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Abstract
The OmpR/PhoB family of response regulators (RRs) is the largest class of two-component
system (TCS) signal transduction proteins. Extensive biochemical and structural characterization
of these transcription factors has provided insights into their activation and DNA-binding
mechanisms. For the most part, OmpR/PhoB family proteins are thought to become activated
through phosphorylation from their cognate histidine kinase (HK) partners, which in turn
facilitates an allosteric change in the RR enabling homodimerization and subsequently enhanced
DNA binding. Incongruently, it has been suggested that OmpR, the eponymous member of this
RR family, becomes activated via different mechanisms, whereby DNA binding plays a central
role in facilitating dimerization and phosphorylation. Characterization of the rate and extent of the
phosphorylation of OmpR and OmpR DNA-binding mutants following activation of the EnvZ/
OmpR TCS shows that DNA binding is not essential for phosphorylation of OmpR in vivo. In
addition, detailed analyses of the energetics of DNA binding and dimerization of OmpR in both its
unphosphorylated and phosphorylated state indicate that phosphorylation enhances OmpR
dimerization and that this dimerization enhancement is the energetic driving force for
phosphorylation-mediated regulation of OmpR-DNA binding. These findings suggest that OmpR
phosphorylation mediated activation follows the same paradigm as the other members of the
OmpR/PhoB family of RRs in contrast to previously proposed models of OmpR activation.
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Introduction
The Escherichia coli EnvZ/OmpR two-component system (TCS) is an extensively studied
signal transduction system that has been implicated in the regulation of over 100 genes in
response to changes in the osmotic milieu of the cell. In this TCS, the sensory histidine
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kinase (HK), EnvZ, autophosphorylates a conserved histidine residue and the phosphoryl
group is subsequently transferred to a specific aspartic acid in the N-terminal domain of the
response regulator (RR), OmpR.3–5 Regulation of the transcriptional activity of OmpR is
mediated by strict control of the cellular level of phosphorylated OmpR (OmpR~P) through
the kinase and potentially the OmpR-phosphatase activities of EnvZ.

For other proteins of the OmpR/PhoB winged-helix transcription factor RR family of which
OmpR is an eponymous member, phosphorylation has been shown to enhance
homodimerization affinity and thus increase DNA-binding affinity and specificity.8–10 This
mechanism is summarized pictorially in Scheme A of Figure 1. In contrast, evidence for the
dimerization of OmpR or OmpR~P in solution has been lacking11–13 except for qualitative
assessment in a systematic study of Escherichia coli RR dimerization.14 The absence of data
demonstrating dimerization, coupled with observations that interactions of OmpR with DNA
at equilibrium require an obligatory OmpR dimer,12 and that interactions of OmpR with
DNA enhance the phosphorylation of OmpR,15 and conversely, that OmpR phosphorylation
enhances interactions with DNA, have been used to infer stepwise mechanisms for OmpR
activation. In one proposed mechanism, the interaction of one molecule of OmpR with its
DNA recognition sequence is followed by a conformational change in OmpR that then
enhances OmpR phosphorylation activity and thus OmpR dimerization affinity, culminating
in a 2OmpR~P•DNA complex13 (Fig. 1, Scheme B). An alternative mechanism culminating
in the same end product, supposes that phosphorylation of OmpR is followed by a
conformational change in OmpR that enables it to form an OmpR~P•DNA complex that
then provides a high-affinity site for binding of the second OmpR~P protomer18 (Fig. 1,
Scheme C).

Each of the above models of OmpR-mediated transcriptional activation and the standard
model of OmpR/PhoB family RR-mediated transcriptional regulation yield the same final
active DNA-bound complex, 2RR~P•DNA. What is distinct about each of the individual
models is that the rate-limiting steps controlling the formation of the transcriptionally active
complex would be inherently different. Furthermore, a deviation of the regulatory
mechanism of OmpR activation from the standard mechanism of OmpR/PhoB family RR
activation would imply that the structural similarities of OmpR/PhoB family members could
not be associated with functional similarities in DNA recognition and transcriptional
regulation for this class of proteins.

The goal of this study was to determine the model that best describes the mechanism of
transcriptional regulation by OmpR. To this end, we monitored in vitro and in vivo
phosphorylation kinetics of OmpR and DNA binding-deficient OmpR mutant proteins to
elucidate the rate-limiting step in the transcription activation pathway. Although the ability
of OmpR to bind DNA can influence its phosphorylation in vitro, it was found to have no
significant effect on OmpR phosphorylation in vivo. This finding suggests that DNA
binding is not a rate-limiting step in the formation of the OmpR transcriptional activation
complex. Analytical centrifugation and calorimetric analyses have defined the energetics of
OmpR and OmpR~P dimerization and DNA binding in vitro. The phosphorylation-induced
change in the free energy of OmpR dimerization yields a greater negative value than the
phosphorylation-induced change in the free energy of DNA binding, suggesting that
dimerization is the energetic driving force for the formation of the interaction of OmpR with
DNA. Together these findings were used to generate a model for the thermodynamic linkage
of phosphotransfer to OmpR dimerization and DNA-binding equilibria. This model is
consistent with published data on DNA binding and transcriptional regulation, not only for
OmpR, but also for other OmpR/PhoB family RRs and therefore likely represents a common
mechanism for phosphorylation-mediated control of RR-regulated transcription.

Barbieri et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2014 May 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Procaine treatment produces a quantifiable increase in OmpR phosphorylation in vivo

