was previously shown by deletion analysis to be
necessary for the PerA-dependent activation of both promot-
ers (5, 23). However, the precise binding site had not been
defined, mainly due to the difficulties in purifying PerA.

PerA contains two putative helix-turn-helix (HTH) motifs at
the C-terminal domain and is more related to those members
of the AraC family that regulate virulence factors (13). Rns,
the transcriptional regulator of expression of CS1 and CS2 pili
in enterotoxigenic E. coli, and ToxT, a transcriptional regulator
of cholera toxin and toxin-coregulated pilus in Vibrio cholerae,
are two of the best-characterized members of this subfamily of
virulence regulators (19, 27, 55). Rns has been shown to rec-
ognize two DNA binding sites upstream of the transcription
start site of the coo operon and three sequence motifs—one
upstream and two downstream of the rns transcriptional start
site (27). It has also been shown that Rns can activate the
cognate promoters of other AraC-like proteins, such as VirF,
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TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Relevant characteristics

Source or reference

Strains E2348/69

Wild-type EPEC O127:H26, Nal"

J. B. Kaper

E2348/69 E2348/69 with a nonpolar insertional mutation in per4 Unpublished results
perA:Km
JPN15 EAF plasmid-cured derivative of E2348/69, Nal" J. B. Kaper
MC4100 F~ araD139 (argF-lac)U169 rpsL150 relA1 fIbB5301 deoClI ptsF25 rbcR Laboratory strain
BL21/pLys21 F~ ompT (lon) hsdSy(rg mg) gal dem (N\DE3) Invitrogen
KY2263 MC4100 clpPX-lon::Cm 51
KY2266 MC4100 clpPX-lon::Cm hsiVU::Tc 51
BB2395 MC4100 lon146::mini-Tnl0 Tc* 51
SU101 E. coli JL 1434 lexA71::Tn5 (Def) sulA211 A(lacIPOZYA)169/F" lacl? lacZAM15::Tn9 8
(op*/op™)
Plasmids
pCST pACYC184 derivative carrying perA (bfpT) 23
pMalC2xa Vector for constructing MBP fusions New England Biolabs
pPMALT?2 pMalC2xa derivative expressing MBP-PerA This work
pKK232-8 pBR322 derivative containing a promoterless cat gene Pharmacia Biotech
pCAT201 pKK232-8 derivative containing the bfpA-cat transcriptional fusion from nucleotides 5
—201 to +76
pCAT201 + 27 pKK232-8 derivative containing the bfpA-cat transcriptional fusion from nucleotides Unpublished results
=201 to +27
pSR660 Vector encoding the LexA DBD sequence used for homodimerization studies; Tc" oril” 7
pMI660-PerA pSR660 derivative carrying the lexAppp-perA fusion This work
pRS658-CAT pSR660 derivative carrying the lexAppp-cat fusion 7
pRS658-HNS pSR660 derivative carrying the lexAppp-hns fusion Unpublished results

pPMA660-AraC

pSR660 derivative carrying the lexAppp-araC fusion

This work

FapR, AggR, and CfaR, which, in turn, can replace Rns for the
activation of the coo and rns promoters. However, Rns was not
interchangeable with PerA (25).

The DNA sequences bound by AraC-like proteins involved
in the regulation of virulence factors have been characterized
for only few members of the subfamily, such as Rns (26), VirF
of Yersinia spp. (54), UreR (47), ToxT (55), and, more recently,
HilC and HilD (31). The two HTH motifs at the C terminus of
these proteins seem to make contact with two adjacent major
groove regions along one face of the DNA helix (26, 36).
However, it is still not clear whether these proteins act as
monomers or dimers.

Considering the important role of PerA in EPEC pathogen-
esis, in this work, we have determined the PerA-binding se-
quence of bfpA and perA by analyzing protein-DNA interac-
tions and thus have proposed a consensus motif. An additional
binding sequence was identified within the bfpA structural
gene, which was not required for bfpA activation. In addition,
the analysis of protein-protein interactions generated evidence
that PerA acts as a monomer to activate the transcription of
the bfpA and the perA promoters.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. Overnight cultures were grown at 37°C in
Luria-Bertani (LB) broth medium (38). Dulbecco’s modified Eagle’s medium
(DMEM) containing 0.45% (wt/vol) glucose and L-glutamine (584 mg/liter),
without sodium pyruvate (Gibco Life Technologies), and supplemented with
pyridoxal (4 pg/ml), was used for growth at 37°C. When necessary, antibiotics
were added at the following concentrations: ampicillin, 100 pg/ml; kanamycin, 30
pg/ml; gentamicin, 5 wg/ml; tetracycline, 15 pg/ml; chloramphenicol, 30 pg/ml;
and streptomycin, 100 pg/ml.

Molecular biology techniques. DNA manipulations were performed according
to standard protocols (38). Restriction and DNA-modifying enzymes were ob-
tained from Roche, New England Biolabs, or Gibco BRL and used according to

the manufacturer’s instructions. Radiolabeled nucleotides ([y->*P]dATP at 3,000
Ci mmol ') were purchased from Amersham Corp. Oligonucleotides were pur-
chased from BioSynthesis or provided by the Oligonucleotide Synthesis Facility
at Instituto de Biotecnologia, UNAM, Cuernavaca, Mexico. The sequences of all
oligonucleotides not reported here are available upon request. PCRs were per-
formed in volumes of 100 or 50 pl with Tag Gold polymerase (Perkin-Elmer)
according to the manufacturer’s instructions. Double-stranded DNA sequencing
of the plasmids generated in this work was carried out by the dideoxy-chain
termination procedure with a Thermo Sequenase cycle sequencing kit according
to the manufacturer’s instructions (Amersham, Inc.).

Expression and purification of MBP-PerA. Expression and purification of the
maltose-binding protein (MBP)-PerA fusion were conducted as described pre-
viously (26). Briefly, the PerA expression plasmid pMAL-T2 was constructed by
amplifying the per4 gene from plasmid pCST with Tag Gold polymerase and
cloned in frame at the 3’ end of the malE gene in pMALC2xa (New England
Biolabs) by using the BamHI and PstI sites. Strain BL21/pLys7 transformed with
PMAL-T2 was grown in LB medium with 0.2% glucose and 100 wg of ampicillin
per ml at 30°C in an agitated water bath. The expression of MBP-PerA was
induced by addition of isopropyl-B-p-thiogalactopyranoside (IPTG) to 0.3 mM
when the culture reached an optical density at 600 nm (ODy) of 0.5 to 0.7, and
then the culture was incubated for another 3 h. The bacterial cells were collected
by centrifugation at 4°C, and the pellet was washed once with ice-cold column
buffer (10 mM Tris-HCI [pH 7.4], 200 mM NaCl, 1 mM EDTA, 10 mM B-mer-
captoethanol) and concentrated 100-fold with the same buffer. Cells were soni-
cated at 4°C by five 30-s pulses with 30-s resting cycles. Crude extract was
obtained by centrifugation at 14,000 X g for 30 min at 4°C.

