
ORIGINAL PAPER

OmpR controls Yersinia enterocolitica motility by positive
regulation of flhDC expression

Adrianna Raczkowska • Karolina Skorek •

Jacek Bielecki • Katarzyna Brzostek

Received: 6 July 2010 / Accepted: 25 August 2010 / Published online: 10 September 2010

� The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract Flagella and invasin play important roles

during the early stages of infection by the enteric

pathogen Yersinia enterocolitica. Our previous study

demonstrated that OmpR negatively regulates invasin

gene expression at the transcriptional level. The

present study focused on the role of OmpR in the

regulation of flagella expression. Motility assays and

microscopic observations revealed that an ompR

mutant strain exhibits a non-motile phenotype due

to the lack of flagella. An analysis of flhDC::lacZYA

chromosomal fusions demonstrated a decrease in

flhDC expression in ompR mutant cells, suggesting a

role for OmpR in the positive control of flagellar

master operon flhDC, which is in contrast to the

negative role it plays in Escherichia coli. Moreover,

high temperature or osmolarity and low pH decreased

flhDC expression and OmpR was not required for the

response to these factors. Evidence from an exami-

nation of the DNA binding properties of OmpR in

vitro indicated that the mechanism by which OmpR

regulates flhDC is direct. Electrophoretic mobility

shift assays confirmed that OmpR binds specifically

to the flhDC promoter region and suggested the

presence of more than one OmpR-binding site. In

addition, phosphorylation of OmpR by acetyl-P

appeared to stimulate the binding abilities of OmpR.

Together with the results of our previous studies

revealing the negative role of OmpR in the regulation

of invasin expression, these findings support a model

in which invasion and motility might be reciprocally

regulated by OmpR.
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Introduction

In Gram-negative bacteria of the Enterobacteriaceae

family, the response regulator OmpR, together with

histidine kinase EnvZ, constitutes the EnvZ/OmpR

signal transduction pathway that regulates the tran-

scription of several genes involved in adaptive

responses to environmental signals (Egger et al.

1997; Stock et al. 1989). EnvZ of Escherichia coli

senses changes in the osmolarity of the environ-

ment (Russo and Silhavy 1991). This transmembrane
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histidine kinase is autophosphorylated using ATP and

the phosphate group of EnvZ-P is subsequently

transferred to OmpR to form phosphorylated OmpR

(OmpR-P). EnvZ also possesses phosphatase activity

that removes the phosphoryl group from the phosphor-

ylated/activated form of OmpR. The relative activities

of the kinase and phosphatase functions of EnvZ

regulate the cellular level of OmpR-P in response to

environmental changes. OmpR-P is a transcription

factor that binds within promoter regions and controls

the expression of genes involved in the regulation of

numerous functions in bacterial cells, including outer

membrane permeability (Russo and Silhavy 1991),

biofilm formation (Vidal et al. 1998), flagella synthesis

(Shin and Park 1995), low pH tolerance (Bang et al.

2000), fatty acid transport (Higashitani et al. 1993), cell

division (Yamamoto et al. 2000) and curli fiber

formation (Jubelin et al. 2005). A role for OmpR in

controlling the virulence properties of pathogenic

bacteria has also been determined (Bernardini et al.

1990; Dorman et al. 1989; Lee et al. 2000). For

example, a correlation between the functioning of

OmpR and pathogenicity of Yersinia enterocolitica

was demonstrated (Brzostek et al. 2003; Dorrell et al.

1998). OmpR was identified as the response regulator

for osmolarity-regulated porins and Yop proteins in

Y. enterocolitica (Brzostek et al. 2003). OmpR-

dependent osmoregulation of Yops has also been

recently confirmed in Yersinia pseudotuberculosis

(Flamez et al. 2008). Lastly, we have demonstrated

that OmpR negatively regulates invasin gene expres-

sion in Y. enterocolitica (Brzostek et al. 2007). It

appears that OmpR operates as a global regulatory

protein in Yersinia cells.

Flagella biogenesis of Gram-negative bacteria is

subject to complex control in response to environ-

mental stimuli, which involves a large variety of

regulators. The human enteropathogen Y. enterocol-

itica is a peritrichously flagellated bacterium that

becomes motile at temperatures below 30�C (Kapa-

tral and Minnich 1995). Motility allows bacterial

cells to locate the most favorable environment and is

essential for Y. enterocolitica to contact host cells and

invade the host organism (Young et al. 2000). The

genes of the Y. enterocolitica flagellar regulon are

organized into one large cluster expressed in a

cascade that parallels the stepwise assembly of the

flagellum (Horne and Pruss 2006). The flagellar

transcriptional hierarchy is remarkably similar to that

of E. coli and consists of three major flagellar gene

classes: I, II and III. The flagellar regulon is

modulated by key regulatory elements, particularly

a master regulator FlhDC and the alternative sigma

factor, FliA (r28) (Iriarte et al. 1995). FlhDC, which

is structurally and functionally conserved in Gram-

negative bacteria (Young et al. 1999b), is encoded by

the flhDC operon (class I). FlhDC is a heterotetra-

meric transcriptional activator at the top of the

hierarchical cascade, which is required for the

expression of all flagellar genes, while sigma factor

FliA has a positive effect upon the expression of eight

class III flagellar operons (Horne and Pruss 2006;

Kapatral et al. 1996). In addition, several studies have

shown that master regulator FlhDC affects the

expression level of non-flagellar genes of Y. entero-

colitica, including 21 genes that are involved in

central metabolism (Bleves et al. 2002; Kapatral et al.

2004; Townsend et al. 2008; Young et al. 1999a).

Detailed inspection of the Y. enterocolitica flagel-

lar gene cluster has revealed some differences in the

organization of these genes compared with E. coli.

