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The VirB protein is a key regulator of virulence gene
expression in the facultative enteroinvasive pathogen
Shigella flexneri. While genetic evidence has shown that
it is required for activation of transcription of virulence
genes located on a 230-kb plasmid in this bacterium,
hitherto, evidence that VirB is a DNA-binding protein
has been lacking. Although VirB shows extensive homol-
ogy to proteins involved in plasmid partitioning, it does
not resemble any known conventional transcription fac-
tor. Here we show for the first time that VirB binds to
the promoter regions of the virulence genes in vivo. We
also show that VirB forms dimeric and higher oligo-
meric structures both in vivo and in vitro and that this
property is independent of DNA binding. The oligomer-
ization activity of VirB is distributed over two domains:
a leucine zipper-like motif and a carboxyl-terminal do-
main likely to form triple coiled structures. VirB pos-
sesses a helix-turn-helix motif, which is required for
DNA binding. The amino-terminal domain of the protein
is also required for DNA binding and virulence gene
activation. The possibility that VirB requires a co-factor
for specific interaction with target promoters in vivo is
discussed.

Shigella flexneri is a Gram-negative, facultative intracellu-
lar pathogen of humans and primates and is the causative
agent of bacillary dysentery. This extremely infectious disease
is widespread in the developing world, where it is responsible
for around 600,000 deaths per annum, most particularly affect-
ing children (1).

The gene products that mediate the invasion of the lower
intestine by Shigella are located on a 230-kb large virulence
plasmid, where they are clustered in a 31-kb segment called the
entry region. Here are found the ipa genes, which encode se-
creted invasins responsible for macrophage apoptosis, epithe-
lial cell invasion, and vesicle escape (2–4); the mxi and spa
genes, encoding the type III secretion system for export of the
ipa gene products (5); and the icsA, icsB, and virA genes re-
quired for cell-to-cell spread (5, 6). It is likely that expression of
these structural genes represents a large metabolic burden for
the bacteria. Therefore, it is unsurprising that the bacterium
has evolved a complex regulatory system that integrates sev-

eral environmental signals to prevent inappropriate expres-
sion. At the transcriptional level, a cascade that involves both
chromosomally encoded proteins including IHF (integration
host factor) and H-NS (histone-like nucleoid structuring pro-
tein) and plasmid-encoded regulatory proteins, VirF and VirB,
restricts expression of the structural genes to conditions that
approximate those in the lower intestine (i.e. a pH optimum of
7.4, moderate osmolarity, and a temperature of 37 °C (see Refs.
7–10; for a review, see Ref. 11)).

VirF is an AraC-like transcription factor responsible for ac-
tivation of regulatory gene virB and structural gene icsA and
autorepression of virF (12–14). The virB gene product in turn
activates expression of the remaining structural genes required
for virulence via an unknown mechanism. VirB expression is
also regulated by H-NS, which, together with levels of negative
DNA supercoiling, appears to be responsible for the tempera-
ture dependence of virB transcription (8, 10, 15). Sensitivity to
levels of negative DNA supercoiling also appears to be respon-
sible for the osmoregulation of virB expression (8, 15). Re-
cently, virB expression was shown to be regulated by quorum
sensing (16).

The VirB protein was first identified through transposon
mutagenesis of the virulence plasmid (17), when it was shown
to be essential for the expression of almost all of the structural
virulence genes. VirB possesses no homology to previously de-
scribed conventional transcriptional activators. Small and
basic, VirB (35.4 kDa) shows most homology at the amino acid
sequence level to ParB and SopB, proteins that are involved in
plasmid partition and the maintenance of stable plasmid copy
number, on the P1/P7 and F plasmids, respectively (17–21).
This homology is most pronounced in the first two-thirds of the
proteins that includes, in ParB, a helix-turn-helix (HTH)1 motif
(22), whereas the C-terminal parts, encompassing in ParB its
major oligomerization domain, are more divergent (20, 23). The
domain structure and activity of the VirB protein are unknown,
and it has been assumed that VirB is in some way acting as a
conventional transcriptional activator at the promoters of the
structural virulence genes. Thus far, evidence that VirB acti-
vates structural gene expression directly is lacking, as is evi-
dence that it is a DNA-binding protein.

The aim of this work is to identify the important structural
domains within the VirB protein and to understand how this
unusual protein regulates virulence gene expression in S. flex-
neri. Extensive mutational and deletion analyses were carried
out. VirB derivatives harboring point mutations or truncations
were analyzed for their ability to activate gene expression and
to bind DNA and for their trans-dominant phenotype, and they
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were also used in in vivo cross-linking analysis to determine
their ability to oligomerize. Here we present evidence that VirB
possesses separate structural domains responsible for its oli-
gomerization, DNA binding, and transcription activation prop-
erties. Moreover, evidence is presented that VirB is able to bind
in vivo to the promoter regions of the structural virulence
genes, supporting the hypothesis that VirB activates these
genes directly.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used are listed in Table I. Anti-
biotics used in selective media were chloramphenicol (Cm; 20 �g/ml),

carbenicillin (Ca; 50 �g/ml), tetracycline (Tet; 10 �g/ml), and kanamy-
cin (Km; 50 �g/ml). Cells were grown in Luria Broth (LB). LB agar
plates supplemented with 5-bromo-4-chloro-3-indolyl-�-D-galactopy-
ranoside (X-gal) at a concentration of 40 �g/ml, and MacConkey Lactose
agar plates were used to indicate levels of �-galactosidase activity.

Site-directed Mutagenesis and Truncation of VirB

The virB gene previously cloned in pMEP538 (9) was sequenced to
confirm its integrity. This plasmid is derived from pMEP539 (9), a
derivative of expression vector pBC378 that contains a cat gene (Table
I). Derivatives of pMEP538 with mutations in the virB gene were
constructed using the Stratagene QuikChange� kit. Each mutant was
sequenced to confirm the presence of the mutation. Truncates of VirB
were constructed by amplifying truncated forms of the virB gene by

TABLE I
Bacterial strains, plasmids, and phage

Strain or plasmid Relevant characteristics Source/Reference

Strains
S. flexneri

BS184 mxiC�MudI1734, Kmr Ref. 39
CJD1018 BS184 virB�Ap, Car Kmr Ref. 9

E. coli
XL-1 Blue supE44hsdR17recA1endA1gyrA46thi relA1lac� F[proAB� lacIq

lacZ�M15Tn10], Tetr
Stratagene

DH5� supE44 �lacU169(�80 lacZ�M15) hsdR17recA1endA1gyrA96thi-1relA1 Ref. 51
AG1688 hsdRmcrBaraD139�(araABC-leu)7679�lacX7