MBP-PerA was bound to an amylose column equilibrated with column buffer
at room temperature and eluted with the same buffer supplemented with 10 mM
maltose. The concentration of the purified protein was determined by the
method of Bradford and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (10% polyacrylamide).

Antibodies. Rabbit polyclonal antibodies against a synthetic peptide (PerA-
COOH) with the sequence NH,-GCKKYNGVYSITQGTLP-COOH, corre-
sponding to the last 15 amino acids of the carboxy terminus of PerA (positions
260 to 274) plus a glycine and cysteine that were added at the N-termini to
improve the cross-linking reaction, were produced as follows. Peptide PerA-
COOH was coupled to bovine serum albumin (BSA) by disulfide cross-linking
with SPDP (N-succinimidyl 3-[2-pyridyldithio] propionate]) (Pierce), as de-
scribed by Alagén and King (1). New Zealand rabbits were immunized weekly
with 200 pg of the BSA-peptide complex. After 13 weeks, the rabbits were bled,
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and the titers of antibody specific for the peptide were determined by enzyme-
linked immunosorbent assay (ELISA). Western blot analysis demonstrated that
the antipeptide antibodies were able to specifically recognize the full PerA
protein. Anti-MBP and anti-LexA antibodies were purchased from New England
Biolabs and Invitrogen, respectively. Anti-BfpA antibodies were kindly provided
by Jorge Girén.

Adherence assay. Adherence assays were performed as described previously
(35). Briefly, bacteria were grown overnight in LB medium at 37°C with agitation.
The next day, 5 ml of fresh DMEM supplemented with 1% LB medium was
inoculated with a 1/50 dilution of the LB medium overnight and incubated at
37°C for 2 to 3 h (to an ODg of approximately 0.6 to 0.8). Cell monolayers of
HelLa cells, grown in DMEM on glass coverslips in a 24-well microplate (Costar),
were infected with 100 pl of the bacterial culture and incubated at 37°C on a 5%
CO, atmosphere for 3 h. Unattached bacteria were removed by being washed
three times with phosphate-buffered saline (PBS) solution, fixed with cold meth-
anol, stained with Giemsa, observed under an optical microscope (Nikon), and
photographed.

Western blotting. Overnight bacterial cultures in LB medium were subcul-
tured into DMEM and incubated in an agitated water bath at 37°C to an A4, of
1.0. One milliliter of each bacterial suspension was pelleted and resuspended in
Laemmli buffer. Samples were boiled, subjected to SDS-PAGE (10% polyacryl-
amide), and transferred to 0.22-um-pore-size nitrocellulose membranes (Amer-
sham, United Kingdom). Membranes were blocked with 5% nonfat milk and
incubated with anti-BfpA, anti-PerA, anti-LexA, or anti-MBP antibodies. Mem-
branes were washed with Tris-buffered saline (TBS)-0.05% Tween 20, immuno-
stained with a 1:10,000 dilution of horseradish peroxidase-conjugated goat anti-
rabbit antibody (Biomeda), and developed with Chemiglow chemiluminescence
reagents according to the manufacturer (Alpha Innotech). Bands were detected
with an Alpha-Imager imaging system. Native polyacrylamide gels were trans-
ferred in a semidry electrophoresis unit (Bio-Rad) to 0.22-pwm-pore-diameter
nitrocellulose membranes according to the manufacturer’s instructions and pro-
cessed as described above.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were carried out as
follows. PCR-amplified DNA fragments were incubated in binding buffer (25
mM HEPES [pH 7.9], 40 mM KCl, 3 mM MgCl,, 1 mM dithiothreitol [DTT], 0.1
mM EDTA, 5% glycerol) with different concentrations of MBP-PerA in a final
volume of 20 to 25 pl at room temperature for 20 min. Samples were loaded onto
0.25X Tris-borate-EDTA (TBE)-2.5% agarose or native 6% acrylamide gels and
run at 120 V at room temperature. Gels were stained with ethidium bromide and
visualized with an Alpha-Imager UV transilluminator (Alpha Innotech).

Double-stranded oligonucleotide shift assays were performed as previously
described (39). Briefly, 100 ng of each primer was 5’ end labeled with [y->?P]
dATP and T4 polynucleotide kinase (Amersham). The same amount of the
corresponding complementary oligonucleotide was annealed to its radioactive
partner by boiling them together and slowly cooling to room temperature. Dou-
ble-stranded molecules were purified with Centricon filters (Millipore), and
radioactive counts were determined with a Beckman coulter counter. EMSAs
were carried out as described above, except that samples were loaded onto a 6%
native polyacrylamide gel and run at room temperature with TGE buffer (50 mM
Tris-HCI [pH 8.5], 384 nM glycine, 2 mM EDTA) at 300 V (37). Gels were
vacuum dried and exposed in a PhosphorImager and/or exposed to X-ray films.

DNase I protection assay. DNase I protection assays were done as described
in references 26 and 32. PCR fragments carrying residues —201 to +26 of bfpA
and —155 to +81 of perA were 3?P labeled on the 5’ end of the bottom strand.
About 100,000 cpm of the probes was preincubated at room temperature with
increasing concentrations of MBP-PerA in the same binding buffer used for
EMSAs. After 20 min, DNase I (0.003 U) (Roche) in dilution buffer (8§ mM
Tris-HCI [pH 7.9], 40 mM MgSO,, 4 mM CaCl,, 40 mM KCI, 2 mM EDTA [pH
8.0], 24% glycerol) was added to the mixture, which was incubated at room
temperature for 2 min. The reaction was quenched by adding 300 wl of stop
solution (570 mM ammonium acetate, 80% ethanol, 50 ug of carrier tRNA per
ml). The DNA was precipitated, dried, and suspended in 8 pl of stop/loading
buffer (45 mM Tris-borate [pH 8.0], 1 mM EDTA, 80% formamide). Samples
were denatured at 85°C for 5 min and resolved by electrophoresis through an 8%
polyacrylamide sequencing gel. Gels were vacuum dried and exposed to X-ray
films or visualized with a PhosphorImager (Molecular Dynamics). Sequencing
reactions performed with the primer corresponding to the 5’ end of the foot-
printing fragments were included as size markers.

