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In Shigella flexneri, expression of the plasmid-encoded virulence genes is regulated via a complex cascade
involving DNA topology, specific transactivators, and the nucleoid-associated protein H-NS, which represses
transcription under inappropriate environmental conditions. We have investigated the involvement of a second
nucleoid-associated protein, integration host factor (IHF), in virulence gene expression. We found that tran-
scription of the invasion-specific genes is repressed in a strain harboring an ihfA mutation, particularly on
entry into the stationary phase. Expression of the virB gene, whose product is required for the activation of
these structural genes, is also enhanced by IHF in the stationary phase. In contrast, the virF gene, which
encodes an activator of virB, is stimulated by IHF in both the logarithmic and early stationary phases of
growth, as is another virF-regulated gene, icsA. We have identified regions of the virF, virB, and icsA promoters
which form IHF-dependent protein-DNA complexes in vitro and have located sequences within these regions
with similarity to the consensus IHF binding site. Moreover, results from experiments in which the virF or virB
gene was expressed constitutively confirm that IHF has a direct input at the level of both virF and virB
transcription. Finally, we provide evidence that at the latter promoter, the primary role of IHF may be to
overcome repression by the H-NS protein. To our knowledge, this is the first report of a role for IHF in
controlling gene expression in S. flexneri.

The facultative intracellular pathogen Shigella flexneri is the
causative agent of bacillary dysentery. Its ability to cause dis-
ease is dependent upon the presence of a 230-kb plasmid, of
which a 31-kb region encodes all proteins required for invasion
of host epithelial cells (reviewed in reference 23). Within this
region, one DNA strand encodes the Ipa invasins and IcsB,
required for inter- and intracellular spreading, while upstream,
and transcribed divergently, are the mxi and spa operons,
which are responsible for surface presentation and secretion of
the invasion proteins by a type III secretion mechanism (2–5,
47, 55) (Fig. 1). Expression of these genes is controlled by
multiple environmental stimuli acting through a regulatory cas-
cade involving proteins encoded by both the high-molecular-
weight plasmid and the chromosome (7, 23, 27, 37, 42). The
primary regulator VirF, an AraC-like protein, is a positive
regulator of a second regulatory gene, virB. The product of the
virB gene in turn activates the transcription of the structural
genes described above (1, 50, 51). Additionally, VirF activates
an unlinked gene, icsA, required for intercellular spreading (6,
30, 46). Both virF and virB are plasmid encoded, and while a
MalE-VirF fusion protein has been shown to bind to the 217
to 2117 region of the virB promoter in vitro (51), no DNA
binding activity of VirB has yet been demonstrated. Transcrip-
tional control by environmental stimuli occurs at each level of
the regulatory cascade; each gene has an individual response to
factors such as temperature, pH, and osmolarity, with virF
being the least regulated and the structural genes being more
stringently controlled (42). Expression of the virulence gene
regulon can be induced by growing the bacteria at 37°C in
medium with an osmolarity similar to that of physiological
saline, whereas repression occurs at 30°C or in low-osmolarity
medium (26, 32, 40).

Various environmental stimuli including those which mod-
ulate virulence gene expression in S. flexneri—growth temper-
ature, osmotic changes, and pH—can induce alterations in
DNA topology that affect the transcription of many bacterial
genes (24, 28), and thermally induced supercoiling changes
have been shown to be important for the coordinated control
of virulence gene expression in S. flexneri (17, 52). More spe-
cifically, the virF, virB, and icsB promoters are known to be
sensitive to the level of DNA superhelicity, and differential
sensitivities to DNA supercoiling among the individual pro-
moters of the virulence gene cascade may account for the
nonuniform response of each gene to environmental stimuli
(42, 51, 52).

Repression of the S. flexneri virulence regulon by the chro-
mosomally encoded protein H-NS under conditions of low
temperature and low osmolarity is well established (27, 33, 40).
H-NS usually mediates its effects by acting as a transcriptional
repressor, often binding close to the promoter region (18).
Such binding of H-NS to the 220 to 120 region of the virB
promoter has been demonstrated in vitro (51). This site over-
laps the binding site for RNA polymerase, and therefore H-NS
probably acts by inhibiting DNA contact by the polymerase.
More recent results indicate that H-NS also negatively regu-
lates the virF and icsA genes (10, 12, 42).

H-NS belongs to a class of proteins known as the bacterial
histone-like or nucleoid-associated proteins. In this study, we
have investigated the contribution of a second histone-like
protein, integration host factor (IHF), to the regulation of S.
flexneri virulence genes. IHF is a heterodimeric protein con-
sisting of an a and a b subunit, encoded by the ihfA and ihfB
genes, respectively (see references 20 and 22 for reviews).
Upon interaction with its target DNA, IHF introduces a sharp
bend of more than 160° in the DNA (45). In contrast to H-NS,
which has no consensus binding sequence, a single IHF het-
erodimer has been shown to bind to a region of approximately
35 bp, which contains a 13-bp consensus sequence (11, 21).
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Furthermore, both the DNA structure and sequence surround-
ing this core site contribute to its binding affinity. Like H-NS,
the IHF protein is involved in a number of processes including
replication, site-specific recombination, and transcriptional
regulation. We have identified a role for IHF in the positive
regulation of S. flexneri virulence gene expression and shown
that it is required for continued expression in the stationary
phase. For the virF and icsA genes, IHF also contributes to
expression during the logarithmic phase, suggesting that the
mechanism of regulation differs at the individual promoters.
Gel mobility shift assays were used to define binding sites for
IHF within the virF, virB, and icsA promoter regions. Finally,
we provide evidence that the role of IHF at the virB promoter
may be to overcome repression by H-NS.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. All strains are derivatives of S. flexneri 2a
or Escherichia coli K-12. The ihfAD82::Tn10 allele from CH1480 and the
ihfA::Tn10 allele from CH1483 (16) were moved by P1cml transduction into S.
flexneri BS184 to generate strains CJD1103 and CJD1104, respectively. Trans-
ductions were carried out by the method of Silhavy et al. (48). Plasmid pBR322-
himA1 (35) was introduced by electroporation into strains CJD1103 (generating
strain CJD1105) and CJD1104 (generating strain CJD1106); as a control, the
cloning vector pBR322 was also introduced into CJD1103 (generating strain
CJD1107) and CJD1104 (generating strain CJD1108). To construct a strain
harboring insertions in both ihfA and hns, the hns::Tn10 allele was cotransduced
with a linked hnrG::Apr lesion from CJD899 into BS184 (to generate strain
CJD1122) and CJD1104 (to generate CJD1123) by P1cml transduction. Apr

