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The phage shock protein (Psp) system is a conserved ex-
tracytoplasmic stress response in bacteria that is essential
for virulence of the human pathogen Yersinia enterocolitica.
This article summarizes some recent findings about Y. en-
terocolitica Psp system function. Increased psp gene ex-
pression requires the transcription factor PspF, but under
non-inducing conditions PspF is inhibited by an interaction
with another protein, PspA, in the cytoplasm. A Psp-induc-
ing stimulus causes PspA to relocate to the cytoplasmic
membrane, freeing PspF to induce psp gene expression.
This PspA relocation requires the integral cytoplasmic
membrane proteins, PspB and PspC, which might sense an
inducing trigger and sequester PspA by direct interaction.
The subsequent induction of psp gene expression increases
the PspA concentration, which also allows it to contact the
membrane directly, perhaps for its physiological function.
Mutational analysis of the PspB and PspC proteins has re-
vealed that they both positively and negatively regulate psp
gene expression and has also identified PspC domains asso-
ciated with each function. We also compare the contrasting
physiological roles of the Psp system in the virulence of Y.
enterocolitica and Salmonella enterica sv. Typhimurium (S.
Typhimurium). In S. Typhimurium, PspA maintains the
proton motive force, which provides the energy needed to
drive ion importers required for survival within macrophages.
In contrast, in the extracellular pathogen Y. enterocolitica,
PspB and PspC, but not PspA, are the Psp components
needed for virulence. PspBC protect Y. enterocolitica from
damage caused by the secretin component of its type 3 se-
cretion system, an essential virulence factor.
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Introduction

Yersinia is a Gram-negative bacterial genus within the family
Enterobacteriaceae and is comprised of several species. Three
of these species are considered primary human pathogens:
Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica. Y.
pestis is the etiologic agent of plague (Perry and Fetherston,
1997), whereas Y. enterocolitica and Y. pseudotuberculosis
cause a self-limiting enteritis that only rarely progresses to
a systemic infection (Cornelis et al., 1987). Despite these
different diseases, the three pathogenic species share a number
of characteristics, including an approximately 70 kb viru-
lence plasmid (e.g. Portnoy and Martinez, 1985) encoding
the Ysc-Yop type three secretion system (T3SS; e.g. Cornelis,
2002). This system is essential for the virulence of all three
pathogenic species in mouse models of infection.

T3SSs are widely conserved in pathogenic Gram-negative
bacteria where they function to traffic cytotoxic substrates
from bacterial to host cell cytoplasm (Cornelis, 2006). A
critical component of all T3SSs is an oligomeric outer mem-
brane pore-forming protein known as a secretin (Genin
and Boucher, 1994; Korotkov et al., 2011). However, pro-
duction of the Y. enterocolitica Ysc-Yop T3SS, and more
specifically production of its secretin component YscC,
triggers an envelope stress response called the phage shock
protein (Psp) system (Darwin and Miller, 2001). Mutational
inactivation of the Psp system renders Y. enterocolitica sen-
sitive to production of the YscC secretin alone, sensitive to
production of the native Ysc-Yop T3SS, and avirulent in
mice (Darwin and Miller, 1999, 2001). In this review we
will describe some of our work to understand the regu-
lation and function of the Y. enterocolitica Psp system, with
a particular focus on more recent investigations into how
the system is regulated. We also refer the reader to other
general reviews of the Psp system (Darwin, 2005; Joly et al.,
2010).

Original discovery of the Psp system

The Psp system was first described in Escherichia coli K-12
in a paper from Peter Model’s laboratory over twenty years
ago (Brissette et al., 1990). Their report identified an appro-
ximately 25 kDa E. coli protein that was massively produced
during infection by filamentous phage f1. This protein was
named phage shock protein A (PspA) and subsequently
found to be encoded by the first gene of the pspABCDE op-
eron (Brissette et al., 1991). pspA operon expression was al-
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so shown to be induced by other triggers, including heat,
ethanol, and osmotic shock, all of which have the capacity
to compromise the cytoplasmic membrane (e.g. Brissette et
al., 1990; Kleerebezem and Tommassen, 1993; Weiner and
Model, 1994). The induction of PspA synthesis during
phage f1 infection was due specifically to production of the
phage-encoded protein IV (Brissette et al., 1990), which is
a member of the above-described secretin family. Other work
has indicated that it is the mislocalization of a secretin into
the cytoplasmic membrane that is a potent Psp-inducing
signal (Guilvout et al., 2006). Taken together, these and other
observations suggest a link between cytoplasmic membrane
disruption and Psp system function.