Despite the difficulty in monitoring RR phosphorylation due to the lability of the acyl-
phosphate moiety of the phospho-Asp residue, previous studies have demonstrated that the
steady-state level of OmpR phosphorylation (OmpR~P) is increased following treatments
that perturb the cell membrane.19 Two drawbacks to the previous analyses are (1) only
relative values for the fraction of OmpR~P can be determined, and (2) the rapid kinetics of
the change in OmpR~P cannot be directly followed. The recently described method of
phosphoprotein-affinity gel electrophoresis using Phos-tag™ acrylamide was used to address
the shortcomings of the previous studies and to glean new information regarding the
regulation of the cellular response to membrane stress. To this end, the change in the
fraction of OmpR~P relative to total OmpR was compared in strain BW25114 expressing
the wild-type ompR and envZ genes (henceforth referred to as wild type)grown in low
osmolarity medium A in the absence and presence of procaine, an analgesic compound that
alters membrane fluidity22 and sucrose, a commonly used osmolyte (Figs. 2a and b). This
strain demonstrates little OmpR phosphorylation (5 ± 2 %) in the absence of procaine or
sucrose stimuli. As expected, following treatment with 20 mM procaine or 20 % sucrose, the
fraction of OmpR that is phosphorylated is significantly enhanced (23 ± 9 % and 27 ± 3 %,
respectively). The approximately five-fold increase in the fraction of phosphorylated OmpR
following cell membrane perturbation is entirely consistent with previously reported
measurements of in vivo OmpR phosphorylation.19 Also note, the effect of procaine
treatment is similar to the effect of sucrose mediated osmotic stress on the phosphorylation
of OmpR in the cell. The two conditions also have similar effects on porin protein levels in
these strains (Fig. S1). For subsequent studies procaine is used to minimize the impact of
carbon source mediated repression of inducible plasmid encoded genes. In a ΔenvZ strain,
OmpR remains in a constant state of low phosphorylation (3 ± 4 %) whether procaine is
present or not, indicating that the effects of stimuli on OmpR phosphorylation are directly
related to the sensory histidine kinase EnvZ. The low level of OmpR phosphorylation
observed in the absence of a cognate histidine kinase is likely due to nonspecific
phosphorylation from small molecule phosphodonors or from noncognate histidine
kinases.25

One intriguing observation from these data is that phosphorylation of OmpR appears to be
significantly less than complete under conditions that are thought to maximally activate the
OmpR/EnvZ TCS. A strain that contains a mutant of envZ, envZ473, which is deficient in
OmpR phosphatase activity, also exhibits less than complete phosphorylation of OmpR
whether or not procaine is present in the media, 18 ± 5 % and 24 ± 6 % phosphorylation of
OmpR, respectively. Not only does OmpR phosphorylation in envZ473 appear less than
stoichiometric, but in envZ473 the fraction of OmpR that is phosphorylated is essentially
equivalent to the maximum fraction of phosphorylated OmpR in wild type, a finding that has
been previously reported for another OmpR-phosphatase deficient strain envZ11.19 This
finding suggests that either the assay is causing hydrolysis of OmpR~P, resulting in a
smaller amount of OmpR~P being observed than is present in the cell, or that EnvZ-
mediated phosphatase activity is not the only mechanism regulating OmpR phosphorylation
in the cell. To further test the quantitative accuracy of the phosphoprotein affinity gel
electrophoresis assay, purified protein with known fractions of [OmpR~P]/[OmpRtotal] were
added to cultures of a ΔompR strain which were subsequently lysed and characterized by
the phosphoprotein affinity gel electrophoresis assay (Fig. 2c). The densitometrically
quantified observed fraction of [OmpR~P]/[OmpRtotal] plotted versus the fraction of
[OmpR~P]/[OmpRtotal] loaded onto the gel is shown in Figure 2d. The data were well fit
with a line having a slope of approximately 1, indicating that phosphoprotein affinity gel
electrophoresis analysis does not cause significant hydrolysis of OmpR~P. Thus, even under
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a state of constant stimulation of the EnvZ/OmpR TCS, the majority of the OmpR in the cell
is not phosphorylated even when the phosphatase activity of the HK EnvZ is diminished.

In some TCSs RR phosphorylation is tempered to a submaximal level following an initial
surge in phosphorylation following the initial stimulation.26 In systems that follow this type
of multistate activation process the observed fraction of activated protein would appear to
reach a peak concentration followed by a decrease to a steady state level. Phosphoprotein
affinity gel electrophoresis allows assessment of phosphorylation over relatively short time
scales and was used to monitor the increase in [OmpR~P]/[OmpRtotal] following treatment
with procaine for wild type and envZ473 (Fig. 3). Lane 1 of both blots contains lysate of
untreated cells while lanes 2–7 contain cell lysates following treatment with procaine for the
amount of time indicated. The fraction [OmpR~P]/[OmpRtotal] in wild-type lysates increases
following procaine addition, reaching a maximum after ~2 min post-treatment and
remaining at that maximum level thereafter. [OmpR~P]/[OmpRtotal] in envZ473 lysates is
maintained at a constant level nearly equivalent to the maximum level of phosphorylation
observed in wild type. Also note that the maximum fraction [OmpR~P]/[OmpRtotal] is
equivalent to that observed in the steady state experiment, demonstrating that activation of
OmpR follows a simple model of induction.

OmpR-DNA binding is not required for phosphorylation in vivo
DNA binding has been shown to enhance phosphorylation of OmpR in vitro15 and it has
been suggested that DNA binding plays a role in phosphorylation of OmpR in vivo.13

Recent NMR13 and crystal structures (B. Benoff & A. Stock unpublished data) have
identified important contacts between OmpR and the specific DNA sequences to which it
binds. Mutations to residues of OmpR that make specific contacts to DNA should disrupt
OmpR-mediated transcriptional regulation. If DNA binding substantially enhances OmpR
phosphorylation, then these mutations should diminish EnvZ-mediated OmpR
phosphorylation. Arg-207 to Ala (R207A) and Trp-226 to Ala (W226A) mutations disrupt
DNA binding by different mechanisms. R207A removes a critical hydrogen bond between
the recognition helix and guanine base in the DNA major groove. W226A disrupts extensive
van der Waals interactions between the Wing 1 loop and the minor groove of DNA.
Previous studies using reporter genes have demonstrated that these mutations eliminate
OmpR-mediated transcriptional regulation of the porin genes ompF and ompC.13 In
addition, ITC experiments reveal that each point mutation reduces DNA-binding affinity of
OmpR by at least 100 fold (Fig. S2 and Table S1).