transductants were selected, and the presence of the hns::Tn10 insertion was
confirmed by Southern blotting (data not shown). The hnrG::Apr allele (hns1)
was transduced from CJD896 into BS184, resulting in strain CJD1121. The
construction of an S. flexneri virF mutant strain, CJD1006, has been described
previously (42). To construct a virB mutant derivative of S. flexneri, a 600-bp
internal BamHI-DraI fragment of the virB gene was cloned into the ampicillin-
resistant suicide vector pGCS82. The resulting plasmid, pMEP151, was trans-
ferred to the tetracycline-resistant S. flexneri CJD1005 by conjugation, as de-
scribed previously (42). In colonies where a single homologous recombinational
event had occurred, integration of the suicide vector pMEP151 resulted in a
single copy of the vector sequences flanked by two partial copies of virB, thus
inactivating the virB gene. Bacteriophage P1cml was used to transduce the virB
lesion to BS184, resulting in strain CJD1018. The ihfA::Tn10 insertion from
CH1483 was transduced into CJD1006 (creating strain CJD1117) and CJD1018
(creating strain CJD1118). To construct plasmids expressing the virF or virB
genes constitutively, plasmid pMEP539 was first constructed by cloning the Cmr

gene from pACYC184 into pBCP378. Plasmid pMEP537 carries the virF gene
amplified by PCR with the oligonucleotide primers 59-GCCATACATATGAT
GGATATGGGACATAAA-39 and 59-CATAGTCGACTTAAAATTTTTTAT
GATATAAG-39, and cloned into the NdeI-SalI sites of pMEP539. To construct
plasmid pMEP538, the virB gene was amplified by PCR with the oligonucleotide
primers 59-GCCATACATATGGTGGATTTGTGCAACGAC-39 and 59-GCCA
TACATATGTTATGAAGACGATAGATGGCG-39 and then cloned into the
NdeI site of pMEP539. Constructs were checked by restriction digestion. Bacte-
rial cultures were grown routinely in Luria (L) broth (36) or on L plates (L broth
containing 1.5% [wt/vol] agar). Where required, antibiotic selection was done
with ampicillin (50 mg/ml), chloramphenicol (15 mg/ml), tetracycline (20 mg/ml),
or kanamycin (20 mg/ml).

Enzyme assays. Transcription of the mxiC-lacZ fusion was monitored by b-
galactosidase assays of overnight cultures grown at either 30 or 37°C by the
method of Miller (36). Assays were performed in duplicate, and the data were
expressed as the mean of the two measurements. Standard deviations were less
than 10%. Experiments were performed at least three times, and typical data are
shown.

RNA extraction. Cells (20 ml) grown to the optical densities at 600 nm (OD600)
stated in the text, were harvested by centrifugation, added to 1.5 ml of boiling
REB (20 mM sodium acetate, 2% sodium dodecyl sulfate, 0.3 M sucrose), and
incubated at 100°C for 1.5 min. RNA was isolated by phenol extraction followed
by two or three phenol-chloroform (1:1) extractions and one chloroform extrac-
tion. Nucleic acids were precipitated with ethanol at 270°C for at least 4 h.
Following resuspension in 400 ml of distilled H2O (dH2O), DNA was removed
with RNase-free DNase I (Boehringer Mannheim) as specified by the manufac-
turer. The RNA was phenol, phenol-chloroform, and chloroform extracted and
precipitated at 270°C. It was resuspended in dH2O at 5 to 10 mg/ml. The RNA
concentration was determined spectrophotometrically by measuring the OD260,
and the integrity of the isolated RNA was confirmed by ethidium bromide gel
electrophoresis.

RNA analysis by Northern blotting. Samples (5 mg [RNA probes] or 20 mg
[oligonucleotide probes]) of total cellular RNA were denatured at 65°C, elec-
trophoresed on 1% formaldehyde–agarose gels in 3-(N-morpholino)propanesul-
fonic acid (MOPS) buffer, and transferred to Hybond-N nylon filters (Amer-
sham) as described by the manufacturer. Digoxigenin-labeled antisense RNA
probes specific for virF, virB, icsB, ipgD, and hupA were synthesized by in vitro
transcription of an internal fragment of the respective gene cloned into the
SP6/T7 expression vector pSPT18 by using a kit supplied by Boehringer Mann-
heim. A synthetic oligonucleotide homologous to the 59 open reading frame
of icsA (59-TATTGGCCCCCCGAGCAACAGGGATGCACC-39) was labeled
with digoxigenin-ddUTP by using an end-labeling kit supplied by Boehringer
Mannheim. Following Northern transfer, probes were hybridized to the immo-
bilized RNA and bound probe was detected with the CSPD chemiluminescence
detection system (Boehringer Mannheim) and Hyperfilm-MP X-ray film (Am-
ersham). Densitometric analysis was performed with a Bio-Rad model GS-670
imaging densitometer and Molecular Analyst software. Each experiment was
performed at least three times, and typical data are shown.

RNA 5* analysis by primer extension. The icsB and ipgD transcriptional start
sites were determined by primer extension analysis with 50 mg of total RNA.
Synthetic oligonucleotides homologous to nucleotides 46 to 70 of the icsB open
reading frame (59-CTGTATCTTCAACGCGTATAGGCCC-39) and nucleo-
tides 44 to 67 of the ipgD open reading frame (59-CTGCGCCTTTATAGGAAT
CTCCGC-39) were end labeled with 25 mCi of [g-32P]ATP (10 mCi/ml; Amer-
sham). Labeled primer (0.3 pmol) was precipitated with the target RNA and
resuspended in 30 ml of dH2O. Following incubation at 90°C for 3 min, the
mixture was allowed to cool slowly to room temperature. Primer extension was
performed at 42°C for 90 min with 100 U of Superscript RT (Gibco BRL) in the
presence of 40 U of human placental RNase inhibitor (Boehringer Mannheim).
RNase A was added, and incubation was continued for a further 10 min at 42°C.
cDNA transcripts were extracted, precipitated, resuspended, and then electro-
phoresed on 7 M urea–5% polyacrylamide gels next to sequencing markers
generated by dideoxy sequencing reactions with the same primer and plasmid
pMEP73 as a template. The gels were dried and exposed to Hyperfilm-MP X-ray
film (Amersham). The experiment was repeated twice, and typical data are
shown.

