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In Escherichia coli, the Cpx two-component regulatory system activates expression of protein folding and
degrading factors in response to misfolded proteins in the bacterial envelope (inner membrane, periplasm, and
outer membrane). It is comprised of the histidine kinase CpxA and the response regulator CpxR. This response
plays a role in protection from stresses, such as elevated pH, as well as in the biogenesis of virulence factors.
Here, we show that the Cpx periplasmic stress response is subject to amplification and repression through
positive and negative autofeedback mechanisms. Western blot and operon fusion analyses demonstrated that
the cpxRA operon is autoactivated. Conditions that lead to elevated levels of phosphorylated CpxR cause a
concomitant increase in transcription of cpxRA. Conversely, overproduction of CpxP, a small, Cpx-regulated
protein of previously unknown function, represses the regulon and can block activation of the pathway. This
repression is dependent on an intact CpxA sensing domain. The ability to autoactivate and then subsequently
repress allows for a temporary amplification of the Cpx response that may be important in rescuing cells from
transitory stresses and cueing the appropriately timed elaboration of virulence factors.

All bacteria require an intact envelope for survival. In gram-
negative bacteria, the envelope includes the inner membrane,
periplasm, and outer membrane, and it is involved in a large
number of diverse structural, physiological, and adaptive pro-
cesses. These processes generally require specific sets of enve-
lope-associated proteins and include functions such as active
and passive transport, virulence factor elaboration, and cell
division. Given its essential role, it is not surprising that insults
to this compartment are detected by at least two different
envelope stress responses in Escherichia coli, the o& and Cpx
signal transduction pathways. Although both pathways cause
elevated expression of envelope-localized protein folding and
degrading factors in response to misfolded proteins, each re-
sponse has unique sets of inducing signals and downstream
targets, suggesting distinct physiological roles (for a review, see
reference 40).

The oF stress response appears to play an essential role in
outer membrane protein (OMP) folding. Activation of the
pathway is triggered by misfolded OMPs (30) and leads to
elevated production of at least two factors involved in the
folding and degradation of such substrates (6, 7, 12, 27), the
peptidyl-prolyl-isomerase FkpA (15, 31) and the periplasmic
protease DegP (4, 22, 26, 28, 49, 53, 54). Activating signals are
transduced mainly by relief of an inhibitory interaction be-
tween a membrane-localized anti-sigma factor, RseA, and the
transcription factor, o, allowing for activation of expression of
downstream targets (10, 32).

The Cpx envelope stress response is mediated by a typical
two-component regulatory system consisting of the membrane-
localized sensor histidine kinase (HK) CpxA and the cytoplas-
mic response regulator CpxR (RR) (11, 62). CpxA responds to
envelope stresses through autophosphorylation, likely at a con-
served histidine residue, and subsequent phosphotransfer to
CpxR (39). As with other RRs, this phosphorylation probably
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occurs at a conserved aspartate residue. Phosphorylation al-
lows CpxR to function as a transcriptional activator of genes
whose products are involved in protein folding and degrada-
tion in the bacterial envelope (6, 7, 9, 36). Footprint analysis
suggests that this occurs through binding of phosphorylated
CpxR dimers to a conserved direct repeat motif upstream of
Cpx-regulated promoters (36). These include the disulfide ox-
idase DsbA (1, 20); the peptidyl-prolyl-isomerases PpiA (29)
and PpiD (9); the protease DegP (22, 26, 28, 53, 54); a small
periplasmic protein of unknown function, CpxP (8); and other,
as-yet-unidentified regulon members (36).

Discerning the physiological role of the Cpx envelope stress
response has not been straightforward, since a variety of en-
velope perturbations lead to activation of the pathway. It is
clear that the Cpx pathway helps protect the cell from poten-
tially toxic, transitory stresses. For example, the Cpx envelope
stress response is induced by elevated pH, and cpx mutants
exhibit reduced survival in alkaline environments (8, 33). Sim-
ilarly, activation of the Cpx pathway can rescue the cell from
the expression of potentially toxic mutant envelope proteins (4,
49). 1t is likely that elevated expression of Cpx-regulated fac-
tors is necessary under such conditions to maintain proper
protein folding in the bacterial envelope and thus the integrity
of the cell.

