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ABSTRACT Phosphorus is required for many biological molecules and essential functions,
including DNA replication, transcription of RNA, protein translation, posttranslational
modifications, and numerous facets of metabolism. In order to maintain the proper level of
phosphate for these processes, many bacteria adapt to changes in environmental
phosphate levels. The mechanisms for sensing phosphate levels and adapting to changes
have been extensively studied for multiple organisms. The phosphate response of
Escherichia coli alters the expression of numerous genes, many of which are involved in
the acquisition and scavenging of phosphate more efficiently. This review shares findings
on the mechanisms by which E. coli cells sense and respond to changes in environmental
inorganic phosphate concentrations by reviewing the genes and proteins that regulate this
response. The PhoR/PhoB two-component signal transduction system is central to this
process and works in association with the high-affinity phosphate transporter encoded
by the pstSCAB genes and the PhoU protein. Multiple models to explain how this process
is regulated are discussed.

INTRODUCTION
Phosphorus is essential for life. In living matter, it is mostly present in its +5
oxidation state, as inorganic phosphate (Pi), or as phosphate esters (1, 2). In
some organisms it is also found in its +3 oxidation state as phosphonates,
which contain a direct C-P bond (3–5). Pi derivatives are the key hydrophilic
components of the amphipathic phospholipids that define the boundaries of
all cellular life. Together with the sugars ribose and deoxyribose, Pi derivatives
make up the structural backbone of DNA and RNA through their phos-
phodiester bonds, thus contributing to information storage and processing.
Moreover, the cell’s energy currency is based upon the energy released
from the hydrolysis of the phosphoanhydride bonds between the phosphates
of ATP or of other nucleoside triphosphates. In addition, the biochemical
activities of many proteins are regulated by the phosphorylation of specific
amino acids, for example, histidine, aspartate, serine, threonine, and tyrosine.
As an abundant component of the cytoplasm, phosphate is also a biological
buffer that contributes to pH homeostasis.

Because of its indispensable functions, cells must maintain intracellular Pi

pools at optimal levels. In bacteria such as Escherichia coli or Salmonella, this
is believed to be somewhere between 1 and 10 mM (6–8). In the cell, Pi is

Received: 07 February 2019
Accepted: 02 July 2019

Editor : James M. Slauch, The School of
Molecular and Cellular Biology, University of
Illinois at Urbana-Champaign, Urbana, IL
Citation: EcoSal Plus 2019; doi:10.1128/
ecosalplus.ESP-0006-2019.
Correspondence: William R. McCleary,
bill_mccleary@byu.edu
Copyright: © 2019 American Society for
Microbiology. All rights reserved.
doi:10.1128/ecosalplus.ESP-0006-2019

ASMScience.org/EcoSalPlus 1

Posted: 12 September 2019

mailto:mailto:bill_mccleary@byu.edu
www.asmscience.org/EcoSalPlus
mangelini
Stamp

https://creativecommons.org/licenses/by-nc-nd/4.0/


assimilated into biological molecules through the syn-
thesis of ATP, which can then be converted to other
molecules. Because of its negative charge, Pi is mostly
coordinated with metal ions, such as Mg2+. Because most
E. coli strains live a biphasic life cycle, alternating between
an intestinal phase and an extraintestinal, environmental
phase, they must be able to adapt to the alternating en-
vironments of a warm, anaerobic, crowded existence
inside a host to the widely variable and ever-changing
environmental conditions of soil, water, or plants (9).
The Pi content within each of these environments varies
greatly both spatially and temporally. Fluctuations in the
intestinal tract depend upon diet, position within the
intestine, and the time since food ingestion (10, 11). In
the environment, Pi levels vary based on geography,
geology, and competition from other organisms. Because
Pi is essential for growth, cells have developed sophisti-
cated systems to acquire Pi when it is limiting in the
environment and to cope with excess Pi when it accu-
mulates to high levels within the cell.

This article aims to address the mechanisms by which
E. coli and Salmonella cells sense and respond to changes
in environmental Pi by reviewing the known genes and
proteins that regulate this response. The Pi response is
characterized by its specificity, its speed, and its scale so
as to contribute to maximal cell fitness. This review also
aims to address how this response is integrated with
other aspects of cellular physiology.

A BRIEF HISTORY OF THE PHO REGULON
The story of how environmental Pi influences gene ex-
pression in E. coli begins in the early days of molecular
biology (12). Annamaria Torriani-Gorini was studying
the regulation of carbon metabolism with Jacques Monod
at the Pasteur Institute (12, 13). In the course of her
studies on the proteolytic turnover of the inducible
enzyme amylomaltase, she included a control with a
noninducible, constitutive acid phosphatase. She ob-
served that when cells were starved of Pi, a new phos-
phatase was produced that had a pH optimum of 8.2.
This observation suggested that the synthesis of alkaline
phosphatase was repressed by Pi, an idea that did not
entirely fit the model of gene regulation being pursued by
Monod at that time (14). Further work on the regulation
of alkaline phosphatase by Horiuchi et al. confirmed that
the synthesis of this enzyme was not induced by Pi but
rather was repressed by it (15). Additional genetic studies
by Garen, Echols, and others showed that there were two

unlinked genetic regions within the circular E. coli
chromosome called R1 and R2 that controlled expression
of alkaline phosphatase (16–18). Further research by
several groups revealed that the R1 region contained two
genes, phoB and phoR, and the R2 region contained five
genes, pstS, pstC, pstA, pstB, and phoU (19–23). We now
know that the phoBR operon encodes a two-component
system (TCS) that regulates the expression of genes in-
volved in the acquisition of Pi and its derivatives and the
utilization of alternate sources of phosphorus, such as
phosphonates. The PhoB response regulator (RR) and
PhoR histidine kinase were some of the earliest known
members of the TCS family of proteins, and studies on
these proteins have helped establish the fundamental
biochemistry and structural analysis of this large class of
proteins (24–30).

Following the discovery that the synthesis of alkaline
phosphatase is stimulated when environmental Pi is
exhausted, other proteins were also identified as having
similar expression patterns. The periplasmic phosphate-
binding protein (PhoS, later named PstS) was found to be
coregulated with alkaline phosphatase (31). Subsequently
added to this list were an outer membrane porin specific
for Pi called PhoE (32), and the genes for the transport
and utilization of sn-glycerol-3-phosphate (33). Because
these genes mapped at various locations on the circular
E. coli chromosome and were all coregulated with alka-
line phosphatase, they were called the Pho regulon (23),
a term that had been originally coined to describe genes
coregulated for arginine biosynthesis (34). In a compre-
hensive genetic approach to identify genes of the Pho
regulon, Wanner and McSharry used a Mu transposon
carrying a lacZ gene to generate lacZ transcriptional
fusions whose expression was dependent upon Pi deple-
tion (35). At least 22 promoters were identified through
this approach that were regulated by Pi starvation (36). It
turned out that several of these genes were also regulated
by other environmental factors, including the general
stress response that is induced upon entry into stationary
phase. Additional researchers from the Neidhardt lab
used two-dimensional polyacrylamide gels to identify
proteins that were differentially expressed upon Pi star-
vation (37, 38). They observed >400 proteins whose ex-
pression levels changed when cells were subjected to Pi

limitation. It was assumed that many of these genes were
regulated by multiple systems, in addition to regulation
by the Pho regulon. At the time of these experiments
it was known that the genes for the utilization of
phosphonates were also part of the Pho regulon (39,

2 ASMScience.org/EcoSalPlus

Gardner and McCleary

http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10728
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10733
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10734
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10784
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10782
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10783
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10735
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10527
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10527
www.asmscience.org/EcoSalPlus


40). Looking at the intersection of proteins regulated by
Pi starvation and those regulated during growth on
2-aminoethylphosphonate, it was suggested that 137
gene products comprise the Pho regulon (38). This set of
proteins probably also included genes from other stress
response pathways. More recently, in the omics age,
additional genes of the Pho regulon have been identified
through global transcriptional analysis using microarrays
(41–43), through chromatin immunoprecipitation ex-
periments (44), and also through mass spectrometric
approaches (43, 45).