Autophosphorylation activity of wild-type OmpR, R207A, and W226A with the small
molecule phosphodonor phosphoramidate was monitored (Fig. 4 and Table 1). The
autophosphorylation rates were similar for all proteins, indicating that the substitutions did
not affect autophosphorylation capability. The enhancement of autophosphorylation by
DNA binding was also monitored (Table 1). Note that the presence of a saturating
concentration of C1 DNA increases the rate of phosphorylation of wild-type OmpR 14 fold.
A finding that is similar to what has been previously described using wild-type OmpR in the
presence of oligonucleotides containing specific OmpR biding sites.15 One potential cause
for this DNA-induced enhancement in phosphorylation is that DNA binding removes an
interaction between the N- and C-terminal domains that stabilizes an unphosphorylatable
conformation of the receiver domain. While such inhibitory interactions have been observed
in some other RRs of the OmpR/PhoB family, the isolated receiver domain of OmpR
(OmpRN)does not have increased autophosphorylation relative to that of the full-length
protein.27 This suggests that there are weak contacts, if any, between the two domains and
therefore that DNA binding enhances OmpR autophosphorylation through another
mechanism. Furthermore, DNA binding appears to be required for the observed
enhancement of OmpR autophosphorylation because the autophosphorylation rates of DNA-
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binding domain mutants of OmpR, in the presence of C1 at a concentration that saturates the
wild-type protein, are affected to a much lesser extent. The R207A mutant, which binds to
C1 with a higher affinity than the W226A mutant, has a slight increase in
autophosphorylation rate in the presence of C1 DNA, while W226A displays no detectable
increase. The increase in autophosphorylation for R207A and W226A is enhanced when the
reactions are performed at lower salt concentrations, i.e. conditions that would increase ionic
interactions between the protein and DNA (data not shown). These findings strongly suggest
that the extent of increase in autophosphorylation of OmpR in the presence of specific DNA
sequences is dependent on the extent of occupancy of the DNA-binding domain of OmpR.

To test whether phosphorylation of OmpR in the cell is impaired in DNA-binding mutants,
wild-type OmpR, R207A, and W226A were expressed at near wild-type levels in a ΔompR
strain (Fig. S1) and phosphorylation of each was monitored(Fig. 5). Note that for each
OmpR protein, regardless of its ability to bind DNA, phosphorylation is enhanced upon
exposure of the culture to procaine. A comparison of the data in Figure 3a and Figure 5
shows that wild-type OmpR, expressed chromosomally or from a plasmid, undergoes similar
phosphorylation kinetics suggesting that EnvZ acts to phosphorylate OmpR whether the two
proteins are expressed in the same operon or separately. Furthermore, the extent of
phosphorylation and rate of change in phosphorylation are similar for both the wild-type and
mutant proteins. Note that enhanced phosphorylation of OmpR, or its associated DNA-
binding domain mutants, is initiated within seconds following addition of procaine and the
phosphorylation extent reaches a maximum within approximately 2 minutes. These data
suggest that DNA binding is neither the rate-limiting step in the OmpR phosphorylation
reaction nor is it a substantial inhibitor of OmpR dephosphorylation in vivo. The in vivo
measurements of OmpR phosphorylation indicate that this RR does not likely regulate
transcription via a mechanism where phosphorylation is predicated on DNA binding13 (Fig.
1, Scheme B). What remains to be determined, however, is whether dimerization in the
absence of DNA binding is a necessary component of OmpR-mediated regulation of
transcription. Such data would differentiate between the model that requires DNA binding
by OmpR to facilitate dimerization (Fig. 1, Scheme C) and the standard model for RR
transcription activation where phosphorylation mediated enhancement in dimerization
facilitates DNA binding (Fig. 1, Scheme A).

OmpR does not bind to its DNA target sequence as a monomer
To distinguish between the two remaining models for the OmpR-DNA interaction the
stoichiometry of the OmpR-DNA interaction must be accurately defined under conditions
where potential intermediate states of the binding reaction would be populated. The ITC-
derived data (Fig. S2 and Table S1) indicate that binding of OmpR to DNA occurs with a
2:1 stoichiometry under equilibrium conditions, yet yields little information regarding the
mechanism of this binding interaction. Previous studies have shown that OmpRC can
interact with a DNA half-site as a monomer,13 but monomeric binding of full-length OmpR
has not been observed.15,16,18 To ascertain whether a monomeric state in the binding
reaction is populated under conditions that should favor such an intermediate, sedimentation
velocity experiments were performed using a fluorescein-labeled oligonucleotide containing
the OmpR F1 binding site (henceforth referred to as F1-FAM). The label on this
oligonucleotide allows for absorbance analysis of sedimentation of the oligonucleotide
without interference from the absorbance of protein. The data were analyzed using the Sedfit
program to determine the sedimentation coefficients of the various species in the solution
(Fig. 6a). Note that each plot contains either one peak, as in the case of F1-FAM alone, or
two peaks, as in the mixtures of OmpR and F1-FAM. No intermediate states corresponding
to one OmpR bound to F1-FAM were observed. The findings indicate that dimerization of
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OmpR is essential for the OmpR-DNA interaction and, based on the limits of detection, the
OmpR monomer has >200-fold weaker affinity for DNA than the dimer of OmpR.

A high positive cooperativity for the OmpR-DNA interaction could account for the inability
to observe monomeric OmpR bound to DNA in the above experiment and in ITC analysis
(Figs. 6b and S2). To remove the effects of cooperativity on DNA binding by OmpR, a
duplex oligonucleotide, F1b, was created, containing the strongest OmpR-binding DNA
consensus sequence18 with a limited number of bps to accommodate the binding of only a
single OmpR molecule. The ability of OmpR to bind to F1b was monitored using ITC (Fig.
6b, open circles). To analyze weak binding to this site, 1-μl aliquots of 2 mM F1b-half site
were injected into 10 μM OmpR to yield a final concentration of 400 μM F1b. No
interaction was observed, indicating that the dissociation constant for DNA binding (KD) is
greater than 1 × 10−3 M. This finding strongly suggests that an interaction between an
OmpR monomer and DNA is not an essential step in forming the stable 2OmpR•DNA
complex. Therefore, these findings provide additional evidence arguing against the model
described in Scheme B of Figure 1 and suggest that both in vivo and in vitro,
unphosphorylated OmpR does not interact with DNA as a monomer.

The remaining models for OmpR-dependent transcriptional regulation, depicted in Figure 1
Schemes A and C, infer that phosphorylation is important for the OmpR-DNA interaction.
In Scheme C, monomeric OmpR~P is suggested to bind to DNA and subsequently facilitates
the binding of another OmpR~P molecule, while in Scheme A, the OmpR-DNA interaction
is driven by OmpR~P dimerization. Previous studies have clearly demonstrated that DNA
binding by OmpR is enhanced by phosphorylation. These findings have been replicated
using the noncovalent small molecule phosphoryl analog BeF3

−,30 which stabilizes the
active conformation of OmpR via a non-enzymatically reversible mechanism, thus making it
suitable for ITC and other experiments requiring long incubations (Figs. 6b and S2). The
data generated using BeF3

−, as well as previously reported data, are entirely consistent with
the models in Schemes A and C for OmpR-dependent transcriptional regulation. To
distinguish between these models, the effect of phosphorylation on the ability of OmpR to
bind DNA as a monomer was determined using ITC (Fig. 6b, open diamonds). Note that
although phosphorylation greatly enhances DNA binding by OmpR when a full-length
OmpR recognition sequence is used (KD = 2.0 × 10−6 M versus 1.5 × 10−7 M in the absence
and presence of BeF3

−, respectively), when the half site oligonucleotide F1b is used,
phosphorylation has essentially no effect on the affinity this DNA sequence for OmpR (KD>
1.0 × 10−3 M regardless of BeF3

− in solution). The absence of an observed increase in
binding of OmpR to F1b in the presence of a phosphoryl mimic casts doubt on the model
described in Scheme C in which phosphorylation-enhanced DNA binding drives
dimerization of OmpR on the DNA.