The most intriguing is the presence of the inv gene

coding for invasin—the main invasion and adhesion

factor of this enteropathogen—within the flagellar

unit. In addition, Y. enterocolitica has three separate

flagellin genes (fleA, fleB, fleC), whereas only one

gene (fliC) is present in E. coli.

Studies in E. coli and Salmonella have established

that the expression of the master flagellar control

operon flhDC is positively regulated at the transcrip-

tional level by factors such as cAMP-CAP (Souto-

urina et al. 1999; Yokota and Gots 1970), H-NS

(Soutourina et al. 1999, 2002) and the two-compo-

nent system QseBC (Sperandio et al. 2002). Other

regulators have been shown to negatively affect

flhDC expression, including LrhA (Lehnen et al.

2002), RcsAB (Francez-Charlot et al. 2003) and

OmpR (Shin and Park 1995). The transcriptional

modulators of flhDC in Y. enterocolitica and their

impact upon the regulation of flagellar genes have not

yet been studied. In this study we show that OmpR

controls the motility of Y. enterocolitica by positively

regulating flhDC expression at the transcriptional

level. The rationale for reciprocal regulation of

motility and invasin production in Y. enterocolitica

by OmpR is discussed.
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Materials and methods

Bacterial strains, plasmids and growth conditions

The strains and plasmids used in this study are listed

in Table 1. Tryptone broth (TB; 1% tryptone, 0.25%

NaCl) and minimal medium A (MMA) were used as

growth media (Miller 1972). To examine the influ-

ence of the osmolarity and pH of the growth medium,

an overnight culture was grown at 25�C in 5 ml of

TB. This culture was diluted 1:100 in 10 ml of TB0,

i.e. TB without NaCl, and the osmolarity was

adjusted by adding NaCl to final concentrations of

0.1, 0.2, 0.3 or 0.4 M. In some experiments the

osmolarity of the growth medium was raised by

adding sorbitol or KCl instead of NaCl. Variation of

the pH was achieved by buffering TB with MOPS

[3-(N-morpholino) propanesulfonic acid—pH 7.0,

8.0], MES [2-(N-morpholino)ethanesulfonic acid—

pH 5.5, 6.5], or homoPIPES [homopiperazine-N,N0-
bis(2-ethanesulfonic acid)—pH 5.0] at 0.1 M. To

study the effect of different carbon sources, MMA

medium was supplemented with glycerol, glucose,

pyruvate or acetate to 0.2%. For environmental

assays bacteria were grown to exponential phase

OD560 of *0.4). Where necessary, growth media

were supplemented with antibiotics: kanamycin

(Km)—50 lg/ml, chloramphenicol (Cm)—12.5 or

25 lg/ml, nalidixic acid (Nal)—15 lg/ml, tetracy-

cline (Tc)—12.5 lg/ml.

DNA techniques

Plasmid and chromosomal DNA was purified using

Invitrogen kits. DNA fragments were amplified by

PCR using Taq or Pfu DNA polymerase (Invitrogen)

with oligonucleotide primers. Restriction endonucle-

ase analysis, ligation and transformation were carried

Table 1 Strains and plasmids used

Strain or plasmid Description Reference or source

Y. enterocolitica O:9 strains

Ye9 pYV? Laboratory collection

Ye9N pYV?, NalR Laboratory collection

AR4 pYV?, NalR, DompR::Km Brzostek et al. (2003)

EZ10 pYV?, NalR, envZ::pEP185.2, CmR This study

Ye11 pYV?, NalR, flhDC::lacZYA, CmR This study

AR6 pYV?, NalR, DompR::Km, flhDC::lacZYA, CmR This study

E. coli strains

TOP 10F0 F0{lacIq Tn10 (TetR)}mcrA D(mrr-hsd

RMS-mcrBC)/80lacZ DM15 DlacX74 deoR

recA1 araD139 D99ara-leu)7697galU

galK rpsL (SmR) endA1 nupG Invitrogen

S17-1 kpir pro thi recA hsdR514 (R?M-) kpir

RP4 2-Tc::Mu-Kn::Tn7 (TpR StrR) Simon et al. (1983)

Plasmids

pDrive cloning vector, AmpR KmR Qiagen

pDF519 pDrive with 519 bp fragment of flhC gene, AmpR KmR This study

pDE673 pDrive with 673 bp fragment of envZ gene, AmpR KmR This study

pEP185.2 Suicide vector, CmR Kinder et al. (1993)

pEZ1 pEP185.2 with 673 bp fragment of envZ from pDE673, CmR This study

pFUSE Suicide vector, derivative of pEP185.2 with promoterless lacZYA genes, CmR Baumler et al. (1996)

pF519 pFUSE with XbaI/SmaI fragment of flhC from pD519, CmR This study

pHR4 pHSG575 with 740 bp fragment of ompR with RBS, CmR Brzostek et al. (2003)

pBR3 pBBR1 MCS-3 with XhoI/PstI fragment of ompR with RBS and

6His-tag region from pQR6, TetR
Brzostek et al. (2007)
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out using standard methods (Sambrook et al. 1989). To

characterize the flhDC promoter region of strain Ye9

(serotype O:9), three PCR-amplified fragments were

applied: a 448-bp fragment amplified using the forward

FlhBa1 (50-CGCTCTTTTCTGACTTCTGG-30) and

reverse FlhBa448 (50-TCATTTTATACATCCCGAC

TGA-30) primers. The 196- and 249-bp fragments of

flhDC were amplified using primers: BFlh1 (50-CCA

ACTGCCAGATAGACGAC-30) and BFlh196 (50-CT

CATTTTATACATCCCGACTGA-30) and OFlh1

(50-GGGCCTGGATCCTTAGTTTT-30) and OFlh249

(50-TTGCATCTTCGACATGAAAC-30), respectively.All

primers were designed based on the flhDC sequence

of Y. enterocolitica W1024 serotype O:9 (GenBank

accession no. Z48169). The nucleotide sequence of the

region upstream of flhDC was examined for potential

OmpR binding sites by comparison with the consensus

sequence (Egger et al. 1997). Alignments were carried

out using NCBI BLAST software.