Discovery of the Psp system in Y. enterocolitica

Random identification of transposon insertion mutants at-
tenuated in a mouse model of systemic infection led to the
discovery of the Y. enterocolitica Psp system. Specifically, a
pspC transposon insertion mutant was completely avirulent
in a mouse model of infection (Darwin and Miller, 1999).
Subsequent work showed that production of the Ysc-Yop
T3SS, or just its YscC secretin component, caused a severe
growth defect in the pspC null mutant (Darwin and Miller,
2001). This was a striking discovery because all of the phe-
notypes described previously for E. coli psp null mutants
were subtle (e.g. survival defect during prolonged sta-
tionary phase at alkaline pH; Weiner and Model, 1994).
Eight genes encode the Y. enterocolitica Psp system. Seven
are at a single locus, which is made up of the pspABCDycjXF
operon and the divergently transcribed pspF gene. The eighth
is the unlinked pspG gene (Green and Darwin, 2004). Of
these, individual disruption of the pspD, ycjX, yc¢jF, and
pspG genes has not been reported to cause any detectable
phenotype. This is in sharp contrast to the pspFABC genes
for which removal of any one of them results in significant
effects on the regulation of psp gene expression and/or stress-
tolerance (reviewed by Darwin, 2005). For this reason we
consider the PspF, -A, -B, and -C proteins to be the core Y.
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enterocolitica Psp system and our work has focused pri-
marily on understanding their functions.

The PspF, -A, -B, and -C proteins control psp gene expression

The PspF, -A, -B, and -C proteins are needed for normal
regulation of psp gene expression. PspF is a DNA-binding
protein required for expression of the o”*-dependent pro-
moters located upstream of pspA and pspG (Jovanovic et
al., 1996; Green and Darwin, 2004). In contrast, PspA neg-
atively regulates these promoters. Work in E. coli has dem-
onstrated that PspA mediates this negative effect by forming
a complex with PspF and inhibiting its transcription acti-
vation ability (Dworkin et al., 2000; Elderkin et al., 2002).
Finally, the integral cytoplasmic membrane proteins PspB
and -C are required for stress-dependent induction of the
pspA and pspG promoters, which is probably achieved by
modulating the PspA-PspF inhibitory complex, as described
below.

Activation of the Y. enterocolitica Psp response is essential
for its virulence. Therefore, a detailed understanding of the
molecular events underlying the regulation of psp gene ex-
pression is one of the areas into which we have devoted
considerable attention. Some of our more recent work is
summarized below.

Activation of the Y. enterocolitica Psp system involves a
change in PspA location

We recently published a study that provided an improved
spatial understanding of how integral (PspBC) and periph-
eral (PspA) cytoplasmic membrane proteins communicate
with each other and with the soluble transcriptional activator
PspF (Yamaguchi et al., 2010). The work was founded on
the hypothesis that the communication probably involved
a change in the location of PspF and/or PspA, with two
proposals for how this might work. First, that PspA is always
membrane-associated, perhaps in complex with PspBC. In
this scenario, under non-Psp inducing conditions PspA

‘.‘ Psp proteins
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Fig. 1. Model for activation of the Y. enterocolitica Psp system. In non-inducing conditions PspB and PspC are in an “off” state and PspA forms an in-
hibitory complex with PspF in the cytoplasm. Secretin mislocalization to the cytoplasmic membrane generates an inducing signal that switches PspB and
PspC to their “on” state, allowing them to sequester PspA by protein-protein interaction. PspF becomes active, induces the pspA promoter, and the con-
centration of PspA, -B, and -C increases to the levels required for stress-relief and/or prevention. The increase in PspA concentration also compensates for
a low phospholipid binding affinity, allowing it to bind to the membrane directly only after Psp system induction.



would sequester PspF into this membrane bound complex.
However, in Psp-inducing conditions a signal transmitted
via PspBC would cause PspA to release PspF to the cyto-
plasm where it could activate transcription. In the second
hypothesis, the PspA-PspF inhibitory complex would form
in the cytoplasm. When a Psp-inducing stimulus is encoun-
tered the PspBC proteins would then interact with PspA,
moving PspA into a membrane-associated complex and free-
ing PspF to activate psp gene expression.

