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ABSTRACT The two-component regulatory proteins
OmpR and EnvZ of Escherichia coli K-12 regulate expression
of the major outer membrane porin protein, OmpF. OmpR is
a DNA-binding protein that is involved in both the positive and
negative control of ompF transcription. EnvZ is a histidine
kinase that phosphorylates OmpR in response to environ-
mental signals. We used DNA migration retardation analysis
to examine the interactions of OmpR and the phosphorylated
form of OmpR (OmpR-P) with the regulatory region imme-
diately upstream of the ompF promoter. Our results indicate
that the binding of OmpR to this regulatory region is coop-
erative and that phosphorylation significantly stimulates
these cooperative interactions. Moreover, although phosphor-
ylation increases the intrinsic binding of OmpR to a single
OmpR-binding site, the primary role of phosphorylation in
ompF regulation is to facilitate cooperative interactions be-
tween OmpR molecules bound at adjacent sites. Based on
these results, we propose a model to explain how the phos-
phorylation of OmpR could stimulate the occupancy of spe-
cific sites in the ompF regulatory region, thereby resulting in
the activation or repression of ompF transcription under the
appropriate environmental conditions.

Expression of themajor outer membrane porin proteins OmpF
and OmpC of Escherichia coli K-12 is regulated in response to
a wide variety of environmental signals (reviewed in refs. 1–3).
The most extensively studied of these signals is the osmolarity
of the growth medium. At low osmolarity, the OmpF porin is
preferentially expressed and only low levels of the OmpC porin
are found. Conversely, at high osmolarity, OmpC is preferen-
tially expressed and only low levels of OmpF are found. This
f luctuation in porin expression is controlled at the transcrip-
tional level by the two-component regulatory system, EnvZ
and OmpR. EnvZ is a membrane-bound histidine kinase that
modulates the activity of the DNA-binding protein OmpR via
phosphorylation (refs. 2 and 3 and references therein). The
phosphorylated form of OmpR (OmpR-P), which is the active
form of the protein, is a transcriptional activator at the ompC
promoter and can function as either an activator or a repressor
at the ompF promoter (4).
According to the current model (3), at low osmolarity the

cellular concentration of OmpR-P is low. This level is sufficient
for OmpR-P to interact with the sites in the ompF regulatory
region that are responsible for activating ompF transcription.
At high osmolarity, the cellular concentration of OmpR-P is
much greater. As a result of this increase, OmpR-P is now
capable of occupying the sites in the ompC regulatory region
responsible for activating ompC transcription, and the sites at

ompF responsible for repressing ompF transcription. Thus, this
model predicts that the regulation of ompF and ompC is a
direct consequence of the level of OmpR-P in the cell and is
dependent on the way in which OmpR-P interacts with sites in
the ompF and ompC regulatory regions.
A number of studies have addressed the basic predictions of

this model (see refs. 3 and 5–8 and references therein). The
results of these studies have been taken as support for the
cooperative nature of OmpR binding, the sequential occu-
pancy of the multiple sites by OmpR in the ompF regulatory
region, and the stimulatory role of phosphorylation in OmpR
binding. However, these earlier studies were limited in one of
two ways. Either they did not systematically compare OmpR
binding in the presence and absence of kinase or they did not
clearly separate the effects of phosphorylation on intrinsic
binding vs. cooperative binding of OmpR to the DNA. In this
paper, we examine how phosphorylation influences the ability
of OmpR to bind to the OmpR-binding sites in the ompF
regulatory region. Our results indicate that phosphorylation
has little effect on the intrinsic binding of OmpR to the single
site F1 and that the primary effect of phosphorylation at ompF
is to stimulate cooperative interactions between OmpR mol-
ecules bound at adjacent sites. The fact that phosphorylation
stimulates cooperativity leads us to propose a model to explain
why phosphorylation is required for OmpR function in vivo.