4galUgalKrpsLthiF�128lacIqlacZ�Tn5, Kmr
E. coli GCG

JH372 AG1688([�]202), Kmr Ref. 26
JH607 AG1688 ([�]1120sPs), Kmr Ref. 26
BL21DE3 hsdSgal (�cIts857ind1Sam7nin5lacUV5-T7gene1) Ref. 52

Plasmids
pBC Cloning vector; ColE1 replicon, Cmr Stratagene
pACYC184 Cloning vector; p15A replicon, Cmr Tetr Stratagene
pET22b His tag expression vector, Car Novagen
pBCP378 Expression vector; ColE1 replicon, Car Ref. 53
pMEP539 cat gene in pBCP378, Car Cmr Ref. 9
pMEP538 virB gene in pMEP539, Car Cmr Ref. 9
pBCPK152E pMEP538 with K152E mutation, Car Cmr This work
pBCPK164E pMEP538 with K164E mutation, Car Cmr This work
pBCPL196E pMEP538 with L196E mutation, Car Cmr This work
pBCPL203P pMEP538 with L203P mutation, Car Cmr This work
pBCPL203V pMEP538 with L203V mutation, Car Cmr This work
pBCPN207H pMEP538 with N207H mutation, Car Cmr This work
pBCPN207I pMEP538 with N207I mutation, Car Cmr This work
pBCPL210H pMEP538 with L210H mutation, Car Cmr This work
pBCPL210P pMEP538 with L210P mutation, Car Cmr This work
pBCPP215A pMEP538 with P215A mutation, Car Cmr This work
pBCPL217S pMEP538 with L217S mutation, Car Cmr This work
pBCPL224R pMEP538 with L224R mutation, Car Cmr This work
pBCPK152E L203P pMEP538 with K152E � L203P, Car Cmr This work
pBCPK152E L210P pMEP538 with K152E � L210P, Car Cmr This work
pBCP�1–30 pMEP538 with �1–30 deletion, Car Cmr This work
pBCP�1–65 pMEP538 with �1–65 deletion, Car Cmr This work
pBCP�244–309 pMEP538 with �244–309 deletion, Car Cmr This work
pBCP�262–309 pMEP538 with �262–309 deletion, Car Cmr This work
pBCP�292–309 pMEP538 with �292–309 deletion, Car Cmr This work
pBCP�LZ pMEP538 with �LZ deletion, Car Cmr This work
pJH391 “Stuffer” plasmid: pJH370, with SalI-SacI lacZ fragment from pMC1871,

deletion between BamHI, Car
Ref. 26

pFG157 pZ150 with intact � cI repressor, Car Ref. 26
pZ150 pBR322 with M13 ssDNA ori, Car Ref. 54
pJH370 pFG157 1–115 of � cI � GCN4 LZ on HindIII-EcoRV fragment, Car Ref. 26
pKH101 pFG157 �115–237 � cI repressor, Car Cmr Ref. 26
pMC1871 Multipurpose cloning vector, Car Ref. 55
pSMvirB pJH391 with virB fused to � cI1–115, Car This work
pSML203P pSMvirB with L203P mutation, Car This work
pSMK152E pSMvirB with K152E mutation, Car This work
pSM�1–144 pSMvirB with �1–144 deletion, Car This work
pSM�1–184 pSMvirB with �1–184 deletion, Car This work
pSM�1–225 pSMvirB with �1–225 deletion, Car This work
pSM�232–309 pSMvirB with �232–309 deletion, Car This work
pSM�176–309 pSMvirB with �176–309 deletion, Car This work
pSM�147–309 pSMvirB with �147–309 deletion, Car This work
pSMHTH pSMvirB with VirB HTH, Car This work
pSMLZ pSMvirB with VirB LZ, Car This work

Phage
� vir KH54 h80 Ref. 26
� cI� KH54 �cI� Ref. 26
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PCR and cloning into the NdeI and SalI restriction sites of pMEP539.
The leucine zipper (LZ) motif deletion truncate was constructed by
three-way cloning into the same sites. Putative clones of each truncate
were sequenced, and expression of truncates was confirmed by western
immunoblotting.

Bioinformatic Analysis of VirB Tertiary Structure

The program HTH (24) was used for detection of a possible HTH
DNA-binding motif in VirB. The programs COILS, MULTICOIL, and
PARCOIL from the Expasy Web server (www.expasy.ch/) were used to
analyze the tertiary structure of the LZ motif and the C terminus of
VirB.

�-Galactosidase Assays

Transcription of the mxiC-lacZ fusion was monitored by �-galacto-
sidase assay of cells cultured overnight, according to Miller (25). Assays
were performed at least in triplicate, and the data are expressed as the
mean of two measurements.

Purification of VirB

N-terminal His-tagged VirB was overexpressed in BL21DE3 cells
from the pET22b Novagen vector. Expression was induced in exponen-
tially growing 500-ml cultures with 0.1 mM isopropyl-1-thio-�-D-galac-
topyranoside. After 3 h, the cells were harvested, and lysates were
prepared by repeated passage through a French pressure cell. The
lysate (�15 ml) was applied to a His-bind® Quick column (Novagen),
which had been preequilibrated with binding buffer. The column was
then washed with binding buffer (50 ml) and wash buffer (25 ml). The
protein was then eluted in 1-ml fractions of 2 � 15 ml of elution buffer
(10% glycerol, 50 mM Tris-HCl, pH 7.9, 0.5 M NaCl, 0.1 mM phenylmeth-
ylsulfonyl fluoride) containing 100 or 500 mM imidazole. Fractions were
analyzed by SDS-PAGE, and those containing VirB were pooled and
dialyzed three times against 1 liter of 50 mM Tris-HCl, pH 7.5, 1 mM

EDTA, pH 8, 300 mM NaCl, 5% glycerol, 0.1 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol. VirB was estimated to be �95% pure.
Rabbit polyclonal antibodies were conventionally prepared using puri-
fied VirB. Prior to immunodetection, the serum was adsorbed against a
crude protein extract of a virB- S. flexneri strain.

Immunodetection of VirB

Total protein extracts were separated through 12% SDS-PAGE. The
separated proteins were electroblotted onto a nitrocellulose membrane
using the Bio-Rad miniprotean II system for 1 h at 80 V. Nitrocellulose
membranes were stained with Ponceau (0.2% Ponceau dye, 3% trichlo-
roacetic acid) to check the efficiency of transfer before being blocked
overnight with 5% dried skimmed milk in phosphate-buffered saline
(PBS). Detection of VirB was performed in PBS containing 1% dried
skimmed milk with a primary polyclonal anti-VirB antiserum (1:500)
and a secondary goat anti-rabbit horseradish peroxidase-conjugated
antiserum (1:10,000). Membranes were developed using the chemilu-
minescent Pierce West Pico Super Signal kit.