In addition to its role in protection from envelope stress,
several observations suggest that the Cpx envelope stress re-
sponse plays an important role in the virulence of pathogenic
organisms. For example, DsbA is required for the correct fold-
ing of a number of pathogenic determinants (17, 34, 61, 64)
and degP null mutants are avirulent (18). Further, VirF, a
transcriptional activator of genes whose products are necessary
for host cell invasion by Shigella species, is a member of the
Cpx regulon (33). Finally, the Cpx envelope stress response is
centrally involved in monitoring and assisting in the assembly
of P pili. A number of Cpx-regulated factors, including DsbA
and DegP, are required for the assembly of these extracellular
appendages on the surface of uropathogenic Escherichia coli
and misfolded pilin subunits lead to activation of the Cpx
response (17, 19). Thus, one major role of the Cpx envelope
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TABLE 1. Strains and
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plasmids used in this study

Strain or plasmid Genotype Source and/or reference
Strains
JHC285 MC4100 lamBA23D zjb::Tnl0 2
MC4100 F~ araD139 A(argF-lac)U169 rpsL 150(Str") relA1 flbB5301 deoCl ptsF25 rbsR 3
TRS MC4100 cpxAl::cam This study; 6
TR10 MC4100 cpxA24 This study; 39
TR36 MC4100 NRS88[cpxP-lacZ] cpxA102 This study
TR48 MC4100 NRS88[cpxP-lacZ] cpxA101 39
TR49 MC4100 NRS88[degP-lacZ] 6, 39
TR50 MC4100 NRS88[cpxP-lacZ] 8, 39
TR51 MC4100 cpxRI::spc This study; 6
TR68 MC4100 NRS88[cpxP-lacZ] cpxAl::cam 6, 39
TR143 MC4100 ®[lamB-lacZ-phoA] Hyb1-1 [Ap1(209)] This study; 50
TR146 MC4100 lamBA23D zjb::Tnl0 cpxAl::cam This study
TR147 MC4100 ®[lamB-lacZ-phoA| cpxAl::cam Hyb1-1 [\p1(209)] This study
TR235 MC4100 NRS88[cpxR-lacZ] This study
TR237 MC4100 NRS88[cpxR-lacZ] cpxR1::spc This study; 6
TR238 MC4100 NRS88[cpxR-lacZ] cpxAl::cam This study; 6
TR239 MC4100 NRS88[cpxR-lacZ] zii::Tnl10 This study
TR240 MC4100 NRS88[cpxR-lacZ] zii::Tnl10 cpxA24 This study; 4
TR241 MC4100 NRS88[cpxR-lacZ] zii::Tnl0 cpxA101 This study; 4
TR242 MC4100 NRS88[cpxR-lacZ] zii::Tnl0 cpxA711 This study; 4
TR243 TR235(pBR322) This study
TR244 TR235(pLD404) This study; 49
TR412 MC4100 NRS88[degP-lacZ] rffA::cam This study; 5
TR413 MC4100 NRS88[cpxP-lacZ] rffA::cam This study; 5
TR493 MC4100 NRS88[degP-lacZ] AcpxP2 metFTnl0 This study
TR494 MC4100 NRS88[cpxP-lacZ] AcpxP2 metF Tnl0 This study
TR499 MC4100 NRS88[degP-lacZ] ara—®::Tncam (pBAD18) This study
TR500 MC4100 NRS88[degP-lacZ] ara™®::Tncam (pND18) This study
TR501 MC4100 NRS88[cpxP-lacZ] ara®::Tncam (pBAD18) This study
TR502 MC4100 NRS88[cpxP-lacZ] ara™®::Tncam(pND18) This study
TR503 MC4100 NRS88[degP-lacZ] AcpxP2 ara™®::Tncam (pBAD18) metF Tnl0 This study
TR504 MC4100 NRS88[degP-lacZ] AcpxP2 ara™®::Tncam (pND18) metF Tnl0 This study
TR505 MC4100 NRS88[cpxP-lacZ] AcpxP2 ara—®::Tncam (pBAD18) metF Tnl0 This study
TR506 MC4100 NRS88[cpxP-lacZ] AcpxP2 ara™R::Tncam (pND18) metF Tnl0 This study
Plasmids

pBAD18 Cloning vector containing Py, for arabinose inducible expression of inserts 13
pBR322 Cloning vector; parent of pLD404 New England Biolabs
pCMCP Overexpression vector for a cytoplasmic MBP-CpxP fusion protein This study
pCpxP CpxP overexpression plasmid This study
pLD404 NIpE overexpression plasmid 49
pMal-c2 Cloning vector for making cytoplasmic MBP fusion proteins; parent of pCMCP New England Biolabs
pMal-p2 Cloning vector for making periplasmic MBP fusion proteins; parent of pMCP New England Biolabs
pMCP Overexpression vector for a periplasmic MBP-CpxP fusion protein This study
pND18 Arabinose inducible NIpE overexpression vector 6
ptrc99A Cloning vector; parent of pCpxP New England Biolabs

stress response appears to be to monitor and assist in the
assembly of pili, and possibly other virulence factors.