MATERIALS AND METHODS
DNA Fragments Used in the DNA Migration Retardation

Assays. The sequences of the nontemplate strands of the DNA
fragments used in this study are presented in Fig. 1B. Each
DNA fragment has been assigned a descriptive name that lists
the OmpR-binding sites present on the fragment and a refer-
ence name, which is given in parentheses. F1 (IKH20) carries
the single OmpR-binding site F1 and contains ompF sequence
from 299 to 276. F1-F2 (IKH21) carries both the F1 and the
F2 sites and contains ompF sequence from299 to256. F1-F1
(IKH22) contains a tandem duplication of the F1 site. To
construct F1-F1, the nucleotide sequence between 279 and
256 was replaced with the nucleotide sequence between 299
and 276. As a result, the phasing between the regions of
contact between OmpR and the DNA in the two F1 sites is the
same as the phasing observed between the F1 and F2 sites in
the ompF regulatory region.
Each of these three DNA fragments was generated by first

chemically synthesizing two single strands of DNA (MilliGeny
Biosearch, Millipore). The single-stranded oligonucleotides
were purified using a denaturing polyacrylamide gel, mixed,
and allowed to anneal. The resulting double-stranded oligo-
nucleotides were then labeled with [a-32P]dATP (specific
activity 5 3,000 Ciymmol; 1 Ci 5 37 GBq) using the Klenow
fragment of DNA polymerase I.The publication costs of this article were defrayed in part by page charge
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accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright q 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424y97y942828-5$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: OmpR-P, phosphorylated form of OmpR; MBP, mal-
tose binding protein.
†To whom reprint requests should be addressed. e-mail: mmigo@
ucdavis.edu.

2828



For the experiments shown in Fig. 4, the DNA fragments
F1-F2-F3 (IKH23) and F1-F2*-F3 (IKH24) were generated by
PCR from the plasmid pKJH6 (6). The DNA fragment F1-
F2-F3 contains the wild-type sequence from 299 to 235. The
DNA fragment F1-F2*-F3 is identical to F1-F2-F3, except for
a G-to-A substitution at position 270 in the F2 site. The
PCR-generatedDNA fragments were labeled with [g-32P]ATP
(spec. act. 5 6,000 Ciymmol) using T4 polynucleotide kinase
and then purified using a 6% nondenaturing polyacrylamide
gel.
Purification of Proteins and DNA Migration Retardation

Analysis. The DNA migration retardation assays were per-
formed as described (6) using the proteins andDNA fragments
indicated in the figure legends. Wild-type OmpR and maltose
binding protein (MBP)-EnvZ fusion protein were overex-
pressed and purified as described (6). The OmpR D55Q
mutant protein was overexpressed using plasmid pLAN202
(unpublished results) and then purified using the protocol
outlined previously for wild-type OmpR (6).
Estimation of Cooperativity of Binding. The degree of

cooperativity exhibited by OmpR was estimated from data
obtained by DNA migration retardation analysis using the
DNA fragment F1-F1. The OmpRyDNA complexes were
resolved and the amount of free DNA and bound DNA in the
different complexes was determined using a Fuji Bas1000
phosphorImager. The fraction of DNA in the different com-
plexes was then calculated by using the MACBAS2.0 software
(Fujix Bas system) under the PROFILE MEASUREMENT mode.
These data were used to calculate the degree of cooperativity
of binding of OmpR using equations derived by Hudson and
Fried (9) and by Tsai et al. (10). This method was chosen for
two reasons. First, these equations made it possible to deter-
mine the degree of cooperative binding between OmpR
molecules using calculations that are independent of the
concentration of the OmpR protein and its affinity for its
binding site. Second, this method was successfully used to
estimate the degree of cooperativity exhibited by another
response regulator protein NtrC (11).
The equation used to calculate the cooperativity factor

(KdIyKdII) pertains to the special case in which the two binding
sites on the DNA fragment are equivalent. This formula is a
simplification of the Hudson–Fried equation (9), which was
previously described by Tsai et al. (10).

KdIyKdII 5 [(1yfractional maximum of I) 2 1]2 , [1]

where KdI is the apparent dissociation constant for binding of
two OmpR molecules to one site on the DNA fragment, KdII
is the apparent dissociation constant for the binding of two

additional OmpR molecules at the adjacent site, and the
fractional maximum of I refers to the maximum fraction of the
intermediate species I, which is the species with only one of the
two sites occupied. Therefore, to use this equation, we will
assume that the two F1 sites are equivalent and that occupancy
of either site results in the formation of complex II with equal
efficiency.

