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Yersinia pestis is one of the most dangerous bacterial pathogens. PhoP and cyclic AMP receptor protein (CRP) are global regula-
tors of Y. pestis, and they control two distinct regulons that contain multiple virulence-related genes. The PhoP regulator and its
cognate sensor PhoQ constitute a two-component regulatory system. The regulatory activity of CRP is triggered only by binding
to its cofactor cAMP, which is synthesized from ATP by adenylyl cyclase (encoded by cyaA). However, the association between
the two regulatory systems PhoP/PhoQ and CRP-cAMP is still not understood for Y. pestis. In the present work, the four consec-
utive genes YPO1635, phoP, phoQ, and YPO1632 were found to constitute an operon, YPO1635-phoPQ-YPO1632, transcribed as
a single primary RNA, whereas the last three genes comprised another operon, phoPQ-YPO1632, transcribed with two adjacent
transcriptional starts. Through direct PhoP-target promoter association, the transcription of these two operons was stimulated
and repressed by PhoP, respectively; thus, both positive autoregulation and negative autoregulation of PhoP/PhoQ were de-
tected. In addition, PhoP acted as a direct transcriptional activator of crp and cyaA. The translational/transcriptional start sites,
promoter �10 and �35 elements, PhoP sites, and PhoP box-like sequences were determined for these PhoP-dependent genes,
providing a map of the PhoP-target promoter interaction. The CRP and PhoP regulons have evolved to merge into a single regu-
latory cascade in Y. pestis because of the direct regulatory association between PhoP/PhoQ and CRP-cAMP.

Yersinia pestis, the causative agent of plague, is one of the most
dangerous bacterial pathogens: it causes deadly systemic in-

fections in mammals, including humans. Y. pestis is transmitted
through flea bites, direct contact, or inhalation of aerosols that
contain the bacterium (1). Y. pestis has been classified as a category
A-listed pathogen by U.S. CDC because it can be used as a poten-
tial biowarfare or bioterrorism agent.

The cyclic AMP (cAMP) receptor protein (CRP) controls the
transcription of more than 100 bacterial genes or operons (2).
CRP is active only in the presence of cAMP, which behaves as a
classic small-molecule inducer. The cAMP-CRP complex binds to
a symmetrical consensus sequence, TGTGA-N6-TCACA (known
as the CRP box sequence), located within the target promoter
regions (3). The major control of cAMP levels in cells is at the
point of synthesis catalyzed by adenylyl cyclase (encoded by cyaA)
from ATP.

PhoP and PhoQ constitute a classic two-component regu-
latory system (4). The sensor PhoQ is activated under acidic or
low-divalent-cation conditions or in response to host-secreted
antimicrobial peptides, and it then phosphorylates PhoP.
Phosphorylated PhoP acts as an active transcriptional regulator
and recognizes an 18-bp PhoP box sequence (TGTTTAWN4T
GTTTAW, where W is A or T) in Y. pestis (5) which is very similar
to those established in Escherichia coli (6, 7) and Salmonella en-
terica (8).

During its life cycle, Y. pestis encounters distinct and complex
in vivo environments, because it may transit from a flea to the
dermis, macrophage, lymph, blood, and then viscera. PhoP re-
sponds to environmental low Mg2�, acidic pH, or antimicrobial
peptides; the first two are frequently found in macrophages,
whereas various antimicrobial peptides are secreted by hosts as a
mechanism of native immunity (9). CRP senses the switch of ca-

tabolites, and glucose may be the only free sugar that the bacteria
can detect in hosts, whereas the presence of glucose stops the CRP-
cAMP machinery (10). Both PhoP and CRP are global regulators
controlling complex cellular pathways, including multiple viru-
lence determinants in Y. pestis (5, 11–16).