MEMBERS OF THE Pho REGULON
For the purpose of this review article, Pho regulon gene
members are defined as those genes directly regulated by
PhoB and PhoR and do not include other genes whose
expression is changed due to Pi limitation. Upon Pi de-
pletion, expression patterns of numerous genes are al-
tered in a PhoB-independent manner, underscoring the
cell’s complex regulatory schemes and the importance of
Pi to cell metabolism. Because it is known that ppGpp
levels increase upon Pi starvation (46, 47), at least some of
the PhoB-independent gene expression may be due to the

production of this alarmone and its effects on tran-
scription. For example, the expression of IraP, which is
an anti-adapter protein involved in activating the general
stress response following Pi starvation, is ppGpp depen-
dent (48, 49). Many other PhoB-independent genes that
are induced upon Pi starvation are also controlled by the
general stress sigma factor σS, which is induced upon
exhaustion of environmental Pi (48–50).

The genes of the Pho regulon from E. coli strain MG1655
for which the strongest evidence has been provided are
shown in Table 1. Their descending order in the table
reflects the level of expression of these genes upon Pi

starvation as determined by transcriptome sequencing
(RNA-seq) analysis. These genes include both those of
known function and those of unknown function. The
Pho regulon genes with known functions are those that
are mostly involved in Pi import, the scavenging of Pi

from other sources of phosphorus, or the regulation of
these processes.

The genes whose products are directly involved with Pi

transport include pstSCAB and phoE. Those involved with
Pi scavenging include phoA, encoding bacterial alkaline

Table 1 Members of the Pho regulon in E. coli K-12 MG1655 identified by RNA-seq

Gene/operon Function Pho box sequencea
RNA read count in
LoPi

b/log2 fold changec

pstSCAB-phoU Phosphate ABC transporter + regulator CTGTCATAAAACTGTCATATTC
CTTACATATAACTGTCACCTGT

73,000/6.5

phoA Alkaline phosphatase CTGTCATAAAGTTGTCACGGCC 67,000/7.5

waaH (yibD) LPS glycosyltransferase CTGTAAAAATAATATCTCACAG
GCTTAATAGTCTCTTAATACAA

46,000/10

phoH Unknown function – predicted
ATP-binding protein

CTGTCATCACTCTGTCATCTTT 46,000/5.1

phnCDEFGHIJKLMNOP Phosphonate transport + catabolism AATTAACCAAATCGTCACAATA 27,000/12

phoBR Two-component regulatory proteins TTTTCATAAATCTGTCATAAAT 11,000/5.4

phoE Outer membrane porin CTGTAATAAAAGCGTAAACAAC
CTGTAATATATCTTTAACAATC

10,000/7.4

ytfK H2O2 tolerance TTGTAACCTTTAGGTAAAAAAA
GTTATACGCGGTGGAAACATTG

8,700/2.4

ugpBAECQ sn-Glycerol 3-P transporter +
phosphodiesterase

TTGTCATCTTTCTGACACCTTA
CTATCTTACAAATGTAACAAAA
AAGTTATTTTTCTGTAATTCGA

8,600/2.9

psiE Unknown function AATATAGATCTCCGTCACATTT 6,700/5.7
aPho box sequences of Pho regulon genes as determined by footprinting assay or EMSA. The most highly conserved residues are shown in bold.
bThe normalized read counts that were generated using the programDESeq (170) from cells grown in morpholinepropanesulfonic acid (MOPS) minimal medium

containing 0.1 mM K2HPO4 (LoPi).
cLog2 ratio of gene expression from an RNA-seq experiment from the McCleary lab comparing normalized RNA read counts from E. coli strain MG1655 grown in

MOPS minimal media containing 0.2% glucose and either 0.1 or 3.3 mM K2HPO4. The cells were harvested at an optical density at 600 nm of 0.6 and treated with
RNAprotect reagent as directed by the manufacturer (Qiagen). RNA was purified using an RNeasy Plus kit (Qiagen), tested for quality, and sent to Novogene (Chula
Vista, CA) for rRNA depletion, library construction, sequencing, and analysis.
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phosphatase, which hydrolyzes Pi from a wide variety of
organophosphates, thus making Pi available for uptake by
multiple Pi transporters. The ugpBAECQ operon is also in
this group, as it encodes the sn-glycerol-3-phosphate ABC
transporter (UgpBAEC) and includes ugpQ, which en-
codes a phosphodiesterase that releases Pi from this sub-
strate (51, 52). The use of alternate phosphorus sources is
made possible by the phnCDEFGHIJKLMNOP operon,
which encodes proteins involved in the uptake and me-
tabolism of phosphonates (53, 54).

In addition to those genes involved in Pi metabolism, the
Pho regulon also includes genes involved in cell envelope
modifications and other stress responses and in viru-
lence. Two genes that encode cell envelope modification
enzymes have been identified as being regulated by PhoB.
They are waaH and mipA (44, 55). waaH (also known as
yibD) encodes an enzyme for the modification of lipo-
polysaccharide (LPS) in which a phosphate on the inner
core region of LPS is replaced by glucuronic acid (56),
allowing maintenance of a negative charge at the site. The
function of this modification is not known, but it would
decrease the demand for Pi under Pi-limiting growth
conditions. MipA is a scaffolding protein for penicillin-
binding protein function in peptidoglycan synthesis and
degradation. Other regulon members YtfK and CusC
appear to participate in H2O2 tolerance (57) and copper
export (44), respectively.

Those genes whose functions are not yet known include
phoH, psiE, and psiF. The purified PhoH protein binds
ATP and shows sequence similarity to a family of
helicases (58, 59). psiE encodes a membrane protein of
unknown function that is predicted to span the mem-
brane 4 times, with the C terminus being located in the
cytoplasm (60). The only thing known about psiF is that
it is expressed in an operon with phoA (61).

Additional Proposed Pho Regulon Genes
Many other genes have been proposed as members of the
Pho regulon (41, 44, 62), such as eda, which encodes 2-
keto-3-deoxygluconate 6-phosphate aldolase (62). This
Entner-Doudoroff pathway enzyme catalyzes the cleav-
age of 2-keto-3-deoxygluconate 6-phosphate to pyruvate
and glyceraldehyde-3-phosphate. Recent microarray data
(44) and unpublished RNA-seq experiments from our lab
have not confirmed Pho regulon dependence; moreover,
the putative Pho box sequence upstream of eda has very
low sequence similarity to confirmed Pho box sequences,
and electrophoretic mobility shift assays (EMSAs) to

examine PhoB binding required high levels of PhoB (62).
Nevertheless, it is possible that eda is a member of the
Pho regulon but requires other signals for stimulation in
addition to Pi limitation.