We distinguished between these hypotheses by separating
Y. enterocolitica cells into soluble and insoluble (membrane)
fractions and determining the location of PspF, -A, -B, and
-C by immnoblot analysis (Yamaguchi et al., 2010). Those
experiments revealed that the locations of PspF, -B, and -C
do not change. PspF was always soluble and PspB and -C
were always in the membrane. However, under non-Psp-
inducing conditions PspA was soluble, whereas upon Psp
system induction the majority was now associated with the
membrane. These data supported our second hypothesis,
with an inhibitory PspA-PspF complex forming in the cy-
toplasm under non-inducing conditions and PspA moving
to the membrane upon induction (Fig. 1). Subsequent ex-
periments revealed that the relocation of PspA to the mem-
brane was dependent on PspBC and probably involves a
direct protein-protein interaction with them (Yamaguchi
et al., 2010).

We also considered the potential impact of the increased
PspA protein concentration that happens after a Psp-induc-
ing stimulus is encountered. However, our experiments
were able to determine that the PspBC-dependent relocation
of PspA to the membrane happened independently of any
increase in PspA concentration (Yamaguchi et al., 2010).
Thus, the basal level Psp proteins are sufficient to act as a
stress-responsive transcriptional switch. Nevertheless, we
also discovered that artificially elevating PspA concentration
in the absence of a Psp-inducing stimulus caused it to asso-
ciate with the membrane in a PspBC-independent manner.
Therefore, it appears that PspA has two different mecha-
nisms to locate to the membrane. First, by a direct interaction
with one or both of the integral membrane proteins PspB
and -C. Second, by direct interaction with the membrane
phospholipids or with some other unidentified membrane
component.

These data contributed to our current model that describes
the situation before, during and after activation of the Y.
enterocolitica Psp response (Fig. 1 and Yamaguchi et al.,
2010). According to this model, in an uniduced cell, PspA
forms an inhibitory complex with PspF in the cytoplasm,
perhaps with PspF also bound to DNA. The integral cyto-
plasmic membrane proteins PspB and PspC might switch
between two hypothetical states (e.g. conformations) de-
pending on the presence or absence of a Psp-inducing signal.
In the uninduced cell they are in their “off” state. However,
when an inducing stimulus is encountered, such as a mis-
localized secretin protein, PspB and/or PspC respond by
changing into their “on” state. This allows them to interact
with PspA, sequestering it to the membrane and freeing PspF
to activate transcription. All of these events occur with only
the basal level of Psp proteins. However, once this regulatory
switch mechanism has activated, the subsequent increase
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in PspA concentration compensates for its inherent low
binding affinity for the phospholipid membrane. As a result,
at high concentration PspA is able to interact directly with
the membrane to facilitate its poorly-understood physio-
logical function.

PspB and PspC regulate psp gene expression in multiple
ways

Work on both the E. coli and Y. enterocolitica Psp systems
has shown that PspB and -C are required for stress-de-
pendent induction of psp gene expression in most con-
ditions (e.g. Weiner et al., 1991; Kleerebezem et al., 1996;
Maxson and Darwin, 2006; Gueguen et al., 2009). PspB
and -C are small integral cytoplasmic membrane proteins
that interact with each another (Maxson and Darwin,
2006). Their locations are consistent with the proposal that
one or both of them acts to detect a Psp-inducing signal,
such as altered membrane properties, and to transmit this
information to PspA by direct protein-protein interaction
(see above). In the Y. enterocolitica Psp system we have
studied various aspects of PspB and -C function. We view
them as multi-functional components of the Psp response
because, in addition to regulating psp gene expression, they
also help to alleviate secretin-induced stress (Maxson and
Darwin, 2006 and see below).

