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We have generated a mutant form of the OmpR regulatory protein, OmpRD55E, that is active independent
of the EnvZ kinase. Notably, the pattern of OmpF and OmpC expression can be altered simply by changing the
level of this mutant protein in the cell. This result supports a key prediction of the current model of porin
regulation, which states that the differential regulation of OmpF and OmpC is a direct consequence of the
cellular level of the active form of OmpR.

The major porin proteins of Escherichia coli K-12, OmpF
and OmpC, are differentially expressed in response to several
environmental signals, including changes in medium osmolar-
ity (for recent reviews, see references 6 and 21). This expres-
sion is regulated at the transcriptional level by the two-com-
ponent regulatory proteins EnvZ and OmpR. To accomplish
this regulation, the sensor EnvZ is thought to control the
activity of the transcriptional factor OmpR in two ways. First,
EnvZ is a histidine kinase (1, 7, 12, 14) that responds to
environmental stress by converting OmpR from an inactive
form to an active protein via phosphorylation. Second, in the
absence of environmental stress, EnvZ is able to dephosphor-
ylate OmpR phosphate (OmpR-P) (1, 2, 13). The tension be-
tween the kinase and phosphatase activities of EnvZ therefore
controls the level of OmpR-P in the cell. Based on the current
model, the cellular level of OmpR-P is chiefly responsible for
the differential expression of ompF and ompC (8, 21, 22, 25). A
diagram of this model (adapted from reference 21) is pre-
sented in Fig. 1. In this study, we directly tested this model by
generating a mutant OmpR protein that is active in the ab-
sence of the EnvZ kinase.

Our approach for generating the active OmpR mutant was
based on studies of the two-component regulatory protein
NtrC, which regulates nitrogen utilization in enteric bacteria
(26). Changing the amino acid at the phosphorylation site of
NtrC from aspartate to glutamate resulted in a constitutively
active protein (15). Taking advantage of the homology be-
tween the two-component regulatory proteins, we used se-
quential PCR to generate a 1,050-bp DNA fragment which
contains the analogous mutation in ompR, ompRD55E (3).
Changing codon 55 of ompR from GAT to GAA results in the
conversion of the conserved aspartate residue to glutamate. As
a control, we also used PCR to generate the 1,050-bp DNA
fragment containing the ompR1 allele. Both PCR products
were cloned into pUC19, creating the plasmids pLAN801,
which contains the ompR1 allele, and pLAN802, which con-
tains the ompRD55E allele (Table 1). The DNA sequences of
the PCR-generated inserts were then verified by DNA se-
quence analysis.

We first established that the OmpRD55E mutant protein
was active independent of the EnvZ kinase. For this analysis,
the DNA fragments containing the ompR1 and ompRD55E al-
leles were cloned into the ColE1-related plasmid pACYC177,
creating the plasmids pLAN701 (ompR1) and pLAN702
(ompRD55E) (Table 1). These plasmids were transformed into
two strains: CYL302, which contains an ompR null mutation
and the envZ1 gene, and CYL303, which contains a deletion of
both ompR and envZ. These strains also contain a pcnB mu-
tation which lowers the copy number of ColE1-related plas-
mids by as much as 15-fold (16, 17). As shown in Table 2, the
OmpRD55E mutant exhibited an OmpF1 OmpC2 phenotype
both in the presence and in the absence of a functional EnvZ
protein. These results indicate that the phenotype of the
OmpRD55E mutant is not dependent on the EnvZ kinase. In
contrast, the phenotype conferred by the ompR1 allele on this
plasmid is completely dependent on the EnvZ kinase. In the
presence of EnvZ, the phenotype was OmpF1 OmpC1, where-
as in the absence of EnvZ, the phenotype was OmpF2/1

OmpC2. Thus, unlike that conferred by wild-type OmpR, the
phenotype conferred by OmpRD55E is not affected by the
presence or absence of the EnvZ kinase, suggesting that this
mutant protein bypasses the requirement for protein phos-
phorylation.