Our previous microarray expression analysis of the phoP mu-
tant of Y. pestis showed the positive regulation of crp and cyaA by
PhoP (17), indicating the potential regulatory association between
PhoP/PhoQ and CRP-cAMP in Y. pestis. In this study, the com-
bined use of primer extension analysis, LacZ fusion and �-galac-
tosidase assay, electrophoretic mobility shift assay (EMSA), and
DNase I footprinting analysis disclosed that PhoP was an activator
of crp and cyaA, while it acted as both an activator and repressor of
the phoPQ loci. The CRP and PhoP regulons have evolved to
merge into a single regulatory cascade in Y. pestis, because of the
direct regulatory association between PhoP/PhoQ and CRP-
cAMP.

MATERIALS AND METHODS
Bacterial strains and growth. The wild-type (WT) Y. pestis biovar Micro-
tus strain 201 is avirulent to humans but highly virulent to mice (18). The
nonpolar phoP mutant of Y. pestis, designated the �phoP strain, was pre-
viously described (19). BHI broth containing 3.7% Bacto brain heart in-
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fusion (BD Biosciences) was used for bacterial cultivation. An overnight
cell culture with an optical density at 620 nm (OD620) of about 1.0 was
diluted 1:20 into 18 ml of fresh medium, and bacteria were allowed to
grow at 26°C with shaking at 230 rpm. Kanamycin sulfate was used at a
final concentration of 50 �g/ml.

RNA isolation. Total bacterial RNAs were extracted using the TRIzol
reagent (Invitrogen). RNA quality was monitored by agarose gel electro-
phoresis, and RNA quantity was determined by spectrophotometry.

Reverse transcription (RT)-PCR. The contaminated DNA in the to-
tal-RNA samples was removed by using the Ambion DNA-free kit. cDNAs
were generated by using 5 �g of RNA and 3 �g of random hexamer
primers in a 40-�l reaction mixture. A volume of 30 �l of PCR mixture
contained 50 mM KCl; 10 mM Tris-HCl (pH 8.0); 2.5 mM MgCl2; 0.001%
gelatin; 0.1% bovine serum albumin (Sigma); 100 �M (each) dATP,
dCTP, dGTP, and dTTP (GE Healthcare); a 0.1 �M concentration of each
primer; 1 U of Taq DNA polymerase (MBI Fermentas); and 2 �l of cDNA
sample. The parameters for amplification were as follows: 95°C for 3 min;
30 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 1 min; and a final
extension step of 72°C for 5 min. The PCR products were then analyzed by
1.2% agarose gel electrophoresis with ethidium bromide staining.

Primer extension assay. For the primer extension assay (19), an oli-
gonucleotide primer complementary to a portion of the RNA transcript of
each gene was employed to synthesize cDNAs from the RNA templates.
The total RNA (5 to 10 �g) from each strain was annealed with 1 pmol of
reverse primer (end labeled with �-32P) using a primer extension system
(Promega) according to the manufacturer’s instructions. The same la-
beled primer was also used for sequencing with the fmol DNA cycle se-
quencing system (Promega). The primer extension products and se-
quencing materials were concentrated and analyzed by 8 M urea– 6%
polyacrylamide gel electrophoresis, and the result was detected by auto-
radiography (Kodak film).

LacZ fusion and �-galactosidase assay. The promoter-proximal
DNA region of each indicated gene was obtained through PCR with Ex
Taq DNA polymerase (TaKaRa) using Y. pestis 201 genome DNA as the
template. All the primers used are listed in Table 1. PCR fragments were
then directionally cloned into the EcoRI-BamHI (or BamHI-HindIII)
sites of the low-copy-number transcriptional fusion vector pRW50, which
harbors a tetracycline resistance gene and a promoterless lacZ reporter
gene (19). Correct cloning was verified by DNA sequencing. An empty
pRW50 plasmid was also introduced into each strain tested and consid-
ered the negative control. The Y. pestis strains transformed with the re-
combinant plasmids and the empty pRW50 plasmid were grown as pre-
viously described to measure the �-galactosidase activity in the cellular
extracts using the �-galactosidase enzyme assay system (Promega). Assays
were performed with at least three biological replicates.