Phosphorylation enhances OmpR dimerization
The above findings argue against previously proposed models for the role of
phosphorylation in OmpR-DNA interactions (Fig. 1, Schemes B and C). What remains to be
determined, however, is whether data for OmpR support the standard model of
phosphorylation-mediated dimerization enhancing DNA binding (Fig. 1, Scheme A). The
ITC and SV-AUC studies presented above indicate that there is no detectable binding of
monomeric OmpR to DNA. If the model in Scheme C is correct, then OmpR dimers must be
able to form in solution and subsequently become stabilized by the presence of a DNA target
sequence. Also, dimerization affinity must be enhanced by phosphorylation. The
demonstration of phosphorylation-mediated dimerization of OmpR using fluorescent protein
tagged constructs14 suggests that this is true. In order to determine the validity of these
findings in a non-labeled protein and to quantify the effect of phosphorylation on
dimerization affinity, sedimentation equilibrium analytical ultracentrifugation (SE-AUC)
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was performed on OmpR alone and in the presence of BeF3
− (Fig. 7 and Table 3). These

data show that in the absence of BeF3
− OmpR dimerization is weak (KD = 1.1 ×10−3 M, (95

% CE (0.97 to 1.3) ×10−3 M), while in the presence of BeF3
− dimerization is significantly

enhanced (KD = 7.0 ×10−6 M, (95 % CE (2.8 to 38) ×10−6 M). These values for KD are
entirely consistent with those reported for other unphosphorylated and phosphorylated RR
proteins such as E. coli PhoB (KD = 3.8 ×10−4 M and 5.1 ×10−6 M for unphosphorylated
and phosphorylated forms, respectively)31 and Bacillus subtilis Spo0A (KD = 1.8 ×10−3 M
and 1.3 ×10−5 M for unphosphorylated and phosphorylated forms, respectively)32. The
similarity of KD values for phosphorylated forms of OmpR and PhoB is not surprising, since
dimerization of these proteins is presumed to involve a highly conserved interface.
Furthermore, phosphorylation mediated increase in OmpR dimerization is entirely consistent
with observed differences in the thermodynamics of the OmpR-F1 and OmpR-C1
interactions in the absence and presence of BeF3

−. The enhancement in binding free energy
(ΔΔG = 1.6 kcal/mol) for formation of the 2OmpR•DNA complex appears to be driven by
an enhancement in binding enthalpy (ΔΔH = 4.5 or 3.3 kcal/mol for F1 and C1
respectively). When dimerization is coupled to DNA binding the apparent enthalpy of the
interaction would have contributions from not only enthalpies associated with OmpR direct
interactions with DNA and OmpR dimerization, which are likely to be similar in regardless
of the presence of BeF3

−, but also the free energy of the dimerization interaction which is
enhanced by the presence BeF3

− (−4.3 and −7.3 kcal/mol in the absence and presence of
BeF3

−, respectively).36

Together, the above findings favor the standard model for control of transcription by OmpR,
in which phosphorylation-activated dimerization drives an increase in DNA binding (Fig. 1,
Scheme A). This model contrasts with those previously proposed for OmpR activation, but
corresponds to the model accepted for many other well characterized OmpR/PhoB family
members. The apparent rationale for proposals of alternate models for activation of OmpR,
distinct from those of other OmpR/PhoB family RRs, has been the previously reported
inability to detect dimerization of OmpR in the absence of DNA.11–13 Assessment of
dimerzation is hindered by the low solubility of OmpR~P. We have observed significant
precipitate in solutions of OmpR~P at concentrations ≥10 μM (data not shown). Note that
this value is conspicuously close to the dimerization constant of OmpR~P, 7 μM. Low
solubility renders many methodologies for monitoring protein oligomerization, such as gel
filtration or SV-AUC, untenable because these methods often require protein concentrations
greater than 10 μM. However, SE-AUC, at the low loaded sample concentrations used (≤ 2
μM), provides a method for characterizing dimerization of activated OmpR while
maintaining most of the protein in a soluble state.

Discussion
The extent of OmpR phosphorylation might be regulated by multiple mechanisms

The studies above are the first to directly and quantitatively describe changes in the
percentage of RR phosphorylation in vivo over sub-minute time scales following HK
activation. Previous studies have demonstrated that the EnvZ/OmpR TCS produces graded
changes in the expression of OmpR-regulated genes in response to cell membrane
perturbations such as increases in media osmotic strength or treatment with anesthetics.37–39

Because the intracellular concentration of OmpR does not vary extensively in response to
changes in medium osmotic strength or procaine treatment, the control of OmpR-regulated
gene expression is thought to be mediated by the concentration of OmpR~P,40 with control
of OmpR~P being mediated by the opposing kinase and phosphatase activities of EnvZ. One
important finding from these analyses is that complete phosphorylation of OmpR does not
appear to occur even under conditions that are thought to fully activate the pathway.
Additionally, the incomplete phosphorylation of OmpR upon activation is not entirely due to
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the phosphatase activity of EnvZ, suggesting that alternate mechanisms, such as OmpR
autodephosphorylation, play important roles in maintaining an intracellular pool of
unphosphorylated OmpR, as has been proposed previously.41 These findings also
demonstrate that a narrow window of OmpR~P concentrations can have a profound effect
on gene expression. The intracellular concentration of OmpR is thought to be significantly
greater than the number of OmpR binding sites on DNA, thus saturation of most OmpR
DNA-binding sites can potentially occur with substoichiometric phoshphorylation of
OmpR.40