Motility assays

Swimming assays were performed on TB0 plates

containing 0.3% agar. Strains were grown overnight

in TB medium at 25�C and a 4 ll aliquot was spotted

onto the plates, which were then incubated at 25 and

37�C. After overnight incubation, the plates were

photographed and the swimming zones evaluated.

Transmission electron microscopy (TEM)

For the examination of flagella by transmission electron

microscopy, bacteria grown on swimming plates (0.3%

agar, 25�C, 16 h) were applied to formvar-coated grids

(10 min) and then fixed by adding a drop of 0.5%

glutaraldehyde for 2 min. The grids were washed three

times for 10 s in water and negatively stained with 0.5%

phosphotungstic acid for 10 s. Flagella were visualized

using a LEO 912AB electron microscope (Zeiss)

(Biology Faculty, Warsaw University).

Construction of envZ insertion mutant

The inactivation of envZ in Y. enterocolitica strain Ye9

was performed by plasmid insertion via homologous

recombination using the conjugative suicide vector

pEP185.2 (Kinder et al. 1993). A 673-bp intragenic

fragment of envZ was amplified by PCR using primers

EnvZ1 (50-GAAAGTGGCCTGCGTTGG-30) and

EnvZ673 (50-TCAATCACCCGCTCATAGC-30). This

DNA fragment was cloned into the pDrive cloning

vector (Qiagen) to generate plasmid pDE673, then an

XbaI/BamHI fragment of envZ was prepared from this

construct and ligated with XbaI/BamHI-digested

pEP185.2. The resulting plasmid pEZ1 was transferred

from E. coli S17-1 kpir to Y. enterocolitica strain Ye9

NalR (Ye9N) by biparental conjugation. Strains har-

boring the plasmid integrated into the chromosome

were recovered by selecting for Cm and Nal resistance.

The insertional mutant obtained by this strategy was

designated EZ10 (envZ). Correct integration at the

envZ locus was confirmed by PCR with primers

UPEnvZ (50-TGAGAGCTCGTGAAGAAGTTGACC

GTATCG-30), located upstream of the homologous

region used for recombination, and pCYC2 (50-ACT-

CATCGCAGTACTGTTGTAA-30), within the chlor-

amphenicol resistance cassette of the suicide vector

(data not shown).

Construction of reporter strains carrying

a flhDC::lacZYA fusion

To generate a chromosomal flhDC::lacZYA operon

fusion, a 519-bp fragment of the flhC gene was first

amplified by PCR using Ye9 chromosomal DNA as the

template with primers flhDC1 (50-TGTCTAGAA-

GATGTTAGAAAGCGAGACG-30) and flhDC519

(50-TGCCCGGGTCAAACTGCGCGTCTAACC-30).
The DNA fragment was cloned into the pDrive vector

to produce plasmid pD519, then an XbaI/SmaI flhC

fragment was subcloned into the corresponding sites

of the suicide vector pFUSE (Baumler et al. 1996) to

give plasmid pF519. Integration of pF519 into the

Y. enterocolitica chromosome was achieved by homol-

ogous recombination during the conjugation step,

as described previously (Brzostek et al. 2007). The

presence of the flhDC::lacZYA fusion in chromosomal

DNA was confirmed by PCR with primers flhDRT1 (50-
CTCAGCGATGTTTCGTCTCG-30), located upstream

of the homologous region used for recombination, and

lacZ991 (50-CATCGCAGGCTTCTGCTTC-30), within

the lacZ sequence of pFUSE (data not shown).

b-Galactosidase assays

Y. enterocolitica strains containing the flhDC::lacZYA

fusion were grown in MMA, TB and TB0 media
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under different environmental conditions (temperature,

pH, osmolarity). The b-galactosidase activity was

measured in bacterial cells permeabilized with SDS

and CHCl3 using ONPG as the substrate, according to

a standard method (Minnich and Rohde 2007). Most

assays were performed at least three times and the data

were expressed as the mean ± standard deviation.

Separation of OmpR from OmpR-P by reversed

phase HPLC

Full length OmpR was overproduced and purified as

described previously (Brzostek et al. 2007). The

recombinant OmpR protein migrated as a single band

at around 27 kDa on a 12% SDS-polyacrylamide gel.

20 lg of purified OmpR was phosphorylated by

treatment with acetyl-P (20 mM) for 1 h at room

temperature.

Separation of OmpR from OmpR-P was performed

by HPLC according to the method of Head et al. (1998)

with slight modifications. Protein samples were

injected onto a Symmetry C8 reversed phase column

(2.1 mm 9 150 mm, particle 5 lm, Waters, USA)

and separated using an acetonitrile gradient with

solvent A that varied from 80 to 0% over 60 min and

solvent B that went from 20 to 100% over the same

period, with a constant flow rate of 0.2 ml/min.

Between 60 to 135 min, the samples were chromato-

graphed with 100% solvent B. Solvent A was com-

posed of 20% acetonitrile, 0.1% trifluoroacetic acid;

solvent B was 60% acetonitrile, 0.1% trifluoroacetic

acid. An HPLC system (Waters Alliance 2695) with a

PDA detector (2996 PDA, Waters, USA) was used.

The eluent was monitored at 254 nm and the peaks

were recorded using Empower software (Waters).