In addition to core genes that are regulated by the PhoBR
TCS, there are multiple examples of accessory virulence
genes that are also under PhoBR control in E. coli O157:
H7, a pathogenic strain of E. coli. Yoshida et al. used lacZ
operon fusions to a genomic library to identify novel
genes of the Pho regulon (63, 64). Chekabab et al.
employed microarray analysis of wild-type and ΔphoB
cells in both Pi-replete and Pi-deficient media to uncover
many genes that are differentially regulated by PhoB in
response to Pi starvation in this strain (65). In that report,
Chekabab et al. then extended their transcriptome study
by showing by EMSAs that PhoB bound to sequences
within the LEE1, LEE2, and stx2 promoter regions. These
genes and operons are major players involved in the
virulence of E. coli O157:H7. Thus, it now appears that
PhoB is part of the exceedingly complex regulatory cas-
cade (66) that governs expression of critical O157:H7
virulence determinants. Finding PhoB-mediated regula-
tion of virulence factors leads to questions which may
drive future research. Where and when in the gastroin-
testinal tract is the PhoBR system induced? Does acti-
vation of the Pho regulon increase or decrease virulence?
How does E. coli integrate Pi signals with other signaling
pathways to promote virulence?

A recent examination of changes to the proteome of Sal-
monella enterica serovar Typhimurium upon phosphate
starvation revealed more than 380 gene products whose
levels changed upon Pi depletion (45). The response to Pi

starvation is important because the intracellular mem-
brane-bound compartment in which these organisms
survive and replicate, called SCVs for Salmonella-
containing vacuoles, is a Pi-deficient environment. The
authors demonstrated that the expression of most of these
380 proteins was independent of PhoB, suggesting acti-
vation through the stringent or stationary-phase re-
sponses under these conditions. However, the authors did
note that the expression of the NagA and NagB proteins
was partially controlled by PhoB. These proteins are part
of an operon that allows for the catabolism of N-acetyl-
glucosamine to fructose-6-phosphate and the release of Pi

from fructose-6-phosphate via the phosphatase NagC.

Moreover, it has been well documented that the virulence
of pathogenic strains of E. coli is attenuated when the
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Pho regulon is constitutively activated by disabling the
PstSCAB transporter (67–72). Because the PstSCAB
transporter is a negative regulator of the Pho regulon,
mutations that affect its synthesis lead to high-level ex-
pression of the entire regulon, even when Pi is abundant.
An example of a mechanism by which virulence atten-
uation occurs was recently reported in a paper by Crépin
et al. (71). They showed that the transcription of yaiC, a
gene that encodes a diguanylate cyclase, is increased in a
pstmutant. The yaiC gene is immediately downstream of
the phoA operon, and increased expression of yaiC led to
increased production of c-di-GMP, which, in turn, re-
pressed the expression of the fim operon, encoding type 1
fimbriae. Reduced production of type 1 fimbriae then led
to diminished virulence in the uropathogenic E. coli
strain. These types of studies underscore the importance
of the correct regulation of the Pho regulon in maxi-
mizing fitness during pathogenesis.

CONTROL OF THE Pho REGULON

The Pho Box
Genes and operons of the Pho regulon are directly con-
trolled by PhoB binding to a DNA sequence in their
promoters called a Pho box. This sequence was first
identified by Makino et al. as 18 bp in length (26). These
researchers used DNase I footprinting and DNA meth-
ylation protection experiments with purified phospho-
PhoB bound to the pstS and phoB promoter regions to
visualize the DNA sequences that were protected by
PhoB. By comparing these sequences to the promoter
regions from phoA and phoE, they identified a sequence
common to each promoter. The consensus sequence
from these four promoters was described as a direct re-
peat of CTGTCAT separated by a 4-bp AT-rich linker.
The elucidation of the crystal structure of PhoB bound to
DNA showed that it binds as a dimer, protecting 22 bp
with contacts within both the major and minor grooves.
The current Pho box sequence has therefore been ex-
tended by four bases to include 22 bp (73).

Gao and Stock have recently shown using reporter ex-
pression data and mathematical modeling that there is a
correlation between the information content of a Pho box
(its closeness to a consensus sequence) to the affinity of
phospho-PhoB for that DNA sequence (73). They
showed for a few examples that this differential affinity
for Pho box sequences led to a temporal pattern of gene
expression in which cells first scavenge for Pi from the

environment by expressing pstSCAB-phoU genes and
then utilize alternate sources of phosphorus, such as
phosphate esters or phosphonates (73). As noted in Table
1, some of the Pho regulon promoters contain multiple
Pho boxes. This arrangement may lead to higher-ordered
PhoB structures beyond the dimeric form.

Control of the Pho regulon is fully dependent upon the
PhoBR TCS, the PstSCAB transporter, and PhoU. PhoR
is the transmembrane sensor histidine kinase (SHK), and
PhoB is the soluble RR. Pi starvation is the stimulus that
triggers PhoR autophosphorylation and the subsequent
transfer of a phosphoryl group to an aspartate residue of
PhoB. Phosphorylated PhoB then binds to Pho box DNA
sequences upstream of genes involved in the acquisition
of Pi or in the utilization of alternate sources of phos-
phorus. Once bound to DNA, it recruits RNA polymer-
ase to regulate gene expression. When environmental Pi

levels are abundant, PhoR functions as a phospho-PhoB
phosphatase to remove the phosphoryl group from PhoB.
The phosphatase function prevents further transcription
of Pho regulon genes, allowing their products to diminish
by degradation and dilution by cellular growth to return
cells to a pre-Pi-starvation state (74). The phosphatase
function of PhoR also insulates the Pho regulon from
activation by other noncognate SHKs and small-molecule
phosphodonors to PhoB (74–78). Pi sensing, which con-
trols the alternate kinase and phosphatase activities of
PhoR, is mediated by the PstSCAB transporter and an
auxiliary protein called PhoU.

REGULATORS OF THE Pho REGULON
The following sections provide structural and biochem-
ical details about each of the seven signaling proteins that
are involved in sensing environmental Pi and controlling
the expression of Pho regulon genes. These proteins are
PhoR, PhoB, PstS, PstC, PstA, PstB, and PhoU.

PhoR
PhoR is a homodimeric, bifunctional histidine autokinase/
phospho-PhoB phosphatase. When environmental Pi is
limiting, it autophosphorylates on a conserved histidine
residue and subsequently donates this phosphoryl group to
PhoB, but when Pi is plentiful, it removes the phosphoryl
group from phospho-PhoB (79, 80). Thus, PhoR like
many other SHKs, displays autokinase, phosphotransfer-
ase, and phosphatase functions (81). PhoR is 431 amino
acids in length and has a predicted molecular weight of
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49,498. It is an integral membrane protein that, unlike
many other membrane-bound SHKs, is not predicted to
contain a significant periplasmic domain. It does include a
membrane-spanning region, a cytoplasmic charged region
(CR), a Per-ARNT-Sim (PAS) domain (Pfam: PF00989,
PAS) (82), and prototypical dimerization/histidine phos-
phorylation (DHp; Pfam: PF06580, His_kinase) and cat-
alytic ATP-binding (CA; Pfam: PF02518, HATPase_c)
domains at its C terminus (Fig. 1). There are no three-
dimensional structures of PhoR or its isolated domains in
the databases, so the following structural descriptions are
based upon homologies with structures from other SHKs.