RESULTS
In this paper, we examined how phosphorylation influences
the ability of OmpR to bind to the individual sites in the ompF
regulatory region (Fig. 1A). A major difference between this
study and earlier studies of the ompF regulatory region (7, 8,
12, 13) concerns the definition of the OmpR binding sites used
to design the DNA fragments employed in the DNAmigration
retardation assays. Previously, we used dimethyl sulfate and
hydroxyl radical footprinting analyses to define the regions of
contact between OmpR and the DNA (6). These studies
indicated that each individual OmpR binding site spans'18 bp
and contains two half-sites oriented as asymmetric direct
repeats. Analysis of the individual sites at ompF also estab-
lished that only the F1 site is capable of forming a stable
OmpRyDNA complex as an isolated site (6–8, 12) and that
two OmpR molecules are required for stable binding to this
site (6). Therefore, although OmpR exists in solution as a
monomer under most conditions that have been examined (5,
14, 15), OmpR is unable to form stable proteinyDNA com-
plexes as a monomer. Using this information as a foundation,
we designed a series of DNA fragments to examine how
phosphorylation influences the interaction of OmpR with the
sites in the ompF regulatory region. These DNA fragments
(Fig. 1B) take into account the contact information obtained
from our DNA footprinting experiments (6). That the DNA
fragments used in this study have different endpoints when
compared with the DNA fragments used in earlier studies
seems the simplest explanation for any disagreement between
our results and those obtained by others (7, 8, 12, 13).
Effects of OmpR Phosphorylation on Binding to a Single

OmpR-Binding Site vs. Two Adjacent Sites. To obtain a more
detailed understanding of how OmpR and OmpR-P interact
with the ompF regulatory region, we performed a series of
DNA migration retardation assays using DNA fragments
containing different portions of the ompF regulatory region
(see Materials and Methods; Fig. 1B). We first examined the
interaction of OmpR with the single OmpR-binding site F1. In
this analysis, the DNA fragment containing the F1 site was
labeled and incubated with different concentrations of OmpR
in the presence or absence of a fusion protein kinase, MBP-
EnvZ. The addition of the kinase to the reaction results in the
phosphorylation of the OmpR protein (data not shown). As
shown in Fig. 2A, the DNA fragment containing the F1 site is
capable of forming stable OmpRyDNA complexes in both the
absence and the presence of the kinase. The presence of the
kinase results in a slight stimulation of stable complex forma-
tion, approximately 2- to 3-fold under these particular exper-
imental conditions. We also noticed that there is increased
smearing in the presence of the kinase, which is indicative of
unstable complex formation. Experiments to determine the
exact nature of these complexes are in progress.
Phosphorylation had a much greater impact on the binding

of OmpR to the DNA fragment containing the two adjacent
OmpR-binding sites F1 and F2. As shown in Fig. 2B, in the
absence of the kinase, two stable OmpRyDNA complexes
were observed. Based on their mobility, complex I corresponds
to a DNA fragment with one site occupied, whereas complex
II corresponds to a DNA fragment with two sites occupied.
The predominant complex in the absence of kinase is complex
I. However, in the presence of kinase, most of the DNA is
associated with complex II. Complex II also forms at much
lower OmpR concentrations (compare Fig. 2B, complex II,

FIG. 1. The ompF regulatory region. (A) The locations of the two
separate OmpR binding regions upstream of the start point of ompF
transcription (arrow marked 11) and the locations of individual
OmpR binding sites (F1, F2, F3, F4) within these regions are indicated.
(B) The sequences of the nontemplate strands for the five double-
stranded oligonucleotides used in the DNA migration retardation
assays are indicated. The DNA fragments consist of two parts: DNA
sequences from the ompF regulatory region (uppercase) and flanking
sequences that are not present at ompF (lowercase). The underlined
bases indicate the positions of the half-sites in the individual sites (6).
The asterisk indicates the position of the G-to-A substitution in the
mutant F2 site.
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lane 2 in the absence and presence of kinase). Based on these
results, we conclude that the addition of kinase to the reaction
greatly stimulates the binding of OmpR toDNA containing the
two adjacent sites F1 and F2.
To confirm that this stimulation is due to phosphorylation

