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Integration host factor (IHF) of Escherichia coli is a DNA-binding protein involved in gene expression and
other cellular functions in E. coli and some of its bacteriophages and plasmids. We report here that IHF is a
direct negative effector of the ompC operon of E. coli. IHF binds to ompC DNA and protects a region of 35 base
pairs located upstream from the ompC promoters. The addition of IHF to a purified in vitro transcription
system inhibited transcription from two of the three ompC promoters. In vivo experiments suggest that the in
vitro results are physiologically relevant. IHF mutants show increased expression of OmpC. In addition, the
OmpC- phenotype of certain strains is completely suppressed by a mutation in IHF.

Integration host factor (IHF) of Escherichia coli is a
multifunctional DNA-binding protein (3) that is a direct
participant in certain site-specific recombination events and
other processes in E. coli and some of its bacteriophages and
plasmids (reviewed in references 5 and 11). This histonelike
protein (5) has also been implicated in the expression of
some E. coli (4, 9, 12, 27, 44) and phage (15, 22, 23, 26)
genes. IHF alters gene expression in a number of ways, but
its exact mechanism of action in these events is unknown
(11). IHF binding can change DNA structure (reviewed in
reference 11), and this property has been suggested to be
central to its pleiotropic activities (5, 35, 40).
We have recently shown that IHF binds to multiple sites in

the ompB promoter and blocks transcription (P. Tsui, L.
Huang, R. Brissette, K. Tsung, M. Inouye, and M. Freund-
lich, submitted for publication). The protein products of the
ompB operon, OmpR and EnvZ, are required for the expres-
sion and osmoregulation of the major outer membrane
proteins OmpF and OmpC (16, 17). OmpR and EnvZ are
members of a family of bacterial signal transduction proteins
(36). OmpR is a DNA-binding protein that regulates ompF
and ompC transcription (31, 32, 45). EnvZ is thought to act
as an osmosensor and to affect ompF and ompC by phos-
phorylating (1, 6, 19) and dephosphorylating (20) OmpR.
Two observations suggest that the effects of IHF on ompB
are physiologically significant. One, IHF mutants have in-
creased expression of ompB (Tsui et al., submitted), and
two, IHF mutants have altered osmoregulation and in-
creased expression of OmpF (44).

In the present study, we continued our investigation of the
role of IHF in the omp system by examining the effects of
this protein on ompC expression. We found that IHF is a
negative effector of ompC. An IHF mutation completely
suppresses the OmpC- phenotype of certain ompR and envZ
mutants. In addition, in vitro experiments show that IHF
strongly binds upstream from the ompC promoter region and
inhibits transcription from two of the three ompC promoters.
These data suggest that IHF exerts negative control of ompC
expression in two ways-directly, by binding upstream from
the ompC promoter region, and indirectly, by influencing the
expression of OmpR and EnvZ.

* Corresponding author.

MATERIALS AND METHODS
Bacteria and plasmids. The E. coli strains and the plasmid

used in this work are described in Table 1.
Growth of bacteria and enzyme assays. The bacteria were

grown as described previously (44) in 0.8% nutrient broth
(Difco Laboratories, Detroit, Mich.) supplemented with
sucrose as noted in the text. P-Galactosidase activity was
determined as described by Miller (28) on cells removed
during mid-exponential growth.

Preparation of outer membrane proteins. Cells in mid-
exponential growth were centrifuged at 10,000 x g and
suspended in 4 ml of sodium phosphate (10 mM, pH 7.0).
The outer membranes were prepared as described by Rama-
krishnan et al. (34) and analyzed by 8 M urea-sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (30).