Purification of 6�His-tagged PhoP (His-PhoP) protein. The entire
coding region of phoP of strain 201 was directionally cloned into the
BamHI-HindIII sites of plasmid pET28a (Novagen), which was verified
by DNA sequencing (19). The recombinant plasmid encoding the His-
PhoP protein was transformed into E. coli BL21�DE3 cells. Overexpres-
sion of His-PhoP was induced by the addition of 1 mM isopropyl-�-D-
thiogalactoside. The overproduced proteins were purified under native
conditions using a nickel-nitrilotriacetic acid (Ni-NTA) agarose column
(Qiagen). The purified protein was concentrated with the Amicon
Ultra-15 centrifugal filter device (Millipore), and the protein purity was
verified by sodium dodecyl sulfate-polyacryalmide gel electrophoresis.

EMSA. For EMSA (19), the target promoter-proximal DNA fragments
were prepared by PCR, and the 5= ends of DNA were labeled using [�-
32P]ATP and T4 polynucleotide kinase. DNA binding was performed in a
10-�l reaction volume containing binding buffer [1 mM MgCl2, 0.5 mM
EDTA, 0.5 mM dithiothreitol (DTT), 50 mM NaCl, 10 mM Tris-HCl (pH
7.5), and 0.05 mg/ml poly(dI-dC)], labeled DNA (1,000 to 2,000 cpm/�l),
and increasing amounts of the His-PhoP protein. Three controls were
included in each EMSA experiment: (i) the cold probe as the specific DNA
competitor (the same promoter-proximal DNA region, unlabeled), (ii)

the negative probe as the nonspecific DNA competitor (the unlabeled
coding region of the 16S rRNA gene), and (iii) the nonspecific protein
competitor (rabbit anti-F1 protein polyclonal antibodies). After 20 min of
incubation at room temperature, the products were loaded onto a native
4% (wt/vol) polyacrylamide gel and electrophoresed in 0.5� Tris-borate-
EDTA (TBE) buffer for about 1 h at 200 V. Radioactive species were
detected by autoradiography after exposure to a Kodak film at �70°C.

DNase I footprinting. For DNase I footprinting (19), the target pro-
moter-proximal DNA regions with a single 32P-labeled end were prepared

TABLE 1 Oligonucleotide primers used in this study

Purpose and target Primers (forward/reverse, 5=–3=)
Mutant construction,

phoP
ATGCGGGTTCTGGTTGTGGAAGATAACGC

GTTGTTGCGTCAGTTGTGTCTCAAAATCT
CTG/CTAGTTGACGTCAAAACGATATCCC
TGACCACGAATAGTCGAAAGCCGCCGTCC
CGTCAAG

RT-PCR, operons AAGGCATCAGCAAACTGGAAG/ACGGTTATC
ATTGGCAAGGC

CAGATATTGGCGTGAACATCG/GGAACGGT
TTGGTCACATAATC

GCCCTTCCAGATTGACCTTTC/ATGTGCG
ACTCCAGCTCAG

TTGAAGTCACCACCTTACACTC/TCTACCG
CCTGAACTAACAATG

LacZ fusion
YPO1635 GCGGGATCCCCGACTCGACCGTGCTAC/

GCGAAGCTTATGGCGACACTACAGGAACC
phoP CCGGAATTCTGATGCCAGCAAAGACG/

CGCGGATCCAGATGGTGACGCAACAAC
crp CCGGAATTCAGACACGACATCAATGGC/

CGCGGATCCTGGCAATGAGACAGGAAC
cyaA CCGGAATTCCCATCCTATCACTGACCG/

CGCGGATCCGTTGATCGCATCCAGTCG

Primer extension
YPO1635 /CAGGGCAAGGGATAATAGGG
phoP /ACCCGCATACACCAATCCTT
crp /GCTACAGCATCACTTTCG
cyaA /CCCGTGCTCCAAATTCG