To better understand PspB and -C functions in Y. enter-
ocolitica we isolated and characterized altered function
mutants (Gueguen et al., 2009). Alanine substitution of some
highly conserved amino acids in PspC resulted in activation
of pspA promoter expression in the absence of a Psp-in-
ducing signal. Subsequent random mutagenesis and trun-
cation analysis provided many PspC and PspB mutants
with similar constitutive regulatory activity (Gueguen et
al., 2009). This suggests that an interaction between PspB
and PspC might be important for negative regulation of
psp gene expression, providing a third function for these
proteins (secretin-stress tolerance, positive regulation of psp
gene expression, and negative regulation of psp gene ex-
pression). Specifically, the N-terminus of PspC appears to
be important for this negative regulatory function because
removing it also causes constitutive psp gene expression
(Gueguen et al., 2009).

This mutational investigation also allowed us to isolate
PspC (but not PspB) mutants that lost only their ability to
activate psp gene expression in response to stress (Gueguen
et al., 2009). These mutations mapped to a region within the
C-terminus of PspC that is predicted to contain a leucine-
zipper like amphipathic helix. Truncation analysis con-
firmed the importance of this region for positive regulatory
function. This domain of PspC might be needed to sense a
Psp-inducing signal. Alternatively, it might facilitate psp
gene activation by using the hydrophobic face of the am-
phipathic helix to dimerize (Gueguen et al., 2011) and/or
to interact with other Psp proteins as part of the signal
transduction pathway.

Finally, in addition to their places in the signal transduction
pathway regulating psp gene transcription, we also discovered
that PspB controls the level of PspC post-transcriptionally
in Y. enterocolitica (Gueguen et al., 2009). Subsequent experi-
ments revealed that PspB protects PspC form proteolysis
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by the cytoplasmic membrane protease FtsH, in both Y. en-
terocolitica and E. coli (Singh and Darwin, 2011). In the ab-
sence of PspB, PspC production is toxic and we hypothe-
size that this mechanism has evolved to rapidly remove it
from the cell. This is analogous to FtsH-dependent degra-
dation of the E. coli SecY and AtpB proteins produced in
excess of their binding partners (Kihara et al., 1995; Akiyama
et al., 1996). SecY and AtpB function in complexes that move
proteins or protons, respectively, across the cytoplasmic
membrane. If they fail to assemble into their native com-
plexes their unregulated sub-reactions might compromise
cytoplasmic membrane integrity, making rapid FtsH-de-
pendent degradation critical. Therefore, perhaps PspC might
also compromise membrane integrity if it fails to interact
with PspB. In fact, experiments in E. coli suggest that PspC
does compromise membrane potential unless it is co-pro-
duced with PspB (Jovanovic et al., 2010). These observations
might offer a clue into one function of the PspBC complex,
such as a carefully controlled role in altering cytoplasmic
membrane properties, with PspB controlling this activity of
PspC. However, this is speculative and would require con-
siderable further experimentation to investigate fully.

The specific link between secretins and induction of the
Psp system

The Psp system has been linked to secretin proteins since
its original discovery. The massive induction of PspA syn-
thesis observed by Model and his colleagues when E. coli
was infected with filamentous phage f1 was caused by the
phage-encoded secretin, protein IV (Brissette et al., 1990).
Furthermore, the relationship between secretins and the Psp
system is remarkably specific. Microarray analysis showed
that when the protein IV secretin was produced in E. coli or
Salmonella enterica, the only significantly upregulated genes
were the psp genes, and no genes were downregulated (Lloyd
et al., 2004). Our laboratory reported a similarly specific
transcriptional response to the production of a secretin in
Y. enterocolitica (Seo et al., 2007).