Gel retardation assays. Gel retardation assays were done
essentially as described previously (43). Approximately 0.1
pmol of an end-labeled HpaI-BamHI (-406 to +108) frag-
ment was incubated with IHF at 22°C for 30 min in the
following buffer: 50 mM Tris hydrochloride (pH 6.5)-70 mM
KCl-1 mM EDTA-7 mM MgCl2-2 mM CaCl2-5% (vol/vol)
glycerol-1 mM ,-mercaptoethanol. Poly(dI - dC) (Promega
Biotec, Madison, Wis.) at 9 ,g/ml was added to inhibit
nonspecific binding of IHF to the DNA. The mixture was
loaded onto a 6.8% polyacrylamide gel prepared in a buffer
containing 6.7 mM Tris hydrochloride (pH 8.0), 3.3 mM
sodium acetate, and 1 mM EDTA.
DNase I footprinting. Approximately 0.1 pmol of an HpaI-

BamHI (-406 to + 108) fragment was incubated with IHF at
22°C in the same buffer used in the gel retardation experi-
ments. After 30 min, 2.5 ng ofDNase I per ml was added and
the incubation continued for 2 min. The reaction was termi-
nated by adding 150 ,ul of stop solution (1.5 ammonium
acetate, 37.5 mM EDTA, 50 pug of yeast tRNA per ml). The
reaction products were isolated and analyzed by polyacryl-
amide gel electrophoresis as described previously (8).

In vitro transcription. The reaction mixture (25 ,ul) con-
tained 80 mM Tris acetate (pH 7.9), 400 mM KCI, 0.4 mM
EDTA, 0.4 mM dithiothreitol, 250 ,uM each ATP, GTP, and
CTP, 25 ,uM UTP, [a-32P]UTP (3,000 Ci/mmol), 0.1 pmol of
an HpaI-BamHI (-406 to +108) fragment, and 1 U of RNA
polymerase. After preincubation for 10 min at 37°C, the
reaction was started by adding 4 mM magnesium acetate and
rifampin (10 ,ug/ml). The reaction was terminated by adding
proteinase K (20 ,ug/ml) and heating at 65°C for 20 min.
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TABLE 1. Bacterial strains and plasmids

Strain or Relevant genotype Source

plasmid
MC4100 Wild type T. Silhavy
MF2763 MC4100 AhimA82 This study
MH760 MC4100 ompR472 T. Silhavy
MF2761 MH760 AhimA82 This study
MH1160 MC4100 ompR101 T. Silhavy
MF2765 MH1160 AhimA82 This study
CS12 MC4100 CF(ompC-1acZ+) envZ M. Inouye
MF2767 CS12 AhimA82 This study
JA221 recAl M. Inouye
MF5001 JA221(pKI0041-C) This study
pKI0041-C pBR322 containing an ompC M. Inouye

HpaI-BamHI fragment

When used, IHF was preincubated in the reaction mixture
for 20 min before RNA polymerase was added. The termi-
nated reaction mixtures were loaded directly onto 8% poly-
acrylamide gels containing 7 M urea and fractionated by
electrophoresis.

Materials. Restriction enzymes and DNA polymerase I
(Klenow fragment) were obtained from New England Bio-
Labs, Inc. (Beverly, Mass.). DNase I and urea were pur-

chased from Bethesda Research Laboratories, Inc. (Gaith-
ersburg, Md.). RNA polymerase was obtained from U.S.
Biochemical Corp. (Cleveland, Ohio). Proteinase K was

purchased from 5 Prime-3 Prime Inc. Radioactive chemicals
were purchased from ICN Radiochemicals. Most other
chemicals were obtained from Sigma Chemical Co. (St.
Louis, Mo.).

RESULTS
IHF mutation suppresses the OmpC- phenotype in an ompR

and in an envZ mutant. We have found that ompB is
negatively regulated by IHF (Tsui et al., submitted) and that
IHF mutants have increased levels and altered osmoregula-
tion of OmpF (44). However, only small changes in OmpC
expression were found in IHF mutants (44). This was

surprising since the levels of OmpF and OmpC are usually
controlled in tandem by the products of the ompB operon

(16, 17) and by numerous other regulatory factors (21, 37).
To investigate this in more detail, we examined the effect of
an IHF mutation on OmpC expression in a number of
mutants in the ompB operon that are phenotypically OmpF+
OmpC-. The strains used in these studies are described in
Table 1. MH760 contains an ompR2 mutation which results
in the complete loss of OmpC expression without a concom-

itant reduction in the levels ofOmpF (16). We transduced an

IHF mutation into this strain, and outer membranes were

prepared and analyzed after growth of the cells in nutrient
broth with or without 20% sucrose. The data in Fig. 1 show
that the introduction of the IHF mutation into MH760
strongly suppressed the OmpC- phenotype of this strain.
The levels of OmpC detected in the IHF mutant were