Preparation of crude protein extracts. Crude protein extracts were prepared
from 20-ml cultures of BS184, CJD1104, and CJD1106. Cultures of the respec-
tive strains were grown overnight, subinoculated 1:500 into fresh broth, and
grown to an OD600 of 1.5. The cells were harvested by centrifugation and
resuspended in 250 ml of cold 10% sucrose–50 mM Tris-HCl (pH 7.5)–100 mM
NaCl–1 mM EDTA–5 mM dithiothreitol. Then 7.5 ml of lysozyme (10 mg/ml)
was added to each sample. After a 10-min incubation on ice, the mixture was

FIG. 1. Schematic map of the 31-kb virulence region on the S. flexneri 230-kb plasmid and unlinked virulence genes virF and icsA. The orientation of transcription
is indicated by horizontal arrows, and the locations of promoters (P) are marked. The vertical arrows represent the points of input for the positive regulatory proteins
VirF and VirB. The location of the MudI1734 transcriptional fusion to the mxiC gene is shown by dashed lines. Not drawn to scale.
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sonicated and cell debris was pelleted by centrifugation. Finally, each lysate was
mixed with an equal volume of glycerol and stored at 220°C.

Electrophoretic mobility shift assay with crude protein extracts. PCR frag-
ments of the various promoters under study were amplified with primers as
stated in the text, and DNA was extracted from whole cells of BS184 as a
template. DNA fragments were labeled by including 30 mCi of [a-32P]dATP in
the PCR mixture, and radioactive probes were purified on a NAP5 column
(Pharmacia Biotech) as specified by the manufacturer. Approximately 1 ng of

probe was used for each 20 ml of reaction mixture in 50 mM Tris-HCl (pH
8.0)–20 mM KCl–10% (vol/vol) glycerol–100 mg of bovine serum albumin per
ml–25 mg poly (dI-dC) per ml. Each reaction mixture therefore contained ap-
proximately a 500-fold excess of nonspecific synthetic competitor. Following
incubation of the reaction mixture at 28°C for 5 min, 5 ml of crude protein lysate
(corresponding to approximately 200 ng of total cell protein) was added and the
incubation was allowed to continue for a further 15 min at 28°C. The samples
were then electrophoresed on a native 4% (wt/vol) polyacylamide gel in 0.53
Tris-borate-EDTA (TBE) at 4°C. Radioactive fragments were visualized by au-
toradiography with Hyperfilm-MP film (Amersham).

RESULTS

IHF positively regulates the expression of the invasion gene
mxiC. Previous studies have shown that expression of the
S. flexneri invasion genes is affected by the nucleoid-associated
protein H-NS and DNA topology in addition to the specific
regulators VirF and VirB (1, 17, 27, 42). Since the regulation
of virulence genes in this bacterium appears to be highly com-
plex, it remained possible that other proteins were involved. As
a first step to investigating the potential input of a second
nucleoid-associated protein, IHF, in virulence gene expression,
we constructed a strain containing a null mutation in ihfA, the
gene encoding the a subunit of IHF. The ihfA::Tn10 allele
from E. coli CH1483 (16) was introduced into S. flexneri BS184
to generate CJD1104 (Table 1). BS184 and its derivatives har-
bor a lacZ transcriptional fusion to mxiC, enabling the expres-
sion of this invasion gene to be monitored by measuring its
b-galactosidase activity (Fig. 1). Table 2 compares the expres-
sion of mxiC in cultures of the ihfA mutant strain CJD1104 and
its isogenic wild-type strain, BS184, grown for 12 h. The genes
in the regulatory cascade under study are thermally regulated
at the level of transcription, and thermal regulation of mxiC
was maintained in CJD1104; however, there was a reduction in
expression at both 37°C (twofold) and at 30°C (threefold)
compared to the wild type. To confirm that the ihfA lesion was
responsible for the phenotypic effects observed, CJD1104 was
transformed with either a plasmid carrying a cloned copy of the
E. coli ihfA gene, pBR322-ihfA1 (35), or the cloning vector
pBR322 to give strains CJD1106 and CJD1108, respectively.
When these strains were assayed, it was found that the level of
b-galactosidase activity was restored to that of the wild type in
the presence of pBR322-ihfA1 but not of the cloning vector,
confirming that the lack of the IHFa subunit alone was respon-
sible for the two- to threefold decrease in mxiC expression.
Furthermore, transforming BS184 with either pBR322-ihfA1

or pBR322 had no effect on mxiC expression (data not shown).
When the independently isolated ihfAD82::Tn10 allele from
E. coli CH1480 (16) was transduced into BS184 (generating
strain CJD1103), identical results were obtained (Table 2).
These results suggest that IHF plays a small but significant role
in positively regulating mxiC expression.

TABLE 1. Bacterial strains, plasmids, and bacteriophage
used in this study

Strain, plasmid,
or bacteriophage Relevant detailsa Source or

reference

Strains
S. flexneri 2a

BS184 mxiC::MudI1734 32
CJD1005 BS184 pTet 41
CJD1006 BS184 virF::pMEP312 41
CJD1018 BS184 virB::pMEP151 41
CJD1103 BS184 ihfAD82::Tn10 (CH1480 3

BS184)
This work

CJD1104 BS184 ihfA::Tn10 (CH1483 3
BS184)

This work

CJD1105 CJD1103 pBR322-ihfA1 This work
CJD1106 CJD1104 pBR322-ihfA1 This work
CJD1107 CJD1103 pBR322 This work
CJD1108 CJD1104 pBR322 This work
CJD1111 CJD1006 pMEP537 This work
CJD1114 CJD1018 pMEP538 This work
CJD1115 CJD1006 pMEP539 This work
CJD1116 CJD1018 pMEP539 This work
CJD1117 CJD1006 ifhA::Tn10 (CH1483 3