In Vivo and in Vitro Protein-Protein Cross-linking

In Vivo—Cells were grown overnight at 37 °C in 3 ml of LB medium
and diluted to A600 0.05 in 50 ml of LB medium. At A600 0.6, 1 ml of cells
were transferred to a microcentrifuge tube and incubated at 37 °C for
30 min with 50 mM iodoacetamide, with or without 25 mM dithiobis(suc-
cinimidyl propionate) (DSP). The reaction was quenched by adding 100
mM Tris-HCl, pH 7. A600 of the sample was monitored, and the equiv-
alent of 1 ml of A600 0.5 was harvested, washed twice in PBS, and
resuspended in 20 �l of buffer containing 50 mM Tris-HCl, pH 7, 1 mM

EDTA, pH 8, 10% glycerol, 200 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride (added fresh). 10 �l of 3� Laemmli buffer (without dithiothre-
itol or 2-�-mercaptoethanol) was added, and samples were boiled for 3
min at 100 °C. Prior to loading, samples were treated during 20 min at
37 °C with 20 units of benzonase. Cross-linked proteins were then
separated on a 12% SDS-PAGE. VirB was then immunodetected.

In Vitro—Purified VirB was treated in 100-�l reaction mixes consist-
ing of 50 ng of protein and 50 mM iodoacetamide in PBS. At time 0, 10
�l of a 0.1 mM DSP solution in Me2SO was added. The control tube
received an equal volume of Me2SO alone. The reactions were incubated
at 37 °C. 10-�l samples were removed at fixed time intervals and
quenched by the addition of 20 �l of 3� Laemmli buffer followed by
boiling for 10 min. Samples were electrophoresed on a 12% SDS-PAGE,
and VirB was then detected by Western blotting.

In Vivo Oligomerization Assay

In order to determine the oligomerization properties of VirB and
parts of VirB, fusion proteins were constructed by cloning the appro-
priate fragment of VirB into the SalI–BamHI site in pJH391, thereby
creating an in-phase translational fusion to the N terminus (DNA-
binding region) of � cI (see Fig. 6). Each construction was sequenced to
verify its integrity. To assess the ability of cloned fragments to oli-
gomerize, two assays were carried out, a phage sensitivity assay and
�-galactosidase repression assay (25, 26). Plasmids expressing the chi-
meric proteins were transformed into Escherichia coli strain AG1688,
and the strains were infected with � cI�. Strains immune to this phage,
as judged by no plaque formation, possess a fragment capable of dimer-
ization fused to the N terminus of cI. Similarly, plasmids were trans-
formed into the strain JH372, and �-galactosidase assays were per-
formed as described above; in this case, a repression of �-galactosidase
activity indicated a dimerizing fragment.

Formaldehyde Cross-linking and Immunoprecipitations

Cells were grown in conditions of VirB induction (i.e. in LB medium
at 37 °C, up to A600 �0.6). Cross-linking and sample preparation were
based on chromatin immunoprecipitation assays (27, 28). 10 ml of cells
was then transferred to a new vial, and samples were treated with
formaldehyde (final concentration 0.1%) for 30 min at 37 °C with shak-
ing. Cells were pelleted, washed twice with PBS, resuspended in 0.5 ml
of lysis buffer (10 mM Tris-HCl, pH 8, 20% sucrose, 50 mM NaCl, 10 mM

EDTA, pH 8) containing 2 mg/ml of lysozyme and incubated during 30
min at 37 °C. After freeze-thawing, 0.5 ml of 2� immunoprecipitation
buffer (100 mM Tris-HCl, pH 7, 300 mM NaCl, 2% Triton X-100, 0.2%
deoxycholic acid) and phenylmethylsulfonyl fluoride (final concentra-
tion 1 mM) was added to the samples, and the cell extract was incubated
an additional 10 min at 37 °C. The DNA was then sheared by sonication
using a Ca MSE Soniprep 150 sonicator (Sanyo). Insoluble cell debris
was removed by centrifugation, and the supernatant was transferred to
a new microcentrifuge tube. Protein and protein-DNA complexes were
immunoprecipitated with absorbed polyclonal anti-VirB antibodies (1 h
at room temperature on a rotating wheel) followed by incubation with
30 �l of a 50% protein A-Sepharose slurry (1 h at room temperature
with mixing). Complexes were collected by centrifugation and washed
five times with 1 ml of 1� immunoprecipitation buffer and twice with 1
ml of 1� TE (10 mM Tris-HCl, pH 8, 0.1 mM EDTA, pH 8). The slurry
was then resuspended in 50 �l of 1� TE. Formaldehyde cross-links
were reversed by incubation at 65 °C for 6 h. PCR was performed with
Taq DNA polymerase using 2 �l of the immunoprecipitated DNA and a
constant amount of either purified S. flexneri chromosomal or large
virulence plasmid (LVP) DNA as controls. PCRs were carried out with
a master-mix containing the primers. The only difference between the
samples was the DNA added. All assays were performed several times,
and reproducible results were obtained. The identities of the PCR
products generated by these primers were confirmed previously by
DNA sequencing. Primers were �25 bp in length and amplified �300–
400-bp products. Sequences of all primers are available upon request.
Relative affinities of VirB to different sites were determined by com-
paring the intensity of bands from the immunoprecipitate and the
chromosomal/LVP DNA.

RESULTS

Prediction of Structural Domains in the VirB Protein—As a
first approach to identify structural domains of the VirB pro-
tein, we analyzed its predicted secondary structure in silico.
Since VirB is regarded as a putative transcriptional regulator,
it was first scanned for the presence of a putative DNA-binding
motif. The program HTH (24) predicted at 100% probability the
region 148–171 of VirB to contain a typical HTH DNA-binding
motif (Fig. 1A) as observed in different prokaryotic transcrip-
tional regulators such as � Cro, LacR, or CRP (29). The HTH
motif consists of two helices separated by a short extended
chain of amino acids, which are held at fixed angles by electro-
static interactions between side chains on each helix. The sec-
ond helix, known as the recognition helix, fits into the major
groove of DNA to participate in sequence specific interactions.
The first helix, known as the positioning helix, stabilizes this
complex by interacting nonspecifically with the DNA backbone.
As eukaryotic and prokaryotic HTH DNA-binding motifs are
known to interact with their targets as dimers, we also tried to
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identify possible oligomerization domains in VirB. Coiled-coil
domains have been described as common features allowing
oligomerization of proteins (30, 31). A coiled-coil structure was
predicted between positions �190 and �230 of VirB by the
COILS program (Expasy; www.expasy.ch). In this domain, the
ScanProsite program (Expasy) detected the pattern of an LZ
motif commonly associated with dimerization in eukaryotic
proteins such as the GCN4 yeast transcription factor protein
and less frequently in prokaryotic proteins such as the IS911
transposase or antiterminator protein, BglG (32–34). The pu-
tative LZ in VirB possessed some characteristics of previously
described LZ motifs (Fig. 1, A and B; Refs. 35 and 36). It
consisted of 5 leucines (in position d) repeated every seventh
residue. Residues in position a are also hydrophobic and, to-
gether with the leucine repeat, line up along the face of an
�-helix to form a hydrophobic interface where two monomers
can interact (Fig. 1B). In the central a position of the putative
LZ, VirB contains an asparagine that is conserved in the LZ
family and is thought to favor the positioning of the two coils
and to help in the determination of dimerization specificity (34,
37). Residues in positions e and g normally carry opposite
charges and are potentially able to form intersubunit salt
bridges that stabilize the dimeric structure (31). This last char-
acteristic was not conserved in the VirB LZ motif, suggesting
that a dimeric form of this LZ motif might not be stabilized by
intersubunit salt bridges. In addition, the putative LZ contains
a proline residue, which is unusual in a coiled-coil structure.
Finally, the C-terminal region of VirB was predicted to form a
coiled-coil structure. Indeed, MULTICOIL and PARCOIL pro-