The membrane-spanning region is predicted to span
residues 10 to 59, and it may comprise two transmem-
brane α helices. The cytoplasmic CR extends from about
residue 70 to residue 100. It is predicted to be helical in
structure and includes a central core with the sequence

RNKKRRR. The function of this region is unknown, but
it is completely conserved between E. coli and Salmonella.
The PAS domain extends from residue 110 to residue 193
and was originally identified by sequence similarity to
other PAS domains (83). PAS domains are generally 90
to 100 amino acids in length and function in signal
perception activities (84). The structural fold for PAS
domains, based upon the X-ray structures of many sen-
sory proteins, is composed of a single antiparallel, five-
stranded β-sheet with a 2-1-5-4-3 strand order with
several α helices flanking the sheet. In some proteins, PAS
domains bind cofactors that recognize signals; for ex-
ample, the FixL PAS domain binds a heme group that
binds O2 (85). Alternatively, it has been proposed that
some other PAS domains may modulate binding to
protein partners, either an identical or a nonidentical
partner (84). Because PhoR does not contain a significant
periplasmic sensory domain, it is assumed that its PAS

Figure 1 Predicted domain structure of PhoR. PhoR, like other SHKs, is a dimer that is composed of multiple domains. It autophosphorylates on
His-213. TM, transmembrane domain; CR, charged region; PAS domain; DHp, dimerization and histidine phosphorylation domain; CA, catalytic
and ATP-binding domain.
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domain senses a cytoplasmic signal that reflects extra-
cellular Pi concentrations, but the nature of the signal is
not completely understood.

The catalytic core of SHKs contains both DHp and CA
domains. In PhoR, the DHp domain includes residues
194 to 266 and the CA domain includes residues 267 to
431. Structural analysis of SHKs in the same class as
PhoR show that they function as homodimers. In the
DHp domain, each monomer within the dimer contrib-
utes a helical hairpin to form a four-helix bundle with the
conserved phospho-accepting histidine residues being
positioned midway on one face of the first helix (His-213)
(86). It has been shown that phosphorylation of PhoR
occurs in cis, where the CA domain of one of the
monomers phosphorylates the His residue of the same
polypeptide chain (87). Many SHKs autophosphoryate
in trans, the difference being the handedness of the
loops connecting the two helices in the hairpin structure.
A left-handed loop directs cis autophosphorylation, while
a right-handed loop directs trans autophosphorylation.
The DHp domain also contains all of the residues nec-
essary for its phospho-PhoB phosphatase activity (80). If
PhoR is similar to other SHKs of the HisKA subfamily,
then Thr-217 would be required for this phospho-PhoB
phosphatase activity (88). Thr-217 may guide a water
molecule to the phosphoryl group on Asp-53 to facilitate
the nucleophilic attack that removes the phosphate (89).
The CA domain of PhoR harbors the enzymatic activity
for transferring a phosphoryl group from ATP to the
conserved histidine residue of the DHp domain. It has
an α/β sandwich fold that harbors a very conserved ATP-
binding pocket. This structure directs a nucleophilic
substitution reaction in which His-213 functions as the
nucleophile attacking the γ-phosphate of ATP, leading to
autophosphorylation.

It is predicted that there is structural flexibility between
the DHp and CA domains to enable the interdomain
phosphorylation reaction (90, 91). Therefore, the control
of the opposing kinase and phosphatase activities of
PhoR may involve the constraint of the CA domains to
prevent their access to the DHp domains while simulta-
neously exposing the residues of the DHp domain that
are required for phosphatase function (Fig. 1). The nature
of these constraints is suggested from several structures of
other SHKs in kinase and phosphatase conformations. In
other SHK structures, the kinase conformation involves
an asymmetry along the DHp domain permitting the CA
domain access to the phosphorylation site, whereas the

phosphatase conformation involves a symmetric DHp
conformation that reduces access (92).

PhoB
PhoB is the RR protein of this TCS. It is composed of an
N-terminal receiver domain and a C-terminal DNA-
binding domain (DBD). This protein family is defined by
the N-terminal receiver domain of approximately 120
amino acids (Pfam: PF00072, response_reg). Structural
studies involving PhoB have used the isolated receiver or
DBDs and have generated a wealth of information about
how its structure dictates its function. The receiver do-
main has a β5α5 fold with a central five-stranded β-sheet
(29). Two of the helices are located on one side of the β-
sheet (α1 and α5), with the other three helices being po-
sitioned on the other side (α2, α3, and α4). This domain
contains the site of aspartyl phosphorylation, which in
PhoB is Asp53. This completely conserved residue is
found in the loop connecting the end of β3 and the be-
ginning of α3. The receiver domain of PhoB contains the
necessary catalytic residues to transfer a phosphoryl group
from the phosphohistidine residue of phospho-PhoR (93).
The conserved residues surrounding Asp-53 provide an
environment where a metal ion can be bound, which
facilitates a nucleophilic attack on the phosphorus atom
from the phosphohistidine residue of PhoR. PhoB can also
be phosphorylated by small-molecule phosphodonors
such as acetyl phosphate and phosphoramidate (93, 94).

The effector domain of PhoB is involved in DNA binding
and RNA polymerase interactions. This ∼99-amino-acid
domain has a winged-helix structure (Pfam: PF00486,
trans_reg_c) (30), which represents the largest group
within the RR family (95, 96). This structure consists of a
helix-turn-helix motif that contains the DNA recognition
helix. This central core is flanked by an N-terminal four-
stranded β-sheet and a C-terminal β-hairpin that is con-
sidered the wing. When PhoB becomes phosphorylated,
it forms a stable dimer that binds cooperatively to Pho
box sequences in the DNA (26, 30, 93, 97). Each PhoB
protomer within the dimer binds to an 11-bp direct repeat
within the 22-bp Pho box. Recognition of the TGTCA
tract within the DNA major groove is mediated by the α3
recognition helix (30). The β-hairpin wing mediates
several minor groove interactions, mostly with less con-
served A/T residues. These short Pho box sequences are
located upstream of Pho regulon genes to recruit RNA
polymerase and initiate transcription by remodeling the
RNA polymerase holoenzyme-DNA complex (26, 30, 98).
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Activation of PhoB by phosphorylation
How does phosphorylation of the receiver domain of
PhoB control the activity of its effector domain? As is the
case for other RRs, phosphorylation influences the olig-
omeric state of the protein by favoring a conformational
change mediated by the reorientation of conserved Thr-
83 and Tyr-102 “switch” residues within this receiver
domain (28). Crystal structures of PhoB’s receiver do-
main in inactive and active conformations showed two
different dimeric structures (28, 29); one is a symmetric
dimer whose interface is along its α1/α5 surface and the
other through its α4-β5-α5 surface. The α4-β5-α5 dimer
was formed in the presence of BeF3

−, which is a phos-
phoryl analog that is predicted to stabilize an active
conformation. It has been suggested, based upon recent
nuclear magnetic resonance (NMR) studies, that un-
phosphorylated PhoB is in equilibrium between mono-
mer and multiple dimeric forms, not just the α1/α5 dimer
(99). Phosphorylation may stabilize the α4-β5-α5 dimeric
conformation that enhances DNA binding and tran-
scriptional activation. Research by Creager-Allen et al.
suggests that PhoB activation is complex (100). The
kinetics of PhoB autophosphorylation with the small-
molecule phosphodonor phosphoramidate clearly dem-
onstrate that PhoB/phospho-PhoB heterodimers exist
and that phosphorylation is cooperative.

It is interesting that the structure of the isolated receiver
domain shows a dimeric structure with a head-to-head
symmetry but the structure of the DNA-bound dimeric
DBD shows a head-to-tail arrangement. This arrange-
ment requires flexibility of the loop connecting the two
domains (101).

The stable PhoB dimer binds to and bends DNA con-
taining a Pho box sequence. Bound PhoB interacts with
the σ4 domain of the σ70 subunit of RNA polymerase to
recruit the enzyme to the chromosome. A crystal struc-
ture of a PhoB/σ4/Pho box complex suggests that σ4

makes contacts with the upstream PhoB protomer within
a PhoB dimer and residues within the major groove of
DNA and that PhoB may help to remodel the ternary
complex to facilitate open complex formation and tran-
scription initiation (98, 102).

