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OmpR-Regulated Genes
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The EnvZ/OmpR two-component regulatory system plays a critical role in the Escherichia coli stress
response. In this study, we examined the expression of a new OmpR-regulated gene, ydgR. Our results indicate
that ydgR is equivalent to the Salmonella enterica serovar Typhimurium tppB gene and represents a new class
of OmpR-regulated genes.

The EnvZ/OmpR two-component regulatory system plays a
critical role in the response of Escherichia coli to environmen-
tal stress (for reviews, see references 2, 3, 5, 20, 23, 33 and 35).
The transmembrane protein EnvZ is a histidine kinase that is
thought to monitor changes in environmental osmolarity. Fol-
lowing autophosphorylation, EnvZ transfers its high-energy
phosphoryl group to its cognate response regulator, OmpR.
Phosphorylation changes the conformation of OmpR and stim-
ulates the ability of OmpR to interact with specific sites up-
stream of its target genes. Some of these target genes include
ompF, ompC, tppB, fadL, flhDC, and csgD (6, 8, 11, 38, 44).
Interestingly, EnvZ also possesses a phosphatase activity that
removes the phosphoryl group from the phosphorylated form
of OmpR (OmpR-P). The interplay between the kinase and
phosphatase activities of EnvZ in response to environmental
changes is responsible for controlling the cellular level of
OmpR-P (40).

In this study, we examined the regulation of ydgR, a gene
that we identified as part of a large-scale DNA microarray
project aimed at discovering new members of the OmpR regu-
lon. This gene was also identified as an OmpR-regulated gene
in a recent transcriptome study of E. coli two-component reg-
ulatory systems (29). Based on its putative amino acid se-
quence, the ydgR gene is predicted to encode a 500-amino-acid
oligopeptide permease that exhibits sequence similarity to pro-
teins belonging to the POT (proton-dependent oligopeptide
transport) family of peptide transporters (30, 31). Early studies
by Higgins and Gibson identified three different peptide per-
mease systems in E. coli and Salmonella enterica serovar Ty-
phimurium (12). One of the systems, the tripeptide permease
encoded by the tppB gene, was found to be transcriptionally
regulated by the EnvZ/OmpR regulatory system in serovar
Typhimurium (6, 7). The tppB gene is located at 27 min on the
serovar Typhimurium linkage map (7). However, its precise
location on the serovar Typhimurium chromosome is not
known because the tppB gene has not been sequenced. The
functional similarity between tppB and ydgR, as well as the
dependence of ydgR transcription on OmpR observed in our

DNA microarray experiments, led us to hypothesize that ydgR
is equivalent to the serovar Typhimurium gene tppB.

To test this hypothesis, we isolated chromosomal DNA from
the serovar Typhimurium strain CH695, which carries the
tppB16::Tn10 mutation (7). The region containing the Tn10
insertion was amplified by inverse PCR using the two sets of
primers described by Nichols et al. (27), and the nucleotide
sequence of the junction was determined as described by
Ochman et al. (28). DNA sequence analysis revealed that the
tppB16::Tn10 insertion mapped between nucleotide positions
1527921 and 1527922 of the serovar Typhimurium LT2 ge-
nome. This places the Tn10 insertion within the opening read-
ing frame designated ydgR in the serovar Typhimurium ge-
nome. From this result, we established that the serovar
Typhimurium ydgR gene is tppB. Since the serovar Typhi-
murium ydgR amino acid sequence exhibits 89% identity and
93% similarity to the E. coli ydgR amino acid sequence, we
conclude that the E. coli ydgR gene is also tppB.