of OmpR, we repeated the above experiments using a mutant
form of OmpR, OmpR D55Q. This mutation changes the
amino acid at position 55, the site of OmpR phosphorylation,
from an aspartic acid residue to glutamine (16, 17). Biochem-
ical characterization of this mutant indicates that this alter-
ation of the phosphorylation site prevents the phosphorylation
of OmpR by the EnvZ kinase. As expected, the stimulatory
effect of the kinase on OmpR binding is not observed with this
mutant form of OmpR (data not shown). It was also possible
to eliminate the stimulation by performing the experiment
using wild-type OmpR and the MBP-EnvZ kinase, but in the
absence of ATP (data not shown). These experiments support
the hypothesis that the stimulatory effect of the EnvZ kinase
is due to its ability to phosphorylate OmpR.
Phosphorylation Stimulates Cooperative Interactions Be-

tween OmpR Molecules Bound at Neighboring Sites. The
DNA fragments used in the above experiments (Fig. 2B)
contained two OmpR binding sites, the F1 site and the F2 site.
Since the F2 site is not capable of independently binding
OmpR even in the presence of the kinase, these experiments
also suggest that cooperative interactions play an important
role in the binding of OmpR to these sites and that phosphor-
ylation stimulates this cooperativity. To examine cooperative
binding more quantitatively, we generated the double-
stranded oligonucleotide IKH22, which contains two F1 sites
(see Fig. 1B). The F1 sites on this DNA fragment are oriented
as direct repeats and are precisely spaced to maintain the
normal phasing of the OmpRyDNA contacts found in the
ompF regulatory region. Therefore, both sites on the DNA
fragment are capable of independent OmpR binding and
should have the same affinity for OmpR.
This DNA fragment (termed the F1-F1 fragment) was then

used to analyze the degree of cooperativity exhibited by OmpR
and by OmpR-P. In this experiment, DNA migration retar-

dation assays were performed and the amount of free DNA
and bound DNA in the different complexes was determined
using a phosphorImager, as described in Materials and Meth-
ods. In Fig. 3A, the fraction of free DNA was measured and
then used to calculate the total fraction of bound DNA.
Therefore, this fraction takes into account both the stable and
unstable OmpRyDNA complexes present in the reaction. The
total fraction of bound DNA was then plotted as a function of
OmpR concentration. Fig. 3A shows the results from two
experiments, one performed using OmpR alone and the other
performed using both OmpR and MBP-EnvZ. One feature of
the resulting graphs is that the OmpR binding to the F1-F1
fragment shows a classical sigmoidal titration curve, indicative
of a cooperative binding reaction. The sigmoidal nature of the
curve is particularly apparent in the presence of the kinase.
This calculation may be an underestimate of the degree of
cooperativity. If only stable OmpRyDNA complexes were
used in this analysis, the sigmoidal nature of the curve was even
more pronounced (data not shown). Based on these results, we
conclude that the binding of OmpR to the ompF regulatory
region is highly cooperative and that the role of OmpR

FIG. 2. Comparison of OmpR binding to a single site vs. two
adjacent sites. (A) Binding of OmpR to the single site F1. Approxi-
mately 0.23 nM of the labeled DNA fragment (F1) was incubated with
different amounts of OmpR in the absence or presence of 0.63 mM of
the kinase MBP-EnvZ. The concentrations of OmpR used in this
analysis were as follows. Lanes: 1, 9.4 nM; 2, 18.8 nM; 3, 37.6 nM; and
4, 75.2 nM. (B) Binding of OmpR to the two adjacent sites, F1 and F2.
Approximately 0.23 nM of the labeled DNA fragment (F1-F2) was
incubated with different amounts of OmpR in the absence or presence
of 0.63 mM of the kinase MBP-EnvZ. The concentrations of OmpR
used in this analysis were as follows. Lanes: 1, 9.4 nM; 2, 18.8 nM; 3,
37.6 nM; and 4, 75.2 nM. The OmpRyDNA complexes were resolved
on a nondenaturing gel containing 10% polyacrylamide (30:1; wtywt,
acrylamide to bisacrylamide) followed by autoradiography. The posi-
tions of theOmpRyDNA complexes containing one site (I) or two sites
(II) occupied are indicated.