comparable to those found in the wild type (Fig. 1). In
addition, these levels increased when the cells were grown

with added 10% sucrose, suggesting that the IHF mutation
also allows for normal osmoregulation of OmpC. It is also
apparent that osmoregulation of OmpF, which is lacking in
MF760 (Fig. 1, lanes 5 and 6), is at least partially restored by
the IHF mutation (Fig. 1, lanes 7 and 8).
The involvement of IHF in OmpC expression was further

examined by using a mutant that has a cold-sensitive defect

1 2 3 4 5 6 7 8
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FIG. 1. Effect of an IHF mutation on OmpC expression in the
ompR2 mutant MH760. Strains M4100 (lanes 1 and 2), MF2763
(lanes 3 and 4), MH760 (lanes 5 and 6), and MF2761 (lanes 7 and 8)
were grown in nutrient broth (lanes 1, 3, 5, and 7) or nutrient broth
supplemented with 10% sucrose (lanes 2, 4, 6, and 8). C, F, A,
Positions of OmpC, -F, and -A, respectively.

in EnvZ. This strain does not produce OmpC when it is
grown in nutrient broth at 23°C. However, OmpC expression
is close to normal if the mutant is grown at 37 or 23°C in
media of high osmolarity (7). In our studies, we used strain
CS12, which has the cold-sensitive defect in EnvZ and a
chromosomal fusion between lacZ and the ompC promoter.
We transduced an IHF mutation into this strain, and exam-
ined ompC expression by measuring p-galactosidase activity
in cells grown under various conditions. The data in Table 2
show a complete absence of P-galactosidase activity in CS12
grown in nutrient broth at 23°C. In contrast, the introduction
of an IHF mutation into this strain allowed considerable
P-galactosidase activity under these conditions. In addition,
P-galactosidase activity under all conditions was signifi-
cantly higher in the IHF mutant. This ranged from 5.5-fold in
cells grown in nutrient broth at 37°C to 3.1- to 4.8-fold when
the cultures were grown at either temperature in nutrient
broth supplemented with 10% sucrose.
IHF binds to ompC promoter region. The results presented

above suggest that IHF negatively affects the expression of
OmpC. The data, however, do not distinguish between a
direct or indirect effect of IHF on this gene. To examine
whether IHF directly participates in ompC expression, we
investigated possible in vitro interactions of IHF with the
ompC promoter region by the gel retardation technique (10,
13). The results in Fig. 2 show strong binding of IHF to an

TABLE 2. Effect of IHF mutation on ompC expression in CS12'

Strain Growth temp (°C) Sucrose (%) ,3-Galactosidaseactivity'

CS12 37 0 1,219
37 10 1,707
23 0 0
23 10 1,113

MF2767 37 0 6,784
37 10 8,141
23 0 586
23 10 3,420

a Cells were grown in nutrient broth with or without 10%o sucrose. The data
are the average of three separate experiments.

b P-Galactosidase activity is shown in Miller units (28).
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FIG. 2. Analysis of IHF binding by gel retardation. Approxi-
mately 0.1 pmol of an end-labeled HpaI-BamHI fragment (see Fig.
4) was incubated with IHF and the DNA and DNA-protein com-
plexes were separated on a polyacrylamide gel as described in
Materials and Methods. In lane 6, unlabeled fragment was added to
the binding assay as competitor.

ompC promoter fragment. A single retarded DNA-protein
complex was progressively formed as the concentration of
IHF was increased from 10 to 80 nM.

Localization of IHF binding in ompC promoter region. The
DNA fragment used for gel retardation was end labeled and
used in DNase I footprinting experiments to further analyze
the binding of IHF to the ompC promoter region. The data in
Fig. 3 show a strongly protected area from -158 to -193
which is upstream from the ompC promoter region. This site
contains a sequence (Fig. 4) identical to the 13-base-pair (bp)
IHF DNA-binding consensus sequence found in known
IHF-binding sites (3, 24). Approximately 6 nM IHF was
required for 50% protection against DNase I digestion.
IHF inhibits transcription from two ompC promoters. The