PstSCAB
The PstSCAB proteins form a high-affinity Pi transporter
that has a Km of 0.4 μM Pi and a maximum velocity of
16 nmol of Pi mg (dry weight)−1 min−1 (103). It is a

member of the ATP-binding cassette (ABC) superfamily
from the Transporter Classification and Pfam databases
(95, 104). This protein superfamily employs the hydro-
lysis of ATP to bring a variety of substrates across bio-
logical membranes, both as importers and as exporters
(105). Members of this protein superfamily are found
among the bacteria, archaea, and eukaryotes. Prokaryotic
importers, such as the PstSCAB proteins, utilize an extra-
cytoplasmic substrate-binding protein that binds sub-
strates and presents them to their membrane-spanning
proteins (106). PstS is the periplasmic substrate-binding
protein of the Pst system, with a molecular weight of 34
kDa. Its structure contains two globular domains sepa-
rated by a linkerwith the Pi binding site located in a crevice
between the two domains (107). PstS binds Pi under
physiological conditions with a Kd (dissociation constant)
of ∼10 μM (108). Molecular dynamics analysis suggest
that PstS binds the 1H form of Pi, not the 2H form (109),
although this issue is not entirely settled (110). PstC and
PstA compose the membrane-spanning components of
the transporter (111, 112). The most highly conserved
feature within the superfamily is the nucleotide-binding
domain, also called the ATP-binding cassette, which
binds ATP, hydrolyzes it, and then releases it in order to
provide the energy for transport (113). PstB contains the
nucleotide-binding domain for this transporter (114). The
crystal structures of several ABC importers have been
solved, which has shed some light on the mechanisms of
transport (115).

To understand how the Pst transporter is involved in the
regulation of the PhoBR TCS, it is important to under-
stand its structure and mechanisms of action (Fig. 2).
Apart from the structure of the PstS protein (107), no
structures are available for the PstS, PstC, or PstB protein.
Therefore, a comparison of PstSCAB to transporters of
known structure has been helpful. Of particular note is the
structure of the putative molybdate transporter, called
ModABC, from the archaeon Archaeoglobus fulgidus
(116). Like the PstSCAB transporter, this protein also
imports an oxyanion. A clue to understanding the mo-
lecular mechanisms of Pi transport through the PstCAB
proteins comes based upon sequence similarities between
the molybdate, sulfate, and Pi transporters. The most
highly conserved sequences within this group are found in
a region of the protein that creates a cavity and a gate
within the membrane-spanning region that most likely
represent the pathway through which the anion must
pass. The published ModABC structure is of the proteins
in a nucleotide-free conformation and shows 12 trans-
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membrane helices situated in an inward-facing confor-
mation with the gate at the periplasmic surface of the
membrane. It has been proposed that PstSCAB, like other
transporters in this superfamily, utilize an alternating
access mechanism to transport their substrates, in which
they alternate between inward- and outward-facing states
that are driven by substrate binding, ATP hydrolysis,
ADP release, and subsequent ATP binding (Fig. 2) (115).
ATP binding across the PstB dimer interface would be
predicted to close the cavity and lead to an outward-facing
structure that can receive Pi from the substrate-loaded,
periplasmic PstS protein. This event would trigger ATP
hydrolysis, which would flip the outward-facing trans-
membrane components to an inward-facing conforma-
tion, thereby opening the gate and allowing Pi to gain
access to the cytoplasm. The cycle would be continued as
ADP was released and ATP was rebound.

The Pst transporter is most highly expressed when envi-
ronmental Pi levels are low. For this reason, it was as-
sumed that it played its most important role in Pi

transport under those conditions. More recently, it has
been proposed that it plays the primary role in Pi trans-
port under all conditions (117). The expression of the
pstSCAB genes is controlled by the PhoBR TCS. The
primary promoter for this operon, and the one which is
regulated by Pi levels, is found upstream of the pstS gene
(118). Other promoters that are internal to the operon
have been identified upstream of the pstC, pstB, and phoU

genes and are rather weak, but they may play a role in
maintaining basal levels of the PstSCAB proteins under
Pi-replete conditions (119).

PhoU
In addition to the PstSCAB protein, PhoU is also re-
quired for Pi signal transduction, but it is not required for
transport through the complex (120). PhoU is a pe-
ripheral membrane protein that modulates Pi transport
through the PstSCAB complex (121–123). When Pi is
plentiful, PhoU acts like a brake to prevent too much Pi

import, with its accompanying ATP hydrolysis (123).
Several ABC transporters have domains within their
nucleotide-binding domain that participate in a type of
negative feedback, a process called transinhibition (124–
128). PhoU most likely performs this function for the
PstSCAB transporter. Multiple crystal structures have
been reported for PhoU proteins from various organisms
(129–131). PhoU consists of two symmetric, three-α-helix
bundles, and metal ions are associated with two of these
structures. Themetals are coordinated by highly conserved
amino acid residues that are found in each three-helix
bundle. PhoU from Thermotoga maritima coordinates
iron clusters (129), while PhoU from Streptococcus pneu-
moniae shows zinc ions bound (130). Gardner et al. have
recently shown that the soluble form of PhoU from E. coli
is a dimer that binds manganese or magnesium (132).
Mutagenesis experiments were consistent with the hy-
pothesis that these divalent metals are bound by the same
conserved amino acid residues as bind the iron and zinc
ions in the two crystal structures. It was also suggested in
this study that metal binding may be important for PhoU
interactions with the membrane. Alternatively, PhoUmay
bind Pi through its interactions with these metals.

When phoU is mutated or deleted, PhoR is constitutively
active as an autokinase, leading to high-level expression
of Pho regulon genes. phoU deletion mutants show poor
growth and frequently accumulate compensatory muta-
tions in phoR, phoB, or the pstSCAB genes (120, 121,
123). This suggests that cell growth is impaired when
intracellular Pi levels are too high.

Two general classes of models have been previously sug-
gested for howPhoUparticipates in the signaling pathway.
It may mediate the formation of a signaling complex be-
tween the PstSCAB transporter and PhoR (36, 130), or it
may produce a soluble messenger that is recognized by the
cytoplasmic domains of PhoR (consistent with observat-

Figure 2 Transport cycle of PstSCAB transporter. The PstS protein is
the periplasmic phosphate-binding protein that binds and presents Pi to
the transmembrane components PstC and PstA. PstB binds ATP,
which stabilizes a closed nucleotide-binding domain with PstC and
PstA adopting an outward-facing conformation. Pi-loaded PstS triggers
ATP hydrolysis, which causes a conformational change between the
PstB protomers that switch the PstC/PstA proteins into an inward-
facing structure. ATP binding resets the system to the outward-facing
structure.

ASMScience.org/EcoSalPlus 9

The Pho Regulon of Escherichia coli

http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10734
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10784
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10783
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10735
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10735
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10735
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10733
http://biocyc.org/ECOLI/NEW-IMAGE?type=GENE&object=EG10728
www.asmscience.org/EcoSalPlus


ions reported byHoffer and Tommassen [133] and by Rao
et al. [134]).

PI SENSING
Signal transduction pathways sense stimuli from the
environment and respond by altering intracellular pro-
cesses. For the Pho system, the response is an altered
transcriptome that is mediated by the action of the
phosphorylated PhoB protein interacting with RNA po-
lymerase. How, then, is environmental Pi sensed? It has
generally been accepted that the Pho regulon is turned on
when environmental Pi levels dip below 0.4 μM (36).
Because the PhoR protein does not have a significant
periplasmic domain, it was thought that this SHK did not
sense environmental Pi directly but rather something
else. Pi sensing requires the PstSCAB transporter and
PhoU, because mutations in their genes led to constitu-
tive expression of the Pho regulon regardless of envi-
ronmental Pi levels (36). Put differently, these mutants
are Pi blind. Thus, the default biochemical activity of
PhoR is as an autokinase and the signaling roles of the Pst
transporter and PhoU are to negatively regulate this ac-
tivity and to stimulate its phospho-PhoB phosphatase
activity in response to environmental Pi.