EMSA
YPO1635 CCGACTCGACCGTGCTAC/ATGGCGACACT

ACAGGAACC
phoP TGATGCCAGCAAAGACG/AGATGGTGACG

CAACAAC
crp AGACACGACATCAATGGC/TGGCAATGAGA

CAGGAAC
cyaA CCATCCTATCACTGACCG/GTTGATCGCAT

CCAGTCG

DNase I footprinting
YPO1635 TAATACAGGTGGCTTAGTTTGG/CAGGGCA

AGGGATAATAGGG
phoP TGATGCCAGCAAAGACG/GCATCGCTTGGT

CACTGACT
GGCGAGTCAGTGACCAAGCG/CGCTCATTA

TGTAGGTGC
crp TGCCTTATCACCCGAATTTC/GCTACAGCA

TCACTTTCG
cyaA CTCATTGGAGCCAGTGATTCG/GTTGATCG

CATCCAGTCG
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by PCR using promoter-specific primer pairs, including a primer labeled
with 32P at the 5= end (either forward or reverse) and its nonlabeled coun-
terpart. The PCR products were purified using QiaQuick reaction cleanup
columns (Qiagen). Increasing amounts of His-PhoP were incubated with
the purified, labeled DNA fragment (2 to 5 pmol) for 30 min at room
temperature, in a final 10-�l reaction volume containing the binding buf-
fer used in EMSA. Before DNA digestion, 10 �l of the Ca2�-Mg2� solu-
tion (5 mM CaCl2 and 10 mM MgCl2) was added, followed by 1 min of
incubation at room temperature. The optimized RQ1 RNase-free DNase I
(Promega) was added to the reaction mixture, and the mixture was incu-
bated at room temperature for 30 to 90 s. The reaction was quenched by
adding 9 �l of stop solution (200 mM NaCl, 30 mM EDTA, and 1% SDS),
followed by 1 min of incubation at room temperature. The partially di-
gested DNA samples were extracted with phenol-chloroform, precipi-
tated with ethanol, and analyzed in a 8 M urea– 6% polyacrylamide gel.
Protected regions were identified by comparison with the sequence lad-
ders. For sequencing, we used the fmol DNA cycle sequencing system
(Promega). The templates for sequencing were the same as the DNA frag-
ments in the DNase I footprinting assays. Radioactive species were de-
tected as previously described.

cAMP determination. Intracellular cAMP was measured using the
cAMP enzyme immunoassay kit (Sigma). Briefly, 1.6 ml of cell culture at
an OD620 of about 1.2 was pelleted and lysed with 400 �l of 0.1 M HCl.
The unacetylated bacterial lysate samples were transferred into wells pre-
coated with goat anti-rabbit IgG. After the addition of rabbit anti-cAMP
antibody, the bound cAMP in each well was measured spectrophoto-
metrically in a competition assay with cAMP-alkaline phosphatase con-
jugate and p-nitrophenyl phosphate substrate.

Experimental replicates and statistical methods. For LacZ fusion
and cAMP determination, experiments were performed with at least three
independent bacterial cultures, and the values were expressed as means 	
standard deviations. Paired Student’s t tests were performed to determine

statistically significant differences; a P value of 
0.01 was considered to
indicate statistical significance. For primer extension, EMSA, and DNase I
footprinting, representative data from at least two independent biological
replicates are shown.

RESULTS
Bacterial growth in BHI medium. In our previous studies, the
chemically defined TMH broth medium containing 10 �M Mg2�

(modified from the original 20 mM Mg2� [20]) was used to dissect
PhoP-dependent expression of genes in Y. pestis (5, 17, 19). How-
ever, Y. pestis strains, especially the �phoP strain, exhibited seri-
ously inhibited growth under low-magnesium conditions (19). In
the present work, the BHI broth medium was used instead of
TMH to cultivate bacteria. BHI facilitated the good growth of both
the �phoP and WT strains, and these two strains exhibited almost
similar growth rates (data not shown), indicating that the phoP
mutation had no effect on the bacterial growth in BHI. For all the
following cell culture-related assays, the bacterial cells were har-
vested at an OD620 of about 1.2 (at the mid-exponential phase).

Transcriptional organization of phoPQ loci. The phoPQ loci
designated herein contained four consecutive genes—YPO1635,
phoP, phoQ, and YPO1632—transcribed in the same direction.
Through RT-PCR (Fig. 1) and the following primer extension
experiments (Fig. 2a and 3a), these four genes were found to con-
stitute an operon, YPO1635-phoPQ-YPO1632, transcribed as a
single primary RNA. Meanwhile, the last three genes comprised
another operon, phoPQ-YPO1632, that was transcribed with two
adjacent transcriptional start sites located upstream of phoP (i.e.,
two primary RNAs).