Electrophoretic mobility shift assays (EMSAs)

OmpR-binding studies were performed using an

N-terminal His-tagged OmpR protein and fragments

of the flhDC promoter region containing the putative

OmpR binding sites. OmpR-His6 synthesized in E. coli

M-15 was purified as described previously (Brzostek

et al. 2007). Fragments of flhDC promoter region were

amplified by PCR using Pfu polymerase (EURx) with

Y. enterocolitica Ye9 chromosomal DNA as the

template. The purified fragments (1–3 pmol in 20 ll)

were incubated with varying concentrations of OmpR-

His6 (0.2–4.0 lM) in the presence of binding buffer P

[40 mM Tris–HCl (pH 8.0), 100 mM KCl, 10 mM

MgCl2, 5 mM dithiothreitol (DTT), 5% glycerol] at

room temperature for 30 min and the reactions were

then analyzed by electrophoresis on 5% native poly-

acrylamide gels (29:1 acrylamide/bis acrylamide) in

0.59 Tris–borate–EDTA buffer for 3 h at 120 V at

4�C. For phosphorylation of OmpR, 20 mM acetyl

phosphate (acetyl-P, Sigma) was added to the reaction

mixture. As a negative control, a 211-bp fragment of

Y. enterocolitica 16S rRNA gene amplified by PCR

with primers S1 (50-TACGCATTTCACCGCTACAC-30)
and S211 (50-CAGAAGAAGCACCGGCTAAC-30)
was included in the binding assays. The DNA bands

were visualized by staining the gels with ethidium

bromide. To show the binding of different amounts of

OmpR, to the purified 448-bp fragment, the gels were

stained with Coomassie Brilliant Blue R-250. To study

the influence of phosphorylation time on OmpR

binding ability, OmpR-His6 was pre-incubated in

buffer P containing 20 mM acetyl-P and used in

binding reactions after the indicated times. The nucle-

oprotein complexes in these reactions were then

analyzed by gel electrophoresis as described above.

Results

The ompR mutant is non-motile

and non-flagellated

Swimming motility assays were performed with the

wild-type Ye9 and Ye9N and the AR4 and EZ10

mutant strains of Y. enterocolitica at 25 and 37�C.

Mutant AR4 (DompR::Km), lacking OmpR protein,

was created as described previously (Brzostek et al.

2007). Mutant EZ10 (envZ::pEP185.2) was con-

structed in this study by insertional mutagenesis. A

motility assay at 37�C revealed a non-motile pheno-

type for all strains, as expected (data not shown). The

analysis of motility of strains Ye9, AR4 and EZ10

incubated at 25�C (Fig. 1) revealed that the ompR

mutant had failed to swim when compared with the

strain Ye9 or the envZ mutant. However, the envZ

mutant was less motile than the wild-type strain Ye9.

In addition, the motility of Ye9N strain, a NalR

derivative of Ye9, was unchanged (data not shown).

Complementation of the ompR mutation was achieved

using the plasmid pHR4 (Brzostek et al. 2003),

carrying the gene coding for OmpR. The introduction
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of this plasmid into mutant AR4 restored swimming

motility, although the motility of the AR4/pHR4 strain

was slightly weaker than that of wild-type cells. These

results indicated that OmpR is required for the

expression of motility. To determine whether the loss

of motility of strain AR4 was due to the absence of

flagella, cells of Y. enterocolitica strains Ye9, ompR

mutant AR4, envZ mutant EZ10 and AR4/pHR4 were

examined by electron microscopy (Fig. 2). Electron

micrographs showed that all the cells are rod-shaped

and those of the parent strain Ye9 and the envZ mutant

strain EZ10 are flagellated, but the ompR mutant cells

lack flagella. The flagellated phenotype was restored

to strain AR4 by the introduction of an active copy of

ompR on plasmid pHR4.

Effect of growth conditions and OmpR

on flhDC promoter function

To investigate OmpR-dependent activity of the flhDC

promoter, an operon fusion of flhDC with the lacZ

reporter gene was constructed in the wild-type strain

Ye9 and in the ompR mutant AR4 to produce strains

Ye11 and AR6, respectively. The reporter fusion was

created by plasmid insertion via homologous recom-

bination. The levels of expression of flhDC::lacZYA,

as measured by b-galactosidase assay, were com-

pared for strains Ye11 and AR6 under different

growth conditions (Fig. 3). Complementation analy-

ses were performed using strain AR6 carrying

plasmid pBR3 encoding His-tagged OmpR (Brzostek

et al. 2007).

To study the influence of OmpR and temperature

on the expression of flhDC, the flhDC::lacZYA strains

were grown in TB0 medium at 25, 31, 34 or 37�C

(Fig. 3a). The lack of the OmpR protein in AR6

resulted in a *3.5-fold decrease in the level of

b-galactosidase activity at 25�C compared with the

level obtained for strain Ye11 (524 ± 36 vs. 1762 ±

37 Miller units). This result implied a positive role

for the OmpR protein in the regulation of flhDC

expression. In addition, complementation of the ompR

mutation in strain AR6 with plasmid pBR3 resulted in

an increase in b-galactosidase activity (1303 ± 80

Miller units), indicating that the His-tagged OmpR

protein, expressed from the gene introduced in trans,

was able to positively regulate flhDC expression.