Two possibilities for how the Pst transporter may func-
tion to control the activity of PhoR are as follows. The first
is by controlling the intracellular levels of Pi, which would
be sensed by PhoR, most likely through its PAS domain.
According to this model, intracellular Pi levels should
show fluctuations that reflect environmental Pi levels. A
problem with this model is that intracellular Pi levels have
been measured by 31P NMR and have been shown to be
constant under conditions in which the Pho regulon is
both repressed and derepressed (7). Another problem
with this model is that there are several mutations in pstC
and pstA that lead to defective transporters that would be
unable to maintain intracellular Pi levels but that retain
their signaling capacity; i.e., they can still stimulate the
phospho-PhoB phosphatase activity of PhoR even though
they are not able to transport Pi (111, 112).

A second model for how the Pst transporter senses Pi

proposes that it may physically interact with PhoR to
signal its transport activity within a signaling complex
(135). That is to say, it is not necessarily the intracellular
level of Pi that is sensed but rather how active the
transporter is. It has been postulated for many years that
the Pi signaling proteins operate within a stable complex

that involves PhoR, PhoU, and the PstSCAB transporter
(36, 117, 136). Circumstantial evidence for protein-
protein interactions had been provided by experiments
that suggest that PhoU modulates the transport activity
of the PstSCAB transporter, which would require phys-
ical interactions between the proteins (123). Further
work establishing a signaling complex came from Gard-
ner et al., who used bacterial two-hybrid and coelution
experiments to demonstrate that the PhoU protein
physically interacts with both the PAS domain of PhoR
and the PstB protein (132). PhoU is a central part of this
signaling complex, and insight into its function comes
from the analysis of several phoU alleles (phoU was
originally known as phoT) (19, 137). The original allele of
phoU was called phoU35 and was identified as having
normal Pi transport but lost proper Pho regulon control
(138), and it was later determined that it contained an
A147E substitution (139). This mutant is unique because
while phoU35 has normal Pi transport, a ΔphoU allele
shows a severe growth defect resulting from uncontrolled
Pi import (120, 121). It was postulated that the phoU35
version of PhoU lost its ability to communicate with
PhoR, hence its derepression, but retained its ability to
interact with and control the PstSCAB proteins to prevent
hyperimport of Pi with its accompanying growth defect.
These observations suggested that PhoU had at least
two genetically separable functions and that structural
changes resulting from a substitution at Ala-147 dis-
rupted the PhoU/PhoR interaction (140). A scanning-
mutagenesis study of the PAS domain of PhoR pointed to
several regions of PhoR that were also important for
maintaining interactions between PAS and PhoU (140).
From these data, a structural PhoR/PhoU docking model
was created using the ClusPro web-based server (141).
Direct coupling analysis, which is a bioinformatic tech-
nique to identify covarying residues between interacting
proteins, supported and extended this structural model,
which shows PhoU interacting not only with the PAS
domain of PhoR but also with its CA domain. Taken
together, the findings show that the interaction between
PhoU and the PstB protein may be responsible for envi-
ronmental input, whereas the interactions between PhoU
and the PAS and CA domains of PhoR may control
output. This may occur as PhoU constrains the inter-
domain motions of the CA domain of PhoR that could
modulate its two biochemical activities.

To extend this signaling complex model, recent research
explored how the PstSCAB transporter may communi-
cate with PhoR. Vuppada et al. asked whether the alter-
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nating conformations of the PstSCAB protein, which are
adopted as part of the normal Pi transport cycle, are the
signal that is sensed by PhoR (142). Two variants of PstB
that were predicted to lock the protein in either an open
or a closed state were tested for Pi signaling by assaying
expression of the phoA gene. Similar mutations had been
shown to lock the maltose transporter into either an open
or a closed conformation (143). It was observed that the
mutant predicted to reside in an inward-facing, open con-
formation (PstBQ160K) signaled Pi sufficiency, whereas
the mutant predicted to reside in an outward-facing, closed
conformation (PstBE179Q) signaled Pi starvation. Neither
mutant was able to transport Pi. The inward-facing con-
formation of the Pst transporter would normally be formed
only following Pi transport, consistent with a Pi-replete
environment. These results were consistent with the hy-
pothesis that the signaling activity of the PstSCAB trans-
porter is the signal sensed by PhoR.

A recent study from the Groisman lab has prompted a
reexamination of these competing hypotheses (144).
They observed through chromatin immunoprecipitation-
sequencing experiments that when Salmonella enterica
serovar Typhimurium cells were grown for 4 h inmedium
with 10 μM Mg2+, RNA polymerase occupancy increased
formgtA,mgtB, andmgtC, as well as for phoBR, pstSCAB,
and phoU (144). mRNA levels for these genes were also
increased. Increased transcription of the mgt genes was
expected because they are part of the phoPQ regulon
that responds to limiting Mg2+, whereas the increased
expression of the Pho regulon genes was unexpected.
Using green fluorescent protein reporter assays, they also
demonstrated that the activation of the phoB promoter
was transient and that it occurred after several hours of
incubation in low-Mg2+ medium. The proposed mecha-
nism for these observations, supported by many experi-
ments, is that low Mg2+ levels inhibit ribosome assembly,
which leads to decreased protein synthesis. Because
translation is the greatest consumer of cellular ATP, de-
creased protein synthesis would lead to increases in cel-
lular ATP levels with a concomitant decrease in free
cytoplasmic Pi. This response is transient because the
activation of the PhoPQ regulon leads to normalizedMg2+

levels and the activation of the PhoBR regulon leads to
increased Pi uptake. This work underscores the complex
regulatory schemes connecting protein synthesis and Pi

homeostasis. The implication of this work is that the Pho
system senses intracellular Pi, which is contradictory to
earlier work showing Pi levels remaining constant during
induction of the Pho regulon.

Additional evidence also favors a signaling model that
incorporates sensing intracellular Pi levels. PitA and PitB
are two Pi transporters of the major facilitator super-
family. They are synporters that utilize the proton motive
force to transport Pi-metal ion complexes. Hoffer and
Tommassen (133) showed that overexpression of either
pitA or pitB in a pst mutant background could lead to
downregulation of the Pho regulon. Normally, the Pho
regulon is fully induced in a pstSmutant. The researchers
also showed that the pstC, pstA, pstB, and phoU genes
were required for this downregulation. Although not
measured directly, these results implied that high intra-
cellular levels of Pi could lead to downregulation of the
Pho regulon, but only when the transmembrane and
cytoplasmic parts of the transporter and PhoU were
present.

It is possible that aspects of both competing models are
correct (Fig. 3). The PhoR protein may interact with the
Pst transporter to detect its signaling activity by recog-
nizing alternate conformations of the transporter, and it
may also sense cytoplasmic Pi levels. Under normal
growth conditions, intracellular Pi levels would be buff-
ered to remain nearly constant, but when Pi transport
through the Pst complex is reduced because the extra-
cellular Pi concentrations are too low, then a signal
represented by the conformational state of the trans-
porter would be sent to PhoR informing it to adopt its
autokinase conformation. Alternatively, when the Pst
transporter is actively importing Pi, the PstB protein
would hydrolyze ATP, causing the transporter to adopt a
conformation that would signal PhoR to adopt its
phospho-PhoB phosphatase conformation. The confor-
mations adopted by the signaling complex may also be
sensitive to intracellular Pi levels, particularly if there
exists an equilibrium between the two conformational
states. For example, if intracellular Pi concentrations are
elevated, such as when PitA is overexpressed, Pi may bind
to the signaling complex and shift its equilibrium towards
the phosphatase conformation. Alternatively, when in-
tracellular Pi levels are depleted, such as when protein
synthesis is inhibited and ATP levels are elevated, the
conformations of the signaling complex may be shifted
towards the autokinase conformation.