Construction of the LexA-PerA fusion for protein-protein interaction assays.
The LexA-based genetic system used here to monitor protein-protein interac-
tions in an E. coli background was described previously (7, 8). The PerA gene was
PCR amplified with primers T-B2-190F and T-KpI-R by using Tag Gold poly-
merase with plasmid pCST (Table 1) as a template. The resulting fragment was
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cloned in-frame as a Bgl/II-Kpnl fragment into the LexA DNA binding domain
(DBD)-coding sequence in pSR660, generating plasmid pMI660-PerA. Plasmids
pSR658-HNS (V. H. Bustamante et al., unpublished results), pSR658-CAT (7),
and pMAG660-AraC (Table 1) were used as positive controls. These plasmids
respectively encode LexApgp fusion proteins to H-NS, an oligomeric nucleoid-
associated protein involved in both transcription regulation and DNA compac-
tion (52); to chloramphenicol acetyltransferase (CAT), a homotrimeric enzyme
(7); and to AraC, a dimeric transcriptional regulator involved in arabinose
catabolism that represents the prototype protein of the AraC family (13, 17, 43)
These plasmids were introduced into E. coli SU101, which was used as the
reporter strain to monitor the ability of the hybrid proteins to form functional
LexApgp dimers, with the capacity to repress the expression of a chromosomal
sulA::lacZ fusion (8). Strains were grown overnight in LB medium plus 15 g of
tetracycline per ml at 37°C and subcultured the next day in LB medium supple-
mented with 1 mM IPTG. Samples were collected at ODgqs of 0.6, 0.8, 1.0, and
1.2 and used for B-galactosidase assays as described before (32).
CAT assay. The CAT assay was performed as previously described (6, 35).

RESULTS

Purification of PerA. We have previously shown that expres-
sion of both bfpA4 and perA requires the PerA protein and a
40-bp-long AT-rich motif that is located upstream of their
respective promoters (5, 23). To precisely define the PerA
binding sites in the bfpA and perA promoters, PerA was fused
to the MBP to facilitate its purification, by cloning the perd
gene into pMALC2xa, generating pMAL-T2 (see Materials
and Methods). This strategy has been used successfully for the
purification of other AraC-like proteins, such as Rns and
ExsA, involved in the regulation of virulence determinants in
other bacteria (18, 26). Upon IPTG induction in E. coli BL21/
PMAL-T2, the protein was purified throughout an amylose
resin column, and two bands were observed in the eluted
fractions (Fig. 1A). According to its apparent molecular mass,
the first band, of approximately 71 kDa, corresponded to the
full fusion protein, while the second, of ca. 51 kDa, corre-
sponded to a truncated product that contains MBP and a
portion of the N-terminus domain of PerA. The integrity of the
MBP-PerA fusion protein in the first band was corroborated by
Western blot analysis with rabbit polyclonal antibodies di-
rected against the last 15 residues of the C-terminal sequence
of PerA (Fig. 1B). These antibodies only recognized the upper
band, indicating that the entire PerA sequence is expressed at
the C terminus of the MBP. In contrast, the short band corre-
sponded to a truncated version of the fusion, which was rec-
ognized only by anti-MBP antibodies (data not shown). This
product was also generated in other E. coli strains, including
EPEC and E. coli strains carrying mutations in major proteases
such as Lon and ClpP (51), and in the presence of three
protein inhibitors during the purification process (data not
shown). Whether this processing is an artifact due to protein
overexpression or to posttranscriptional events that control
PerA levels in the cell is under investigation.

Cleavage with protease factor Xa generated two bands: one
corresponding to MBP and the other corresponding to PerA,
as tested by Western blotting with anti-MBP and anti-PerA
antibodies (data not shown). However, the band corresponding
to PerA was highly insoluble and unstable upon purification.
Previous attempts to purify PerA by other strategies were un-
successful, mainly due to its high insolubility, a characteristic
shared by other AraC-like proteins (13). The purified MBP-
PerA protein was soluble and stable upon storage at —70°C.

The ability of the recombinant MBP-PerA protein to cor-
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FIG. 1. Purification and characterization of the MBP-PerA fusion. (A) PAGE of samples corresponding to different steps of the purification
process. Lanes: 1, IPTG-induced cells; 2, crude extract after sonication and centrifugation; and 3, amylose column-purified protein. (B) Detection
of MBP-PerA fusion by Western blotting with anti-PerA polyclonal antibodies. Lanes: 1, noninduced cells; 2, crude extract of IPTG-induced cells
after sonication and centrifugation; 3, amylose column-purified protein. (C) Complementation of an EPEC E2348/69 perA::Km mutant with
plasmid pMALT?2 encoding MBP-PerA. Shown are Western blotting results with anti-BfpA antibodies. Lanes: 1, EPEC E2348/69; 2, JPN15; 3,

perA:Km; 4, perA::Km/pMALT2. (D) LA assay on HeLa cells.

rectly activate bfpA expression was tested in EPEC strain
E2348/69 perA::Km, a strain lacking a functional per4 gene
(Table 1). First, the expression of BfpA, the structural compo-
nent of BFP, was tested by Western blotting with extracts of
EPEC strains E2348/69 wt, E2348/69 perA:Km, JPN15 (a
strain lacking the EAF plasmid), and E2348/69 perA::Km/
PMAL-T2. As shown in Fig. 1C, plasmid pMAL-T2 was able to
complement the per4 mutant for expression of BfpA. More-
over, an adherence assay on Hep-2 cells demonstrated that
MBP-PerA was also able to restore the LA phenotype in the
perA mutant strain (Fig. 1D).

Furthermore, the DNA binding activity of the purified MBP-
PerA was evaluated by EMSA (Fig. 2) with PCR products
containing the bfpA (positions —214 to —15) and perA (posi-
tions —155 to +21) upstream regions that were previously
shown to be essential for the PerA-dependent activation of
both genes (5, 23). In both cases, DNA-protein complexes
were formed at MBP-PerA concentrations of 2.16 pg (1.5
wM), indicating that the purified protein also maintained its
DNA binding activity in vitro (Fig. 2). In addition, Western
blot analysis of the shifted products with anti-PerA antibodies
demonstrated that MBP-PerA was bound to the fragment.
These complexes were further shifted when anti-PerA antibod-
ies were included in the binding reaction (data not shown).
These results demonstrated that MBP-PerA is functional and
is appropriate for further in vitro studies.