Moreover, a *6.5-fold reduction in b-galactosidase

activity at 31�C compared with the level at 25�C

(1762 ± 37 vs. 138 ± 18 Miller units) was observed

for strain Ye11, and an increase in the tempera-

ture up to 37�C resulted in a further decrease in

Fig. 1 OmpR is required for Y. enterocolitica swimming

motility. Swimming zones were observed on 0.3% TB0 agar

plates after 16 h incubation at 25�C. Ye9, wild-type strain;

AR4, ompR mutant; AR4/pHR4, ompR mutant with plasmid

pHR4 expressing OmpR; EZ10, envZ mutant

Fig. 2 Transmission electron microscopy of Y. enterocolitica
strains. Bacteria grown for 16 h at 25�C on 0.3% TB0 agar

plates were negatively stained with phosphotungstic acid. Ye9,

wild-type strain; AR4, ompR mutant; AR4/pHR4, ompR
mutant with plasmid pHR4 expressing OmpR; EZ10, envZ
mutant. The scale bar represents 1 lm
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b-galactosidase activity. The same inverse relation-

ship between temperature and the level of flhDC

expression was also observed for strain AR6. These

results showed that flhDC expression is repressed by

high temperature and that OmpR is not involved in the

observed thermoregulation.

To examine whether OmpR modulates the expres-

sion of flhDC in response to high osmolarity, flhDC

promoter activity was measured in strains grown in

TB0 medium or TB0 supplemented with NaCl

(Fig. 3b). In the strain with active OmpR (Ye11),

high osmolarity conditions caused a decrease in

expression from the flhDC promoter. b-galactosidase

activity was reduced *10-fold from 2238 ± 263

Miller units at zero NaCl to 221 ± 48 Miller units at

0.3 M NaCl. Besides the normally decreased level of

flhDC expression in the ompR mutant AR6, an

inhibitory effect of high osmolarity on the b-galacto-

sidase activity of this strain was also observed. These

results imply that OmpR may not be involved in the

osmoregulation of flhDC at higher osmolarity. To

ensure that the observed effect of NaCl on flhDC

expression was caused by an increase in osmolarity

and not an increase in the NaCl concentration in the

medium, NaCl was replaced by KCl or sorbitol.

Similarly to NaCl, the expression of flhDC decreased

with the increasing concentration of the added osmo-

lytes (data not shown).

To study the influence of pH on the expression of

flhDC in the strains Ye11 and AR6, the cells were

grown in TB0 medium at different pH (Fig. 3c). The

optimal pH for flhDC expression in Ye11 was found

to be 7.0 (2255 ± 129 Miller units). Raising the

pH to 8.0 resulted in a *2-fold decrease in flhDC

promoter activity (1044 ± 55 Miller units). More-

over, a shift to acidic pH values resulted in a

dramatic fall in activity, with the greatest decrease

of *10-fold occurring when the pH was reduced to

5.0 (233 ± 47 Miller units). In strain AR6 (lacking

OmpR protein) grown under different pH conditions,

decreases in b-galactosidase activity were observed at

pH values above and below 7.0. The level of flhDC

promoter activity declined from 668 ± 130 Miller

units at pH 7.0 to 294 ± 80 Miller units at pH 8.0,

and to 175 ± 32 Miller units at pH 5.0. These results

suggest that the control of flhDC expression in

Fig. 3 Effect of OmpR and different temperature, osmolarity

and pH conditions on the expression of the flhDC operon

fusions: a the strains Ye11 (wild-type), AR6 (ompR mutant)

and AR6/pHR4 (ompR mutant with plasmid pHR4 expressing

OmpR) were grown at different temperatures in TB0 medium

(pH 7.0; low osmolarity), b and c the strains Ye11 (wild-type)

and AR6 (ompR mutant) were grown at 25�C in TB0 medium,

b different osmolarities (0–0.4 M NaCl), c different pH values

(5.0–8.0). Values represent the mean b-galactosidase activities

expressed in Miller units ± standard deviations from three

independent experiments
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response to changes in pH is not mediated by the

OmpR protein.

Effect of OmpR and carbon source

on flhDC expression

The level of acetyl-phosphate (acetyl-P, the phospho-

donor for OmpR phosphorylation) within the cell may

vary considerably depending on the carbon source in

the growth medium. To determine the effect of carbon

source on OmpR-dependent flhDC expression, the

b-galactosidase activity was measured for Y. entero-

colitica strains Ye11 and AR6 (with and without

OmpR, respectively) grown in MMA supplemented

with 0.2% glycerol, glucose, pyruvate or acetate

(Table 2). A higher level of b-galactosidase activity

was obtained for the wild-type strain compared with

the ompR mutant when grown on the different carbon

sources. The activity in Ye11 was highest in cells

grown on acetate (757 ± 48 Miller units) and slightly

lower with pyruvate (662 ± 36 Miller units). In the

presence of glycerol and glucose in the medium the

flhDC expression was reduced to 505 ± 56 and

497 ± 57 Miller units, respectively. Interestingly,

the pattern of b-galactosidase activity with the differ-

ent carbon sources was different for the ompR mutant

strain AR6. No significant differences in the activity of

flhDC were observed in AR6 grown in the presence of

pyruvate, acetate, glycerol or glucose.

Separation of OmpR from OmpR-P by reversed

phase HPLC

It has previously been shown that response regulators

of two component signal transduction systems react

with acetyl-P to become phosphorylated (McCleary

and Stock 1994). Phosphorylation of Y. enterocolitica

OmpR in vitro was performed by treatment with

20 mM acetyl-P. After 60 min incubation, a sample of

the reaction mixture was subjected to reversed phase

HPLC to separate OmpR from OmpR-P. When OmpR

was incubated with acetyl-P, two peaks were detected,

eluting at 60 and 80 min (Fig. 4), in contrast to the

single peak that eluted at approximately 80 min when

OmpR without phosphorylation was analyzed (data

not shown). It is assumed that these two peaks

correspond to OmpR-P and OmpR, respectively.