Other systems may also contribute to regulation of the
Pho regulon by interacting with PhoR to control its ac-
tivities. For example, Lüttmann et al. published a report
linking the nitrogen phosphotransferase system (PTSNtr)
to Pho gene regulation (145). The PTSNtr is paralogous to
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the phosphoenolpyruvate:carbohydrate PTS system that
transports various sugars and controls multiple aspects of
metabolism based upon carbohydrate availability (146).
The PTSNtr consists of three proteins (EINtr, NPr, and
EIIANtr) that also participate in a phosphorylation cas-
cade. It is thought that this PTSNtr system plays regulatory
roles in potassium (K+) transport (146), σ factor selec-
tivity (147), the stringent response (148), and virulence
(149–152). These researchers demonstrated that EIIANtr

directly binds to PhoR to stimulate its kinase activity
(145). Moreover, they showed that ptsNmutants (lacking

EIIANtr) show a muted response to Pi limitation and a
growth delay upon shift to Pi-deficient growth media.

LOGIC OF THE Pho REGULON
The Pho regulatory circuitry displays specificity and
appropriate temporal responsiveness to produce maxi-
mal cellular fitness. To understand and model the Pho
regulatory circuit, it is important to determine the
amounts and characteristics of the individual proteins.
These parameters can help answer some of the following

Figure 3 Model for transmembrane signal transduction to regulate the Pho regulon in E. coli. The output of this signal transduction system is
based upon the amount and phosphorylation state of the response regulator PhoB. Phospho-PhoB forms a dimer and binds to DNA sequences
containing a Pho box. The phosphorylation state of PhoB is, in turn, controlled by the opposing autokinase/phosphotransferase and phosphatase
activities of PhoR, the SHK of the system. The activities of PhoR are ultimately controlled by the PstSCAB transporter and PhoU. When
environmental Pi levels are high, the transporter signals through PhoU to favor PhoR in its phosphatase conformation. When environmental Pi
levels are low, the transporter and PhoU signal PhoR to favor its autokinase conformation. In an alternate (or supplementary) mechanism, the
PstSCAB transporter may also signal Pi sufficiency to PhoR through a process in which its conformation is sensitive to intracellular Pi levels by
binding Pi at a low-affinity, cytoplasm-accessible site.
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questions. For example, under native cellular conditions,
how do the kinase and phosphatase activities of PhoR
partition? How does phospho-PhoB binding to target
DNA control the temporal pattern of gene expression?
How is the Pho TCS insulated from other TCS proteins
and other activating signals within the cell to maintain
signal integrity?

The answers to some of these questions have been pro-
vided through careful biochemical experiments, mathe-
matical modeling of the signaling reactions, and
bioinformatic analysis (73, 74, 77, 87, 153–156). For ex-
ample, it has been shown through quantitative Western
blotting that the concentrations of PhoB and PhoR under
Pi-limited growth conditions are ∼9.3 μM and 1 μM,
respectively (77). These amounts of PhoB and PhoR are
about 20-fold higher than under Pi-replete conditions. If a
protein concentration of 1 μM roughly corresponds to
∼600 molecules/cell, then PhoB increases from ∼300
copies per cell to ∼6,000 upon Pi starvation and PhoR
increases from ∼30 molecules per cell to ∼600. By em-
ploying Phos-tag acrylamide electrophoresis to quantify
the amount of phospho-PhoB produced under activating
conditions and analyzing these quantities using a kinetic
model that encompasses PhoR autophosphorylation,
phosphotransfer to PhoB, and phospho-PhoB dephos-
phorylation, it was demonstrated that in the steady state
the amount of phospho-PhoB depended upon the total
amount of PhoB and that this amount saturated under
high expression levels, near 4 μM. This means that sig-
nificant fractions of PhoB are unphosphorylated, even
when the system is fully induced. The PhoB/phospho-
PhoB heterodimers reported by Creager-Allen et al. may
account for a sizeable fraction of PhoB in the fully induced
state (100). In another study using similar experimental
strategies, Gao and Stock demonstrated that the PhoR
phosphatase activity was quite robust. This activity was
strong enough to attenuate the low-Pi response following
Pi feeding and also strong enough to suppress nonspecific
activation of PhoB by acetyl phosphate or noncognate
SHKs (74). These observations underscore the impor-
tance of the phosphatase activity of PhoR in controlling
the output of the Pho regulon, especially in a cell with
multiple potential phosphodonors, such as noncognate
SHKs and small metabolites, like acetyl phosphate.

Signal insulation has also been studied by examining the
interactions between SHKs and RRs. The analysis of
coevolving residues has been used to identify sites within
the DHp domains of SHKs and the receiver domains of

RRs that provide specificity to the interaction between
these two classes of proteins (156). In an examination of
divergent evolution in TCS pathways, the Laub group
studied the PhoB/PhoR signaling system. They showed
that the residues directing the specificity between PhoR
and PhoB are subject to strong purifying selection. As
expected, the specificity residues are solvent exposed
within the DHp domain of PhoR and are located below
His-213 on both α helices of its helical hairpin. In PhoR,
these specificity residues correspond to Thr-220, Val-221,
Gly-224, Tyr-225, Glu-227, and Met-228. In PhoB, the
specificity residues are spatially near the site of aspartyl
phosphorylation (Asp-53) and are Glu-11, Ala-12, Ile-14,
Met-17, Phe-20, Val-21, and Ser-108. The importance of
these coevolving specificity residues is that they constitute
an important mechanism to insulate signaling pathways
from one another and prevent cross talk, even when they
utilize identical chemistry with similar overall structures.

As has been stated above, the amounts of PhoB and PhoR
are autoregulated through a positive-feedback loop with
phospho-PhoB binding to the phoB promoter to activate
its own transcription when environmental Pi levels are
low. A fitness advantage of an autoregulated signaling
pathway is that output genes are not expressed when an
activating signal is absent, thereby conserving biosynthetic
capacity. It has been elegantly demonstrated through
competition assays that the PhoB/PhoR TCS is tuned for
optimal expression of gene products under both nonacti-
vating and activating conditions (153). Maximal fitness
was observedwhen PhoBwas expressed at a concentration
near where phospho-PhoB starts to saturate (4 μM). This
type of autoregulation leads to high amplification of a
response, i.e., production of enzymes for the acquisition
of Pi only when needed and low production costs when Pi

is abundant.

However, one downside to an autoregulatory circuit, like
that found in the PhoB/PhoR TCS, is that such circuits
are predicted to slow the timing of expression due to the
time that it takes to build up the levels of the transcrip-
tion factor in the cell. To study this phenomenon in the
Pho system, Gao and Stock used transcriptional reporters
and sophisticated modeling to show that the Pho system
is both fast and optimized for maximal fitness (155).
They demonstrated that the positive-feedback loop for
PhoB expression has a coupled negative autoregulation.
The mechanism for this feature is the presence of a
previously unidentified second Pho box in the phoB
promoter whose binding affinity is weaker than the
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activating Pho box and that faces in the opposite direc-
tion. Binding of phospho-PhoB late in a low-Pi response
to this site represses transcription of phoB by blocking
access to the −10 region of the promoter.