In the absence of activation by a membrane altering anesthetic or high osmolarity, a small
percentage of OmpR exists as OmpR~P (~5 %). This fraction appears to be maintained at a
constant level through the phosphatase activity of EnvZ (compare wild type and envZ473
strains in Fig. 2). Although this observed level could result from high levels of OmpR~P
existing in a small percentage of the population of cells, it seems more likely that this low
level of OmpR~P is distributed throughout the population, reflected in the requirement of
OmpR~P for expression of ompF under conditions that do not perturb the cell membrane
(Fig. S2). Similarly, low fractions of OmpR~P are observed in cells expressing OmpR using
a PBAD expression system activated by derepression through metabolism of media glucose,
a mechanism that should not have significant cell-to-cell variation.44

Stabilization of the OmpR dimer thermodynamically enhances DNA-binding affinity
The presented model for phosphorylation-mediated activation of OmpR-regulated
transcription represents a departure from previously proposed models, yet the data presented
do not contradict previously reported data. The reasoning behind the model presented here
as well as the previous models for activation is, for the most part, thermodynamically sound,
yet the kinetics of activation implicitly favor the model presented here over other reported
models. The coupled thermodynamic cycles that drive the OmpR dimerization and DNA-
binding reactions are depicted in Figure 8. Note that there are two distinct cycles depicted
for the inactive and active conformational states of OmpR. Previous studies have shown that
inactive and active conformations of RRs have different propensities for dimerization, DNA
binding, and phosphorylation. Also note that phosphorylation is not indicated to be solely
associated with a single state of the RR, reflecting the conformational equilibrium between
inactive and active states. Phosphorylation strongly stabilizes the active conformation, but
unphosphorylated proteins are also able to adopt the active conformation, albeit with a
markedly lower fractional population distribution.47 Due to this distribution of states, our
measurements of dimerization and DNA binding each contain energetic contributions from
both active and inactive conformational states. In addition, the phosphorylation-dependent
differences observed for dimerization and DNA binding do not necessarily reflect different
modes of interaction for unphosphorylated versus phosphorylated OmpR, but do reflect
different population distributions of the inactive and active protein forms.

Assays with purified proteins have established that phosphorylation is enhanced when
OmpR is bound to DNA. Although this does not appear to be relevant for activation of
OmpR in vivo, as has been suggested previously,13 it is consistent with the thermodynamic
model presented in Figure 8. It has been suggested that the conformational distribution
between inactive and active states influences RR phosphorylation in vitro by establishing a
subpopulation of receiver domains that are catalytically competent for
autophosphorylation.27 Therefore, interactions that stabilize an active conformation, such as
the formation of the 2OmpR•DNA complex, would be likely to enhance the
autophosphorylation rate for OmpR. However, in vivo, with EnvZ serving as the
phosphodonor, the rate-limiting step for OmpR phosphorylation is likely modulated by the
availability EnvZ~P, rather than the rate of phosphotransfer to OmpR~P. Furthermore,
within the cell, the concentration of OmpR not specifically bound to DNA is much greater
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than that of OmpR bound to specific DNA sequences, suggesting that nonspecifically bound
OmpR would be preferentially phosphorylated by EnvZ based on simple mass action.
Further constraints on phosphorylation of DNA-bound OmpR are presumably imposed by
the membrane localization of EnvZ. Our findings suggest that the phosphorylation rate of
OmpR within cells is not significantly impacted by DNA binding or dimerization,
supporting the hypothesis that OmpR phosphorylation is the first step in the activation
pathway.

In correlation with previously published results, the SV-AUC and ITC findings above
suggest that DNA binding requires the tandem interaction of two OmpR molecules. These
equilibrium studies do not address whether DNA binding stabilizes OmpR dimers already
formed in solution or if OmpR only self-associates upon binding to DNA. We have
determined the dimerization constant for OmpR alone and in the presence of a phosphoryl
analog, providing evidence for a binding mechanism where OmpR dimers form in solution
and are stabilized in the presence of DNA. This finding overturns the notion that OmpR
dimers form only in the presence of DNA, a conclusion based on the previous failure to
observe dimers of OmpR in DNA-free solution and the finding that altering the order of the
OmpR-specific DNA half-sites reduces DNA-binding affinity.18 As mentioned above, the
low affinity of dimerization of unphosphorylated OmpR and the low solubility of OmpR~P,
likely explain the lack of previous detection of OmpR dimers. In light of the data reported
here, the lower affinity of OmpR observed for reverse-ordered DNA half-sites is likely
explained by alternative mechanisms such as the influence of specific DNA tertiary structure
and the partial overlap between DNA half-sites.

The coupling of dimerization and DNA binding allows for any interaction that energetically
stabilizes one of these events to enhance the interaction affinity for the other. The studies
presented here address the thermodynamics of OmpR binding to DNA and OmpR
dimerization both in the presence and absence of a phosphoryl analog. A comparison of the
change in ΔG for DNA binding by dimeric OmpR due to the presence of a phosphoryl
analog (ΔΔGbinding = 1.6 kcal/mol) whether F1 or C1 DNA is used (compare 0 and 2 mM
BeF3

− data in Tables 2 and S2) is significantly lower in magnitude than the change in ΔG
for OmpR dimerization due to the presence of a phosphoryl analog (ΔΔGdimerization = 3.0
kcal/mol). The larger magnitude phosphorylation-associated change in ΔGdimerization
relative to ΔGbinding, and the non-dependence on the DNA sequence used, indicates that
dimerization is the sole driving force for the phosphorylation-associated enhancement in
DNA binding. The finding that phosphorylation has no observable effect on binding of
OmpR to a DNA sequence that accommodates only monomeric OmpR lends further
credence to this hypothesis and refutes hypotheses that phosphorylation enhances DNA
binding directly.18

Conclusions
Dimerization is a common characteristic of transcription factor proteins and phosphorylation
is a common mechanism for regulation of dimerization. The thermodynamic cycle depicted
above describes the mechanism by which all phosphorylatable OmpR/PhoB family RR
proteins allow for phosphorylation-mediated control of gene expression through regulation
of dimerization. Similar mechanisms are likely employed by other phosphorylation
regulated proteins as well. Although the processes of phosphorylation, dimerization and
DNA binding are energetically coupled, kinetic differences in forward and reverse reaction
rates for these enzymatic and binding reactions are utilized by the cell to shift the reactions
toward the desired outcomes. Because of the kinetic tuning of these processes, certain results
obtained in vitro are not applicable to the in vivo activities of the OmpR/EnvZ TCS.
Therefore, caution should be used when inferring in vivo mechanisms based on in vitro
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measurements, as has been done previously for this TCS. As a consequence of dimerization
being a primary regulatory event controlled by OmpR/PhoB family signaling pathways, the
highly conserved dimerization interface becomes an attractive target for the development of
antimicrobial compounds.