CJD1006)
This work

CJD1118 CJD1018 ihfA::Tn10 (CH1483 3
CJD1018)

This work

CJD1119 CJD1117 pMEP537 This work
CJD1120 CJD1118 pMEP538 This work
CJD1121 BS184 hnrG::Apr This work
CJD1122 BS184 hns-205::Tn10 hnrG::Apr

(CJD899 3 BS184)
This work

CJD1123 CJD1104 hns-205::Tn10 hnrG::Apr

(CJD899 3 CJD1104)
This work

E. coli K-12
CH1480 ihfAD82::Tn10 16
CH1483 ihfA::Tn10 16
CJD896 hnrG::Apr 19
CJD899 hns-205::Tn10 hnrG::Apr 19

Plasmids
pBCP378 ColE1 replicon; Apr 54
pBR322 ColE1 replicon; Apr Tetr 9
pBR322-ihfA1 Functional ihfA gene cloned into

pBR322; Apr
35

pGCS82 oriR6K oriTRK2; Apr 29
pMEP73 0.6-kb icsB-ipgD promoter region

in pBS PstI-HindIII site; Apr
This laboratory

pMEP151 Internal fragment of virB cloned
into pGCS82; Apr

41

pMEP537 virF gene in pMEP539; Cmr Apr This work
pMEP538 virB gene in pMEP539; Cmr Apr This work
pMEP539 Cmr gene cloned into pBCP378

polylinker; Cmr Apr
This work

pSPT18 Low-copy-number plasmid with
SP6 and T7 promoters flanking
the pUC18 multicloning site; Apr

Boehringer Mann-
heim

pTet pACYC184 with a 339-bp deletion
in the Cmr gene; Tetr

41

Bacteriophage
P1cml P1::Tn9 clr100(Ts) 49

a Transductional crosses are represented by A 3 B, in which A is the donor
and B is the recipient. Apr, ampicillin resistance; Cmr, chloramphenicol resis-
tance; Tetr, tetracycline resistance.

TABLE 2. Regulation of the mxiC-lacZ transcriptional fusion
by IHF in cultures grown overnight at 30 or 37°C

Straina Relevant genotype
b-Galactosidase activityb at:

30°C 37°C

BS184 Wild type 72.7 (1.5) 1,062.4 (5.0)
CJD1104 ihfA::Tn10 23.5 (0.27) 509.6 (10.7)
CJD1108 ihfA::Tn10 pBR322 18.1 (1.7) 539.5 (27.3)
CJD1106 ihfA::Tn10 pBR322-ihfA1 50.4 (1.5) 1,040.3 (7.4)
CJD1103 ihfAD82 24.6 (0.56) 522.1 (18.3)
CJD1107 ihfAD82 pBR322 23.2 (1.2) 471.1 (15.8)
CJD1105 ihfAD82 pBR322-ihfA1 51.0 (2.1) 1,016.0 (25.0)

a See Table 1 for details of the strains.
b Values are given in Miller units. Standard deviations are shown in parentheses.
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IHF is required for the expression of mxiC in the stationary
phase. The results described above were obtained with bacte-
rial cultures grown to the stationary phase, when the expres-
sion of mxiC reaches a maximum. Furthermore, it has been
shown previously that the level of IHF increases 5- to 10-fold
upon entry into the stationary phase (14), suggesting that reg-
ulation by IHF may vary depending upon the stage of growth.
By comparing mxiC expression throughout the growth phase,
we were able to show that the level of b-galactosidase activity
in CJD1104 was only slightly reduced compared to that in the
wild-type strain BS184 until an OD600 of ca. 1.0 was reached
(Fig. 2). At this point, the expression of mxiC in the ihfA
mutant strain CJD1104 reached a plateau, whereas the b-
galactosidase activity in the wild type continued to increase
until it reached a final level two- to threefold higher than that
in CJD1104. A similar pattern of expression was observed in
cultures grown at 30 or 37°C, although at 30°C there was a
slightly larger difference between the two strains earlier in the

growth phase (compare Fig. 2A and B). Thus, it appears that
IHF is required for the continued expression of mxiC in the
stationary phase and that activation by IHF is not temperature
dependent.

Role of IHF in the kinetics of thermal induction of mxiC. An
increase in temperature, indicative of entry into the human
host, is the key environmental signal resulting in an invasive
phenotype in S. flexneri. Although the above data suggest that
IHF can exert an effect at both 30 and 37°C it remained
possible that IHF was involved in the induction of virulence
gene expression following a thermal upshift from 30 to 37°C.
Wild-type strain BS184 and its ihfA::Tn10 mutant derivative
CJD1104 were grown overnight, diluted 1:100 into fresh me-
dium, and grown at 30°C until either the early exponential
(OD600 5 0.3) or late exponential (OD600 5 0.6) phase before
being shifted to 37°C. Culture samples were taken at various
time points and assayed for b-galactosidase activity. In both
cases, it was found that upon induction, the b-galactosidase
activity in CJD1104 was reduced compared to that in BS184
(Fig. 3). When the thermal upshift occurred early in the growth
phase (Fig. 3A) the fold increase in expression over that of the
uninduced culture was similar in both strains. In contrast, when
the shift occurred immediately prior to the onset of stationary
phase, the fold induction was lower in CJD1104 (threefold; 270
min after the upshift) than in BS184 (sixfold; 270 min after the
upshift) (Fig. 3B). Therefore, IHF contributes to the induction
of virulence gene expression in response to the thermal signal,
particularly in cells entering the stationary phase of growth.

Interestingly, while the mxiC fusion could be induced to over
1,200 Miller units in the wild-type strain BS184 and to over 600
Miller units in the ihfA::Tn10 mutant in the early exponential
phase, it could be induced to only just over 200 Miller units in
BS184 or to approximately 100 Miller units in the ihf mutant in
late-exponential-phase cultures (Fig. 3). These data suggest
that the thermal upshift is less effective at inducing the expres-
sion of the invasion genes in late-exponential-phase cultures.
The reason for this is unknown.