FIG. 3. Quantitation of OmpR binding to the F1-F1 fragment. A
DNA fragment (F1-F1) containing a tandem duplication of the F1 site
was labeled using [a-32P]dATP. The labeled fragments ('0.13 nM)
were incubated with increasing amounts of OmpR in the absence (F)
or presence (E) of the kinase (0.63 mM), and the resulting OmpRy
DNA complexes were resolved on a nondenaturing gel containing 10%
polyacrylamide (30:1; wtywt, acrylamide to bisacrylamide) followed by
autoradiography. The amount of free DNA and bound DNA in the
different complexes was determined as described. In A, the fraction of
free DNA was measured and then used to calculated the total fraction
of bound DNA. The total percentage of bound DNA observed was
then plotted as a function of OmpR concentration. In B, the fraction
of the intermediate species (I), which corresponds to occupancy of only
one site, was plotted as a function of OmpR concentration. The
fractional maximum of species I was then determined and used to
calculate the cooperativity factor (kdIykdII), as described.
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phosphorylation is to enhance the cooperative interactions
between OmpR molecules bound at adjacent sites.
It is also possible to calculate the degree of cooperativity using

the F1-F1 fragment. For this analysis, OmpR was titrated using
the F1-F1 fragment in the absence or presence of the kinase. The
fraction of the DNA associated with the intermediate species
(OmpRyDNA complexes with one site occupied) was then
determined as a function of OmpR concentration (Fig. 3B). The
fractional maximum of the intermediate species was'0.11 in the
absence of kinase and '0.03 in the presence of kinase. The
determination of the fractional maximum of the intermediate
species makes it possible to estimate the degree of cooperative
binding between OmpR molecules using equations derived by
Hudson and Fried (9) and by Tsai et al. (10). This method of
calculating the degree of cooperativity uses equations that are
independent of the concentration of OmpR and its affinity for a
binding site. Based on these calculations, the occupancy of one
OmpR binding site stimulates the occupancy of the adjacent site
by '60-fold. Further stimulation is observed when the kinase is
added to the reaction. Under these conditions, the occupancy of
one OmpR binding site stimulates the occupancy of the adjacent
site by '1,000 fold. Because the F1-F1 fragment does not carry
the configuration of sites normally found at the ompF regulatory
region, these values are only valid with this DNA fragment and
under the conditions used in our DNA migration retardation
assays. However, these experiments establish two basic aspects of
the interaction of OmpR with its target sites: the binding of the
unphosphorylated form of OmpR can be cooperative and these
cooperative interactions can be further stimulated by phosphor-
ylation.
Phosphorylation Stimulates Cooperative Interactions in the

ompF Regulatory Region. The importance of cooperative
interactions in ompF regulation and the stimulatory effect of
phosphorylation on these interactions is further supported by
the experiment presented in Fig. 4. For this experiment, we
compared the effects of phosphorylation on the binding of
OmpR to a DNA fragment containing the wild-type F1, F2,
and F3 sites vs. a DNA fragment containing a mutant F2 site
(F2*) between flanking wild-type F1 and F3 sites. Our strategy
for inactivating the F2 site was derived from our DNA
footprinting analysis of the ompF regulatory region (6). These
studies identified aG residue in the left half-site that was highly

conserved among all OmpR-binding sites. Indeed, mutant
variants of the OmpR binding site C1 in the ompC regulatory
region indicate that a G residue at this position is essential for
independent OmpR binding (unpublished data). Therefore,
we synthesized the DNA fragment F1-F2*-F3, which carries a
single G-to-A substitution at position 270 in the F2 site. As a
control, we also synthesized the DNA fragment F1-F2-F3,
which contains the wild-type ompF sequence.
Fig. 4A shows the binding of OmpR to the F1-F2-F3

fragment containing the wild-type sequence in the region from
299 to 235. In the absence of the kinase, three OmpRyDNA
complexes exhibiting different migration properties were ob-
served. The two predominant complexes exhibit the mobility
predicted for occupancy of one site (complex I) and of two sites
(complex II), with the third, less predominant form (complex
III) exhibiting the mobility characteristic of occupancy of three
sites. However, in the presence of the kinase, the predominant
complexes exhibit the mobility corresponding to two-site oc-
cupancy (complex II) and three-site occupancy (complex III).
A very different pattern was observed using the F1-F2*-F3