Mapping of PerA binding sites. In order to delimit the PerA
binding motif on the bfpA regulatory region, EMSAs were
performed with overlapping 200-bp-long PCR fragments that
span upstream and downstream bfpA sequence from positions
—374 to +262 with respect to the transcription start point (Fig.
3). About 2.2 pg of purified MBP-PerA was mixed with ap-

proximately 50 ng of each PCR product, and the reaction
mixtures were subjected to electrophoresis in 6% native poly-
acrylamide gels. In these experiments, fragments 4 to 11
formed one major shifted DNA-protein complex, with the in-
teresting exception of fragment 7 (positions —94 to +106),

A el V5P -PerA

1 2 3 45 6 7

o s 4=MBP-PerA/bfpA
DNA complex

Sﬁf\" —— —— - —

B

1 23 45 6 7

S S 4=MBP-PerA/perA
DNA complex

FIEC 5 ampamn S s

FIG. 2. Binding of MBP-PerA to bfpA and perA. EMSAs with a
bfpA fragment from positions —214 to —15 (A) and a perA fragment
from positions —155 to +21 (B) were carried out with 0, 0.11, 0.21,
0.43, 0.87, 2.16, and 4.3 pg (0, 74 nM, 148 nM, 298 nM, 596 nM, 1.5
wM, and 3 pM, respectively) of purified MBP-PerA (lanes 1 to 7).
Samples were resolved in 2.5% agarose gels, stained with ethidium
bromide, and photographed with an Alpha-Imager.
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x e 4 *
— oo Lt - — oy ol &DNA-protein
complexes
e - g - -~ NMHH-—“—‘ < Free DNA
B -374 -300 -200 -100 *1>+50 +100 +200 +620
| = = :
11 ) -374 t0 -175 | 335 -10 bfpA
21 ] -334 t6i-135
30 ] -394 t0 -95
41 __:-214:0 -15 :
51 — -17;; to +zs
6 --134 to +66
7 c—:_:n -94 to +106
8 u " ] -54to +146
91 T ]-34 to +166
111 pezz i ) +1 to +201
12 o ] +61 to +262

FIG. 3. Mapping of the PerA binding site on the bfpA regulatory region by EMSA. (A) Overlapping 200-bp-long PCR fragments that span the
bfpA upstream and downstream promoter region from positions —374 to +262 were incubated with (+) or without (—) 2.16 pg (1.5 M) of purified
MBP-PerA. Samples were resolved in 6% native polyacrylamide gels and visualized by ethidium bromide staining. The asterisk denotes the second
complex formed with fragment 7. (B) Schematic representation of the PCR fragments spanning the bfpA regulatory and structural regions. The
fragment number is indicated to the left, and the sequence range covered for each fragment is indicated to the right. The approximate locations
of the putative PerA binding sites, upstream and downstream of the bfpA promoter, are indicated by black and gray boxes, respectively. PBS,

previously proposed PerA binding sequence

which formed two complexes showing a distinctive mobility
pattern (Fig. 3). Fragments 4 to 7 contained the previously
proposed PerA binding sequence (5) and thus were expected
to be shifted by PerA. However, fragments 8 to 11 were unex-
pectedly shifted, producing a complex similar to that observed
for fragments containing the PerA binding sequence (Fig. 3A)
(see below). The pattern observed for fragment 7 and the
complex formed by MBP-PerA with fragments 8 to 11, sug-
gested that a second binding site was present between the
transcriptional start point and position +106 (Fig. 3B). In
contrast, fragments 1 to 3 and 12, which do not contain a
putative or full-length PerA-binding sequence, were not bound
by MBP-PerA, a result that also supported the specificity of
MBP-PerA binding to fragments containing a binding site.

Similar experiments with fragments spanning the per4 se-
quence from positions —161 to +425 allowed us to delimit the
putative PerA binding sequence within the region previously
proposed to contain this sequence motif (23) and to suggest
the presence of a second PerA binding site located in the per4
structural sequence downstream of position +180 (data not
shown).

Analysis of PerA binding to mutant bfpA regulatory se-

quences. We have previously reported that a single nucleotide
deletion or insertion at different positions upstream from the
promoter, but within the region needed for PerA-dependent
activation, decreased bfpA expression to less than 2% (5). In
order to define whether these mutations affected PerA affinity
for its binding site, EMSAs were performed with 200-bp PCR
fragments carrying either a single deletion or insertion at the
10-A tract between positions —65 and —74. Retardation of
these fragments was equivalent to that observed for the wild-
type sequence (data not shown), supporting the hypothesis that
single insertions or deletions do not affect binding, but rather
disrupt the correct orientation and alignment between the
PerA binding site and the promoter, probably affecting PerA-
RNA polymerase interactions (5).

DNase I footprinting analysis. To determine more precisely
the sequence recognized by PerA on both promoters, DNase I
protection assays (Fig. 4) were performed with radiolabeled
fragments that included the putative PerA binding sequences
described above and increasing amounts of MBP-PerA, in the
range of 37 nM to 1.5 pM for perA and 158 nM to 2.2 uM for
bfpA. MBP-PerA protected the sequence located between po-
sitions —83 and —56 in bfpA (Fig. 4A), which is consistent with
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FIG. 4. DNase I protection of the bfpA (A) and perA (B) regulatory regions by MBP-PerA. Increasing amounts of MBP-PerA were mixed with
100,000 cpm of a **P-end-labeled DNA fragment corresponding to positions —201 to +26 of bfpA4 and —155 to +81 of perA and treated with 0.003
U of DNase I. Samples were subjected to electrophoresis on an 8% polyacrylamide sequencing gel. The —35 promoter sequence and other
upstream positions are indicated on the left; they were determined by running in parallel sequencing reactions with the same fragments (data not
shown). The protected regions are indicated by vertical black bars. The black triangles above the gels represent increasing amounts of MBP-PerA.
(A) Lanes: 1, DNA alone; 6 to 2, 159 nM, 316 nM, 634 nM, 1.26 pM, and 2.2 uM, respectively. (B) Lanes: 1, DNA alone; 7 to 2, 37 nM, 74 nM,

148 nM, 295 nM, 753 nM, and 1.5 pM, respectively.

the results described above and those described previously (5).
For perA, the protected region, located approximately between
positions —81 and —47 (Fig. 4B), included a sequence motif
that was previously shown to be important for the PerA-de-
pendent activation of perA (23). Part of this motif is located
upstream from the homology region previously suggested to
constitute the PerA binding site (5).

PerA binds to double-stranded oligonucleotides containing
the putative PerA binding sites. To further characterize the
PerA binding motifs, EMSAs were performed with double-
stranded oligonucleotides of different lengths, which were de-
signed according to the results described above (Fig. 5 and
Tables 2 and 3).