FIG 1 Transcriptional organization of the phoPQ loci. (a) Operon structure. The boxed arrows represent the length and direction of the coding regions of
corresponding genes. The broken arrows indicate the transcriptional starts (i.e., transcribed promoters). The YPO1635-phoPQ-YPO1632 operon is transcribed
as a single primary RNA, whereas another operon, phoPQ-YPO1632, is transcribed with two adjacent transcriptional start sites. The arrowheads indicate the
location of primer pairs and the expected amplicons of PCR. The horizontal arrows depict the putative primary RNA transcripts. (b) Detection of transcribed
RNA. The cDNA samples were generated by RT from total RNAs of the WT strain. Genomic DNA and cDNA were used as the templates for PCR and RT-PCR,
respectively. To ensure that no contamination of genomic DNA in the RT reactions would occur, RT-PCR of negative controls was performed using the “cDNA”
sample generated without reverse transcriptase as the template. Reaction mixtures containing primer pairs without templates were also included as blank
controls. As expected, both negative and blank controls of RT-PCR did not provide an amplicon (data not shown).
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Regulation of YPO1635 and phoP by PhoP. YPO1635 and
phoP (the first genes of the above two operons, respectively) were
subjected to the following gene regulation experiments. The
mRNA levels of these two genes were measured in the WT and
�phoP strains by primer extension (Fig. 2a). This assay detected a
single transcriptional start site located 36 bp upstream of
YPO1635. Therefore, a single PhoP-activated promoter was tran-
scribed for YPO1635 under the tested growth conditions. More-
over, the YPO1635 mRNA levels decreased dramatically in the
�phoP strain relative to the WT strain. Two transcriptional start
sites (two primer extension products) located 118 and 90 bp up-

stream of phoP were detected for phoP. Both of the corresponding
promoters were under the negative control of PhoP based on the
abundance of the primer extension products in the �phoP and
WT strains.

A YPO1635::lacZ or phoP::lacZ fusion vector, which contains
the promoter-proximal region of YPO1635 or phoP and the pro-
moterless lacZ, was transformed into the WT and �phoP strains to
compare the YPO1635 or phoP promoter activities in these two
strains, respectively (Fig. 2b). The LacZ fusion experiments re-
vealed that the YPO1635 or phoP promoter activity was signifi-
cantly decreased or enhanced, respectively, in the �phoP strain

FIG 2 Regulation of YPO1635 and phoP by PhoP. Lanes C, T, A, and G represent Sanger sequencing reactions. The negative and positive numbers indicated
nucleotide positions upstream and downstream of the indicated genes. (a) Primer extension. An oligonucleotide primer was designed to be complementary to
the RNA transcript of each gene tested. The primer extension products were analyzed with an 8 M urea– 6% acrylamide sequencing gel. The transcriptional start
sites are indicated by arrows with nucleotides. (b) LacZ fusion. The target promoter-proximal DNA region was cloned into the lacZ transcriptional fusion vector
pRW50 and then transformed into the WT or �phoP strain to determine the promoter activity, i.e., the �-galactosidase activity (Miller units) in the cellular
extracts. (c) EMSA. The radioactively labeled promoter-proximal DNA fragments were incubated with increasing amounts of purified His-PhoP protein and
then subjected to 4% (wt/vol) polyacrylamide gel electrophoresis. The band of free DNA disappeared with increasing amounts of His-PhoP, resulting in a
retarded DNA band with decreased mobility, which presumably represented the DNA-PhoP complex. Shown also is the schematic representation of the EMSA
design. (d) DNase I footprinting. Labeled coding or noncoding DNA probes were incubated with increasing amounts of purified His-PhoP and then subjected
to DNase I footprinting assay. The footprint regions are indicated with vertical bars.
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relative to the WT strain. These results further confirmed the pos-
itive and negative regulation of YPO1635 and phoP by PhoP, re-
spectively.