in vitro binding data, taken together with the results showing
increased OmpC expression in IHF mutants, suggest that
IHF directly blocks ompC transcription. We examined this
possibility by adding IHF to an in vitro transcription reaction
with a DNA fragment containing the ompC promoter region.
The transcription pattern from this fragment is shown in Fig.
5. Estimation of the size of these RNAs suggests they are the
transcripts previously reported to be produced in vitro by
the three ompC promoters (32). The addition of IHF to the
reaction mixture inhibited two of these promoters, P1 and
P3. Transcription from the third promoter, P2, was slightly
increased by IHF (Fig. 5). The amount of IHF required for
50% inhibition of transcription from P1 (80 nM) and P3 (40
nM) was higher than that needed for 50% binding (6 nM).
This difference has been observed previously in other sys-
tems (22, 23) and may be due to differences in the assay
conditions used in transcription compared with those used in
the binding studies. Alternatively, high concentrations of
IHF may be necessary for saturation of a low-affinity IHF-
binding site that is required for inhibition. However, we have
failed to identify any additional IHF-binding sites using
concentrations of IHF as high as 160 nM (L. Huang and M.
Freundlich, unpublished data).

DISCUSSION
The data in this report clearly show that IHF is a negative

effector of ompC expression. We have reported previously
that IHF negatively regulates ompF (44) and ompB (Tsui et
al., submitted), two additional operons involved in the

IHFI(nM) 0 5 7.5 10 15 20
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FIG. 3. DNase I footprinting of IHF in the ompC promoter-
regulatory region. The sequence is numbered as shown in Fig. 4.
The extent of protection by IHF is indicated by the brackets. The
DNA fragment used was the same as in Fig. 2. Lane A+G shows the
products of an A+G sequencing reaction of the fragment.

expression of the E. coli major outer membrane proteins (16,
17). The products of the ompB operon, OmpR and EnvZ, are
necessary for the osmoregulation and expression of ompF
and ompC (16, 17). Therefore, the negative effects of IHF on
ompF and ompC could be due to the inhibitory action of IHF
on ompB. This could explain the suppression of the OmpC
phenotype in CS12 by the IHF mutation since it is known
that the OmpC defect in envZ mutants can be suppressed by
increased OmpR expression (14, 38). However, it is unlikely
that suppression of the OmpC- phenotype in MH760 can be
explained by this mechanism. This strain produces an al-
tered OmpR protein that is unable to bind to the ompC
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-406 -240
* * * 0

HpaI .....TTAATGATGATAGCGGGAGTTATTCTAGTTGCGAGTGAAGGTTTTGTTTTGACATTAATTACTACTATCGCCCTCAATAAGATCAACGCTCACTTCCAAAACAAAACTGTAA

-200 -160

CAGTGCTGTCAAATA GAATAAGTTATTGATTTTAACCTTGAATTATTAiGCTTGATGTT
GTCACGACAGTTTATG CTTATTCAATAACTAAAATTGGAACTTAATAATACGAACTACAA

-120

AGGTGCTTATTTCGCCATTCCGCAATAATCTTAAAAAGTTCCCTTGCATTTACATTTTGAAACAT
TCCACGAATAAAGCGGTAAGGCGTTATTAGAATTTTTCAAGGGAACGTAAACGTAAAACTTTGTA

-80 3 -40 2
* * v-. * --0-

CTATAGCGATAAATGAAACATCTTAAAAGTTTTAGTATCATATTCGTGTTGGATTATTCTGCATT
GATATCGCTATTTACTTTGTAGAATTTTCAAAATCATAGTATAAGCACAACCTAATAAGACGTAA

1 +20 +108

TTTGGGGAGAATGGACTTGCCGACTGATTAATGAGGGTTAATCAGTATGCAGTGGC
AAACCCCTCTTACCTGAACGGCTGACTAATTACTCCCAATTAGTCATACGTCACCG BamHI

FIG. 4. DNA sequence of ompC promoter-regulatory region. The sequence is taken from Norioka et al. (32). The solid triangle at +1
indicates the start of transcription from promoter P1 as determined in vivo (32). Solid triangles 2 and 3 are the estimated start sites from
promoters P2 and P3, respectively (32). The open triangles represent the start sites for the divergently transcribed 6S and 4.5S micF RNAs
(2). The extent of protection by IHF is shown by brackets, and the IHF consensus sequence is underlined. The 514-bp HpaI-BamHI fragment
was used in the in vitro experiments.