MBP-PerA binding to a 45-bp DNA probe (PBSA45) (po-
sitions —90 to —46) (Fig. 5A) that contained the DNase I-pro-
tected region of the bfpA promoter resulted in the formation of
a major retarded band. Most of the probe was retarded at an
MBP-PerA concentration of 1.06 wM. This binding was spe-

cifically competed by an excess of cold probe (not shown). In
addition, a nonspecific probe was not shifted by the highest
concentration of protein used in these experiments (Fig. 5A).
An 11-bp extension, added to the 3’ end to create the oligo-
nucleotide PBSA56 (positions —90 to —35) (Table 2), did not
significantly increase PerA binding for this site (Fig. SA). In
contrast, elimination of 10 bp at the 3’ end of PBSA45 to
create PBSA35 (positions —90 to —56) reduced PerA binding
by about 81%, and a further 10-bp reduction at the 3’ end to
create PBSA2S5 (positions —90 to —66) abolished PerA binding
(Table 2 and Fig. 5A). Similarly, a 27-bp probe, PBSA2/2
(positions —65 to —39), which contains 20 bp of the 3" end of
the original PBSA45 plus an extension of 7 bp, did not show
any binding (Table 2) (data not shown).

Elimination of 5’ bases with respect to PBSA45 down to
position —84 (probe PBSA39) did not affect binding signifi-
cantly; however, a further 5’ deletion down to position —80
(probe PBSA35-2) reduced binding by about 53% (Table 2 and
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FIG. 5. PerA binds to double-stranded oligonucleotides containing

the putative PerA binding site. EMSAs were performed by incubating

32P-labeled double-stranded oligonucleotides of different lengths containing bfpA (A) or perA (B) sequences (as described in Tables 2 and 3,
respectively), with 1.06 and 2.1 .M MBP-PerA. Control reactions with DNA alone were included as controls. A nonspecific 47-mer oligonucleotide
containing an unrelated sequence was included as a negative control. In addition, control reactions with 50- and 100-fold molar excesses of the
unlabeled 45-mer (PBSA45) were included to demonstrate the specificity of the interaction (data not shown). Samples were subjected to

electrophoresis on a 6% native polyacrylamide gel.

Fig. 5SA). These data suggested that PerA binds efficiently to a
sequence located between positions —84 and —45 in the bfpA
promoter and that around 39 to 45 bp is required for efficient
binding in vitro.

We then tested the role in PerA binding of particular nu-
cleotide positions, by designing probes carrying different mod-
ifications within the region that constitutes the binding site.
Based on the sequence of PBSA45, positions —90 to —85, —84
to —79, =76 to —71, and —60 to —56 were substituted with
random sequences to create probes 5' Mut, Mutl, Mut2, and
Mut3, respectively (Table 2). These changes reduced PerA
binding by 25, 30, 18, and 57%, respectively (Table 2 and Fig.
5A). For probes in which changes in Mutl and -2 (Mut1-2) or
Mutl, -2, and -3 (Mutl-2-3) were combined, binding was re-
duced by about 79% or almost abolished (Table 2 and Fig. 5A),
while a single point mutation at position —84 (PBSAmG84) or
—64 (PBSAmG64) did not affect PerA binding (Table 2) (data
not shown). Two unspecific probes (NE34 and NE47) were
used as negative controls for these assays, and for both cases,
no shifted band was observed (Table 2 and Fig. 5A) (data not
shown).

Changes at the 5" end of the sequence (5" Mut, Mutl, and
Mut2) only caused a moderate reduction in binding (Fig. SA

and Table 2), suggesting that these motifs are not essential but
may contribute to create the appropriate structure for the
efficient interaction between PerA and the DNA. However, the
combination of these changes had a more dramatic effect on
binding, especially when combined with the changes in the
sequence motif modified in Mut3, which seems to play a more
relevant role in PerA binding (Table 2). In this regard, we have
previously shown that the elimination of the sequence motif
modified in Mutl, in the context of a bfpA-cat transcriptional
fusion (pCAT77), caused an 84% reduction in CAT activity
with respect to a bfpA-cat fusion carrying a fragment up to
position —85 (5). Likewise, single insertions or deletions that
disrupt the appropriate orientation of these motifs between
each other or between them and the promoter had dramatic
effects by almost abolishing bfpA expression (5). Overall, these
results indicate that PerA binds to a sequence located between
positions —83 and —49 (Table 2), which shows some flexibility
for in vitro binding. However, they also support the notion that
the appropriate distribution of particular motifs allows the
establishment of functional protein-DNA interactions that per-
mit the transcriptional activation of this promoter.

Similar experiments were performed with double-stranded
oligonucleotides containing the putative PerA binding site
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TABLE 2. Binding to double-stranded oligonucleotides corresponding to the bfpA regulatory region”

J. BACTERIOL.

Sequence relative to bfpA promoter region

Relative shift

Probe ) 90 -85 ~77 64 -4 46 40 -35 (%)
GTACT GGGGGGEGACGGAAATATATAAAAAAAAAAGAAAAAAAGAT TATTTTTTTTCTTGGTGCTTGCGT GTCTT
PBSAS56 GGGGACGGAAATATATAAAAAAAAAGAAAAAAAGATTATTTTTTTTCTTGGTGCT 100
PBSA4S GGGGACGGAAATATATAAAAAAAAAAGAAAAAAAGAT TATTTTTT 100
PBSA35 GGGGACGGAAATATATAAAAAAAAAAGAAAAAAAG 19
PBSA2S GGGGACGGAAATATATAAAAAAAAA <1
PBSA2/2 AGAAAAAAAGATTATTTTTTTTCTTGG 0
PBSA39 GGAAATATATAAAAAAAAAAGAAAAAAAGATTATTTTTT 100
PBSA35-2 ATATATAAAAAAAAAAGAAAAAAAGATTATTTTTT 47
Mutl GGGGACAACCCGATATAAAAAAAAAAGAAAAAAAGATTATTTTTT 70
Mut2 GGGGACGGAAATAT CGCCCCAAAAAAGAAAAAAAGATTATTTTTT 82
Mut3 GGGGACGGAAATATATAAAAAAAAAAGAAAGGCCAATTATTTTTT 43
Mutl-2 GGGGACAACCCGAT CGCCCCAAAAAAGAAAAAAAGATTATTTTTT 21
Mutl-2-3 GGGGACAACCCGAT CGCOCCAAAAAAGAAAGECCAATTATTTTTT <1
5'Mut TCTTCTGGAAATATATAAAAAAAAAAGAAAAAAAGATTATTTTTT 75
PBSAmG64 GGGGACGGAAATATATAAAAAAAAAAAAAAAAAAGATTATTTTTT 100
PBSAmG84 GGGGACAGAAATATATAAAAAAAAAAGAAAAAAAGATTATTTTTT 100
PBSA2-56° TTATGGTTTCTAAAATCATGAATAAGAAATACGAAAAAGGTCTGTCTTTGATTGAA 53¢
NE34¢ TCGAGCTCTCTTCTGTTCTGCTTGACTTCCTAGG <1
NE47¢ GATCAGT CCTTGAATGGT GT GAAGT AAAAGT GCCTTCAAAGAATCCC 4

“ Modified sequences are underlined. The boldface letters indicate the location of the minimal sequence required for PerA binding.

b Estimated by EMSA relative to PBSA45.