The target promoter-proximal DNA region of YPO1635 or
phoP was subjected to EMSA with purified His-PhoP protein (Fig.
2c). The results showed that His-PhoP bound to the target DNA
fragment in a dose-dependent manner in vitro. Full DNA retarda-
tion occurred at 4.6 pmol of His-PhoP for YPO1635, whereas only
a partial retardation was observed at 9 pmol for phoP. This phe-
nomenon indicated that PhoP had a considerably higher affinity
for the YPO1635 upstream region than the phoP one. The His-
PhoP proteins at all tested amounts could not bind to the 16S
ribosomal RNA fragment as the negative control, confirming the
specificity of EMSA in this study.

As further determined by the DNase I footprinting (Fig. 2d),

His-PhoP protected a single region from 95 bp to 51 bp upstream
of YPO1635, as well as two distinct regions from 371 bp to 322 bp
and from 186 bp to 115 bp upstream of phoP, against DNase I
digestion in a dose-dependent manner. All the footprints con-
tained PhoP box-like sequences and were considered PhoP sites.
For YPO1635, 8.7 pmol of His-PhoP provided complete protec-
tion against DNase I digestion. For sites 1 and 2 of phoP, much
larger amounts of His-PhoP were needed to generate clear foot-
prints. These results further indicated that the binding affinity of
PhoP for the YPO1635 upstream region is higher than that for the
phoP one.

Therefore, the PhoP regulator bound to the promoter-proxi-
mal regions of YPO1635 and phoP to stimulate and repress di-
rectly the transcription of operons YPO1635-phoPQ-YPO1632
and phoPQ-YPO1632 in Y. pestis, respectively.

FIG 3 Regulation of crp and cyaA by PhoP. For the primer extension (a), an oligonucleotide primer was designed to be complementary to the RNA transcript
of each gene tested. For LacZ fusion (b), the target promoter-proximal fragment was cloned into pRW50 and then transformed into the WT or �phoP strain to
determine the promoter activity, i.e., the �-galactosidase activity (Miller units) in the cellular extracts. For EMSA (c) and DNase I footprinting (d), the target
promoter-proximal fragment was radioactively labeled and then incubated with increasing amounts of purified His-PhoP protein (lanes 1, 2, 3, and 4, containing
0, 15.8, 31.6, and 63.2 pmol, respectively). The experiments were performed as described for Fig. 4. Lanes G, A, T, and C represent Sanger sequencing reactions.
The negative and positive numbers indicate nucleotide positions upstream and downstream of the relevant genes, respectively. The transcriptional start sites and
footprint regions are indicated with arrows and vertical bars.
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Regulation of crp and cyaA by PhoP. The primer extension
experiments (Fig. 3a) detected a single transcriptional start site
located 287 bp upstream of crp and two other sites located 183 and
133 bp upstream of cyaA. All three corresponding promoters were
under the positive control of PhoP. The positive regulation of crp
and cyaA by PhoP was further confirmed by the LacZ fusion assay
(Fig. 3b), with the crp::lacZ and cyaA::lacZ fusion vectors trans-
formed into the WT and �phoP strains. The EMSA (Fig. 3c) and
DNase I footprinting (Fig. 3d) experiments showed that His-PhoP
bound to the promoter-proximal DNA fragments of crp or cyaA in
a dose-dependent manner in vitro. As determined by DNase I
footprinting (Fig. 3d), His-PhoP protected a single region from
325 bp to 302 bp upstream of crp and another one from 125 bp to
66 bp upstream of cyaA against DNase I digestion. The two foot-
prints contained PhoP box-like sequences and were considered
PhoP sites. Notably, the footprinting data also indicated the low-
affinity PhoP sites for crp and cyaA. Therefore, PhoP bound to the
promoter-proximal regions of crp and cyaA to stimulate directly
the transcription of these genes in Y. pestis.