We next carried out an in-depth characterization of tppB and
compared its transcriptional regulation to that of ompF and
ompC. The ompF and ompC genes encode the outer mem-
brane porin proteins OmpF and OmpC, respectively, and are
two of the most studied targets of the EnvZ/OmpR regulatory
system (20, 35). OmpF predominates in the outer membrane at
low osmolarity, whereas OmpC predominates at high osmolar-
ity. Genetic, molecular, and biochemical experiments have es-
tablished that the differential expression of OmpF and OmpC
is a direct consequence of the cellular OmpR-P concentration
and is dependent upon the way in which OmpR-P interacts
with regulatory elements located upstream of these genes. Us-
ing similar techniques, we investigated how OmpR and EnvZ
regulate the transcription of tppB. To carry out this analysis, we
constructed a transcriptional fusion between the tppB regula-
tory region and a lacZ reporter gene. This was accomplished by
cloning a 0.7-kb fragment that corresponds to nucleotide po-
sitions 1710073 to 1710769 of the E. coli K-12 genome up-
stream of the promoterless lacZ gene in the chloramphenicol-
resistant integration vector pTTW1 (T. T. Wei and M. M. Igo,
unpublished data). The resulting plasmid, pDS3, was then in-
tegrated as a single copy into the E. coli chromosome at the �
attB site by using the method described by Platt et al. (32). This
integration resulted in the tppB�-lacZ fusion strain EG107,
which served as the parental strain for all subsequent strain
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constructions. EG107 is a derivative of MG1655, which con-
tains a single copy of the plasmid pDS3 at � attB, the lacIpo�Z
(Mlu) mutation (36), and two markers that flank the ompR and
envZ genes, aroB� and malPQ::Tn10. P1-mediated generalized
transductions were performed to introduce various ompR and
envZ alleles into the tppB�-lacZ fusion strain EG107 (45), and
the resulting strains were subjected to �-galactosidase assays
(25).

We began this analysis by examining the effect of three
different envZ mutations on the regulation pattern of tppB.
These mutations were chosen because they alter EnvZ func-
tions that are predicted to result in different cellular levels of
OmpR-P (13, 14, 40). We first investigated the effect of the
envZ473 mutation on tppB�-lacZ expression (8). This mutation
results in the production of a mutant protein that retains its
kinase activity but loses its phosphatase activity (K� P�) and is
predicted to cause high cellular levels of OmpR-P. As shown in
Fig. 1A, the presence of the envZ473 mutation results in levels
of tppB�-lacZ fusion expression that are similar to wild-type
levels. This result suggests that increasing the cellular concen-
tration of OmpR-P does not result in an increase in tppB
transcriptional activation. We next studied the effect of the
envZ::Tn10 mutation on tppB transcription (46). Cells contain-
ing this null mutation do not contain any functional EnvZ
protein. As a result, OmpR will not be phosphorylated or
dephosphorylated by EnvZ. As shown in Fig. 1A, tppB�-lacZ
fusion expression is approximately threefold lower in the envZ
null strain than in the wild-type strain. This result supports the
idea that EnvZ plays an important role in stimulating the level
of tppB transcription. However, there is still significant expres-
sion of the tppB�-lacZ fusion in the absence of EnvZ. This
expression could be due to the activation of tppB transcription
by the unphosphorylated form of OmpR. Alternatively, this
expression could be due to the low levels of OmpR-P produced
by nonpartner kinases or small molecule phosphodonors, such
as acetyl phosphate (14, 24). To distinguish between these
possibilities, we examined the effect of the envZ343 mutation
on tppB�-lacZ expression (14). This mutation results in the
production of a mutant protein that retains its phosphatase
activity but loses its kinase activity (K� P�) and is predicted to
eliminate any residual OmpR-P in the cell. As shown in Fig.
1A, the tppB�-lacZ fusion expression is extremely low in the
strain containing the envZ343 mutation. In fact, the level of
tppB�-lacZ fusion expression is similar to that of the strain
containing the ompR101 null mutation (Fig. 1B). Therefore,
based on our genetic analysis of tppB transcription, we con-
clude that the activation of tppB transcription is dependent on
OmpR-P and that low cellular levels of OmpR-P are sufficient
to activate tppB transcription.

We next examined the effect of the three different classes of
ompR mutations on tppB transcription. These mutations are
genetically defined based on the phenotypes that they confer
on OmpF and OmpC (35, 46). The first mutation, ompR101
(9), belongs to the OmpR1 class. This class of mutations, which
includes all null mutations of ompR, results in no expression of
OmpF or OmpC. As shown in Fig. 1B, tppB�-lacZ fusion ex-
pression is extremely low in the strain containing the ompR101
mutation, confirming that the activation of tppB transcription is
dependent on OmpR. The second mutation, ompR472 (8),
belongs to the OmpR2 class. This class of mutations results in

constitutive expression of OmpF but little expression of
OmpC. In the strain containing the ompR472 mutation, tppB�-
lacZ expression is approximately two- to threefold lower than
that of the wild-type strain (Fig. 1B). The ompR472 mutation
resulted in a Val-to-Met conversion at the 203rd amino acid of
the OmpR polypeptide chain (26). DNase I footprinting stud-
ies indicate that this change affects the binding of OmpR at
specific sites within the ompF and ompC regulatory regions
(26) and may also cause a defect in OmpR phosphorylation
(49). Either of these properties could account for the observed
decrease in tppB transcription. The third mutation, ompR107
(46), belongs to the OmpR3 class. This class of mutations
results in little expression of OmpF but constitutive expression
of OmpC. In the strain containing the ompR107 mutation,
tppB�-lacZ fusion expression is approximately fourfold lower