¢ Sequence corresponding to positions +38 to +93 of bfpA.
4 Relative to PBSAS56.

¢ Random sequences.

identified for per4. A 45-bp probe (PBST45) (Table 3) that
spans positions —84 to —40 was retarded at an MBP-PerA
concentration of 1.06 pM, which was slightly more efficient
than the retardation shown at the same concentration for
PBSA45 (data not shown). As for the binding site in bfpA4, a
perA probe with a 3" extension down to position —30 (PBST56)
(Table 3), did not significantly increase PerA binding; in con-
trast, binding of a 35-bp probe (PBST35), lacking 10 bp at the
3’ end with respect to the sequence of PBST45 (positions —84
to —50), was severely reduced (Table 3 and Fig. 5B). Further-
more, 40-bp-long probes carrying positions —79 to —40
(PBST40-1) and —75 to —36 (PBST40-2), which still included
the DNase I-protected region, were efficiently retarded by
PerA (Table 3 and Fig. 5B), while binding to a 35-bp probe
(PBST35-2) lacking 5’ positions —84 to —75 was reduced by
50% (Table 3 and Fig. 5B). Finally, a 35-bp probe (PBST35-3)
containing slightly more than the 3" half of the site (positions
—64 to —30) was not bound by the protein (Table 3 and Fig.

5B). These results demonstrated the relevance of the sequence
located between positions —75 and —40 for PerA binding and
are also in agreement with a deletion analysis showing that a
deletion down to position —66 almost abolished the expression
of a perA-cat fusion (23).

As for other AraC-like proteins, here we have shown that, in
order to activate transcription, PerA binds to AT-rich regions
of about 40 bp located between positions —84 and —46 at the
bfpA promoter and between —75 and —40 at the per4 pro-
moter. The comparison of these two motifs allows us to pro-
pose a consensus PerA DNA binding sequence and a revised
sequence alignment between the bfpA and perA regulatory
regions (Fig. 6). Although they share an AT-rich composition,
the consensus PerA DNA binding sequence does not have
homology with the consensus sequences proposed for other
AraC-like proteins that are involved in virulence gene regula-
tion, such as Rns and ToxT (19, 26, 55).

Identification of the second PerA binding site in the struc-

TABLE 3. Relative binding to double-stranded oligonucleotides corresponding to the per4 regulatory region”

Sequence relative to per4 promoter region

Relative shift

Probe —%1 77‘5 76|6 *5‘4 *4|0 =35 (%)
CAACACCTTGAAAAATATCAGTAAATTTTTAAAAAAAAAGCATAAAAGTATTGATTATTTACAGAG

PBST56 CAACACCTTGAAAAATATCAGTAAATTTTTAAAAAAAAAGCATAAAAGTATTGATT 100
PBST45 CAACACCTTGAAAAATATCAGTAAATTTTTAAAAAAAAAGCATAA 100
PBST35 CAACACCTTGAAAAATATCAGTAAATTTTTAAAAA 8
PBST40-1 CCTTGAAAAATATCAGTAAATTTTTAAAAAAAAAGCATAA 100
PBST35-2 AAAAATATCAGTAAATTTTTAAAAAAAAAGCATAA 50
PBST40-2 GAAAAATATCAGTAAATTTTTAAAAAAAAAGCATAAAAGT 100
PBST35-3 GTAAATTTTTAAAAAAAAAGCATAAAAGTATTGAT 0

“ Modified sequences are underlined. The boldface letters indicate the location of the minimal sequence required for PerA binding.

b Estimated by EMSA relative to PBST45.
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bfpA GAC @AMQATATWWAMTTATTTTTTTT CTTGGTGCTTGCETGTCTTTTTTAGT
TEir rIir 7oorrr ITITIT T T I III I I I
perd CCTTmmCKGTmTTTTTWGCATMGTATTGATTTTTACAGAGTGGCMTAM
CoRTRAR AGTAS ETTAR TR
Consensus GAAA-ATAT-A--AAR--~~~. AAMADA~A

bfpA PBS

~-B3 GAAATATATAAAAAAAAAAGRAAAAAAGA -55

IIIT II II III IIIIXY
bfpA PBS-2 +38 TTATGGTTTCTAAAATCATGAATAAGAAATACGAAAAAGGTCTGTCTTTGATTGAA +93
II1 I II I IIIII

perA PBS -75 GAAAAATATCAGTAAATTTTTARAARRAR -47

FIG. 6. PerA binding consensus sequence. (A) Nucleotide se-
quence alignment of the bfpA (upper line) and perd (lower line)
regulatory regions. The boxed sequence denotes the 29-bp-long region
that shares 66% identity between bfpA and perA, is required for PerA
binding (this study), and has been previously shown to be required for
the PerA-dependent activation of both promoters (5, 23). The pro-
posed consensus PerA binding sequence is shown below the alignment.
The —35 promoter sequence of both bfpA and perA is underlined. (B).
Comparison of the second PerA binding sequence identified at the
bfpA structural gene. Positions relative to the transcriptional start site
are indicated to the left and right of each sequence.

tural sequence of bfpA. As described above, EMSAs with PCR-
overlapping fragments spanning bfpA regulatory and structural
sequences allowed the identification of a second PerA binding
site at the 5’ end of the bfpA coding sequence, approximately
between positions +1 and +106 (Fig. 3). In order to map this

A B

C
_. MBP-PerA pBSASS

VBP-PerA

PBSA2-56

CAT specific activity
pmol/mg/min

SEssasabas

PerA BINDING SITES 2843

site, we performed footprinting analysis of this region with
purified MBP-PerA. In agreement with the EMSA shown in
Fig. 3, residues between positions +45 and +100 were pro-
tected from DNase I digestion (Fig. 7A). To confirm this
finding, we performed EMSAs with increasing amounts of
MBP-PerA and a 56-bp-long double-stranded oligonucleo-
tide (PBSA2-56) (positions +38 to +93 of bfpA) that encom-
passes most of the protected sequence (Table 2 and Fig. 7B).
This region contains a sequence motif between positions +49
and +77 that shares 59 and 41% identity with the PerA binding
sequences found in bfpA and perA, respectively (Fig. 6B). For
comparison, PBSAS6 carrying the PerA binding site identified
upstream from the bfpA promoter (Table 2) was included in
the same experiment. PBSA2-56 was also shifted by MBP-
PerA, but less efficiently than the retardation observed for
PBSAS56 (about 50%). In order to determine the role of this
second binding site, we analyzed the transcriptional activity of
a bfpA-cat fusion containing a bfpA fragment from positions
—201 to +27 (pCAT + 27), which lacks this sequence motif,
and a fusion containing a fragment from positions —201 to
+76 (pCAT201), which partially contains this motif. As shown
in Fig. 7C, activation of both fusions was mainly PerA depen-
dent, because they were highly active in the wild-type EPEC
strain, but not in an EAF-negative strain, indicating that this
second binding-site was not required for activation.