Production of cAMP in the WT and �phoP strains. The in-
tracellular levels of cAMP were determined in the WT and �phoP
strains. Compared with the WT strain, a significantly reduced
production of cAMP was observed in the �phoP; as expected, the
�cyaA mutation gave almost no detection of cAMP (Fig. 4). These
results verified the PhoP-mediated transcriptional stimulation of
cyaA that encoded the enzyme for cAMP synthesis in Y. pestis.

Promoter structure of YPO1635, phoP, crp, and cyaA. The
primer extension assay was employed to map the 5= termini (tran-
scriptional start sites) of RNA transcripts of the target genes tested
(YPO1635, phoP, crp, and cyaA). Accordingly, the �10 and �35
core promoter elements for RNA polymerase recognition were
predicted. The DNase I footprinting experiments were performed
to determine precisely the PhoP sites containing PhoP box-like
sequences for the direct PhoP targets tested. Collection of data
from the translational/transcriptional start sites, core promoter
�10 and �35 elements, Shine-Dalgarno sequences for ribosomal
binding, PhoP sites, and PhoP box-like sequences enabled us to
depict the organization of the PhoP-dependent promoters of
YPO1635, phoP, crp, and cyaA characterized herein (Fig. 5a to c).

The PhoP-box like sequences determined for phoP, YPO1635,
crp, and cyaA were aligned with the PhoP box sequence to identify
the mismatched nucleotides (Fig. 5c). Only a single mismatch was
identified for YPO1635, while at least three mismatches were iden-
tified for phoP, crp, and cyaA, which was consistent with the ob-

servation that PhoP bound to the YPO1635 upstream region with
an affinity higher than for the phoP, crp, and cyaA ones.

DISCUSSION

A phoP null mutant of Y. pestis exhibits a reduced ability to survive
in macrophages (21, 22), but the phoPQ deletion has no effect on
the virulence of Y. pestis in either the bubonic or pneumonic mu-
rine model of infection (23). Intracellular growth of Y. pestis in
macrophages occurs at early stages of systemic infection, which is
believed to be a shelter for this pathogen to proliferate and to
synthesize virulence determinants, enabling the released bacteria
to acquire the ability to annihilate the host immune response (24).
Several genes such as mgtCB and udg, whose transcription is di-
rectly stimulated by PhoP, encode the factors promoting the in-
tracellular growth of Y. pestis (5, 14).

Data presented indicate that YPO1635, phoP, phoQ, and
YPO1632 cotranscribe into a single primary RNA transcript to
constitute a four-gene operon, YPO1635-phoPQ-YPO1632, in Y.
pestis, while the last three genes constitute another operon with
two determined promoters, P1phoP and P2phoP. Potential roles for
YPO1635 and YPO1632 in Y. pestis survival in macrophages need
to be elucidated, since genes in the same operon tend to have the
same physiological functional class (25).

The crp deletion leads to a huge attenuation of the virulence of
Y. pestis after subcutaneous infection of mice (11). Expression of
plasminogen activator (Pla), pesticin (Pst), and type III YOP se-
cretion components is dependent on CRP in Y. pestis (11–13).
Specifically, CRP directly stimulates the expression of Pla (11, 13),
a virulence factor essential for bubonic and primary pneumonic
plague (26, 27). Given that Pla specifically promotes Y. pestis to
disseminate from peripheral infection routes, the defective ex-
pression of Pla in the crp mutant will greatly contribute to the huge
loss of virulence of this mutant strain after subcutaneous infection
(11).

Published reports are mainly focused on the roles of CRP,
PhoP, and their target genes in the virulence of Y. pestis in mam-
mals. However, this bacterium also replicates in the flea gut at
ambient temperatures. Potential regulatory cascades controlled
by CRP or PhoP under these conditions need to be evaluated.