grams (Expasy) predicted positions �260 to 309 of VirB to form
a trimeric coiled-coil region.

VirB Can Oligomerize in Vivo and in Vitro—The presence of
putative coiled-coil structures in VirB was consistent with the
possibility that the protein could oligomerize. Oligomerization
was evaluated in vivo using a cross-linking method. First, we
determined the best conditions for VirB production in order to
facilitate its detection. Virulence gene expression was induced
in bacteria grown at 37 °C in growth media with an osmolarity
similar to that of physiological saline and at a pH close to
neutrality (8, 38, 39). S. flexneri 2a strain BS184 was cultured
in the complex medium LB at 30 or 37 °C, and crude protein
extracts were prepared at the midexponential or late station-
ary phase of growth. VirB was identified by immunodetection
using a polyclonal antiserum raised against a purified N-ter-
minal His-tagged VirB protein (Fig. 2A).2 Whereas VirB was
detectable at 30 °C, its production was increased by about
8-fold at 37 °C, in keeping with the well known thermoregula-
tion of virulence gene expression in S. flexneri. At this temper-
ature, VirB appeared to be somewhat more abundant in mi-
dexponential compared with late stationary growth phase.
These growth conditions were then employed when performing
the in vivo cross-linking experiments.

2 C. Beloin, S. McKenna, and C. J. Dorman, unpublished data.

FIG. 1. Predicted domain structure of the VirB protein and
disposition of the putative leucine zipper motif. A, VirB is shown
at the top. The relative positions of the HTH and LZ motifs are indi-
cated together with a predicted C-terminal trimeric coiled-coil domain
(hatched). The single amino acid sequence below shows the LZ motif
with the five-component heptad repeats indicated below and the leucine
repeat highlighted. Repeating positions are indicated by the letters a–g.
Residues in position a are in boldface type. B, a helical wheel diagram
showing a head-to-head homodimer conformation to portray the pre-
dicted hydrophobic core (positions a and d). Arrows of decreasing size
and intensity are directed toward the carboxyl-terminal end.

FIG. 2. In vivo and in vitro chemical cross-linking of WT VirB.
A, thermal induction of VirB production. S. flexneri BS184 was cultured
in LB-rich medium to midexponential phase or stationary phase at 30
or 37 °C. Crude protein extracts were then prepared and proteins sep-
arated through a 12% SDS-PAGE. VirB protein was visualized by
immunoblotting with polyclonal anti-VirB antiserum. Below is pre-
sented a histogram representing relative levels of VirB in the different
culture conditions. Levels of VirB obtained in midexponential phase at
37 °C were set to 100 for comparison. Cross-linking was performed in
vivo (B) in growing virB WT bacteria (BS184) and virB null mutant
bacteria (CJD1018) or in vitro (C) with purified VirB protein using DSP
as described under “Experimental Procedures.” Protein bands were
detected by immunoblotting with polyclonal anti-VirB antiserum. Pre-
sumed positions of VirB derivatives on the gels are indicated along the
right side, together with molecular size markers along the left side. The
asterisk in B indicates the position of a cross-reacting band unrelated to
VirB as shown in the virB� strain CJD1018.
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The cross-linker DSP was added directly to BS184 cells in
midexponential growth phase at 37 °C, and VirB derivatives
were detected using anti-VirB polyclonal antiserum (Fig. 2B).
Adding DSP allowed the formation of protein complexes corre-
sponding in size to putative VirB dimers, trimers, tetramers,
and pentamers. Higher oligomers were also visible. It is likely,
therefore, that, in vivo, VirB is able to form not only dimers but
also different higher order oligomers. This oligomerization was
not DNA-dependent, since the same profile was obtained in a
strain lacking the large virulence plasmid (data not shown). In
addition, this oligomerization did not appear to be affected by
temperature. Indeed, in an hns� strain where VirB production
was derepressed at 30 °C, the VirB cross-link profile was iden-
tical to the profile obtained at 37 °C (data not shown). When the
purified protein was examined by Western blotting, it could be
seen to adopt monomeric, dimeric, and higher oligomeric forms,
whether it was treated with the cross-linking agent DSP or not
(Fig. 2C). This showed that oligomerization was a property
intrinsic to VirB and did not depend on other cellular compo-
nents. However, it was clear that oligomerization was en-
hanced by DSP treatment.

Functional Analysis of VirB by Mutagenesis—In order to
ascertain the importance of the putative LZ motif in the dem-

onstrated oligomerization of VirB, a number of mutants were
constructed. The mutations were made in conserved residues
proposed to be important for protein-protein interactions,
based on mutagenesis of similar motifs such as the IS911
transposase LZ (33). In LZ motifs, mutations in residues along
the hydrophobic interface have previously been shown to dis-
rupt dimer/oligomerization (33, 40). Thus, each leucine of the
putative LZ motif in VirB was mutagenized with varying de-
grees of severity (Fig. 3A), a proline substitution being the most
severe and a valine or alanine substitution being the least.
Unusually for an LZ motif, the putative LZ in VirB contained a
proline at position 215. Although the proline did not disrupt the
predicted �-helix, it was also mutated to test for functional
significance. Finally, the asparagine at position 207 that is
conserved in the LZ family was also mutagenized (Fig. 3A).