Although neither the role nor the mechanism for PerA bind-
ing at a second site was elucidated in this study, we cannot rule
out the possibility that such a site has a function under specific

e

pCAT+27
JPN15

PCAT201 _pCATs27
E2348/69

pCAT201

FIG. 7. Characterization of the second binding site on bfp4. A) The DNase I protection assay of a fragment containing the sequence from
positions —54 to +166 was carried out as described in the legend to Fig. 4. The black triangle above the lanes indicates decreasing amounts of
MBP-PerA (0, 2.6 pM, 1.7 uM, 880 nM, 528 nM, 176 nM, and 88 nM). (B) EMSA of a 56-mer double-stranded oligonucleotide containing the
bfpA sequence between positions +38 and +93 (PBSA2-56) (Table 2). The triangle above the lanes indicates increasing amounts of MBP-PerA
(0, 133 nM, 238 nM, 475 nM, 958 nM, 1.85 uM, 5.04 uM, 6.6 pM, and 8.4 nM). Probe PBSAS56 was included as a control in the absence or presence
of 1.85 uM MBP-PerA. (C) The second PerA binding sequence is not required for bfpA expression. EPEC strains E2348/69 (wild type) and JPN15
(pEAF cured) were transformed with either pCAT201 or pCAT + 27, which carry transcriptional fusions between the reporter cat gene and bfpA
regulatory fragments from positions —201 to +76 and —201 to +27, respectively. The CAT specific activity was determined from samples collected
from bacterial cultures grown on DMEM at an ODy, of 1.0. The results are the average of three different experiments.
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conditions. Additional binding sites, downstream of the tran-
scriptional start site, have been described for other AraC-like
regulators involved in the regulation of virulence factors (25).
For Rns, one of the additional sites located within the rns
structural gene was essential for the Rns-dependent activation
of its own promoter (27).

PerA does not form dimers as a functional LexA-PerA fu-
sion protein. It is not known whether the active form of AraC
family members that regulate virulence factors is a dimer or a
monomer. Dimerization has been shown to be important for
the activity of AraC family members that regulate transcription
in response to a chemical signal such as AraC, which is active
in the presence of arabinose (20, 43), or UreR, which is active
in the presence of urea (33). Dimerization has also been sug-
gested based on genetic evidence for Rns-like proteins such as
Rns (26), VirF of Shigella flexneri (34), and ToxT of V. cholerae
(19). The dimerization capacity of AraC and UreR correlates
with the presence of critical leucines that are part of predict-
able coiled-coil domains at the amino-terminus domain. A
coiled-coil domain is a primary structural element in proteins
that mediates homo- or hetero-oligomeric interactions (21).
Analysis of the PerA sequence with different programs that
allow the prediction of potential coiled-coil domains did not
reveal the presence of any predictable dimerization domain at
its N terminus (data not shown), suggesting that PerA did not
have the capacity to form dimers. The apparent lack of sym-
metry of the sequence motifs required for PerA binding (Fig.
6) further suggested that PerA binds as a monomer instead of
as a dimer.

In order to assess PerA dimerization, a LexA-based genetic
system was used to evaluate potential protein-protein interac-
tions between monomers of PerA. As positive controls, the
N-terminal DBD of LexA was fused to the full-length se-
quences of various proteins, whose dimerization or oligomer-
ization capacity had been tested before. H-NS and AraC are
two transcriptional regulatory proteins in which the active form
that binds to DNA and regulates transcription is an oligomer
or a dimer (22, 52), and CAT is a homotrimeric enzyme pre-
viously used as a positive control in this assay (7). The full-
length PerA protein was also fused in frame to the distal part
of the LexA DBD, creating plasmid pMI660PerA (Table 1).
This plasmid was first transformed into an EPEC E2348/69
perA-negative strain to determine if the LexA-PerA hybrid
protein still retained the transcriptional activator properties of
wild-type PerA. The hybrid protein restored the expression of
BfpA, as observed by Western blotting and the development of
the LA phenotype (data not shown), indicating that PerA was
still functional when fused to the LexA DBD.

The H-NS, CAT, and AraC control hybrid proteins, which
were expected to form functional LexA dimers due to their
capacity to oligomerize, repressed the expression of a sulA:
lacZ fusion in the E. coli reporter strain SU101 (Fig. 8). The
repressor activity of the LexA-AraC fusion protein demon-
strated that this assay was useful to assess the dimerization
capabilities of proteins belonging to this family of transcrip-
tional activators. In contrast, the LexA-PerA hybrid did not
show any repressor activity, strongly suggesting that PerA does
not dimerize (Fig. 8).

J. BACTERIOL.

3000~

2500

B-galactosidase activity
U/mg

wVector CAT H-NS T AraC PerA
LexA fusions

FIG. 8. A LexA-PerA fusion does not form dimers. The ability of
the full-length PerA protein fused to the LexA DBD to dimerize was
evaluated by measuring the activity of a suld::lacZ fusion in E. coli
SU101. The B-galactosidase activity was determined from samples
obtained from bacterial cultures grown on LB medium supplemented
with 1 mM IPTG at an ODg, of 0.8. The LexA-AraC, LexA-H-NS,
and LexA-CAT fusions were used as positive controls. The results are
the average of three different experiments.

DISCUSSION

PerA plays a critical role in the regulation of virulence gene
expression in EPEC (14, 23, 24, 49). Its essential role has been
supported by the observation that a functional per4 gene was
required for full virulence in human volunteers (3) in addition
to its high degree of conservation in different clinical isolates
belonging to classical EPEC serotypes associated with human
infections (30).

Despite its proposed pleiotropic role in the regulation of
virulence gene expression in EPEC, the transcriptional activa-
tion of only two promoter regions, bfpA and perA, has been
shown to be completely dependent on PerA (5, 23, 35, 49). In
contrast, its role in the activation of other virulence genes, such
as ler or trcA, seems to be modulatory, because the absence of
PerA in an EPEC background has only a mild effect on their
expression (6, 24, 50).

As for other AraC-like proteins involved in the regulation of
virulence factors, the biochemical characterization of PerA has
been hampered by difficulties in purifying a soluble protein
(13). In some cases, this obstacle has been overcome by puri-
fying a chimeric protein in which the AraC homologue is fused
to a protein or peptide that facilitates its purification and
increases its solubility and stability (26, 31, 55). In this study,
we have been able to analyze the DNA binding properties of
PerA by using a purified MBP-PerA fusion that retains the
transcriptional activator features of wild-type PerA in vivo and
shows DNA binding activity in vitro (Fig. 1 and 2).