According to the logic of the Pho regulon, the genes of this
system are not all expressed at the same time, nor at the
same levels. Gao and Stock carefully analyzed the tem-
poral patterns of gene expression by examining the timing
of fluorescent reporters that were under the control of
various Pho regulon promoters (73). They observed that
the early genes include those for the phoBR autofeedback
loop that amplifies the signal, as well as for the genes
encoding phosphate import proteins (pstSCAB-phoU).
Later genes include those for the acquisition and utiliza-
tion of alternate phosphorus sources, such as through
the expression of alkaline phosphatase, the glycerol-3-
phosphate transporter, or the phosphonate operon. The
researchers demonstrated that this temporal expression
pattern reflected the binding affinity of phospho-PhoB to
the various Pho boxes throughout the chromosome by
measuring apparent dissociation rates of phospho-PhoB
from various promoter fragments using Bio-layer inter-
ferometry (73). They noted that the binding affinities
correlated well with the information content of each
promoter based upon the position weight matrix from
conserved promoters. However, the binding affinities did
not correlate with the levels of gene expression, and it is
assumed that promoter architecture, the positioning of
Pho boxes, and the presence of other regulatory factors
may influence the levels of expression output.

The kinetics of the phosphate starvation response can
also be influenced by previous activation of the Pho
regulon. Hoffer et al. demonstrated that E. coli cells in-
duced alkaline phosphatase faster if the cultures had re-
cently been starved for phosphate (157). This type of
memory may represent the carryover of PhoB/PhoR
proteins from a previously induced state. This memory
model suggests that cells should accumulate higher levels
of Pho regulon proteins if they have previously been
starved of phosphate. However, this is not observed
(154). To explain this robust behavior for the Pho system,
Gao and Stock again employed sophisticated modeling of
response kinetics, with the assessment of promoter ac-
tivities to show that there exists a counterbalancing
negative regulation to bring about output homeostasis
(154). This phenotypic memory seemed to be dependent
upon the induction of σs, although the exact mechanism
remains unknown.

Pi HOMEOSTASIS
The phenotypes of a ΔphoU mutation are instructive in
regard to the importance of phosphate homeostasis.
Steed and Wanner showed that ΔphoU mutants have a
severe growth defect and accumulate compensatory
mutations in genes that control the Pho regulon (120). It
has been interpreted that these mutants may accumulate
too much intracellular phosphate and that this is toxic to
the cells, potentially due to magnesium starvation caused
by excess polyphosphate accumulation in the cell (158).
Therefore, it seems likely that E. coli has mechanisms not
only to acquire and maintain intracellular Pi when it is
limiting in the environment but also to ensure that Pi

does not accumulate to toxic levels when Pi is in abun-
dance. The target of excess intracellular Pi is not known,
but too much intracellular Pi may feedback inhibit vari-
ous enzymatic reactions, and this could affect nucleic
acid biochemistry or central metabolism. Mechanisms to
maintain intracellular Pi may include Pi export and Pi

sequestration through the production of polyphosphate
(polyP). Pi export may involve the PitA or PitB trans-
porters, which are secondary transporters that translo-
cate metal-phosphate substrates (159). Other proteins
may also be involved in Pi export. For example, one in-
teresting observation was that yjbB overexpression led to
decreased polyP accumulation in a phoU mutant strain
(160). This suggests that YjbB may function as a Pi ex-
porter. The N-terminal half of yjbB consists of two
repeats of an Na+/Pi cotransporter domain, and the C-
terminal half consists of two PhoU-like domains.

PolyP may also influence expression of the Pho regulon
during the stationary phase (161). Grillo-Puertas et al.
showed that during the stationary phase PhoB could be
activated when cells were grown in a medium containing
high levels of phosphate (∼40 mM Pi) (161). It was
demonstrated that this activation depended upon the
production of acetyl phosphate and the production of
polyP.

Pi Sensing and Stationary-Phase Response
Many of the genes that are upregulated in response to
extended Pi limitation belong to the RpoS stimulon, or
members of the general stress response, controlled by the
alternate sigma factor σS. The Gottesman laboratory has
beautifully demonstrated a mechanism for the regulation
of entry into stationary phase when cells are starved of Pi

(48, 49). When Pi becomes limiting, cells accumulate
ppGpp in a SpoT-dependent manner (49). ppGpp is a
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second messenger that mediates the stringent response
(162). ppGpp, with DksA, reprograms RNA polymerase
to decrease transcription ofmany genes involved in amino
acid biosynthetic pathways and for the synthesis of ribo-
somal proteins. This reprogrammed RNA polymerase
also increases the synthesis of a variety of genes, one of
which is iraP (163). IraP is an anti-adapter protein that
interacts with RssB to prevent it from binding to σS to
direct it to the ClpXP protease for degradation. The syn-
thesis of IraP therefore leads to increased stability of σS,
which leads to an induction of the general stress response.

It has also been suggested that a small regulatory RNA
may also contribute to the induction of the general stress
response following Pi limitation (164, 165). Ruiz and
Silhavy showed that a Tn cam minitransposon mutation
in the pstS gene, oriented so that transcription of its cam
cassette was in the same direction as that of pstS, led to
constitutive expression of the Pho regulon and resulted in
increased levels of σS during exponential growth (165).
They demonstrated that Hfq was required for this in-
crease in σS and concluded that an uncharacterized small
RNA controls translation of the rpoS message during Pi

limitation. They also showed that this effect was depen-
dent upon a functional PhoB protein. In a follow-up to
these studies, Schurdell et al. provided genetic evidence
that the processed 3′ end of the pstA message stimulates
translation of rpoS (50). An unusual feature of the
pstSCAB-phoU operon is an extended intergenic region
between the pstA and pstB genes. Schurdell et al. created a
series of deletions of the intergenic region between pstA
and pstB and showed that mutants missing this sequence
displayed a deficiency in the accumulation of σS and the
induction of σS-dependent genes. It had previously been
demonstrated that several small RNAs bind to the long
untranslated leader of the rpoS mRNA in an Hfq-de-
pendent manner to unmask the ribosome-binding site
for rpoS and stimulate translation (166). It was proposed
that the processed pstA message played the same role as
the several small RNAs do to promote translation of the
rpoS mRNA.

CONCLUSION
Control of the Pho regulon provides E. coli and Salmo-
nella strains the ability to adapt to an ever-changing
environment and integrate signals from a variety of
inputs. While feasible models exist to describe the sig-
naling pathway that monitors environmental Pi, addi-
tional work is still needed to more fully understand the

molecular mechanisms of this pathway. It is anticipated
that much progress will be made as signaling complexes
are purified and studied in vitro. Perhaps more impor-
tantly, further research is needed to better understand
how the phosphate signaling pathway is integrated into
other aspects of cellular physiology.

Different bacteria use different mechanisms for adapting
to changes in environmental phosphate (167). For ex-
ample, while PhoU is essential for proper signaling in E.
coli, there are many bacteria that do not have an obvious
phoU gene in their genomes and there are other bacteria
with multiple phoU genes in theirs (168, 169). Given a
wide variety of available genes and gene arrangements, it
is important to remember that not all bacteria use the
same mechanisms for phosphate signaling as does E. coli.
However, research about the E. coli Pho system provides
a benchmark that can be used to help understand other
systems. In addition to contributing to a better under-
standing of how cells adapt to changes in the availability
of this essential nutrient, continued research of this sys-
tem may also identify future targets for antimicrobial
strategies against specific bacteria.
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