The putative HTH DNA-binding domain was also mu-
tagenized. Such motifs consists of two helices that interact with
the DNA. Much of this interaction is based on electrostatic
interactions in which positively charged amino acids bind to
the negatively charged DNA. Disruption of these interactions
disrupts DNA binding (41, 42). In VirB, two positively charged
lysines, Lys152 and Lys164 (one in each helix), were mutated to

FIG. 3. Mutagenesis of the pre-
dicted structural domains of VirB
and effect on virulence cascade acti-
vation in vivo. A, amino acids substitu-
tions introduced in the HTH and LZ mo-
tifs. Positioning and recognition helices of
the HTH motif are indicated by arrows.
The leucine repeat of the LZ motif is high-
lighted. B, activation abilities of VirB mu-
tants. Virulence cascade activation was
assessed by measuring �-galactosidase
activity of a mxiC-lacZ fusion. Wild type
or mutants of the virB gene were cloned in
plasmid pMEP539 and transformed in a
virB mutant strain (CJD1018) bearing
the mxiC-lacZ fusion. Resulting �-galac-
tosidase activity was measured at permis-
sive (37 °C) and nonpermissive (30 °C)
temperature. C, trans-dominant pheno-
type of representative virB mutants. Mu-
tants were expressed in a virB� back-
ground (strain BS184), and resulting
mxiC expression was measured at per-
missive (37 °C) temperature. B and C, the
data expressed in Miller units represent
an average of four independent experi-
ments. Error bars indicate S.D. values.
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glutamic acids (i.e. negatively charged amino acids of similar
size) (Fig. 3A).

We then estimated the ability of the different VirB mutants
to activate structural virulence gene expression. Plasmids con-
taining mutant VirB were transformed into a virB� back-
ground containing a lacZ fusion to mxiC, one of the structural
genes subject to regulation by VirB. The production of each
VirB mutant protein was confirmed by immunodetection and
was comparable with WT VirB levels (data not shown). The
results of �-galactosidase assays on these strains are shown in
Fig. 3B. The bar graph illustrates the temperature dependence
of mxiC expression in all of the strains, and it also reveals that
multicopy wild type virB can only partially complement a virB�

strain. This is sufficient, however, to show clear differences in
expression from some of the mutants. It is clear from these data
that both of the mutations in the HTH motif, K152E and
K164E, reduced the ability of the protein to activate gene
expression to negligible levels, thus indicating a very important
role for this putative DNA-binding domain in VirB activity.
This remained true for the K152E mutation when combined
with a mutation in the LZ motif (K152E/L203P or K152E/
L210P). However the mutants with lesions in the LZ motif
showed a less clear pattern of structural gene activation. Mu-
tation in two leucines of the LZ motif, L196E and L210H had no
effect on �-galactosidase activity. However, a more severe mu-
tation in leucine 210, L210P, like mutations L217S and L224R,
reduced activity by �50% compared with WT. Whereas, as
expected, the L203V mutant was as active as the WT, the
L203P substitution completely abolished activity to back-
ground levels. Therefore, mutation of four of five leucines of the
LZ motif had a disruptive effect on VirB activation proficiency.
This supports the prediction that the defined motif possesses
structural characteristics of an LZ but also that oligomeriza-
tion is required for VirB activity in vivo. Altering proline 215 to
alanine did not appear to have an effect on VirB function.
Altering asparagine 207 to a more hydrophobic or hydrophilic
amino acid did not affect VirB-mediated mxiC activation. This
suggests that this asparagine might not have the role it nor-
mally fulfills in a true LZ motif.

In order to assess whether the mutations were affecting
dimer/oligomerization or some other function of the protein, the
HTH mutants and the L203P/L210P mutants, which reduced
or abolished structural gene expression, were co-expressed
with WT VirB in a virB� background. In this way, mutants
capable of forming faulty dimers or oligomers would be ex-
pected to reduce �-galactosidase activity in the BS184 parent
strain by interfering with native VirB function (i.e. have a
trans-dominant phenotype). The trans-dominance test allowed
a qualitative assessment of the ability of mutant and WT
proteins to interact in vivo. Although the VirB derivatives with
the LZ lesions were completely or partially inactive, when they
were expressed in a virB WT background there was no negative
effect on mxiC-lacZ expression. This suggested that the func-
tion disrupted in these mutants was oligomerization, rendering
them incapable of interaction with WT VirB. On the other
hand, the oligomerization of VirB was confirmed by the trans-
dominant phenotype of HTH mutants, K152E and K164E,
whose expression reduced �-galactosidase activity in BS184 by
half (Fig. 3C). When the K152E mutation was combined in the
same VirB polypeptide with a disruptive LZ mutation, L203P,
the trans-dominant phenotype was relieved, confirming that
the L203P mutation was disrupting the formation of faulty
oligomers. The trans-dominant effect was retained, however,
when K152E was combined in the same protein with the L210P
mutation, suggesting that the L210P substitution only par-
tially disrupted VirB oligomerization.

We decided to confirm the role of the LZ motif in VirB
oligomerization by in vivo cross-linking. Each mutant was ex-
pressed in the virB mutant background, and its ability to
oligomerize was assessed using the DSP cross-linker (Fig. 4).
Immunodetection of VirB confirmed that each mutant was
expressed to a level comparable with WT level. For those amino
acid substitutions that had not altered VirB activity (Fig. 3B),
some oligomerization was detectable at low exposure (L196E,
L203V, L210H, N207I/H, and P215A). Interestingly, P215A
was able to oligomerize weakly in vivo in the absence of DSP,
and cross-linking was stronger than WT when DSP is added.
As expected, the HTH mutants, K152E, and K1645E, retained
WT oligomerization proficiency. On the contrary, oligomeriza-
tion of those LZ mutants that had affected VirB activity in
trans (Fig. 3B, L203P, L210P, L217S, and L224R) was not
detectable at low exposure. At higher exposure, oligomerization
was detectable for L210P, L217S, and L224R, whereas L203P
oligomerization was still undetectable (data not shown), in
agreement with the different levels of mxiC expression meas-
ured in these mutants. These results confirmed that the pre-
dicted LZ motif of VirB was necessary for oligomerization in
vivo and that the level of oligomerization also determined the
levels of VirB activity in vivo.

VirB Possesses Another Multimerization Domain—We dem-
onstrated the importance of VirB oligomerization for VirB ac-
tivity in vivo and showed that a LZ motif was necessary for this
oligomerization. However, LZ motifs normally promote strict
dimerization of proteins rather than formation of higher oli-
gomers. Analysis of putative structural domains of VirB re-
vealed the presence, in the last �50 amino acids, of a coiled-coil
domain predicted to form a triple coil structure (Fig. 1A).
Therefore, we decided to study the role of this domain in VirB
activity. N-terminal and C-terminal VirB truncates were con-
structed, and their mxiC activation abilities, trans-dominance
phenotypes (Fig. 5A), and oligomerization proficiencies were
assessed (Fig. 5B). Despite being able to oligomerize normally,
two N-terminal truncates (�1–30 and �1–65) were unable to