Binding of OmpR to the promoter region of flhDC

examined using electrophoretic mobility shift

assays (EMSAs)

Bioinformatic analysis of the flhDC promoter region

of Y. enterocolitica Ye9 revealed the presence of two

putative OmpR binding sites located at positions from

-110 to -93 nt (B1) and from -44 to -27 nt (B2)

relative to the AUG start codon (Fig. 5). These two

sequences closely resemble the consensus OmpR

binding site, both exhibiting 61% identity.

To determine whether OmpR binds to the flhDC

promoter region containing these two putative binding

sites, EMSAs were performed. Shifted OmpR-P/DNA

complexes were clearly produced when the 448-bp

flhDC fragment (433 bp from the start codon)

Table 2 Effect of carbon source on the activity of the flhDC
promoter

Strain b-Galactosidase activity (Miller units)

Glycerol Glucose Pyruvate Acetate

Ye11 (OmpR?) 505 ± 56 497 ± 57 662 ± 36 757 ± 48

AR6 (OmpR-) 352 ± 20 326 ± 19 408 ± 11 378 ± 21

Values represent the mean of triplicate experiments ± SD

Cells were grown in MMA supplemented with 0.2% of the

carbon source at 25�C

Fig. 4 Identification of two fractions of OmpR after phos-

phorylation by acetyl-P. Following treatment with acetyl-P

(20 mM, 60 min), 2 lg of OmpR protein was subjected to

reversed-phase HPLC using a symmetry C8 column as

described in ‘‘Materials and methods’’. The two peaks, I and

II, correspond to two fractions of OmpR (OmpR and OmpR-P)
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interacted with the protein at concentrations of 0.8,

1.2, 1.85 or 3.0 lM (Fig. 6a). DNA binding was

specific for the flhDC promoter fragment because no

shifting of an unrelated control DNA fragment (211-

bp 16S rDNA) was observed. Furthermore, a stepwise

shifting of the OmpR-P/DNA complexes was evident,

which suggests the presence of more than one OmpR

binding site. This result indicated that OmpR protein

interacts directly with the flhDC promoter to activate

transcription.

To determine the effect of phosphorylation of

OmpR, EMSAs were performed with OmpR

(1.2 lM—sufficient for flhDC promoter shifting)

phosphorylated by incubation with 20 mM acetyl-P

for 60 min and OmpR without phosphorylation

(Fig. 6b). OmpR applied without phosphorylation

was found to bind the flhDC fragment with lower

affinity than the phosphorylated form. To examine

the effect of the time of phosphorylation on OmpR

binding ability, EMSAs were carried out with the

OmpR protein treated with acetyl-P for 15, 30, 45, 60

or 90 min. The results shown in Fig. 6c revealed

similar OmpR-P binding affinities regardless of the

time of phosphorylation from 15 up to 60 min: the

same amount of shifted, specific OmpR-P/DNA

complexes was seen in all cases. However, when

the time of phosphorylation was increased to 90 min,

a reduction in the amount of specific OmpR/DNA

shifted complexes was observed (Fig. 6c, lane 2). It

may be speculated that the formation of higher order

structures of OmpR during the 90 min incubation

might decrease the level of phosphorylation and thus

reduce DNA binding.

During our studies of OmpR binding abilities to

the flhDC promoter region in Y. enterocolitica, the

involvement of OmpR in the regulation of flhDC in

Y. pseudotuberculosis was reported and two binding

sites for OmpR in the promoter region (O1 and O2)

were identified (Hu et al. 2009). In silico examination

of the nucleotide sequence, within the 448-bp flhDC

promoter region of Y. enterocolitica, corresponding

to the putative OmpR binding sites O1 and O2 of

Y. pseudotuberculosis, led to the identification of

these sequences (P1 and P2) with 66 and 50% identity

to the OmpR consensus, respectively (Fig. 5). Bioin-

formatic analysis also indicated that these putative P1

and P2 Y. enterocolitica binding sites for OmpR do

not overlap with B1 and B2 sites revealed at the

beginning of our analysis. Moreover, the O1 and O2

sites of Y. pseudotuberculosis exhibited 64 and

94% identity to the P1 and P2 binding sites of

Y. enterocolitica. These two putative OmpR binding

sites P1 and P2 were recognized in the Y. enterocol-

itica flhDC promoter region, located between -425

and -409 nt (P1) and 246 and -228 nt (P2), relative

to the translational start site. To determine whether

OmpR actually binds to these sequences EMSAs

were performed with a PCR-amplified 196-bp frag-

ment comprising the B1 and B2 binding sites and with

a 249-bp fragment of the flhDC comprising both P1

and P2 binding sites. Different concentrations of the

purified OmpR were incubated with these fragments

and the binding reactions were analyzed by electro-

phoresis in 6% native polyacrylamide gels. The

results presented in Fig. 7 demonstrate a stepwise

shifting profile of OmpR-DNA complexes when the

196-bp flhDC and 249-bp fragment interacts with 1.6,

2.8 and 4.0 lM of the protein. DNA binding was

specific for these both flhDC fragments because the

mobility of 16S rDNA was unaltered in the presence

of different amounts of purified OmpR.

Fig. 5 Bioinformatic analysis of the flhDC regulatory region.