Materials and Methods
Plasmid constructs, oligonucleotides, and protein purification

For transcriptional and in vivo phosphorylation analyses, the various OmpR constructs were
cloned into the low copy number plasmid pBAD3350 with protein expression driven by the
PBAD promoter. For purification, the T7 expression system encoded in pET-21b (Novagen,
Madison, WI) was used. Native proteins were used for transcription and in vivo
phosphorylation analyses. For purification, OmpR and its associated mutants were expressed
with a His6 tag and a thrombin cleavage site. Plasmids used for expression of the various
OmpR constructs were generated using previously described cloning strategies.31 All
plasmids and strains used in this study are listed in supplemental Table S2.

Oligonucleotides used in these studies were purchased from Integrated DNA Technologies,
Inc. (Coralville, IA). For DNA-binding experiments C1 DNA (5′-
GGCATTTACATTTTGAAACATCTAGG-3′ and complement), F1 DNA (5′-
GCTTTACTTTTGGTTACATATTTCG-3′ and complement), F1-FAM DNA(5′-/56-FAM/
CCATTTTACTTTTGGTTACATATTCC-3′ and complement), and F1b DNA (5′-
CCTGGTTACATATTCC-3′ and complement) were preheated to 85 °C for 5 min in the
buffers indicated for each experiment and passively cooled to room temperature
immediately prior to use.

Proteins were expressed in E. coli BL-21(DE3) cells. Cells expressing His-tagged OmpR
and mutant forms were grown to mid-log phase at 37 °C in Luria-Bertani medium
supplemented with 100 μg/ml ampicillin, then induced with 0.5 mM IPTG and grown for an
additional 3 h at 30 °C. All proteins were lysed by sonication in a buffer containing 50 mM
Tris-HCl, 0.1 M NaCl, 1 mM EDTA, 0.5 mM PMSF, 2 mM β-mercaptoethanol (β-ME) at
pH 8.0. Lysates were applied to a 5-ml His-Trap HP column (GE Healthcare, Piscataway,
NJ) equilibrated with 20 mM sodium phosphate, 2 mM β-ME, 75 mM NaCl, 25 mM
imidazole at pH 7.5 and eluted using a linear gradient of 20 mM sodium phosphate, 2 mM
β-ME, 75 mM NaCl, 500 mM imidazole at pH 7.5. Pooled fractions containing OmpR or
mutants were applied to a Superdex 75 26/60 gel-filtration column (GE Healthcare,
Piscataway, NJ) pre-equilibrated in 50 mM Tris-HCl, 0.1 M NaCl, 2 mM β-ME at pH 7.5.
The purified proteins were stored at −80 °C after rapid freezing in ethanol/solid CO2. The
His6 tag was cleaved from the proteins by digestion with 0.4 U/mL biotin-tagged thrombin
(EMD biosciences) in a reaction solution containing 50 mM Tris-HCl, 0.1 NaCl, 2 mM β-
ME, 2.5 mM CaCl2 at pH 7.5. Following overnight digestion at 20 °C, biotin-tagged
thrombin was removed as directed by the manufacturer using streptavidin-agarose beads.
Undigested protein and digested His6-tag containing peptides were removed by incubating
with 25 μL Ni-NTA beads (Qiagen) for 30 min with constant shaking.

Analysis of autophosphorylation
Autophosphorylation activity of OmpR and its associated mutants was measured at a
concentration of 10 μM in a solution containing 10 mM PIPES, 10 mM MgCl2, 2 mM β-
ME at pH 7.5, and sufficient NaCl for a final sodium concentration of 150 mM. Ammonium
hydrogen phosphoramidate (PA) in the same buffer was added to a final concentration of 20
mM to initiate the reaction. For reactions performed in the presence of C1 DNA, 20 μM C1
was added to the reaction solution. At times ranging from 15 s to 2 h following the addition
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of PA, 15-μL aliquots were removed and the reaction was stopped by trituration with 5 μL
of 4X SDS loading buffer [0.2 M Tris, 8% SDS (w/v), 40% (w/v) glycerol, 4% (v/v) β-ME,
0.08% (w/v) bromphenol blue at pH 6.8]. The fraction of protein phosphorylated for each
time point was determined using phosphoprotein affinity gel electrophoresis as described
previously. Briefly, Phos-tag™ acrylamide running gels contained 10% (w/v) 29:1
acrylamide/N,N′-methylenebisacrylamide, 375 mM Tris (pH 8.8) and 0.1% (w/v) SDS.
Gels were copolymerized with 75 μM Phos-tag™ acrylamide and 150 μM MnCl2. Stacking
gels contained 4% (w/v) 29:1 acrylamide/N,N′-methylenebisacrylamide, 125 mM Tris (pH
6.8) and 0.1% (w/v) SDS. All Phos-tag™ acrylamide-containing gels were run with standard
denaturing running buffer [0.4% (w/v) SDS, 25 mM Tris, 192 mM glycine] at 4 °C under
constant voltage (160 V). The fraction of phosphorylated protein in each gel lane was
determined by monitoring the Coomassie Blue staining intensity for the upshifted
(phosphorylated) protein band in each lane relative to the total staining intensity for both
bands (total protein) in the lane.

Analysis of OmpR and OmpR~P in E. coli cells
E. coli cultures were grown on a shaking incubator at 37 °C in medium A51 until cultures
were in mid-log phase growth (0.4–0.6 OD). For steady-state measurements, cultures were
either left untreated or were treated with either 10 mM procaine or 20 % (w/v) sucrose.
Following an additional 60 min of growth with shaking, 100- to 300-μL samples were
removed, cells were pelleted by centrifugation, lysed with 70 μL 1X BugBuster™ (EMD
Chemicals, Inc.) and 25 μL of 4X SDS loading buffer was added. For time course
measurements, cultures were placed in a 37 °C thermal incubator with shaking and treated
with 10 mM procaine. At 15, 30, 60, 120, 300, and 600 s following addition of procaine, 70-
μL aliquots were removed from the culture and mixed with 7 μL 10X BugBuster™ using an
Elmeco™ vortexer, immediately followed by the addition of 25 μL 4X SDS loading buffer.