The normal function of all secretins requires them to be
inserted into the outer membrane. However, there is plenty of
data suggesting that they can also mislocalize to the cytoplas-
mic membrane in some conditions (e.g. Koster et al., 1997;
Burghout et al., 2004; Guilvout et al., 2006). Most notably,
the PulD secretin of the Klebsiella oxytoca type 2 secretion
system was observed as an apparent oligomeric pore mis-
localized in the E. coli cytoplasmic membrane, and this event
was associated with increased PspA synthesis (Guilvout et
al., 2006). Therefore, it seems likely that it is the mislocali-
zation of a secretin into the inner membrane that induces
the Psp system. This is consistent with the idea that the Psp
system is induced by altered cytoplasmic membrane properties.
For example, in E. coli the Psp response is activated by heat-,
osmotic-, or ethanol-shock, all of which might compromise
the cytoplasmic membrane permeability barrier (Brissette et
al., 1990; Kleerebezem and Tommassen, 1993; Weiner and
Model, 1994). However, unlike secretin mislocalization, which
only induces psp gene expression, the environmental in-
ducers have pleotropic effects on gene expression. It is not
yet known why secretin mislocalization is such a specific
inducer of the Psp response.

The PspB and PspC proteins alleviate secretin-induced stress

Prior to our discovery of the Y. enterocolitica Psp system, the
absence of a functional Psp response in E. coli had been as-
sociated with only subtle and difficult to detect phenotypes.
For example, a survival defect in prolonged stationary phase
at highly alkaline pH (Weiner and Model, 1994), or reduced
proton motive force and Sec-dependent protein transloca-
tion (e.g. Kleerebezem and Tommassen, 1993; Kleerebezem
et al., 1996). It is the PspA protein alone that has been as-
sociated with preventing these physiological defects from
occurring. This is consistent with the fact that PspA is a
highly abundant protein under Psp-inducing conditions
(e.g. Brissette et al., 1990). It has been proposed that PspA
might somehow help to maintain cytoplasmic membrane
integrity and the proton motive force. This proposal is sup-
ported by both in vivo and in vitro experiments (Kleerebezem
et al., 1996; Kobayashi et al., 2007; Standar et al., 2008).
However, exactly how PspA achieves this physiological
function is unknown.

In contrast to the subtle phenotypes described for E. coli,
the originally described Y. enterocolitica pspC null mutant
had much more severe and easily detected phenotypes. It
was completely avirulent in a mouse model of infection,
growth-sensitive to production of the native Ysc T3SS in
the laboratory and killed by production and mislocaliza-
tion of the YscC secretin (Darwin and Miller, 1999, 2001).
The severe sensitivity of Y. enterocolitica psp null mutants
extends to any secretin that we have tested (e.g. Maxson
and Darwin, 2006; Seo et al., 2007, 2009). Furthermore, we
now know that this severe secretin-sensitivity phenotype al-
so occurs in E. coli and Salmonella enterica serovar
Typhimurium (Seo et al., 2007, 2009). Therefore, not only
is psp gene expression induced by secretin mislocalization,
but a functional Psp system is also essential for survival
when this event occurs.

Despite all of the evidence supporting the role of PspA as
an important physiological effector in E. coli, a non-polar
Y. enterocolitica pspA null mutant is insensitive to secretin
production (Darwin and Miller, 2001). Therefore, whilst
PspA almost certainly does play an important physiological
role during some Psp-inducing conditions, it is not required
to tolerate secretin-stress. However, we have shown that
the small inner membrane proteins PspB and PspC are re-
quired (Maxson and Darwin, 2006; Gueguen et al., 2009).
Therefore, PspB and -C are dual function proteins involved
in both regulating psp gene expression and in mitigating
secretin-induced stress. Genetic analysis suggests that these
functions are independent of one another (Maxson and
Darwin, 2006; Gueguen et al., 2009).

One size does not fit all: contrasting roles of the Psp system in
Y. enterocolitica and Salmonella enterica serovar Typhimurium
virulence