PhoP not only directly regulates the expression of specific
genes, including virulence-related ones, but also controls various
indirect targets by acting on a set of regulators in Y. pestis (5, 15,
16). PhoP recognizes the promoter region of rovA to repress its
transcription in Y. pestis (19). The global regulator RovA is re-
quired for bubonic plague through directly regulating psaEF,
psaABC, and CUS-2 prophage loci (28). As shown in this study,
PhoP recognizes the promoter regions of crp and cyaA (encoding
the two components of CRP-cAMP) to stimulate these genes in Y.
pestis. Hence, cellular pathways governed by PhoP, CRP, and
RovA have evolved to merge into a single global regulatory circuit
because of the direct regulatory action of PhoP on its target genes
rovA, crp, and cyaA. This phenomenon probably contributes to
the tightly controlled expression of the factors responsible for in-
fection in mammals and those for transmission via fleas.

Transcriptional autostimulation of phoPQ through direct
binding of PhoP to the upstream region of phoPQ operon has been
detected in E. coli and S. enterica; in addition, phoP employs two
distinct promoters (P1 and P2), and only P1 is dependent on PhoP
(6, 8, 29). Thus, relevant environmental signals stimulate PhoQ to
phosphorylate PhoP that is produced at the basal levels from the

FIG 4 Synthesis of cAMP in different strains. Bacterial cell cultures were
harvested at the mid-exponential phase (an OD620 value of about 1.2), and the
cAMP content was measured as pmol of cAMP per 1 ml of cell culture.
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P2 promoter in E. coli and S. enterica, and then, the phosphory-
lated PhoP stimulates its own expression by acting on the P1 one
(6, 8, 29).

As shown in this study, PhoP binds to a high-affinity site within
the upstream region of the YPO1635-phoPQ-YPO1632 operon to
stimulate the transcription of the above operon, achieving the
autostimulation of phoPQ; this is consistent with the previous
observation in Y. pestis KIM (16). PhoP bound to two low-affinity

sites within the upstream region of the phoPQ-YPO1632 operon
to repress the activity of its two promoters P1phoP and P2phoP,
leading to the autorepression of phoPQ. The binding of PhoP to
the phoP upstream region is consistent with our previous re-
sults (5).

PhoP binds to DNA regions at various positions from the RNA
polymerase binding site (�10 and �35 core promoter elements)
(5, 15, 30). For YPO1635 or crp, a single PhoP site overlaps with

FIG 5 Organization of promoter-proximal DNA regions. The promoter-proximal DNA regions of direct PhoP targets YPO1635 (a), phoP (b), crp (c), and cyaA
(d) are derived from Y. pestis CO92, and the PhoP box-like sequences for the above genes are aligned (e). The start codon of each gene is shown at the 3=-terminal
end of each promoter-proximal DNA sequence. The bent arrows indicate transcriptional starts. The predicted core promoter �10 and �35 elements are boxed.
The PhoP sites are underlined. The short consensus (TGTTTAW) sequences are highlighted in red, and the mismatch positions are shaded in gray.
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the �35 element that usually contacts the � subunit C-terminal
domain (�CTD) of RNA polymerase. Thus, a class II stimulation
of YPO1635 or crp by PhoP may be found, requiring the �CTD of
the RNA polymerase for function (31). PhoP recognizes two dis-
tinct sites (sites 1 and 2) within the phoP upstream region. Site 2 is
located more than 130 bp upstream of the �35 elements, whereas
site 1 overlaps the �10 and �35 regions for P2phoP and the �35
one for P1phoP. The binding of PhoP to these sites possibly leads to
the formation of a loop of the phoP upstream DNA region, which
will block the entry of the RNA polymerase and thereby lead to
PhoP-mediated repression of phoPQ-YPO1632. For cyaA, a single
PhoP site is located downstream of the transcriptional start, which
is highly unusual for a regulator that stimulates the transcription
of its target gene. However, this finding is expected because similar
promoters have been found in S. enterica (32), Bacillus subtilis
(33), and E. coli (34). For instance, the Salmonella transcriptional
activator SlyA footprinted the ugtL promoter at a region located
downstream of the transcription start that is necessary for gene
transcription (32).

Since the genetic contents (including both coding and pro-
moter regions) of phoP, phoQ, YPO1635, crp, and cyaA are iden-
tical in Y. pestis (35, 36) and its closely related progenitor Yersinia
pseudotuberculosis (37), the regulatory circuit characterized herein
will be conserved in these two bacterial species.
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