All samples were loaded onto gels containing 25 μM Phos-tag™ acrylamide and 50 μM
MnCl2 prepared and run as described above. After running, gels were fixed for 10 min in
standard transfer buffer, 20% (v/v) methanol, 50 mM Tris, 40 mM glycine, with 1 mM
EDTA added to remove Mn2+ from the gel. Gels were incubated for an additional 20 min in
transfer buffer without EDTA to remove the chelated metal. Transfer to nitrocellulose
membranes was performed using a Bio-Rad semi-dry transfer apparatus under a constant
160 mA for 80 min. Western blotting was performed using standard protocols with rabbit
anti-OmpR primary antisera and anti-rabbit secondary antibody coupled to horseradish
peroxidase. Blots were imaged on an AlphaInnotech Alphaimager™ using chemiluminescent
detection (SuperSignal West Pico Chemiluminescent Substrate; Pierce Biotechnology, Inc.,
Rockford, IL). The fraction of phosphorylated protein in each gel lane was determined as
described above.

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) measurements were conducted at 25 °C on a MicroCal
iTC200 (MicroCal, Inc., Northampton, MA). The solution conditions for all ITC
measurements were 10 mM HEPES and 5 mM MgCl2 at pH 7.5. Experiments on inactivated
protein contained 145 mM NaCl and experiments on activated protein contained 2 mM
BeCl2, 115 mM NaCl, and 30 mM NaF for final sodium concentrations of 150 mM. In each
experiment, either 1- or 2-μL aliquots of solutions of either 100 μM F1 or C1, or 2 mM F1b
DNA were sequentially injected from a 40-μL syringe rotating at 1000 rpm into an
isothermal sample chamber containing 211 μL of 10 μM protein. The duration for each
injection was set to 0.5 μL/s. A 120-s initial delay was used prior to the first injection and a
180-s delay was used between the subsequent injections. Each DNA-protein experiment was
accompanied by the corresponding control experiment, in which DNA was injected into a
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solution of buffer alone. Each injection generated a heat burst curve (μcal/s versus s), the
area under which was determined by integration [using Origin version 7.0 software
(MicroCal, Inc., Northampton, MA)] to obtain a measure of the heat associated with that
injection. The measure of the heat associated with each DNA-buffer injection was subtracted
from that of the corresponding heat associated with each DNA-protein injection to yield the
heat of DNA binding for that injection. The buffer-corrected ITC profiles for the binding of
each protein to DNA were fit with a model for one set of binding sites.

Analytical ultracentrifugation
AUC experiments were carried out in an Optima XL-I ultracentrifuge using an An-50 Ti
rotor (Beckman Coulter, Fullerton, CA). Proteins and F1-Fam DNA were equilibrated in a
buffer containing 10 mM PIPES disodium salt, 5 mM MgCl2, 1 mM TCEP at pH 7.5.
Experiments on inactivated protein contained 130 mM NaCl and experiments on activated
protein contained 2 mM BeCl2, 100 mM NaCl and 30 mM NaF for final sodium
concentrations of 150 mM. Buffer density, buffer viscosity and the partial specific volumes
of the proteins were calculated using the program SEDNTERP.52 All AUC experiments
were conducted in epon charcoal-filled double-sector centerpieces and sapphire windows.
SV experiments were conducted at 25 °C and the samples were spun at 50,000 RPM. DNA
gradients were monitored at 410 nm using the optical absorbance system. Approximately 50
SV scans were used to calculate a c(s) distribution that was generated using the program
SEDFIT.53 During the c(s) analysis, the frictional ratio and meniscus position were treated
as floating parameters. After optimization of these parameters, the final distribution was
calculated using a resolution setting of 200 and a confidence interval of 0.8.

All SE experiments were analyzed at 25 °C at three different speeds 12,000, 19,000 and
23,000 RPM. For the inactivated protein, protein gradients were monitored at 280 nm using
100, 75, and 50 μM OmpR. For the BeF3

−-activated protein, protein gradients were
monitored at 230 nm using 2, 1, and 0.5μM OmpR. Profiles for active or inactive OmpR
were globally fit to a monomer-dimer self-association model using the program
SEDPHAT54 with the monomer molecular weight being fixed at 27,354 Da. For data
analysis the protein concentration used in each cell was assumed to be constant for all
speeds.

Analysis of porin proteins
Wild type, ΔenvZ, ΔompF, ΔompC, ΔompR and ΔompR containing a plasmid expressing
either wild-type ompR, or ompR DNA-binding domain mutants were grown to mid log
phase in A media. Cultures were then diluted 1:2 into fresh media and incubated for 1 h at
37 °C or fresh media containing either procaine or sucrose such that the final concentrations
were 10 mM or 15% (w/v), respectively, and incubated for 2 h. Fractions enriched in
membrane proteins were prepared from cells using the following procedure. Cells from 10
mL of each culture were harvested by centrifugation and washed with 30 mM Tris at pH 8.0.
Pellets were frozen in a dry ice-ethanol bath, thawed, and were resuspended in 0.2 mL 30
mM Tris, 1 mM MgCl2 at pH 8.0 and containing 20 μg/mL DNase I. Cells were lysed by 30
min incubation with 1 mg/mL lysozyme followed by sonication in an ice bath. Lysed
samples were centrifuged at 7000 × g for 10 min at 4 °C to remove unlysed cells;
supernatants were centrifuged at 25,000 × g for 30 min to pellet membrane fractions, pellets
were washed once with 30 mM Tris at pH 8.0 and resuspended in 1 % SDS, 30 mM Tris at
pH 8.0. 60 μL of each sample was mixed with 20 μL 4X SDS loading buffer supplemented
with 6 M urea and boiled for 10 min. Proteins were separated by urea-SDS gel
electrophoresis using a stacking gel containing 4.5 % (w/v) 37.5:1 acrylamide/N,N′-
methylenebisacrylamide and 6 M urea at pH 6.8 and a running gel containing 10% (w/v)
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37.5:1 acrylamide/N,N′-methylenebisacrylamide and 6 M urea at pH 8.8. Porin proteins
were visualized with Coomassie Blue stain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