The Y. enterocolitica Ysc T3SS is essential for virulence in
an animal model of infection. In the laboratory, strains with
various psp gene deletions are sensitive to YscC secretin
production either alone or as part of the native Ysc T3SS
(Darwin and Miller, 2001). Importantly, the level of at-
tenuation of different psp null mutants in mice correlates
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Fig. 2. Summary of the contrasting roles of the Psp system in supporting the virulence of Y. enterocolitica and S. enterica sv. Typhimurium (S.
Typhimurium). In the extracellular pathogen Y. enterocolitica (left) the Ysc T3SS must be produced during host infection to disarm the functions of host
immune cells via the function of the exported Yop effector proteins. However, some of the YscC secretin component mislocalizes to the cytoplasmic mem-
brane with the potential to compromise membrane integrity. Secretin mislocalization induces the Psp system and under these conditions the integral cyto-
plasmic membrane proteins PspB and PspC (but not PspA) are essential for Y. enterocolitica viability. It is not yet known how PspBC prevent or counter-
act secretin-toxicity. In the intracellular pathogen S. Typhimurium (right) the available divalent cation concentration within the macrophage phagosome
is maintained at a low level by the action of the host Nrampl1 protein. As a result, S. Typhimurium relies on proton (H+)-dependent and ATP-dependent
(not shown) transporters to accumulate divalent cations (Me*"). In this situation, the role of PspA in maintaining the proton motive force is essential be-
cause it ensures an energy supply for metal ion import. How PspA achieves this function and the source of the Psp-inducing signal during host infection

by S. Typhimurium is unknown.

with their sensitivity to YscC in the laboratory (e.g. Green
and Darwin, 2004). Together, this strongly suggests that
the requirement of the Y. enterocolitica Psp system for vir-
ulence is due to its role in mitigating secretin-induced stress
caused by production of the Ysc T3SS during infection.

The Psp system is also required for virulence in Salmonella
enterica serovar Typhimurium (S. Typhimurium; Karlinsey
et al., 2010). However, the reason is different to the situation
in Y. enterocolitica, and so is the Psp protein involved (Fig.
2). A S. Typhimurium pspA null strain is attenuated in mice
that posses the natural resistance-associated macrophage
protein 1 (Nramp1) but is not attenuated in Nramp1-defective
mice (Karlinsey et al., 2010). Nramp1 limits the availability
of divalent metal ions within the macrophage phagosome,
which restricts the growth of pathogens that reside there,
such as S. Typhimurium. To counter this, S. Typhimurium
utilizes a number of energy-dependent transporters to ac-
cumulate these ions under such limiting conditions. Ferric
Fang’s group have demonstrated that the function of these
transporters is compromised in a pspA null strain, presum-
ably due to the role of PspA in helping maintain the protein
motive force (Karlinsey ef al., 2010). Thus, in S. Typhimurium,
PspA is needed to help maintain the proton motive force
during infection, which in turn allows S. Typhimurium to
power essential metal ion importers needed to survive in
Nrampl-positive macrophages.

It is interesting that the intracellular pathogen S. Typhimu-

rium and the extracellular pathogen Y. enterocolitica both
need a functional Psp system for virulence, but for quite
distinct reasons (Fig. 2). In S. Typhimurium, PspA is the
critical component, which facilitates intracellular survival
due to its role in maintaining the protein motive force. In
contrast, in Y. enterocolitica PspB and PspC appear to be
the critical components, which must protect the bacteria
from secretin-induced cell injury.

Closing comments and some outstanding questions

This review has focused primarily on our more recent
work to understand the regulation and function of the Psp
system in Y. enterocolitica. As such, we apologize to the au-
thors of much of the work done on the Psp system in other
bacteria, most notably E. coli, which we have been unable
to discuss here. For further information, we refer readers
to a recent comprehensive review that covers many of the
E. coli studies in particular (Joly et al., 2010).

We still have many questions to answer about the Psp system
in Y. enterocolitica. Chief amongst these are the exact nature
of the inducing signal(s) and the mechanism by which PspB
and PspC protect the bacterial cell from secretin-induced
death. It is also intriguing that the most abundant Psp pro-
tein, PspA, is not required for the latter role. One possibility
is that the Psp system might counteract different defects of
the cytoplasmic membrane, with PspA being required for



s 6 Yamaguchi and Darwin

some and PspBC for others. For example, PspA might spe-
cifically help to maintain the protein motive force, whereas
PspBC might correct or prevent a more severe defect
caused by the insertion of a secretin into the cytoplasmic
membrane. Investigating these aspects of Psp system func-
tion remains the motivation for our continued work with
this intriguing and enigmatic stress response.
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