Because the OmpRD55E mutant was active in the absence
of EnvZ, we were able to use this mutant to examine wheth-
er the cellular level of an active form of OmpR controls
the differential expression of ompF and ompC. For these
experiments, the phenotypes conferred by the ompR1 and
ompRD55E alleles were determined at three different levels of
expression. First, to generate the low-level expression condi-
tion, the pACYC177-derived plasmids pLAN701 (ompR1) and
pLAN702 (ompRD55E) were transformed into the pcnB mu-
tant strain (CYL303). In this strain, the chromosomal copy of
ompR had been deleted and the only copy of the ompR gene
was provided by the incoming plasmid. Therefore, in the pcnB
mutant strain, the ompR gene should be present at a low copy
number. Second, to generate the intermediate-level expression
condition, pLAN701 and pLAN702 were transformed into the
pcnB1 strain (LM101), which also contains the chromosomal
ompR deletion. In this strain, the ompR gene should be ex-
pressed at an intermediate copy number. Finally, to generate
the high-copy-number condition, the pUC19-derived plasmids
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pLAN801 (ompR1) and pLAN802 (ompRD55E) were trans-
formed into the pcnB1 strain (LM101).

To confirm that the increased copy number of the ompR
gene resulted in an increase in the cellular level of the OmpR
protein, we performed Western immunoblot analysis. In these
assays, sample sizes were adjusted such that equal amounts of
total protein were present in all samples. We also varied the
amount of total protein assayed in a series of independent
experiments. A representative gel is shown in Fig. 2. The levels
of OmpR protein under low-copy-number conditions (lanes 3
and 6) were close to those of the wild-type MC4100 strain, in
which OmpR is present in a single copy (lane 1). In addition,
increasing the copy number of the ompR gene led to increased
levels of OmpR protein (lanes 3 to 5 and 6 to 8). These
experiments confirmed that increasing the copy number of
the two ompR alleles results in an increase in the amount of
protein produced. Whether the increase in the total amount
of wild-type OmpR also results in an increase in the amount
of active OmpR (i.e., OmpR-P) in the cell cannot be deter-

mined with this assay. However, increasing the amount of
OmpRD55E should correlate with an increasing amount of
active OmpR in the cell. To test this hypothesis, we used these
sets of conditions to examine the effect of the cellular level of
active OmpR on porin expression.

We examined the effects of the different levels of wild-type
OmpR and OmpRD55E on OmpF and OmpC expression in
the presence of three different envZ alleles: an envZ1 allele, an
envZ null mutation, and the envZ247 mutation, which elimi-
nates EnvZ kinase activity but does not affect its phosphatase
activity. In these experiments, cells were grown in Luria broth
(LB) medium to mid-log phase. The cellular envelopes were
isolated and analyzed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) on an 11% polyacryl-
amide gel containing 4 M urea. This analysis established that
the pattern of OmpF and OmpC expression conferred by
OmpRD55E is not dependent on phosphorylation by EnvZ or
other cellular phosphate donors, such as nonpartner kinases or
acetyl phosphate. In contrast, the pattern conferred by wild-
type OmpR completely depends on the envZ allele that is
present in the strain. The experiments that support these con-
clusions are presented in Fig. 3.

We first examined the phenotypes conferred by the ompR1

and ompRD55E alleles in the presence of EnvZ under the
three sets of expression conditions (Fig. 3A). The ompR1 al-
lele confers the same pattern of OmpF and OmpC expression
regardless of its copy number (lanes 3 to 5). This result is
consistent with those of previous studies (19, 23), which sug-
gested that increasing the total amount of OmpR in the cell
does not change the total amount of active OmpR (OmpR-P)
in the cell when EnvZ is present. In contrast, the pheno-

FIG. 1. The current model of ompF and ompC regulation. According to this
model, the differential expression of ompF and ompC is a direct consequence of
the intracellular concentrations of the phosphorylated form of OmpR, OmpR-P.
Under low-osmolarity conditions, low levels of OmpR-P are present in the cell,
resulting in an OmpF1 OmpC2 phenotype. Under high-osmolarity conditions,
high levels of OmpR-P are present in the cell, resulting in an OmpF2 OmpC1

phenotype. The relationship between porin expression and the concentration of
OmpR-P is based on the mathematical modeling of Russo and Silhavy (22). This
figure has been adapted from reference 21.