The appropriately timed activation of the Cpx stress re-
sponse is therefore important for survival in a number of sit-
uations. In light of this, we are interested in how the Cpx
pathway senses and responds to envelope stress. Previously, a
domain required for sensing envelope stress was identified in
the periplasmic region of the CpxA sensor kinase (39). Since
activating mutations alter or remove this domain, we proposed
that under nonstressed conditions this periplasmic region me-
diates a negative or downregulatory effect on the kinase, pos-
sibly through interactions with a second signaling molecule.
Here, we show that elevated expression of the small, periplas-
mic, Cpx-regulated molecule CpxP leads to downregulation of
the Cpx pathway and that this is mediated via the CpxA sensing
domain. In the course of these studies, we noted that, in ad-
dition to feedback inhibition, the Cpx regulon is subject to

autoactivation. Western blot and lacZ fusion analyses demon-
strated that the cpxRA operon is itself a member of the Cpx
regulon. We propose that the ability to rapidly amplify and
subsequently shut down the Cpx signal transduction pathway is
important for rescuing cells from potentially toxic, transitory
envelope stresses, as well as for mediating the correctly timed
biogenesis of virulence factors.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains used in this study are described in Table 1.
Isogenic cpxA* strains were constructed by using P1 transduction (45) and the
tightly linked zii::Tnl0 marker. Control experiments showed that this marker had
no effect on the Cpx signal transduction pathway. All other strains were con-
structed by standard genetic techniques (45).

Media and chemicals. Unless otherwise indicated, all strains were grown on
Luria-Bertani (LB) broth or plates at 30°C. cpx* alleles conferring constitutive
activation of the Cpx signal transduction cascade confer a number of pleiotropic
phenotypes, including resistance to amikacin. Since the strongest cpx* alleles
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revert at a relatively high rate (38a), these mutant strains were routinely grown
in the presence of 3 pg of amikacin (Sigma) per ml to prevent the outgrowth of
spontaneous revertants. Strains transformed with plasmids were grown in the
presence of 100 pg of ampicillin (Sigma) per ml.

Cell fractionation techniques. Overnight cultures of the indicated strains were
diluted 1:50 into fresh medium and grown to mid-log phase. For whole-cell
lysates, 1 ml of cells was pelleted in a microcentrifuge, resuspended in 50 wl of
1X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
loading buffer (62.5 mM Tris [pH 6.8], 10% glycerol, 5% B-mercaptoethanol, 3%
SDS, 0.1% bromophenol blue), and frozen at —20°C until use. Typically, 10 to 20
wl of whole-cell lysate were used in Western blot analysis.

Membranes were prepared from 10-ml cultures of mid-log-phase cells. Bac-
teria were pelleted in a clinical centrifuge, washed once with 5 ml of lysis buffer
(0.1 M KH,PO,, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 5
mM EDTA, 0.27% B-mercaptoethanol [pH 7.0]), and subjected to one cycle of
freeze-thawing. The thawed pellet was resuspended in 1 ml of lysis buffer and
sonicated three to four times in 15-s bursts. Whole cells and debris were removed
by centrifugation at 6,500 rpm in a microcentrifuge for 10 min. Membranes were
isolated from the supernatant by centrifugation at 100,000 rpm for 20 min in a
benchtop ultracentrifuge (Beckman). The pellet, containing the membranes, was
resuspended in 1 ml of wash buffer (40 mM HEPES, 10% glycerol, 1 mM PMSF,
5 mM EDTA, 0.27% B-mercaptoethanol [pH 8.0]) by sonication and recentri-
fuged at 100,000 rpm for 20 min. The final membrane pellet was resuspended in
100 wl of wash buffer by sonication and stored at —20°C. Typically, 5 pl of
membrane preparation were used in further analysis.