12 3 4 5 6 7 8
promoter in vitro or in vivo (7, 31, 45). In addition, it has
been shown that MH760 remains OmpC- even in the pres-
ence of increased amounts of the altered OmpR protein (25,
33). Perhaps high expression of ompB in IHF mutants leads
to changed levels of EnvZ in relation to OmpR. EnvZ can
phosphorylate (1, 6, 19) and dephosphorylate (20) OmpR,
which alters the DNA-binding properties of OmpR (19, 20).
It has been suggested that the correct ratio of these two
proteins is important for the normal activity of OmpR (14),
and it has recently been found that quantitative and qualita-
tive differences in EnvZ can suppress the OmpC- phenotype
in MH760 (39). In addition, in vivo footprinting experiments
suggest that the introduction of an IHF mutation into MH760
allows binding of the altered OmpR protein to the OmpR

.--*-p3 sites in the ompC promoter region (K. Tsung and M. Inouye,
personal communication). Thus, different levels of EnvZ in
IHF mutants could lead to changes in the binding properties
of OmpR in MH760. Alternatively, these results may reflect

P:_3i2 a direct interaction between IHF and ompC. Our results
show strong binding of IHF to a site centered approximately
80 bp upstream from the first of the three ompC promoters.
In addition, transcription from two of these promoters is
inhibited by IHF. These results are consistent with the

*~ -4--p1_________________________________p
FIG. 5. Effect of IHF on in vitro transcription. Transcription was

done with the HpaI-BamHI fragment (Fig. 4) as a template. There
was little or no difference in the pattern of inhibition if IHF was
added before or after the addition of RNA polymerase (L. Huang
and M. Freundlich, unpublished data). Arrows P1, P2, and P3
indicate the transcripts from promoters P1, P2, and P3, respectively.
Lanes: 1, 0 nM IHF; 2, 20 nM IHF; 3, 40 nM IHF; 4, 60 nM IHF;
5, 80 nM IHF; 6, 100 nM IHF; 7, 120 nM IHF; 8, 140 nM IHF. We
do not know the origin of the high-molecular-weight band seen near
the top of the gel.
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positive effects on ompC expression found in IHF mutants.
IHF may also influence the properties of other DNA-binding
proteins, such as OmpR, that alter ompC expression. In this
regard, there are four OmpR-binding sites that overlap the
three ompC promoters (45). Thus, IHF may interact at many
levels to negatively regulate the expression of ompC. Mul-
tilevel control by IHF of A (26) and Mu (22) development has
been previously reported.
IHF has been shown to have a direct positive or negative

role in the expression of a number of genes in E. coli, X, and
Mu (reviewed in references 5 and 11). In some of the cases
in which IHF inhibits gene expression, IHF binds to a site in
the promoter that overlaps the -10 and/or -35 region (15,
23, 42; Tsui et al., submitted). Thus, in these systems, IHF
may influence transcription directly by contacting RNA
polymerase or altering promoter DNA conformation. How-
ever, in ompC the IHF-binding site is 50 to 120 bp upstream
from the promoters (P1 and P3) that are inhibited by this
protein. It is therefore not apparent how IHF alters promoter
function in this system. IHF inhibits the PcM promoter in
Mu when it is bound to a site 80 bp downstream from the
start of transcription (22). Action at a distance by IHF has
also been suggested for the positive role of this protein in
ilvBN transcription in E. coli (P. Tsui and M. Freundlich,
unpublished data), DNA replication in pSC101 (40), and Mu
transposition (41). How IHF acts to influence these events is
not known, but it has been suggested that the ability of IHF
to bend the DNA to which it binds is essential to its mode of
action in these systems (18, 35, 40, 41). Perhaps a change in
DNA conformation when IHF binds in ompC results in
alterations in DNA structure that lead to a reduction in P1
and P3 promoter function.

Finally, the IHF-binding site described in this report is not
only close to the ompC promoter region but is also in close
proximity to the micF promoter region (2). micF RNA is
involved in the process of osmoregulation (29), and the micF
gene is known to be coordinately regulated with ompC (32).
Therefore, this "ompC' IHF site may participate in the
tandem control of these two genes.
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