Identification of targets for IHF regulation. The mxiC gene
studied in the above experiments is part of a large operon, with
the promoter being situated approximately 11 kb upstream at
the ipgD gene (Fig. 1). Studying the expression of the fusion of
lacZ to mxiC in BS184 and its derivatives allows the regulation
of these structural genes to be monitored. Their activation
requires the product of the virB gene, which in turn is abso-
lutely dependent upon VirF for expression. Since alterations in
the levels of either of these proteins as a result of the ihfA::
Tn10 mutation could affect mxiC expression indirectly, we de-
cided to use Northern analysis to establish which gene(s) is
regulated by IHF. Cultures of BS184 and CJD1104 (ihfA::
Tn10), grown overnight, were subinoculated 1:100 into fresh
medium and incubated at either 30 or 37°C. Samples were
taken at OD600 of 0.6 and 1.2, and the RNA was extracted and
subjected to Northern blotting to detect transcripts of virF,
virB, and the two structural genes ipgD and icsB (Fig. 4). For
each gene studied, the transcript pattern and thermoregulation
in the wild-type strain were the same as observed previously
(42).

As predicted from the data on mxiC expression described
above, transcription of the first gene in the operon, ipgD, was
reduced twofold in the ihfA::Tn10 mutant strain compared to
the wild type in the stationary phase whereas only a slight drop
in transcript levels was observed earlier in the growth phase.
Furthermore, icsB, which is transcribed divergently from ipgD,
showed a similar pattern of IHF dependency. Both the icsB
and ipgD promoters require VirB for activation. Interestingly,
the virB gene was also regulated twofold by IHF in the station-

FIG. 2. Expression of the mxiC::lacZ transcriptional fusion in response to
growth phase and IHF at 30°C (A) or 37°C (B). Cultures of BS184 (wild type)
(solid symbols) and CJD1104 (ihfA::Tn10) (open symbols) grown overnight were
diluted 1:100 into fresh medium and grown for 12 h. Samples were taken at
regular intervals and assayed for b-galactosidase activity (triangles). OD600 data
for each culture are presented on the same graph (squares).
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ary phase, with again no apparent difference in transcript levels
between the two strains during the exponential phase, suggest-
ing that regulation of the icsB and ipgD promoters by IHF may
be indirect.

Surprisingly, when the same RNA samples were probed
for the virF transcript, a twofold decrease was observed in
CJD1104 in both the stationary- and exponential-phase sam-
ples, implying that transcription of virF, as well as that of virB,
is regulated by IHF. Furthermore, the pattern of regulation is
different at the two promoters: virF, but not its subservient
genes, requires IHF for maximum expression throughout the
growth phase. This also suggests that the effect of IHF at virB
may be direct and not solely a result of its input at the up-

stream virF promoter. An unassociated virulence gene, icsA (or
virG), which is required for intracellular spreading, is also
dependent upon VirF for expression (46). Here there is no
intermediary protein; VirF directly activates icsA (1). In an
attempt to determine whether icsA is also regulated by IHF, an
oligonucleotide specific for the coding region of icsA was used
to probe the same RNA samples used previously. Figure 4
shows that icsA is also modulated by IHF in a manner similar
to virF, with the transcript levels being reduced in CJD1104
during both exponential and stationary phases.

While the transcription of each gene studied was lower at
30°C, the fold reduction in expression due to the ihfA::Tn10
insertion was the same irrespective of the growth temperature,
providing further evidence that regulation by IHF is tempera-
ture independent. As a control for concentration and integrity,
the RNA was probed for the transcript of the hupA gene,
which encodes the a subunit of the histone-like protein HU.
No significant variation in hupA transcription was detected
(Fig. 4).

IHF dependency can be overcome by expressing VirB con-
stitutively. To examine further the possibility that IHF plays an
activating role at both the virF and virB promoters, the effect of
constitutively expressing virF or virB was examined. Strain
CJD1111 contains an inactivated virF gene on the virulence
plasmid and harbors a cloned copy of virF in the expression
plasmid pMEP539. Expression of virF from this plasmid com-
plements the virF mutation (Table 3). Introduction of the
ihfA::Tn10 allele to this strain caused a 1.6-fold reduction in
mxiC expression. In strain CJD1114, containing a virB muta-
tion and expressing virB from the same expression vector,
introduction of the same ihfA mutation caused no reduction in
b-galactosidase activity. Constitutive expression of the virB
gene eliminated the effect of the ihfA mutation, suggesting that
IHF contributes directly to the expression of virB but only
indirectly to that of VirB-regulated genes. Constitutive expres-
sion of virF merely reduced the effect of an ihfA lesion on
mxiC-lacZ expression, probably because of the intact IHF de-
pendency of virB in strain CJD1119.

Mapping of the icsB and ipgD transcriptional start sites.
The foregoing results suggested that IHF is likely to bind to the
regulatory region of virF and virB but not to the icsB-ipgD
promoter region. Before any putative binding sites for IHF
were determined, mapping of the transcriptional start sites for
both icsB and ipgD was required: those for virF, virB, and icsA
have been published previously (30, 37, 51). Total RNA ex-
tracted from BS184 grown to the exponential phase (OD600 5
0.6) was subjected to primer extension analysis with primers
specific for either icsB or ipgD transcripts (see Materials and
Methods for details). Polyacrylamide gel electrophoresis of the
resulting extension products identified a transcript initiating at
the C residue 52 bp upstream of the icsB coding region (Fig.
5A). For ipgD, we detected two transcripts, the first initiating at
adjacent A and C residues 44 and 45 bp upstream of the
translation initiation codon, and the second (minor) initiating
at the C residue 178 bp upstream of the coding region (Fig.
5B). For both promoters, potential 210 and 235 sequences
were found at an appropriate distance upstream of each of
these transcriptional start sites (Fig. 5C).