FIG. 4. In vivo chemical cross-linking of VirB mutants. Wild
type or virB mutant genes were cloned in plasmid pMEP539 and trans-
formed in a virB� strain (CJD1018). Cross-linking was performed in
vivo in growing bacteria using DSP as described under “Experimental
Procedures.” Protein bands were detected by immunoblotting with poly-
clonal anti-VirB antiserum. Molecular size markers are indicated along
the left side. The asterisk corresponds to the position of a cross-reacting
band unrelated to VirB as shown in the virB� strain CJD1018.
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FIG. 5. Construction of VirB truncates and effect on virulence cascade activation in vivo. A, the different VirB truncates constructed
are presented with the relevant putative structural domains. They were expressed on pMEP539 plasmid, transformed in the virB� strain
CJD1018. mxiC activation ability of each VirB truncate was estimated at 37 °C by measuring the �-galactosidase activity of the mxiC-lacZ fusion.
mxiC activity observed in the virB� strain, BS184, and the virB� strain, CJD1018, are also presented for comparison. Trans-dominance was
estimated by expressing each truncate in a virB� background (strain BS184), and resulting mxiC expression was measured at 37 °C. S.D. values
are indicated. NA, not applicable. B, oligomerization ability of VirB truncates was assessed by in vivo DSP cross-linking as described earlier (Fig.
4). Molecular size markers are indicated along the left side. The asterisk corresponds to the position of a cross-reacting band unrelated to VirB.
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activate mxiC expression and possessed a trans-dominant phe-
notype when co-expressed with WT VirB. This suggested that
while the N-terminal region of VirB might include an activa-
tion domain and/or a DNA-binding domain, it was not required
for oligomerization.

At the C terminus, the removal of only the last 17 amino
acids of the triple coil domain (�292–309) had the same effect
on VirB activity as a complete removal of this domain (�244–
309 and �262–309). These VirB truncates were completely
deficient in mxiC activation and importantly had no trans-
dominant phenotype (Fig. 5A). Strikingly, these two last trun-
cates migrated at the same position despite an 18-amino acid
difference in size. This may be due to a conformational change
in one of the truncates or to degradation of the larger truncate.
These data indicated that the C-terminal domain of VirB was
probably necessary for oligomerization to occur. DSP cross-
links experiments confirmed this hypothesis; VirB C-terminal
truncates could not oligomerize (Fig. 5B).

As expected from previous results, deletion of the LZ motif
led to a loss of mxiC activation, did not create a trans-dominant
phenotype (Fig. 5A) and suppressed VirB oligomerization (Fig.
5B), thus confirming that the LZ motif was also necessary for
oligomerization. VirB oligomerization is thus promoted by two
domains, the LZ motif and the last �65 amino acids of the C
terminus. Each domain was necessary, but each was individu-
ally insufficient to promote oligomerization.

An in Vivo Assay to Assess Oligomerization Proficiency of the
VirB Domains—An in vivo oligomerization assay was used to
confirm definitely the role of the C terminus and of the LZ motif
in multimerization. The test relied on the ability of the putative

oligomerization domain of the protein of interest to replace
functionally the natural oligomerization domain in the C ter-
minus of the phage � cI repressor, thereby conferring biological
activity on the N-terminal DNA-binding domain of the same
repressor, i.e. immunity to phage � (43). Eleven different cI-
VirB fusion proteins were constructed (Fig. 6). After verifying
that each chimeric protein was expressed (data not shown),
these constructs were assayed for their ability to oligomerize in
two different systems. The first involved a phage sensitivity
test in which the chimeric proteins were expressed in a �-sen-
sitive strain, which was then infected with cI null mutant
phage. The second involved the expression of the constructs in
a strain containing a lacZ fusion to the � lytic promoter Pr,
where oligomerization was measured by the repression of �-ga-
lactosidase expression. Whereas the N-terminal DNA-binding
of cI-(1–115) (pKH101) was unable to confer immunity to phage
�, WT cI (pFG157) and chimeric cI-(1–115)-GCN4 LZ (pJH370)
were clearly active in repressing the Pr lytic promoter (Fig. 6).
Like the GCN4 LZ, the full-length VirB (pSM-VirB) and the
K152E VirB mutant (pSM-K152E), each conferred biological
activity on the N-terminal DNA-binding domain of cI, allowing
repression of the Pr promoter. The L203P mutation (pSM-
L203P) restored phage sensitivity, confirming that the LZ motif
of VirB was necessary for dimerization and also that the C-
terminal region did not promote oligomerization in the absence
of an intact LZ motif. As expected, a deletion of the last 77
amino acids of VirB (pSM-�232–309) restored phage sensitiv-
ity, confirming that this region contains a domain that is nec-
essary for oligomerization and that the LZ motif did not pro-
mote dimerization in absence of an intact C-terminal domain.

FIG. 6. In vivo protein oligomeriza-
tion assay. Proteins that were tested in
this assay included wild type (wt) and the
N-terminal DNA-binding domain of � cI
repressor, chimeric proteins composed of
the DNA-binding domain of cI and leucine
zipper domain of GCN4, wild type, or mu-
tant VirB. Oligomerization proficiency of
these domains was assessed by their abil-
ity to functionally replace the natural C-
terminal domain of the � cI repressor con-
ferring biological activity to the
N-terminal DNA-binding domain of the
same repressor (i.e. immunity to phage �).
Failure to oligomerize the N-terminal do-
main of � cI repressor results in sensitiv-
ity to phage �. a, superinfection immunity
(Imm.) indicates that there were no
plaques formed after infection, whereas
the number of plaques was always
greater at 20 plaques/ml for superinfec-
tion sensitivity (Sens.). b, the constructs
were also introduced in strain JH372,
containing a phage � where the lacZ gene
is fused to the lytic promoter PrOr. Their
oligomerization proficiency was assessed
by measuring �-galactosidase activity.
The data expressed in Miller units repre-
sent an average of three independent ex-
periments. S.D. values were �10% in
each case.
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Surprisingly, this C-terminal domain alone (pSM-�1–225)
could partially repress the Pr promoter sufficiently to confer
immunity to phage �, showing that this isolated domain could
promote oligomerization of VirB to some extent. This oligo-
merization became stronger when the LZ motif was added to
the C-terminal VirB domain (pSM-�1–144 and pSM-�1–184).
The isolated VirB LZ motif was unable to promote repression
of the Pr promoter (pSM-LZ), showing that this motif alone was
also not sufficient to promote normal oligomerization. As ex-
pected, the N-terminal region of VirB was not able to promote
oligomerization, since the 144–309 (pSM-�1–144) and 184–
309 (pSM-�1–184) regions of VirB conferred immunity to
phage �, whereas region 1–147 (pSM-�147–309) could not re-
store repression by cI. Remarkably, in the absence of the two
characterized VirB oligomerization motifs, the HTH motif
could also promote oligomerization of the N-terminal domain of
cI (pSM-HTH). This may be due to an unusual conformation
adopted by the motif in the absence of the rest of the protein.