AUC analytical ultracentrifugation

β-ME 2-mercaptoethanol

EDTA ethylenediaminetetraacetic acid

HK histidine kinase

IPTG isopropyl β-D-1-thiogalactopyranoside

ITC isothermal titration calorimetry

NMR nuclear magnetic resonance

RR response regulator

RPM revolutions per minute

PMSF phenylmethylsulfonyl fluoride

PA phosphoramidate

SE sedimentation equilibrium

SV sedimentation velocity

SDS sodium dodecyl sulfate

TCEP tris(2-carboxyethyl)phosphine

TCS two-component system
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Fig. 1.
Potential mechanisms for the phosphorylation-mediated activation of OmpR-regulated
transcription. Scheme A) Standard mechanism of RR transcriptional activation.8–10 Schemes
B and C) Mechanisms of OmpR transcriptional activation proposed previously.13,18 Blue
ovals and starbursts represent OmpR receiver domains in inactive and active conformational
states, respectively. Red arrows represent OmpR DNA-binding domains and DNA is
depicted in green. Pink circles and yellow circles represent phosphoryl group donors and
phosphoryl groups, respectively.
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Fig. 2.
Characterization of OmpR phosphorylation in E. coli cells. (a) Representative western blots
of phosphoprotein affinity gel electrophoretic separation of wild type, ΔenvZ and envZ473
mutant cell lysates in the presence and absence of procaine or sucrose, as indicated.
Representative blots are taken from separate phosphoaffinity SDS-PAGE gels. Therefore,
differences in signal intensity do not reflect differences in cellular OmpR concentration. (b)
Quantitation of the extent of OmpR phosphorylation in wild type, ΔenvZ and envZ473 cell
lysates, untreated (clear bars), following treatment with procaine (shaded bars), or following
addition of sucrose to the media (hashed bar). Values reflect the mean values of 3 separate
experiments with error bars reflecting the standard deviation from the mean. (c)
Representative western blot of known fractions of [OmpR~P]/[OmpRtotal] mixed with
ΔompR cells and subsequently lysed. (d) Quantitative efficiency of western blots of
phosphoprotein affinity gel electrophoretic separations of [OmpR~P]/[OmpRtotal]. Points
represent the average values from 2 separate experiments with error bars reflecting the
standard deviation from the mean. Solid line indicates the best-fit linear regression analysis
of the plotted data.
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Fig. 3.
Time-dependent change in OmpR phosphorylation in E. coli cells following treatment with
procaine. (a) Representative western blots of phosphoprotein affinity gel electrophoretic
separation of wild type and envZ473 following treatment with procaine. Lane 1 in both blots
contains untreated cells lysates and lanes 2–7 contain cell lysates at indicated times
following treatment with procaine. (b) Quantitation of the extent of OmpR phosphorylation
in wild type and envZ473 cell lysates following treatment with procaine. Closed and open
circles reflect the mean values of 3 separate experiments, for wild type and envZ473 cell
lysates, respectively, with error bars reflecting the standard deviation from the mean.
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Fig. 4.
Autophosphorylation activity of wild-type and mutant OmpR proteins. Rates of
autophosphorylation of OmpR, R207A, and W226A in the absence and presence of the C1-
DNA duplex (closed and open circles, triangles, and diamonds, respectively), as well as
OmpRN (inverted triangles). Data were each fit with a first-order exponential decay (solid
lines for proteins alone, dashed lines for mixtures of protein and C1 DNA).
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Fig. 5.
Time-dependent change in plasmid-expressed OmpR, R207A and W226A phosphorylation
in ΔompR cells following treatment with procaine. (a) Representative western blots of
phosphoprotein affinity gel electrophoretic separation of ΔompR cells expressing either
OmpR, R207A or W226A following treatment with procaine. Lane 1 in all blots contains
untreated cells lysates and lanes 2–7 contain cell lysates at indicated times following
treatment with procaine. (b)Quantitation of the extent of phosphorylation of OmpR (circles),
R207A(triangles) or W226A (diamonds) following treatment with procaine. Points reflect
the mean values of 3 separate experiments, with error bars reflecting the standard deviation
from the mean.
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Fig. 6.
Characterization of stoichiometry of OmpR DNA interaction. (a) SV-AUC analyses of F1-
FAM DNA in the presence and absence of various concentrations of OmpR. Each plot
contains 10 μM F1-FAM with 0, 1, 2.5, 5, 10 or 20 μM OmpR (plots 1–6 respectively). (b)
Integrated ITC analyses of the interactions of OmpR (circles) and BeF3

−-treated OmpR
(diamonds) with DNA containing sequences accommodating either 1 (open symbols) or 2
(closed symbols) OmpR molecules, F1b and F1, respectively. Data sets were each fit with a
model for one set of binding sites (solid lines).
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Fig. 7.
Comparison of dimerization propensities for untreated and BeF3

−-treated OmpR. SE-AUC
profiles for 2 μM OmpR and BeF3

−-treated OmpR (closed and open circles, respectively) at
23,000 rpm. Lines represent the fits of the data for a monomer-dimer equilibrium.
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Fig. 8.
Coupled thermodynamic cycles linking OmpR dimerization and DNA binding. Blue ovals
and starbursts represent OmpR receiver domains in inactive and active conformational
states, respectively. Red arrows represent OmpR DNA-binding domains and DNA
containing OmpR binding site sequences is depicted in green. Free energies underlying the
steps in the cycle are numbered, with free energies associated with OmpR in an active
conformational state being indicated by asterisks. Indicated free energies do not correspond
directly to any measured values due to the coupling of active to inactive conformational
equilibria to each step in the interaction pathways as depicted by the equilibrium arrows
between active and inactive OmpR reaction cycles. Phosphorylation is thought to drive the
conformational equilibrium toward the active state as indicated by the red arrows pointing
toward the active OmpR reaction cycle.
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Table 1

Rates of autophosphorylation of wild-type OmpR, OmpRN and R207A and W226A mutants in the presence
and absence of C1 DNA.

Protein DNA kobs
a (min−1) F∞

a

OmpR NA 0.069 ± .004 0.72 ± .01

OmpR 20 μM 0.961 ± .078 0.78 ± .02

OmpRN NA 0.067 ± .006 0.70 ± .02

R207A NA 0.076 ± .005 0.63 ± .01

R207A 20 μM 0.147 ± .014 0.85 ± .03

W226A NA 0.070 ± .006 0.64 ± .02

W226A 20 μM 0.062 ± .006 0.75 ± .01

a
Observed rates of autophosphorylation are calculated using the single exponential decay, F = F∞(1 − exp(kobs×t)), where F is the fraction of

protein phosphorylated, F∞ is the maximum fraction of protein phosphorylated, kobs is the observed rate of phosphorylation, and t represents time

following addition of the phosphoramidate.
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