fragment. In the absence of the kinase, the mutant F2 site
permitted only one OmpRyDNA complex to form (Fig. 4B).
The simplest explanation for this result is that OmpR is
occupying the F1 site and that occupancy of the F3 site is
dependent on occupancy of F2. Thus, in the absence of the
kinase, the mutation in the F2 binding site is sufficient to
eliminate occupancy of the F2 site. However, in the presence
of the kinase, all three sites were occupied in spite of the
presence of the mutated F2 site on the DNA fragment.
Moreover, the complex corresponding to two-site occupancy
(complex II) is absent. This would suggest that the cooperative
interactions between OmpR molecules are strong enough to
overcome the mutation in the F2 site and that occupancy of the
F3 site plays an important role in occupancy of the F2 site. We
tested this hypothesis by examining the binding pattern of a
DNA fragment that is mutant for both the F2 and F3 sites. This
oligonucleotide showed only one-site occupancy (data not
shown). We interpret these results to mean that binding of
OmpR to the mutant F2 site is dependent on its ability to
interact cooperatively with OmpR molecules bound at the
flanking F1 and F3 sites. The results with the F1, F2, and F3
sites in their normal configuration (Fig. 4) parallel the results
with the artificial F1-F1 construct (Fig. 3). Thus, both sets of
experiments underscore the importance of the stimulatory
effect of phosphorylation on cooperative interactions between
OmpR molecules.

DISCUSSION
In this paper, we examined the effects of phosphorylation of
the transcriptional regulator OmpR on its binding to single and
multiple DNA-binding sites. A prerequisite of this study was
the careful definition of the sites in the ompF regulatory region
using DNA footprinting analysis (6). These footprinting stud-
ies revealed the location of the individual single sites at ompF,
thereby allowing the design of DNA fragments appropriate for
this work. Although previous studies have examined the
binding of OmpR to DNA, the impact of OmpR phosphory-
lation on this binding has never been fully evaluated. In one
study, what was thought to be a single OmpR-binding site was,
in fact, an incomplete site (7). Hence, the apparent increase in
binding to this ‘‘single site’’ upon phosphorylation was most
likely due to the stimulation of cooperative interactions be-
tween OmpR molecules bound at this incomplete site rather
than due to an increased affinity of OmpR for the DNA. In
other studies, although the binding of OmpR-P was examined
using DNA fragments containing intact sites, this binding was
not compared with the binding of the unphosphorylated form
of OmpR (5, 8). Therefore, it was not possible to draw firm
conclusions concerning the effects of phosphorylation on the

FIG. 4. Effect of OmpR phosphorylation on the binding of OmpR to
a mutant F2 site. The DNA fragments were generated as described:
F1-F2-F3 carries the wild-type sites F1, F2, and F3 (A), whereas F1-
F2*-F3 carries a mutated F2 site between flanking wild-type F1 and F3
sites (B). The labeled DNA fragments ('3.3 nM) were incubated with
different amounts of wild-type OmpR in the absence or presence of 0.63
mMof the kinaseMBP-EnvZ, as indicated. The OmpRyDNA complexes
were resolved on a nondenaturing gel containing 10% polyacrylamide
(75:1; wtywt, acrylamide to bisacrylamide) and analyzed by autoradiog-
raphy. The concentrations of OmpR used in this analysis were as follows.
Lanes: 1, 0; 2, 37.6 nM; 3, 75.2 nM; and 4, 150.4 nM. The OmpRyDNA
complexes corresponding to one-site occupancy (I), two-site occupancy
(II), and three-site occupancy (III) are indicated.