FIG. 2. Western immunoblot analysis of OmpR levels in the cells. Cells were
grown overnight in LB medium without (lanes 1 and 2) or with (lanes 3 to 8)
ampicillin (50 mg/ml), subcultured into 40 ml of the same medium, and grown to
mid-log phase. Total cellular protein was prepared as described previously (10).
One hundred micrograms of total protein from each sample was separated by
SDS–10% PAGE and then transferred to a polyvinylidene difluoride membrane.
Western blot analysis was then performed with rabbit anti-wild-type OmpR
antiserum (1:5,000) and alkaline phosphatase-conjugated goat anti-rabbit anti-
body (1:10,000). The immune complexes were detected with the Vistra ECF
substrate (Amersham Life Science Inc.) and visualized with a FluorImager Storm
840 system (Molecular Dynamics). Lanes: 1, MC4100; 2, LM101; 3, pLAN701 in
CYL303; 4, pLAN701 in LM101; 5, pLAN801 in LM101; 6, pLAN702 in
CYL303; 7, pLAN702 in LM101; 8, pLAN 802 in LM101.

TABLE 1. Strains and plasmids used in this study

Strain or
plasmid

Relevant genotype and
description

Source and/or
reference

Strains
MC4100 F2 araD139 D(argF-lac)U169 rpsL150

relA1 flbB5301 deoC1 ptsF25 rbsR
4

MH1160 MC4100 ompR101 9
LM101 MC4100 D(ompR-envZ)::Kanr 18
FR247 MC4100 ompR101 F(ompC9-lacZ1)

10–25 envZ247 zhf37::Tn10 (lpSG10)
22

CYL304 MC4100 ompR101 envZ247 zhf37::Tn10 This study
MS10095 JM107 zad::Tn10 pcnB80 17; M. Singer
CYL302 MH1160 zad::Tn10 pcnB80 This study
CYL303 LM101 zad::Tn10 pcnB80 This study
CYL305 CYL304 zad::Tn10 pcnB80 This study

Plasmids
pACYC177 5
pUC19 27
pLAN701 ompR1 cloned into pACYC177a This study
pLAN702 ompRD55E cloned into pACYC177b This study
pLAN801 ompR1 cloned into pUC19a This study
pLAN802 ompRD55E cloned into pUC19b This study

a A 1,050-bp EcoRI-HindIII PCR-generated DNA fragment containing the
ompR1 sequence from position 2127 to 1923 from the start point of ompR
transcription.

b A 1,050-bp EcoRI-HindIII PCR-generated DNA fragment containing the
ompR1 sequence with the codon at position 55 changed from GAT to GAA to
generate the ompRD55E allele.

TABLE 2. Phenotypes of the ompR alleles in the
presence and absence of the EnvZ kinase

ompR allele
Phenotype of straina:

CYL302 (ompR101 envZ1)b CYL303 (D[ompR-envZ])

ompRD55E OmpF1 OmpC2 OmpF1 OmpC2

ompR1 OmpF1 OmpC1 OmpF2/1 OmpC2

a Production of OmpF and OmpC was monitored by electrophoresis on SDS–
11% polyacrylamide gels containing 4 M urea (20).

b The ompR101 allele has an ompR null mutation (9).
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type conferred by ompRD55E was markedly different under
the three sets of expression conditions. At low levels of
OmpRD55E, ompF expression is activated (lane 6). Then, as
the level of OmpRD55E protein increases, expression of both
ompF and ompC is activated (lane 7). Finally, at high levels of
OmpRD55E, ompF expression is repressed and ompC expres-
sion is activated (lane 8). These observations indicate that the
phenotype conferred by the ompRD55E mutation is highly
dependent on the copy number and support the hypothesis
that different levels of the active form of OmpR can result in
the differential expression of OmpF and OmpC.

To further test this hypothesis, we also examined the phe-
notypes conferred by the ompR1 and ompRD55E alleles in an
envZ null mutant under the three sets of expression conditions.
As shown in Fig. 3B, the pattern of OmpF and OmpC expres-
sion conferred by the ompRD55E allele in the envZ null mu-
tant matches the overall pattern observed in the presence of
the envZ1 allele, supporting our supposition that the pheno-
type conferred by the ompRD55E allele is EnvZ independent.
However, this experiment does not establish that the pheno-
type conferred by OmpRD55E is phosphorylation indepen-
dent. Previous studies indicate that in the absence of EnvZ, the
wild-type OmpR protein can be phosphorylated by other cel-
lular phosphate donors, such as nonpartner kinases or acetyl
phosphate, and is influenced by the copy number (8, 11, 22–
24). At low levels of wild-type OmpR, low levels of OmpF
expression are observed (lane 11). Then, as the level of wild-
type OmpR increases, the expression of both ompF and ompC
is activated (lane 12). Finally, at high levels of wild-type
OmpR, ompF expression is repressed and ompC expression is
activated (lane 13). These observations indicate that the phe-
notype conferred by the wild-type OmpR protein is highly
dependent on the copy number in the absence of EnvZ and is
similar to the phenotype conferred by the OmpRD55E mutant
in the presence (Fig. 3A, lanes 6 to 8) and in the absence (Fig.
3B, lanes 14 to 16) of EnvZ. This similarity gave rise to the
possibility that the phenotype conferred by OmpRD55E was