IHF binds to sites in the virF, virB, and icsA promoters. As
a first step to determining binding sites for IHF within the
promoter regions of virF, virB, icsA, icsB, and ipgD, the pro-
moter-proximal sequences of these genes were searched for
sequences with similarity to the IHF consensus binding se-
quence 59-WATCAANNNNTTR-39, in which the underlined
CA motif is conserved in all known IHF binding sites (11, 21).
For each promoter, several putative binding sites were identi-

FIG. 3. Thermal induction of the mxiC::lacZ transcriptional fusion. Cultures
of BS184 (wild type) (solid symbols) and CJD1104 (ihfA::Tn10) (open symbols)
grown overnight were diluted 1:100 into fresh medium and grown at 30°C until
an OD600 of 0.3 (A) or 0.6 (B) was reached (Time 5 0). Each culture was then
divided, with half being shifted to 37°C while the other half remained at 30°C.
Culture samples were removed at intervals and assayed for b-galactosidase
activity. Triangles, 37°C; circles, 30°C. Growth curves for each culture at 37°C
following thermal upshift are represented by squares.
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fied. To test these for IHF binding, mobility shift assays were
performed with radiolabeled DNA fragments of the respective
promoters generated by PCR and crude protein lysates pre-
pared from strains BS184, CJD1104, (ihfA::Tn10) and
CJD1106 (CJD1104 containing pBR322-ihfA).

In virB, a DNA fragment extending from 272 to 2205 (am-
plified with primers BF1 and BBS3 [Fig. 6A]) produced a clear
shift when electrophoresed on a polyacrylamide gel following
incubation with equal volumes of protein lysate from either
BS184 or CJD1106 but not with CJD1104 (Fig. 7). This shift is
therefore dependent upon the presence of IHF and suggests
that IHF binds to a site upstream of the virB promoter. From

analysis of the DNA sequence in this region, the best match to
the IHF consensus sequence (one mismatch) was found at bp
2171 to 2183 with respect to the transcriptional start site, as
indicated in Fig. 6A. When an adjacent DNA fragment (112 to
2167), amplified with primers BBS2 and BF2, was incubated
with the same crude protein lysates, no DNA-protein interac-
tion was observed (Fig. 7) confirming the specificity of the
interaction between IHF and the DNA around nucleotides
2171 to 2183.

DNA fragments encompassing the icsB and ipgD promoters
identified above (Fig. 5) were similarly tested for interaction
with IHF in a mobility shift assay. A 228-bp stretch of DNA

FIG. 4. Input of IHF to the S. flexneri virulence regulon. Cultures of BS184 (wild-type) and CJD1104 (ihfA::Tn10) were grown at either 30 or 37°C, and RNA was
extracted at OD600 values of 0.6 and 1.2. (A) Northern blots of the virF, virB, icsB, ipgD, icsA, and hupA (control) transcripts as indicated. The relative levels of each
transcript are not comparable. (B) The bands in panel A were scanned densitometrically, and the data are expressed as a percentage of the most intense band for each
transcript. The experiment was repeated three times, and typical data are shown.
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closest to the icsB coding region was amplified with primers
icsPE and icsK, and the adjacent 244-bp fragment proximal to
ipgD was amplified with primers ipgPE and ipgK (details of
primer locations are given in Fig. 5C). Following incubation
of either of these fragments with protein lysates produced

from BS184, CJD1104 (ihf::Tn10), and CJD1106 (ihf::Tn10
and pBR322-ihfA), no significant IHF-specific interaction was
observed, suggesting that IHF either does not bind to or has
only a weak interaction with the structural gene promoters
(Fig. 7). This agrees with the above hypothesis that the ob-

FIG. 4—Continued.
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served effect of IHF on structural gene expression is due to its
input at the virB promoter.

It will be recalled that IHF is also required for maximum
expression of the virF and icsA genes. Two fragments in the
vicinity of the virF promoter were amplified, and an upstream
region extending from bp 131 to 2114 (primers NFnt and
FBS2 [Fig. 6B]) surprisingly showed no IHF-dependent mo-
bility shift (Fig. 7). Similarly, no binding of IHF could be de-
tected when sequences up to approximately bp 2200 were
included in the probe (data not shown). Instead IHF bound to
a 127-bp fragment spanning the promoter-proximal sequence
and start of the open reading frame (primers FPE and Fseq1
[Fig. 6B]). When this region was analyzed, a putative IHF
binding site was found (two mismatches with the consensus) at
bp 145 to 157. Furthermore, we observed strong binding of
IHF to a 260-bp fragment (primers GBS2 and GPE2 [Fig. 6C])
of icsA, which also spans the promoter-proximal sequences and
initial coding region (Fig. 7). As with virF, this region contains
a putative IHF binding site downstream of the transcriptional
start (bp 1109 to 1122) which matches the consensus exactly.
Additionally, a low-affinity interaction of IHF with a more
upstream fragment of icsA (primers GBS1 and GBS3 [Fig.
6C]) was also detected. Within this sequence, a putative IHF
binding site, harboring two mismatches with the consensus, was
located at bp 2205 to 2217. It should be pointed out, however,
that a shift of similar magnitude but reduced intensity could be
produced by the ihfA mutant lysate. As a positive control, each
mobility shift assay experiment included a DNA fragment con-
taining the IHF site II from the fim invertible element, which
controls phase variation of type 1 fimbriation in E. coli. Strong
IHF-dependent interaction with this fragment was observed
(Fig. 7), consistent with published data (8). A shift resulting in
a band of lower intensity at a different location on the gel was
seen reproducibly with the ihfA mutant lysate (Fig. 7). The
nature of this shift is unknown.

Interplay of IHF and H-NS in the regulation of virulence
genes. It is known that H-NS represses transcription of the
virF, virB, and icsA genes, and binding of H-NS to the bp 220
to 120 region of the virB promoter has been demonstrated in
vitro (51). H-NS often interacts with DNA close to the RNA
polymerase binding site, thus preventing contact by the poly-
merase, and this may also be the case at the virF and icsA
promoters. IHF can overcome such H-NS-mediated repression
of the bacteriophage Mu early promoter by interacting with
DNA adjacent to the RNA polymerase binding site (53). In an
attempt to establish whether a similar mechanism operates at
any of the promoters in the S. flexneri virulence gene cascade,

we investigated transcript levels in strains harboring wild-type
or mutant copies of IHF and H-NS.