Two putative OmpR binding sites (B1, B2) are shown in bars

within the flhDC promoter sequence. Two nucleotide

sequences P1 and P2 similar to the O1 and O2 binding sites

for OmpR identified within the Y. pseudotuberculosis flhDC
promoter region (Hu et al. 2009) are underlined. These four

sequences (B1, B2, P1, P2) are shown separately in alignments

with the consensus OmpR binding sequence; the conserved C

residues are in bold. The ATG start codon is marked in bold
and M indicates methionine
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Fig. 6 Interactions between OmpR and the flhDC promoter

region examined by EMSA. A 448-bp flhDC promoter

fragment and 211-bp 16S rDNA control fragment were

incubated together in different binding reactions: a with

increasing concentrations of OmpR-P (0.2, 0.4, 0.8, 1.2, 1.85,

3.0 lM; lanes 2–7), or without OmpR (lane 1), b with non-

phosphorylated (OmpR) (1.2 lM) or phosphorylated (OmpR-

P) (1.2 lM) protein (lanes 1 and 2), or without OmpR (lane 3),

c with 1.2 lM of OmpR phosphorylated by acetyl-P for

different times (90, 60, 45, 30, 15 min; lanes 2–6) or without

OmpR (lane 1). The upper and lower panels in parts a and

b show the 5% native polyacrylamide gels stained with

ethidium bromide and Coomassie Brilliant Blue R-250,

respectively

Fig. 7 Interactions

between OmpR and two

different fragments of the

flhDC promoter region

examined by EMSA: a a

211-bp 16S rDNA control

fragment, b a 196-bp

fragment comprising the B1

and B2 binding sites, c a

249-bp fragment

comprising both P1 and P2

binding sites of the flhDC
promoter region. DNA

fragments were incubated

independently in binding

reactions with increasing

concentrations of OmpR-P

(1.6, 2.8, 4.0 lM; lanes
2–4, 6–8, 10–12), or

without OmpR (lane 1, 5, 9)

390 Antonie van Leeuwenhoek (2011) 99:381–394

123



Discussion

Flagella and invasin play important roles during the

early stages of infection by the enteric pathogen

Y. enterocolitica (Pepe and Miller 1993; Young et al.

2000). Our previous study demonstrated that OmpR,

the response regulator of the two-component signal

transduction system EnvZ/OmpR, negatively regu-

lates invasin gene expression at the transcriptional

level (Brzostek et al. 2007).

The present study focused on the role of OmpR in

the regulation of flagella expression. Motility assays

on swimming plates at 25�C showed that an ompR

mutant strain exhibits a non-motile phenotype.

Microscopic observation revealed the lack of flagella

on the ompR cells, confirming that OmpR is required

for flagella synthesis. The motility of all Y. entero-

colitica strains tested was abolished at high temper-

atures (37�C). This phenomenon is characteristic for

both Y. enterocolitica and Y. pseudotuberculosis. The

sole mediator of the thermoregulation of flagella

synthesis is FliA (rF), a flagellum-specific sigma

factor, required for the transcription of class III genes

of the flagellar regulon (Horne and Pruss 2006;

Kapatral and Minnich 1995; Kapatral et al. 1996).

It is known that regulation of the flagellar regulon

occurs at the level of the FlhDC master regulator

(Young et al. 1999b). Therefore, the present study

investigated the mechanism by which OmpR regu-

lates flhDC expression using flhDC::lacZYA operon

fusion analysis and in vitro biochemical approaches.

Our results revealed the involvement of OmpR in

positive regulation of flhDC transcription. However,

contrary to these findings, a negative regulatory

function of OmpR in flhDC expression has previously

been reported in E. coli (Shin and Park 1995). In

addition, it has been suggested that OmpR negatively

regulates flhDC in Xenorhabdus nematophila (Park

and Forst 2006). On the other hand, the ompR

mutation had no effect on either motility or flhDC

expression in Salmonella enterica sv. Typhimurium

(Kutsukake 1997). Thus, it seems that the pattern of

regulation of flhDC expression by OmpR identified

here is specific to Yersinia strains.

To clarify the role of OmpR in the regulation of

Y. enterocolitica flhDC, the influence of different

environmental stimuli on the activity of the flhDC

promoter was measured. High temperature (31�C and

above) appears to be the environmental factor that

decreases flhDC expression in the wild-type strain and

in the ompR strain, suggesting that temperature-

mediated repression of flhDC is OmpR-independent.

The thermoregulation of flhDC transcription was

previously demonstrated in the wild-type Y. entero-

colitica strain 8081v, serotype O:8 (Minnich and

Rohde 2007) However, the degree of temperature-

dependent repression was smaller than found in our

study which was probably the result of differences in

the flhDC regions between Y. enterocolitica serotypes

O:8 and O:9. It has been suggested that sigma factor

FliA and not the FlhDC regulator is directly respon-

sible for the temperature regulation of flagellar genes

(Horne and Pruss 2006; Kapatral et al. 1996, 2004).

As the EnvZ/OmpR signal transduction system

plays a well characterized role in the osmoregulation

of several genes in E. coli (Hall and Silhavy 1979;

Higashitani et al. 1993) and Y. enterocolitica (Brzos-

tek et al. 2003, 2007), we examined the effect of

osmotic conditions on the flhDC expression level in

strains with and without OmpR protein. An in-depth

analysis of flhDC expression in the presence of

osmolytes in the growth medium, demonstrated that

flhDC promoter activity in the wild-type strain

decreases at high osmolarity. However, this effect

was also observed in the absence of OmpR, indicat-

ing that under these conditions flhDC expression

might be OmpR-independent. The present studies

were extended by investigating the effect of pH on

OmpR-dependent flhDC expression. These data

imply that the pH regulation of flhDC in Y. entero-

colitica, like osmolarity is not mediated by the OmpR

protein. It may be speculated that changes in DNA

supercoiling or the activity of other regulatory factors

or mechanisms might contribute to the modulation of

flhDC transcription in response to particular osmo-

larity or pH conditions, as has been reported for some

enterobacterial genes (Higgins et al. 1988).

The regulation of the flhDC operon has been

intensively studied in E. coli and several factors have

been found to negatively or positively regulate the

transcription of flhDC in response to different envi-

ronmental cues. The E. coli OmpR has been shown to

negatively regulate flhDC expression in response to

changes in osmolarity (Shin and Park 1995), and the

function of H-NS in the modulation of flhDC

transcription as well as motility under low-pH

conditions has been demonstrated (Soutourina et al.