Biochemistry: Huang et al. Proc. Natl. Acad. Sci. USA 94 (1997) 2831



intrinsic binding of OmpR to a single site or on the cooperative
binding of OmpR to multiple sites.
The major conclusions from our studies are that binding of

OmpR to the ompF regulatory region is cooperative and that
phosphorylation stimulates these cooperative interactions. Fur-
thermore, although phosphorylation results in a slight increase in
OmpR binding to a single site, the primary role of phosphory-
lation in ompF regulation is to facilitate cooperative interactions
between OmpR molecules bound at adjacent sites. The impor-
tance of cooperative interactions in the binding of OmpR to the
ompF regulatory region is supported by two lines of evidence.
The first line of evidence comes from our experiments using

a DNA fragment containing a tandem duplication of the F1
site. This analysis showed the cooperative nature of OmpR
binding and allowed us to estimate the degree of cooperativity
for the F1-F1 construct. For the unphosphorylated form of
OmpR, the occupancy of one site stimulated the occupancy of
the second equivalent site by'60-fold. Significantly, when the
kinase was also present in the reaction, this occupancy was
further stimulated, resulting in a total increase of'1,000-fold.
Although the F1-F1 fragment does not carry the configuration
of sites normally found at the ompF regulatory region, these
experiments established that the unphosphorylated form of
OmpR can manifest cooperative interactions and that these
interactions can be further stimulated by phosphorylation.
The second line of evidence, which highlights the importance

of OmpR phosphorylation and cooperativity in the binding of
OmpR to the ompF regulatory region, comes from our site-
inactivation experiments. In the absence of the kinase, a single
base substitution in the F2 site is sufficient to eliminate the
binding of the unphosphorylated form of OmpR to the mutated
F2 site and the adjacent F3 site. This substitution also eliminates
the formation of complex II by OmpR-P, the complex in which
both sites F1 andF2 are occupied. Together, these results indicate
that a single base pair substitution is sufficient to eliminateOmpR
binding to F2. The unexpected result from this analysis was the
ability of OmpR-P to form complex III. Based on the mobility of
this complex, all three sites, including the mutated F2 site, are
occupied. This would suggest that the presence of OmpR bound
at the flanking sites F1 and F3 is sufficient to stabilize the
interaction of OmpR molecules with the mutated F2 site, and
furthermore, that this stabilization only occurs under conditions
where OmpR can be phosphorylated. That this mutated F2 site
can still bind OmpR in the presence of kinase could explain why
it has been difficult to obtain single mutations in the ompF
regulatory region that affect activation or repression by OmpR in
vivo. These results also imply that the occupancy of the different
sites in the ompF regulatory region can be influenced by the
phosphorylation state of OmpR.
How might the effect of phosphorylation on the cooperative

DNA-binding properties of OmpR explain the observed reg-
ulation of ompF transcription in vivo? Our results are consis-
tent with the model diagrammed in Fig. 5. The ompF regula-
tory region contains four binding sites (Fig. 1A) that have
different affinities for OmpR. The site with the highest affinity
for OmpR is the F1 site (6–8, 12). In the absence of OmpR
phosphorylation, OmpR may be able to bind F1, but it is
unable to bind F2 in sufficient quantities to influence ompF
transcription (Fig. 5A). However, under conditions where
OmpR is phosphorylated, the F2 site is also occupied due to
cooperative interactions betweenOmpR-Pmolecules bound at
the F1 site and the weaker F2 site. Based on the position of the
F2 site relative to the start point of ompF transcription, we
postulate that occupancy of the F2 site allows OmpR to
activate transcription from the ompF promoter under low
osmolarity conditions. This could occur either by facilitating
RNA polymerase (RNAP) binding andyor by allowing pro-
ductive contacts between OmpR and RNAP (Fig. 5B). Finally,
it seems likely that the stimulatory effect of phosphorylation
on cooperative interactions could also be used to explain ompF

repression under high osmolarity conditions. Previous studies
have suggested that the repression of ompF transcription
involves the formation of a DNA loop (8, 18, 19). One
intriguing possibility is that the stimulation of cooperative
interaction by high cellular levels of OmpR-P could result in
the occupancy of the F3 and F4 sites. This increase in
cooperative interactions, together with additional proteins
such as integration host factor, could lead to the formation of
a DNA loop that represses ompF transcription under high
osmolarity conditions.
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FIG. 5. Model for the regulation of ompF by OmpR-P. According
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the F1 site. (A) Although occupancy of the F2 site may occur in the
absence of OmpR phosphorylation, this occupancy does not seem to
be sufficient to activate ompF transcription. (B) In contrast, phos-
phorylation of OmpR results in increased occupancy of the F2 site due
to the stimulation of cooperative interactions. We proposed that the
increased occupancy of the F2 site is responsible for the observed
activation of ompF transcription under low osmolarity conditions.
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