Strains CJD1122 (hns::Tn10 hnrG::Apr) and CJD1123 (ihfA::
Tn10 hns::Tn10 hnrG::Apr) were constructed as described in
Materials and Methods (Table 1). The insertion in hnrG, which
encodes a response regulator (19), was used as a selectable
marker, and while strains harboring this mutation had a noti-
cably reduced growth rate, there was no significant effect on
virulence gene expression (Table 4) (43). Cultures of BS184
(wild type), CJD1104 (ihfA::Tn10), CJD1122, and CJD1123
were grown at either 30 or 37°C, and RNA was isolated at
OD600 values of 0.6 and 1.4. At this latter point in the growth
curve, transcription of both virF and icsA is beginning to de-
cline, and thus it is not possible to make accurate comparisons
of transcript levels in the various strains for these two genes.
Probing the RNA isolated from exponentially growing cultures
for a virF-specific transcript confirmed our observation that in
the ihfA mutant strain, CJD1104, transcription was reduced
twofold (Fig. 8). Furthermore, in agreement with published
results (10, 42), the level of transcription in the absence of hns
(strain CJD1122) at 30°C was increased compared to that in
BS184. However, when the two mutations were combined in
strain CJD1123, the effect of the ihf mutation was still seen
(Fig. 8). Therefore, IHF still plays a direct activating role even
in the absence of H-NS. A similar pattern was observed when
the same RNA samples were probed for an icsA-specific tran-
script. In contrast, virB was transcribed at similar levels in both
the hns mutant and ihf hns double-mutant strains in the sta-
tionary phase; this was greater than in the wild-type strain as a
result of the hns mutation. Therefore, the ihf mutation is epi-
static to hns in this case. As shown above, IHF has no effect on
virB transcription during the exponential phase. As a control,
the same RNA samples were probed for the hupA transcript:
no significant variation was observed (Fig. 8).

When the b-galactosidase activity of the mxiC::lacZ fusion
was assayed in cultures of the above strains grown to an OD600
of 1.2, the effect of the ihf mutation was again overcome when
hns was mutated (Table 4); this is consistent with the proposal
that IHF has no input downstream of virB.

DISCUSSION

The results presented here suggest a role for IHF in the
positive regulation of S. flexneri virulence genes. The introduc-
tion of an ihfA::Tn10 allele into strain BS184 resulted in a two-
to threefold reduction in the expression of a lacZ transcrip-
tional fusion to the structural gene mxiC. Moreover, this effect
was confined to stationary-phase cells; during logarithmic
growth, mxiC expression was only marginally reduced com-
pared to the wild type in the absence of IHF. An increase in
temperature is the primary inducing signal in S. flexneri, and
further confirmation of this growth phase-specific requirement
for IHF came from studying the kinetics of the thermal induc-
tion of mxiC. We found that following a shift from 30 to 37°C,
mxiC expression in cells lacking IHF was induced more slowly
than in the wild-type culture, particularly when the shift oc-
curred before the onset of the stationary phase. The virB gene,
whose product is required for expression of mxiC, was also
responsive to IHF only in the stationary phase. A similar pat-
tern was seen for two other VirB-dependent structural genes,
icsB and ipgD, the latter of which is cotranscribed with mxiC. In
contrast, the expression of virF, which is located one step
further up the regulatory cascade from virB and which encodes
the key regulator of the virulence regulon under study, was
dependent on IHF for maximum expression throughout the

TABLE 3. Effect of IHF on expression of the mxiC-lacZ fusion
in strains expressing the virF or virB regulatory

genes constitutively at 37°C

Straina Relevant details b-Galactosidase
activityb

BS184 Wild type 1,029.0 (29.0)
CJD1104 ihf 495.7 (10.7)
CJD1115 virF pMEP539 17.4 (0.66)
CJD1111 virF pMEP537 (virF1) 1,006.1 (10.4)
CJD1119 virF ihfA pMEP537 (virF1) 634.6 (30.6)
CJD1116 virB pMEP539 17.3 (0.5)
CJD1114 virB pMEP538 (virB1) 1,036.8 (0)
CJD1120 virB ihfA pMEP538 (virB1) 997.2 (16.2)

a See Table 1 for details of the strains.
b Values are given in Miller units. Standard deviations are shown in parentheses.
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growth phase, as was an unassociated VirF-regulated gene,
icsA.

The observation that an ihfA lesion results in only a two- to
threefold reduction in expression suggests a modulatory role
for IHF rather than an absolute requirement. These findings
are in agreement with published data on the role of IHF in

other systems. For example, expression of algD in Pseudomo-
nas aeruginosa (13, 34) and of the E. coli sodA and ilvPG
promoters (38, 39, 44) is regulated two- to fourfold by IHF. In
S. flexneri, expression of the structural genes required for in-
vasiveness is dependent upon IHF only in the stationary phase.
Since levels of IHF are known to increase by a factor of 5- to

FIG. 5. Mapping of the icsB and ipgD transcription start sites in BS184 (wild type). Start sites are indicated by arrows, and sequencing lanes generated using the
same primer and plasmid pMEP73 as a template are shown alongside. (A) icsB; (B) ipgD; (C) map of the icsB-ipgD intergenic region showing the start sites mapped
in panels A and B (angled arrows) and the potential 210 and 235 regions (underlined). The positions of primers used to map the transcription start sites and for gel
mobility shift assays (see the text) are indicated by arrows.
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10-fold on entry into the stationary phase (14), this suggests
that only when high levels of IHF are present in the bacterium
does it confer its effect. While this is true for the invasive
phenotype, we found that maximum expression of the VirF
protein requires IHF at all stages of growth. However, reduc-

tion in the levels of VirF in an ihfA mutant strain is transmitted
to the downstream genes only later in the growth phase, when
virF transcription has started to decline. Therefore, perhaps
VirF becomes limiting for the transcription of virB (and thus of
the downstream genes) only during the stationary phase. It is