FIG. 1. Effects of various envZ and ompR mutations on tppB tran-
scription. �-Galactosidase assays were performed on cells grown to
mid-exponential phase in Luria-Bertani broth, and the �-galactosidase
activity is expressed in Miller units for strains containing the indicated
envZ (A) and ompR (B) alleles. All strains were assayed in duplicate in
at least three independent experiments. The values represent averages
of results for three independent cultures, with the error bars corre-
sponding to �1 standard deviation from the average result for the
three independent cultures.
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than in the wild-type strain (Fig. 1B). The ompR107 mutation
resulted in an Arg-to-Cys change at the 15th amino acid of the
OmpR polypeptide chain (41). DNase I footprinting studies
with the OmpR36 mutant protein, which contains the same
amino acid substitution, suggest that this change does not
affect the DNA-binding pattern within the ompF and ompC
regulatory region (26). Instead, like the envZ473 mutation, this
amino acid change in OmpR results in a defect in the dephos-
phorylation of OmpR-P and leads to an accumulation of
OmpR-P in the cell (1). Therefore, we predicted that the level
of tppB�-lacZ production in the strain containing the ompR107
mutation would be similar to that of the strain containing the
envZ473 (K� P�) mutation. However, this interpretation is not
consistent with our results. The level of production of the
tppB�-lacZ fusion in the strain containing the ompR107 muta-
tion is significantly lower than the levels observed in either the
wild type or the strain containing the envZ473 mutation (Fig.
1A). The simplest explanation for our results is that the
OmpR107 mutant protein is not just defective in the dephos-
phorylation of OmpR-P but is also defective in either tppB
transcriptional activation or DNA binding at the tppB regula-
tory region. Thus, the biochemical properties of the OmpR3
mutant proteins may be more complex than originally thought.

The results presented in Fig. 1 indicate that the transcrip-
tional regulation of tppB is dependent on OmpR and EnvZ.
According to the current model, the EnvZ/OmpR two-compo-
nent system regulates the expression of ompF and ompC in
response to varying osmolarity (20, 35). Changes in osmolarity
alter the cellular OmpR-P concentration, which in turn affects
the transcription of these target genes. Interestingly, not all
genes regulated by OmpR and EnvZ seem to be sensitive to
osmotic change. One notable example is the serovar Typhi-
murium tppB gene. Gibson et al. conducted studies on the
environmental regulation of this gene and showed that changes
in medium osmolarity do not significantly affect tppB transcrip-
tion (6). Our analysis of the E. coli tppB gene revealed a similar
pattern of regulation. In this experiment, we examined the
effect of osmolarity on tppB transcription by growing the tppB�-
lacZ fusion strain in glycerol-MOPS (morpholinepropanesul-
fonic acid) medium at either low (50 mM NaCl) or high (300
mM NaCl) osmolarity as previously described (43) and then
harvesting these cells for �-galactosidase analysis. As shown in
Table 1, cells grown at low osmolarity and high osmolarity
exhibit similar levels of tppB�-lacZ fusion expression. More-
over, this expression is dependent on the presence of OmpR.
The fact that tppB is not osmoregulated suggests that tppB
transcription is not sensitive to changes in the cellular OmpR-P
concentration. Therefore, the low cellular levels of OmpR-P

present at low osmolarity are sufficient to activate tppB tran-
scription, and the elevated levels of OmpR-P present at high
osmolarity have little effect on the tppB transcription level.
This interpretation is supported by our �-galactosidase results
with the various envZ mutations (Fig. 1A), which implied that
once it reaches a certain threshold, further increases in the
cellular OmpR-P concentration do not affect tppB transcrip-
tion.