2002).
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Thus, apart from the contrary nature of the regula-

tion (i.e. the positive role of OmpR in the regulation

of flhDC expression in Y. enterocolitica revealed in

the present study), the osmolarity control of the

Y. enterocolitica flagellar regulon differs from that of

E. coli. However, we do not rule out the possibility that

the degree of OmpR phosphorylation triggered by

particular, possibly (combined) osmotic and pH con-

ditions, could influence its regulatory properties.

Several mechanisms could account for the enhanced

expression of flhDC in the ompR strain. One hypothesis

is that OmpR directly activates the expression of the

master regulator FlhDC by binding within its promoter.

To investigate this possibility, the DNA binding

properties of OmpR were studied in vitro with an

EMSA.

Our data revealed that OmpR binds specifically to

the 448-bp fragment of flhDC promoter region and

the stepwise shifting profile of nucleoprotein com-

plexes suggested the presence of more than one

binding site. These data were in agreement with a

bioinformatic analysis of the region upstream of the

start codon of flhDC which identified two sequences

with high similarity to the consensus binding site for

OmpR (Egger et al. 1997). Both sites (B1 and B2)

exhibit 61% identity to the OmpR consensus binding

sequence and contain two conserved cytosine resi-

dues, critical for OmpR binding, located at 8- and

10-nt intervals, respectively.

During these studies, the involvement of OmpR in

the positive regulation of flhDC in Y. pseudotubercu-

losis was reported and two binding sites for OmpR in

the promoter region (O1 and O2) were identified by

Hu et al. (2009). However, alignment of the flhDC

regulatory regions of Y. enterocolitica and Y. pseudo-

tuberculosis shows high nucleotide sequence diver-

gence, including the P1 and P2 sites (corresponding to

O1 and O2 sites of Y. pseudotuberculosis) identified in

promoter region of Y. enterocolitica. EMSAs per-

formed with fragments comprising both P1 and P2 or B1

and B2 OmpR binding sites demonstrate that OmpR

may bind independently to these fragments, however,

the binding affinity of OmpR for these specific

sequences will be investigated in future studies. The

presence of high-affinity sites and low-affinity sites for

the OmpR has been suggested for the regulation of the

ompC, ompF genes of E. coli and the ssrA gene of

S. enterica sv Typhimurium (Feng et al. 2003;

Rampersaud et al. 1994).

It has previously been shown that phosphorylation

of OmpR activates this regulatory protein. OmpR

phosphorylation by EnvZ in response to high osmo-

larity has been well studied in E. coli (Igo et al. 1989;

Lan and Igo 1998; Russo and Silhavy 1991). Our

experiments indicate that an envZ mutant strain of

Y. enterocolitica is motile and synthesizes flagella,

suggesting no influence of EnvZ on the OmpR-

dependent regulation of flhDC under the conditions

used.

Thus, OmpR is likely to be available for phosphor-

ylation by other phospho-donors besides its partner

kinase EnvZ, which might result in its activation. In

E. coli, some portion of OmpR seems to be phosphor-

ylated by acetyl-P (Head et al. 1998; McCleary and

Stock 1994; Pruss 1998; Shin and Park 1995) and the

occurrence of this reaction has been suggested for

S. enterica sv. Typhimurium (Bang et al. 2000). Here,

reversed phase HPLC was used to confirm the ability of

acetyl-P to phosphorylate Y. enterocolitica OmpR in

vitro. In addition, EMSAs indicated that phosphoryla-

tion of OmpR slightly enhances its binding abilities. It

has previously been suggested that the intracellular

level of acetyl-P may vary greatly according to the

growth conditions, such as the nature of the carbon

source (McCleary and Stock 1994; Wanner and

Wilmes-Riesenberg 1992). The use of acetate or

pyruvate as the carbon source in the growth medium

was found to increase flhDC transcription in the wild-

type Y. enterocolitica strain compared with glycerol or

glucose, but this effect was not observed in the ompR

strain. Raised intracellular concentrations of pyruvate

or acetate might result in a higher level of acetyl-P

which would increase the phosphorylation state of

OmpR.

To summarize, the OmpR regulator—probably

phosphorylated by acetyl-P—might, under certain

environmental conditions, act directly on the flhDC

promoter region to activate flhDC transcription

and thus play a role in coordinating the motility of

Y. enterocolitica.

These findings, together with the results of our

previous studies indicating a negative role for OmpR

in the regulation of invasin expression, appear to

support a model in which motility and invasin

production, the two major factors involved in the

early stages of Y. enterocolitica pathogenesis, might

be reciprocally regulated. It has previously been

suggested that invasin and motility may be regulated
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in an opposing manner in Y. enterocolitica (Badger

and Miller 1998). This regulation seems appropriate

during the process of pathogenesis of Y. enterocol-

itica, where motility is the first critical feature during

host cell invasion, followed by adhesion and invasion

processes. Therefore, depending on the infection

stage, OmpR could regulate invasin production and

motility in an opposing manner, and this regulation

may be fine-tuned in response to changing environ-

mental conditions and by the activities of the multiple

regulatory factors involved.

Since FlhDC, besides its regulatory function in

motility, may also act as a global regulator of

Y. enterocolitica metabolism (Kapatral et al. 2004)

and affect the secretion of virulence factors by the

flagellar export apparatus (Young et al. 1999a), the

modulation of flhDC operon expression by OmpR is

likely to have considerable implications for Y. entero-

colitica physiology. In addition, it seems that the role

of OmpR in the regulation of flhDC is specific to

enteropathogenic Yersinia species.
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