VirB Binds Directly to Promoter Regions of Structural Viru-
lence Genes in Vivo—Previous attempts at bandshift experi-
ments using purified VirB or cell lysates were unable to
demonstrate specific binding of VirB to the promoters of the
S. flexneri structural virulence genes (20).2 In vitro, VirB
bound DNA but with no particular specificity, and a recon-
stituted system in E. coli where VirB was expressed in trans
from an inducible promoter failed to show direct activation by
VirB of virulence gene promoter fusions to lacZ (20).2 We

suspected, however, that in vivo in S. flexneri, the situation
might be different and that VirB was in fact a direct activator
of the structural virulence genes. To test this hypothesis, we
employed a technique derived from a chromatin immunopre-
cipitation assay recently used with success in prokaryotes to
identify DNA-binding proteins targets (44, 45) (see “Experi-
mental Procedures”). Formaldehyde was added in vivo to S.
flexneri cells during exponential growth at 37 °C to cross-link
protein and DNA. Cells were lysed, and the DNA was sheared
by sonication. The VirB-DNA complexes were immunopre-
cipitated using specific VirB polyclonal antibodies, the cross-
links were reversed by heating, and the precipitated DNA
was analyzed by PCR. Six sets of primers were used in the
PCR assay to test for the presence of four promoter regions
from structural virulence genes/operons suspected to be di-
rectly activated by VirB (icsB-ipgD intergenic region, virA
and spa promoter regions) and also for the presence of two
negative control DNAs. These were an internal fragment of
the icsP gene of S. flexneri coding for a plasmid-encoded
IcsA-cleaving protease and the promoter region of the chro-
mosomal ompC gene. DNA from the four structural virulence
gene promoters was clearly immunoprecipitated, whereas
only trace amounts of DNA were detected for the negative
controls (Fig. 7). In parallel experiments, no DNA was de-
tected from a virB null mutant (CJD1018). These results
strongly suggest that in vivo VirB specifically binds to the
promoters of these structural virulence genes. This binding

FIG. 7. In vivo association of WT
VirB and VirB mutants/truncates
identified through cross-linked DNA
immunoprecipitation. A, polyclonal ab-
sorbed antibodies were used to immuno-
precipitate VirB from cell extracts after
formaldehyde cross-linking in vivo (see
“Experimental Procedures”). After rever-
sal of the cross-links, DNA in the immu-
noprecipitate was amplified by PCR using
six sets of primer pairs from four different
promoter regions localized on the LVP of
S. flexneri (icsB-ipgD intergenic region,
virA, spa, and promoter regions), one in-
ternal gene region on the LVP (icsP gene),
and one promoter region of a chromo-
somal gene (ompC promoter region). �, no
DNA in the PCR; LVP, PCR with purified
large virulence plasmid DNA; BS184,
DNA from the immunoprecipitate from
wild type cells; CJD1018, DNA from the
immunoprecipitate from a virB null mu-
tant. Each gel correspond to a represent-
ative result of at least three independent
experiments. Percentages inset in each
gel represent relative quantified PCR am-
plification levels obtained from DNA of
the WT immunoprecipitate (BS184) com-
pared with those obtained from DNA of
the purified LVP. Those percentages cor-
respond to PCR quantification performed
on at least three independent experi-
ments. S.D. values are indicated. B, rep-
resentative VirB mutants were expressed
in the virB� strain CJD1018, and the in
vivo cross-link DNA immunoprecipitation
experiment was repeated as in A. The
DNA immunoprecipitated was amplified
by PCR using a primer set for icsB-ipgD
intergenic region. The gel presented cor-
responds to a representative result of
three independent experiments. A table is
presented with relative levels of PCR am-
plification calculated for each DNA im-
munoprecipitated compared with LVP
purified DNA (average of three independ-
ent experiments).
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could reflect a direct interaction of VirB with the DNA of
these regions or perhaps co-binding with another protein or
regulatory factor.

The same chromatin immunoprecipitation assay-based tech-
nique was used to analyze the interaction of representative
VirB mutants/truncates with the icsB-ipgD intergenic region.
We observed comparable quantities of immunoprecipitated
DNA for WT VirB expressed from virB in its native location
(BS184) or on a multicopy plasmid (pMEP538). In strains ex-
pressing either HTH mutant, the levels of DNA immunopre-
cipitated were considerably reduced (Fig. 7). This indicated not
only that this HTH motif acts in vivo as a functional DNA-
binding domain but also that VirB binding to the promoter of
structural virulence genes was occurring through direct inter-
action between VirB and DNA. The levels of DNA immunopre-
cipitated in mutants where VirB oligomerization ability was
affected (LZ mutants and C-terminal and LZ truncates) were
also reduced, albeit not to the same extent as with the HTH
mutants. Such mutations may have affected DNA binding in-
directly by modifying the global VirB structure. It was also
possible that VirB bound DNA more efficiently when able to
oligomerize. Interestingly, levels of DNA immunoprecipitated
from a strain expressing an N-terminal truncate of VirB were
drastically reduced (�1–65). Since the same truncate was able
to oligomerize normally (Fig. 5B), it is unlikely that the effect
observed in this chromatin immunoprecipitation assay experi-
ment was due to disruption of the VirB secondary structure.

This suggests that the N-terminal domain of VirB is necessary
for efficient binding of VirB to DNA.

DISCUSSION

Hitherto, the role of the VirB protein in the positive control
of virulence gene expression in S. flexneri has been implied only
from genetic studies (10, 15, 46, 47). The amino acid sequence
of VirB reveals a protein with strong similarities to plasmid
partition proteins such as ParB from phage P1 and SopB from
plasmid F (17) rather than one belonging to any known family
of transcription factors (Fig. 8). Immunological analysis of VirB
expression as a function of growth phase and temperature
shows that its intracellular concentration increases markedly
when the culture is shifted to 37 °C, the temperature at which
virulence gene expression is maximal, and VirB levels are
higher in cells in the exponential rather than in the stationary
phase of growth (Fig. 2A). The protein is still detectable at
30 °C in both exponential and stationary phase cultures. Under
these conditions, virulence gene expression is repressed but is
also still detectable (Figs. 2 and 3). Thus, there is a clear
correlation between the intracellular concentration of VirB and
the expression of the virulence structural genes. This is sup-
ported by the observation that when increasing levels of VirB
were produced artificially at 30 °C, the expression of the viru-
lence structural genes increased proportionally to VirB quan-
tity (data not shown).