MBP-PerA shifted PCR fragments containing the minimal
sequence previously shown to be required for the PerA-depen-
dent activation of bfpA, the gene encoding the BFP structural
subunit and the first part of the bfp operon, as well as that of
its own gene, previously shown to be autoregulated (5, 23).
PerA protected sites between positions —83 and —56 in bfpA
and —81 and —47 in perA. Double-stranded oligonucleotides
of different lengths, spanning the protected sequences, were
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used in EMSAs to determine the minimal sequence required
by PerA for efficient DNA binding in vitro. For both promot-
ers, around 40 bp was required for efficient shifting. The nu-
cleotide alignment of the defined minimal sequences allowed
the proposal of a consensus PerA binding motif, which con-
sisted of an AT-rich 29-bp-long sequence in which 19 positions
were identical between the two promoters (Fig. 6). AraC-like
proteins recognize sequence motifs that range from 17 to 60
bp. MarA, Rob, and SoxS, three AraC-like proteins involved in
stress response, interact as monomers with a 17- to 19-bp-long
motif in two adjacent segments of the major groove (16, 36).
AraC binds two 17-bp-long inverted repeats that are separated
by 6 bp (17). Similarly, XylS, MelR, and RhaS have been
shown to bind sequences between 33 to 56 bp that generally
include two binding sites separated by a variable number of
bases (2, 4, 15, 46). The binding site for Rns and related
virulence gene regulators, such as VirFg, CfaR, and AggR, is
contained in an AT-rich 30-bp-long sequence (25, 26). Despite
the sequence similarities at the HTH motifs between PerA and
other virulence regulators, such as Rns, VirF, or ToxT, no clear
sequence similarity was found between the PerA binding site
and the binding sites described for these proteins (19, 26, 27,
54, 55). This offers an explanation for why PerA was not able
to substitute for Rns to activate the coo and rns promoters and
why Rns could not substitute for PerA to activate the perd
promoter (25).

In perA, the PerA binding motif is located about one helix
turn upstream from the —35 promoter sequence, while in bfpA
it is located about two helix turns upstream from the promoter
(Fig. 6). The functional significance of this distribution for the
activation of both promoters is being further analyzed in the
context of potential interactions between PerA and RNA poly-
merase or additional regulatory proteins. In this regard, we
have recently observed that bfpA is not expressed in the ab-
sence of integration host factor (IHF) (Y. Martinez-Laguna et
al., unpublished observations), a global regulatory protein that
has also been involved in the positive regulation of ler expres-
sion (12).

The lack of apparent symmetry in the sequence motif bound
by PerA and the observation that it forms one major DNA-
protein complex by EMSA suggested that it acts as a monomer
and not as a dimer, as has been shown for other AraC-like
proteins (13). This possibility was tested with a LexA-based
hybrid bacterial system that allows the monitoring of protein-
protein interactions (7, 8). In order to further corroborate the
functionality of the assay, two DNA binding proteins, H-NS
and AraC, and an enzyme, CAT, were used as positive controls
because their dimerization or multimerization properties have
been well documented (7, 17, 52). In all three cases, the hybrid
proteins allowed the formation of functional LexA dimers that
inhibited the expression of the suld::lacZ reporter fusion. In
particular, the result obtained with the LexA-AraC fusion
demonstrated that the LexA-based system is useful to evaluate
the dimerization or multimerization properties of other mem-
bers of the AraC family of transcriptional activators (Fig. 8). In
contrast, a LexA-PerA fusion that still conserved the ability to
activate bfpA transcription and BFP production in an EPEC
perA mutant strain (data not shown) was unable to repress the
reporter fusion, strongly suggesting that PerA does not form
dimers. Furthermore, expression of the N-terminal domain of

PerA BINDING SITES 2845

PerA from an inducible promoter did not exert a dominant-
negative effect on the expression of the bfpA-cat fusion or on
the expression of the BfpA subunit in wild-type EPEC, as
evaluated by CAT assays and Western blotting (data not
shown). This observation supports the notion that PerA does
not form dimers to activate transcription.

Based on these results, it is likely that PerA binds to its
target sequences upstream of the bfpA and perA promoters as
a monomer, probably following the interaction model based on
the crystal structure of MarA bound to its target DNA (36),
which has been also proposed for Rns (26). In this model, both
HTH motifs form specific interactions with two adjacent seg-
ments of the major groove along one face of the DNA helix, via
nonidentical nucleotide contacts. Dimerization of AraC-like
proteins involved in virulence gene control has been proposed:
for example, for VirF and ToxT, based on dominant-negative
phenotypes observed with mutants that cannot bind DNA (19,
34). At this point, we cannot rule out the possibility that PerA
dimerizes upon binding to its target DNA sequence, a mech-
anism that has been proposed for MelR (4).

The HTH2 motif is the region with the highest similarity
between the AraC-like proteins and a consensus sequence
derived from the alignment of more than 100 proteins, consti-
tuting the AraC family signature (13). The high degree of
conservation of this motif has been used as an argument to
propose that its function is common for all the AraC-like
proteins, which is likely to involve interactions with RNA poly-
merase. In this regard, we have previously observed that the
insertion or deletion of a single nucleotide between the bfpA
promoter and the putative PerA binding site abolished bfpA
transcription. This suggested that changes in the orientation of
the binding site and the promoter affect the proper presenta-
tion of a critical protein surface that allows PerA-RNA poly-
merase interactions that are important to promote transcrip-
tional activation (5). These insertions or deletions did not
reduce the affinity of PerA for PCR fragments containing these
modifications (data not shown), further supporting the notion
that they rather disrupt the appropriate contacts between PerA
and RNA polymerase.

In the case of AraC, binding of a sugar effector molecule
(arabinose) to the N-terminus domain of the protein induces a
structural change that produces the activator form of the AraC
dimer (29, 40, 43). For other members of the family, binding of
different molecules, such as rhamnose for RhaS, urea for
UreR, or alkylbenzoates for XylS, induces similar conforma-
tional changes that allow transcriptional activation of their
target genes. Thus, the presence of these molecules constitutes
the regulatory signals (13). The PerA-mediated expression of
bfpA and perA in EPEC is negatively modulated by tempera-
tures above or below 37°C, by the presence of ammonium, and
by growth in rich medium (23, 35). Other AraC-like proteins
involved in the regulation of virulence factors have also been
shown to respond to environmental cues, such as temperature.
However, no effector molecules controlling the activity of the
members of this subfamily of AraC-like proteins have been
identified. It remains to be determined whether proteins such
as PerA also undergo conformational changes in response to
environmental or physicochemical signals that shift the protein
from a constitutively active to inactive form.
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