still dependent on phosphorylation by other cellular phosphate
donors even though it was not dependent on the kinase activity
of EnvZ.

To rule out this possibility, we examined the phenotype
conferred by the ompR1 and ompRD55E alleles in the envZ247
mutant under the three sets of expression conditions (Fig. 3C).
The EnvZ247 mutant protein has lost its kinase activity but can
still dephosphorylate OmpR-P generated either by EnvZ itself
or by other cellular phosphate donors (22). As shown in Fig.
3C, the pattern of OmpF and OmpC expression conferred by
the ompRD55E allele in the envZ247 mutant matches the over-
all pattern observed in the presence of the envZ1 and envZ null
alleles, supporting our supposition that the phenotype con-
ferred by the ompRD55E allele is not dependent on phosphor-
ylation by EnvZ or other cellular phosphate donors. In con-
trast, our analysis using the ompR1 allele in the envZ247
mutant under the different sets of expression conditions illus-
trates the dependence of wild-type OmpR on phosphorylation
by either EnvZ or other phosphate donors. The pattern of
OmpF and OmpC expression in the envZ247 mutant is ex-
tremely different from the pattern observed in the presence of
either the envZ1 or the envZ null allele (compare lanes 19 to
21 to lanes 3 to 5 and 11 to 13). The fact that the phenotype
conferred by the ompR1 allele is different with these three
envZ alleles supports the hypothesis that OmpR can be phos-
phorylated by other phosphate donors in the absence of EnvZ.
These results also highlight the importance of EnvZ in con-
trolling the level of OmpR-P in the cell.

In conclusion, we have isolated a mutant form of OmpR that
is active independent of EnvZ and have used this mutant
protein to examine the effects of different levels of active
OmpR in the cell. Our results indicate that the pattern of
OmpF and OmpC expression can be dramatically altered sim-
ply by changing the level of this mutant protein. Therefore, this
study provides strong evidence supporting the current model,
which states that the level of the active form of OmpR,

FIG. 3. Effects of the level of OmpRD55E and wild-type OmpR on porin expression in the presence of three different alleles of envZ. Plasmids containing the
ompR1 or ompRD55E allele were introduced into strains containing the envZ1 allele (A), an envZ null allele (B), or the envZ247 allele (C). Cells were grown overnight
in LB medium with or without ampicillin (50 mg/ml), subcultured in 20 ml of the same medium, and grown to mid-log phase. The cellular envelopes were isolated as
previously described (20). The samples were analyzed by electrophoresis on an SDS–11% polyacrylamide gel containing 4 M urea and identified by staining with
Coomassie brilliant blue R-250 (Kodak). The positions of the outer membrane proteins OmpC and OmpF are indicated on the right. The cellular envelopes were
prepared from the following strains, which are described in Table 1. Lanes: 1, MC4100; 2, MH1160; 3, pLAN701 in CYL302; 4, pLAN701 in MH1160; 5, pLAN801
in MH1160; 6, pLAN702 in CYL302; 7, pLAN702 in MH1160; 8, pLAN802 in MH1160; 9, MC4100; 10, LM101; 11, pLAN701 in CYL303; 12, pLAN701 in LM101;
13, pLAN801 in LM101; 14, pLAN702 in CYL303; 15, pLAN702 in LM101; 16, pLAN802 in LM101; 17, MC4100; 18, CYL304; 19, pLAN701 in CYL305; 20, pLAN701
in CYL304; 21, pLAN801 in CYL304; 22, pLAN702 in CYL305; 23, pLAN702 in CYL304; 24, pLAN802 in CYL304.
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OmpR-P, is responsible for the differential regulation of ompF
and ompC.
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