In addition to the observation that tppB is not osmoregu-
lated, Gibson et al. (6) and Jamieson and Higgins (18) re-
ported that tppB transcription is strongly stimulated under
anaerobic conditions. Jamieson and Higgins also reported that
the anaerobic regulation of tppB occurs through an OmpR-
independent mechanism (19) and that the magnitude of the
change in tppB transcription was dependent on the growth
medium (6, 18). To determine if the transcription of the E. coli
tppB gene shows a similar pattern of regulation under anaer-
obic conditions, the strain containing the tppB�-lacZ fusion was
grown aerobically and anaerobically in glucose-MOPS medium
as described by Stewart and Parales (47) and subjected to
�-galactosidase analysis. As shown in Table 1, our results differ
from the results reported for the serovar Typhimurium tppB
gene in two ways. First, our results indicate that the regulation
of tppB under aerobic and anaerobic conditions is dependent
on OmpR (Table 1). Second, we observe only a modest two- to
threefold increase in tppB�-lacZ fusion expression under an-
aerobic conditions compared to expression under aerobic con-
ditions (Table 1). It is possible that the modest effect of anaer-
obiosis on tppB�-lacZ expression observed in our studies is due
to the medium conditions that we used. However, in a recent
E. coli DNA microarray study examining the effect of anaero-
biosis on global gene expression (42), tppB was not identified as
an anaerobically induced gene. Therefore, anaerobiosis may
not play as important a role in the transcription of E. coli tppB
as previously predicted based on the studies of the serovar
Typhimurium tppB gene.

A major conclusion of our studies with the tppB�-lacZ fusion
construct is that the transcriptional activation of tppB is de-
pendent on OmpR. To gain further insights into the mecha-
nism involved in the OmpR-dependent regulation of tppB, we
examined the interaction between OmpR and the E. coli tppB
regulatory region. To accomplish this, we carried out DNase I
footprinting experiments using the plasmid pDS1. This plasmid
contains the sequences between 12 and 715 bp upstream of the
predicted tppB translational start codon. The plasmid DNA
was linearized with XbaI and radiolabeled on either the tem-
plate or nontemplate strand. The labeled fragment was then
incubated with different concentrations of purified OmpR, and
the OmpR-DNA complexes were subjected to DNase I foot-
printing analysis as previously described (15). The digested
products were then separated and analyzed on a standard 8%
DNA sequencing gel. Figure 2 shows the results of the DNase
I footprinting analysis for the tppB template strand. As shown
in Fig. 2A, OmpR protects a region within the tppB regulatory
region that is approximately 30 bp in length. Based on the size
of the protected region, it is likely that the tppB regulatory
region contains only a single OmpR-binding site (4, 10, 15, 22).
Next, to examine the effect of OmpR phosphorylation on the
binding pattern, we included acetyl phosphate in the DNase I
reaction mixtures. As shown in Fig. 2B, the binding of OmpR

TABLE 1. Effects of different environmental stimuli on
tppB�-lacZ production

Allele

tppB�-lacZ production (Miller units)

Osmolarity Anaerobiosis

Glycerol-MOPS
(50 mM NaCl)

Glycerol-MOPS
(300 mM NaCl)

Glucose-MOPS
with O2

Glucose-MOPS
without O2

ompR� 53 � 4 43 � 2 33 � 11 84 � 15
ompR101 4 � 1 3 � 1 3 � 1 5 � 2
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to the DNA is stimulated approximately twofold in the pres-
ence of acetyl phosphate. This result, together with our genetic
analysis of tppB transcription, supports the idea that the phos-
phorylation of OmpR plays an important role in the transcrip-
tional activation of tppB. The sequences protected by OmpR
on both the template and nontemplate strands are presented in
Fig. 2C.

Our DNase I footprinting analysis provides strong evidence
that OmpR binds to a specific site in the tppB regulatory
region. Examination of the region protected by OmpR re-
vealed that it contains a T-N-A-C-A sequence at the beginning
of each half-site (Fig. 2C). Variations of this sequence are
present in many strong OmpR-binding sites (10, 15, 20, 23, 34).
Interestingly, computational approaches aimed at predicting
OmpR-regulated genes failed to identify any potential OmpR-
binding sites upstream of the tppB gene (37, 48). Such compu-
tational approaches use the known binding sites of a DNA-
binding protein to establish a position-weight matrix. Since
only a small number of OmpR-binding sites were available
when these matrices were built, it is not surprising that the tppB
gene was missed in these early analyses. Therefore, it is im-
portant to identify more OmpR-regulated genes and to define
their OmpR-binding sites. By including these additional sites
when building the OmpR consensus matrix, the reliability of

these computational approaches can be improved dramati-
cally. This would allow more accurate predictions of potential
OmpR-regulated genes.