In silico analysis of the predicted secondary structure of VirB

FIG. 8. Model of VirB’s functional
and structural domains. A, VirB (VB)
was aligned with the ParB (PB) and SopB
(SB) proteins. Residues identical in VirB
and ParB or SopB are shaded. Positioning
(left to right) and recognition (right to left)
helices of the HTH motif of VirB are rep-
resented by arrows. The leucine repeat is
indicated by asterisks. B, a structural
model of VirB deduced from experiments
performed in this paper is presented. Be-
low is the structural model of the ParB
protein based on those of Surtees and
Funnell (22, 23). In ParB, DRS represents
“discriminator recognition sequence,” im-
plicated in the DNA-binding activity of
ParB.
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reveals two motifs found in transcription factors. These are a
central HTH followed by a putative LZ (Fig. 8). The HTH motif
is also found in ParB, but the LZ feature is poorly conserved.
However, the portion of ParB that includes these features has
been shown to be involved in protein-protein interactions (23).
In this investigation, these features of VirB were studied by
mutagenesis to establish whether or not they made contribu-
tions to its biological function.

The VirB LZ motif is unusual in lacking residues required to
produce a salt bridge to stabilize dimers and in containing a
proline residue likely to destabilize the helical structure. Also,
the central asparagine residue does not appear to have the
function normally associated with this residue in LZ motifs.
Work with anti-VirB antibody shows that VirB can form oli-
gomers, with structures up to pentamers being detected in the
presence of the DSP cross-linking agent in vivo (Fig. 2B). This
is in contrast to the simple dimers normally associated with LZ
interactions, suggesting the presence in VirB of extra oligomer-
ization domains. Disruption of the LZ motif by amino acid
substitutions establishes a key role for this component of VirB
in virulence gene activation. In particular, converting Leu203 to
Pro abolished the ability of the protein to activate an mxiC-lacZ
fusion (Fig. 3). This substitution also prevented VirB from
oligomerizing (Fig. 4). Similar effects on oligomerization are
seen with substitutions of the leucines at positions 210, 217,
and 224 (Fig. 3). Consistent with these findings, a complete
deletion of the LZ also abolishes oligomerization (Fig. 5). Loss
of the LZ prevents VirB from activating gene expression (Fig. 5)
and reduces notably its ability to bind to DNA (Fig. 7). The LZ
cannot promote protein-protein interactions in isolation. When
this component of VirB is fused to the DNA-binding domain of
� cI repressor, no oligomerization is detected. The C terminus
of VirB contains a second oligomerization domain, and dele-
tions here prevent VirB oligomerization, even when the LZ is
present (Fig. 5). Thus, the LZ motif is unable to promote oli-
gomerization without the C terminus. Unlike the LZ motif, the
C-terminal domain promotes some oligomerization when fused
to the DNA-binding domain of the cI repressor (Fig. 6), al-
though VirB mutants lacking the C terminus are no better than
LZ deletion mutants at binding to DNA (Fig. 7). However, in
the full length VirB protein without an intact LZ, no oligomers
of any size can be detected, although the C terminus is present
(Figs. 4 and 5). It appears therefore that not only may initial
interactions occur through the LZ but also that the dimers
formed by the LZ motif are stable only in the presence of this
C-terminal domain. The formation of C-terminal coiled-coil
structures may compensate for the relatively unstable dimers
promoted by LZ-LZ interactions that lack inter-salt bridges and
may also promote the formation of higher ordered VirB oli-
gomers. Clearly, the LZ motif of VirB has several features that
distinguish it from more conventional leucine zippers. Never-
theless, it is essential to the biological function of the VirB
protein. It is reasonable to conclude that full function in VirB
requires both oligomerization of LZ and C-terminal domains
whose activities are mutually dependent, a situation described
previously for some eukaryotic proteins and for the bacterial
protein BglG (32). However, it should be noted that among
eukaryotic proteins, the presence of additional oligomerization
domains is not necessarily indicative of an inability to form salt
bridges at LZ motifs (30).

The presence of the proline within the LZ motif is highly
unusual, and we are not aware of other examples of such an
occurrence. Interestingly, the P215A derivative was found to
form multimers more easily than the WT protein, doing so in
vivo in the absence of cross-linking agent (Fig. 4). Perhaps the

removal of the proline enhanced the abilities of the LZ motifs to
interact, thus promoting formation of stable oligomers.

Reversing the charges of key residues in either helix of the
HTH motif abolishes the ability of VirB to activate virulence
gene expression (Fig. 3). These mutants are trans-dominant, as
one might expect for proteins with lesions that alter DNA
binding without interfering with oligomerization. Neither mu-
tant retains DNA binding activity (Fig. 7), and cross-linker
treatment confirms that the HTH mutants still oligomerize
(Fig. 4). Interestingly, the isolated HTH motif is able to confer
oligomerization activity on the DNA-binding domain of the cI
repressor (Fig. 6). This may reflect a previously described abil-
ity of HTH sequences to promote the formation of protein fibrils
when expressed out of context (48, 49). Certainly, there is little
evidence that the HTH contributes significantly to VirB oli-
gomerization (Fig. 4).

This work has shown that VirB is a DNA-binding protein
that interacts specifically in vivo with the promoters of the
virulence genes it is known to regulate (Fig. 7). It has not been
established that this interaction is effected by VirB alone, and
it remains a possibility that VirB requires a co-factor for spe-
cific binding. We have found previously that purified VirB can
bind DNA nonspecifically in vitro. The protein appears to oli-
gomerize on the DNA, forming complexes that are retained in
the wells in electrophoretic mobility shift assays.2 In vivo, the
protein interacts specifically with its target promoters. This
may indicate that VirB operates in vivo with a co-factor, pos-
sibly a protein, to ensure specificity. Inspection of the nucleo-
tide sequences of the target promoters reveals no obvious re-
gions of homology that might indicate a binding site consensus
sequence. It is possible that the preferred binding site is
marked by a structural feature, such as a region of intrinsic
DNA curvature. A comparison may be made with ParB, which
has a partner protein called ParA. Interaction with ParA occurs
via the N terminus of ParB, a region that is strongly homolo-
gous to the N terminus of VirB (see Refs. 21 and 50; Fig. 8). In
the case of VirB, the N terminus makes no contribution to
protein oligomerization (Fig. 6); its deletion results in no loss of
oligomerization activity (Fig. 5), but loss of the N terminus
strongly affects VirB binding activity at DNA sequences nor-
mally bound by this protein (Fig. 7). Thus, it is possible that the
N terminus of VirB is required for interaction with a co-factor
involved in directing VirB to DNA, by analogy with ParA and
ParB. A search for this putative co-factor will be a future goal
of research on VirB function.

We demonstrated a direct correlation between VirB intracel-
lular concentration and VirB oligomerization proficiency with
the expression of the virulence structural genes (Figs. 2, 3, and
5) and also that VirB binds in vivo to the promoters of those
structural virulence genes (Fig. 7). Therefore, VirB oligomer-
ization on DNA may be an important part of the activation
mechanism of those genes, and this could involve exclusion of a
repressor from the promoters activated by VirB. Elucidating
this mechanism will also constitute a future goal of our inves-
tigation of VirB function.
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