FIG. 6. Map of the promoter regions for virB (A), virF (B), and icsA (C) and positions of putative IHF binding sites. For each promoter, the transcriptional start
site is indicated by an angled arrow (see the text for references), and possible 210 and 235 sequences are underlined. The locations of primers used in the mobility
shift assays are indicated by horizontal arrows. Sequences with the best match to the IHF consensus binding site within fragments which were retarded upon incubation
with protein extracts containing IHF are boxed.
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likely that IHF also has a direct input at the virB promoter,
although here its role is confined to the stationary phase. This
could be a direct result of the increase in IHF levels, or,
alternatively, it could be due a change in the requirements of
the virB promoter late in the growth phase. Several lines of
evidence support a role for DNA topology in the regulation of
virB—more specifically, a decrease in negative supercoiling
inhibits transcription (42, 51). Such changes in supercoiling
occur as the cell enters the stationary phase (15), and it is
possible that IHF induces structural changes in the promoter
DNA to counteract this effect. Further evidence for this hy-
pothesis comes from the observation that IHF appears to play
a role in the temporal activation of mxiC, particularly later in
the growth phase, when the DNA template is more relaxed. An
increase in temperature leads to enhanced negative supercoil-
ing; since this change may be more inefficient in the stationary
phase, IHF could play a more important role in the upregula-

tion of expression then. It is noteworthy that in the log phase,
IHF has a slight effect on mxiC transcription at 30°C only (Fig.
2) and that its effect is reduced at higher salt concentrations,
which result in increased negative supercoiling (data not
shown). In addition to activating the virB gene, the VirF pro-
tein is required for expression of icsA, an unassociated struc-
tural gene required for intercellular spreading. Like virF, icsA
is also modulated by IHF throughout the growth phase, and
therefore the phenotypic effect of IHF on virulence gene ex-
pression is not confined to the stationary phase.

The nucleoid-associated protein H-NS has been shown to
repress transcription from the virB promoter by contacting the
220 to 120 region; additionally, the VirF binding site has been
mapped from 217 to 2117 (51). Our genetic evidence from
the analysis of virB transcript levels in strains harboring wild-
type or mutant copies of ihfA or hns shows that activation by
IHF appears to be dependent upon H-NS-mediated repres-
sion; the ihfA mutation is epistatic to the hns mutation. Such a
role for IHF in overcoming repression by H-NS at the early
promoter of bacteriophage Mu has already been established
(53). In this example, IHF is also required for the direct acti-
vation of RNA polymerase and binds close to the start site. At
the virB promoter, however, IHF appears to bind upstream of
both the H-NS binding site and the region contacted by VirF.
The mechanism by which VirF activates this promoter has not
been established, but it is absolutely required for transcription.
It is conceivable that binding of IHF to the upstream site
results in a conformational change in the DNA, facilitating
contact by VirF to the downstream region in the presence of
H-NS. When H-NS is absent, VirF may be able to form com-
plexes at the virB promoter without assistance from IHF; in-
deed, overexpression of VirF can also overcome repression by
H-NS (10, 43). Why this mechanism is apparently confined to
the stationary phase is unclear, but it probably involves DNA
topology, as discussed above. Furthermore, the experiments
described here involving the constitutive expression of the virF
or virB genes from expression vectors confirm that the binding
of IHF to the virB promoter plays a direct transcriptional role
in vivo and that its effect on virulence gene expression is not
solely due to its action at virF.

Further work is required to elucidate the precise mecha-
nism(s) by which IHF modulates S. flexneri virulence gene
expression. By using gel mobility shift assays, we were able to
show that IHF appears to bind to the virF, virB, and icsA
promoters but not to those of the structural genes icsB and
ipgD. Thus, IHF has multiple input sites within the virulence
gene regulon. Detailed biochemical analysis is required to de-
fine the putative binding sites more accurately.

IHF has previously been found to activate virulence systems
in a variety of organisms. As well as the algD gene of P. aerugi-

FIG. 7. Retardation of fragments of the virB, icsB, and ipgD (upper panel)
and virF and icsA (lower panel) promoter regions with crude cell extracts from
BS184 (wild type; lanes 2), CJD1104 (ihfA::Tn10; lanes 3), or CJD1106 (ihfA::
Tn10 pBR322-ihfA; lanes 4). Lanes 1 contain unbound probe DNA. The PCR
primers used to amplify the fragments are indicated for each set of lanes; the
locations of the primers are given in Fig. 5 and 6. A fragment of E. coli fim DNA
containing IHF site II was similarly amplified by PCR and used as a positive
control (lower panel).

TABLE 4. Expression of the mxiC::lacZ fusion in strains harboring
wild-type or mutant copies of ihfA or hns after growth

at 30 or 37°C to an OD600 of 1.2

Straina Relevant details
b-Galactosidase activityb at:

30°C 37°C

BS184 Wild type 20.3 (0.64) 435.4 (16.7)
CJD1121 hnrG::Apr 25.21 (0.85) 399.0 (6.3)
CJD1104 ihfA::Tn10 8.3 (0.1) 218.2 (10.9)
CJD1122 hnrG::Apr hns::Tn10 93.51 (3.0) 590.2 (14.3)
CJD1123 ihfA::Tn10 hnrG::Apr hns::Tn10 71.93 (1.2) 585.4 (12.5)

a See Table 1 for details of the strains.
b Values are given in Miller units. Standard deviations are shown in parentheses.
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nosa, pilus production in Neisseria gonorrhoeae (25) and the
synthesis of type 1 fimbriae in E. coli (16) are regulated by IHF
in response to various environmental stimuli. For the S. flexneri
virulence genes, the primary inducing signal is a growth tem-
perature of 37°C, and our results show that IHF is important
for the upregulation of expression following an increase in

temperature, particularly in cells entering the stationary phase
of growth. The conditions of stationary phase in the laboratory
may be similar to those encountered by the organism during
infection in vivo, and the ihfA gene of Salmonella typhimurium
has been shown to be expressed in vivo during mouse infection
(31). Enteric bacteria encounter multiple stresses both inside

FIG. 8. Interplay of the ihfA mutation with an hns mutation. Cultures of BS184 (wild type), CJD1104 (ihfA::Tn10), CJD1122 (hns::Tn10), and CJD1123 (ihfA::Tn10
hns::Tn10) were grown at 30 or 37°C, and RNA was extracted at OD600 values of 0.6 and 1.4. (A) Northern blots of the virF and icsA transcripts from log-phase cultures
and of the virB and hupA (control) transcripts from log-phase and stationary-phase cultures as indicated. (B) The virF, icsA, virB, and hupA bands in panel A were
scanned densitometrically, and the data are expressed as a percentage of the most intense band for each transcript. The experiment was repeated three times, and typical
data are presented.
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and outside the human host, and since expression of the inva-
sion genes is required only when S. flexneri is inside the human
intestine, it is not surprising that the bacteria have evolved a
complex system to respond to a range of environmental inputs.
It is very likely that the interplay among DNA supercoiling,
H-NS, and IHF presumably contributes to the fine-tuning of
the virulence response to meet these varying conditions.
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