Finally, to determine the location of the OmpR-binding site
relative to the tppB promoter, we needed to identify the tran-
scriptional start site of tppB. To accomplish this, a primer
extension analysis was performed as described by Kingston
(21). A �-32P-labeled primer that mapped between bases 30
and 49 downstream of the predicted tppB start codon was
hybridized to total RNA extracted from the E. coli strain
MG1655. The resulting products of the primer extension re-
action were analyzed on a standard 8% DNA sequencing gel.
As shown in Fig. 3, a major band mapped to the G residue
located 102 bp upstream from the tppB start codon. Two minor
bands were also present on the gel, and the locations of these
bands are indicated in the figure. Based on the results shown in
Fig. 3, we predict that the G residue at nucleotide 1710695 in
the E. coli K-12 chromosome is the major start site of tppB
transcription.

Examination of the region upstream of the transcription
start site revealed �35 and �10 elements that resemble a
sigma-70 promoter (Fig. 4). This places the OmpR-binding site
immediately upstream of the �35 element of the tppB pro-
moter. At ompF and ompC, the OmpR-binding sites required

FIG. 2. Identification of the OmpR-protected region at the tppB regulatory region. A DNase I footprinting analysis was performed on the
template strand of the tppB regulatory region in the absence of acetyl phosphate (A) or in the presence of 25 mM acetyl phosphate (B). The precise
positions of the nucleotides protected by OmpR were determined by comparison with the results of the Maxam-Gilbert G�A cleavage reaction
shown in lane 1. OmpR was purified as previously described (15) and used in the binding reactions at the following concentrations: 0 	M (lane
2), 6.5 	M (lane 3), 3.3 	M (lane 4), 1.6 	M (lane 5), 0.8 	M (lane 6), and 0.4 	M (lane 7). (C) The nucleotides protected by OmpR during DNase
I footprinting analysis of the nontemplate (upper) strand and the template (lower) strand of the tppB regulatory region are indicated by the lines.
Sequences conserved among strong OmpR-binding sites are shaded in gray.
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for transcriptional activation are also located upstream of the
�35 promoter element. The binding of OmpR to these sites
facilitates the interaction between OmpR and the C-terminal
domain of the 
-subunit of RNA polymerase and results in
transcriptional activation (39). Based on these properties,
OmpR has been classified as a class I transcription factor (16,
17). Given the position of the OmpR-binding site relative to
the identified transcription start site of tppB, it is likely that
OmpR activates tppB transcription through a similar mecha-
nism.

The distinctive binding pattern of OmpR at the tppB regu-
latory region provides further insights into why the transcrip-
tional regulation of tppB is not osmoregulated like that of
ompF and ompC. Our DNase I footprinting studies revealed
that the tppB regulatory region contains a single OmpR-bind-
ing site. In contrast, the ompC regulatory region contains three
OmpR-binding sites and the ompF regulatory region contains
four OmpR-binding sites (20, 35). According to the current
model, the presence of multiple sites with different affinities for

OmpR-P is responsible for the osmoregulation of ompF and
ompC. At low osmolarity, low cellular concentrations of
OmpR-P are present. These levels are sufficient for OmpR-P
to bind to the strong sites of ompF that are responsible for
activating ompF transcription. At high osmolarity, higher cel-
lular levels of OmpR-P are present. These higher levels result
in the occupancy of both strong and weak sites, which allows
the activation of ompC transcription and the repression of
ompF transcription. In the case of tppB, only a single OmpR-
binding site is present. Our experiments suggest that this site is
occupied at low cellular OmpR-P concentrations and remains
occupied at high cellular OmpR-P levels. As a result, the tran-
scription of tppB is not sensitive to changes in medium osmo-
larity.

Based on these distinctive characteristics, tppB may repre-
sent a new class of OmpR-regulated gene. We are currently
conducting a series of DNA microarrays aimed at identifying
new OmpR regulon members. We predict that some of the
identified genes will be regulated through a single OmpR-
binding site and that some of these genes will not respond to
changes in osmolarity. The identification and characterization
of new OmpR-regulated genes will be valuable for uncovering
the general mechanism by which OmpR controls the transcrip-
tion of its regulon members and for discovering the global role
of OmpR in the E. coli stress response.
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