Western blot analysis. When necessary, an equivalent sample volume of 2X
SDS-PAGE loading buffer (125 mM Tris [pH 6.8], 20% glycerol, 10% B-mer-
captoethanol, 6% SDS, 0.2% bromophenol blue) was added to samples prior to
boiling. Whole-cell lysates and membrane preparations were boiled for 5 min
and then electrophoresed on an SDS-10% PAGE minigel system (Bio-Rad) by
the technique of Laemmli (23). Proteins were transferred to nitrocellulose mem-
branes employing the methods of Towbin et al. (59). Transfer was carried out at
100 V for 1 h. Nonspecific protein interactions were blocked by incubation in 3%
MS (3% powdered milk, 0.9% NaCl, 10 mM Tris-Cl [pH 7.5]) for 1 h at room
temperature or overnight at 4°C with shaking. This was followed by a 1-h
incubation with a 1:5,000 dilution of polyclonal antisera raised against either a
maltose-binding protein (MBP)-CpxR or MBP-CpxA fusion (39) in 3% MS at
37°C. Blots were washed repeatedly by shaking in WS (0.4% Tween, 0.9% NaCl,
10 mM Tris-Cl [pH 7.5]) at room temperature. Secondary anti-rabbit immuno-
globulin G-horseradish peroxidase conjugate (Sigma) was used at a 1:10,000
dilution in 3% MS for 1 h at 37°C with shaking to detect immune complexes.
After another series of washes in WS, proteins were visualized by using a
chemiluminescence kit according to the specifications of the manufacturer (Am-
ersham).

Construction of a single-copy cpxR-lacZ fusion. The cpxR-lacZ fusion was
constructed and integrated into the chromosome in single copy by the technique
of Simons et al. (46). Briefly, the cpxR promoter and upstream sequences were
PCR amplified from the chromosome of MC4100 with the restriction-tagged
primers ERIcpxUP (5'-GGA ATT CCG GCA GCG GTA ACT ATG CG C-3')
and BHIcpxDN (5'-CGG GAT CCC GGG GAA GTC AGC TCT CGG TCA-
3"). The resultant PCR product was purified (Qiagen), digested with EcoRI and
BamHI (New England Biolabs), and cloned upstream of the promoterless lacZ
gene of pRS415 (46). The resultant cpxR-lacZ fusion was recombined onto
ARS88 and integrated into the chromosome in single copy at the \atf locus as
previously described (46).

Construction of CpxP overexpression vectors. Three different CpxP overex-
pression plasmids were used in this study (Table 1). pCpxP contains the entire
cpxP open reading frame and translational start site cloned behind the tac
promoter of ptrc99A (Pharmacia). The cpxP gene was PCR amplified from the
chromosome of MC4100 by using the restriction-tagged primers cpxP5'Eco (5'-
GGA ATT CCC TCT CTA TCG TTG AAT CGC G-3") and 167-7946 (5'-CCC
AAG CTT GGG CCG TTC CTT TTG TCC CAA ATG ATG ACC-3'), purified,
digested with EcoRI and HindIII, and cloned behind the frc promoter in ptrc99A
(Pharmacia).

pMCP encodes an MBP-CpxP fusion protein that is expressed from the tac
promoter and localized to the periplasm. It was constructed by PCR amplifica-
tion of the portion of the cpxP open reading frame encoding the mature protein
(i.e., minus the signal sequence) from the chromosome of MC4100 by using the
restriction-tagged primers cpxP5’EcoRI (5'-GGA ATT CCC ACG CTG CTG
AAG TCG GTT CAG GC-3') and 167-7946 (see above). The PCR product was
purified, digested with EcoRI and HindIIl, and cloned into the same sites in the
vector pMal-p2 (New England Biolabs) to yield pMCP.

pCMCP is the same as pMCP except that it encodes an MBP-CpxP fusion
protein that is localized to the cytoplasm due to a deletion of the malE signal
sequence on the parent vector, pMal-c2 (New England Biolabs). It was con-
structed exactly as pMCP was except that the digested PCR product was cloned
into the multiple cloning site of the pMal-c2 vector.

B-Galactosidase assays. Single colonies of each bacterial strain to be assayed
were inoculated into 2-ml overnight cultures of LB broth containing the appro-
priate antibiotics and grown overnight at 30°C with aeration. The next day, the
cultures were diluted 1:40 into the same medium and grown at 30°C to late log

AUTOREGULATION OF THE Cpx ENVELOPE STRESS RESPONSE 5265

&
&
Q+

d g

9

- D> CpxR

&

&
-

.db
B. °Q+V'" o
‘F CpxA
&
C. & oQ“g\. oQ":
1 2 3

FIG. 1. Levels of CpxR and CpxA are elevated in a constitutively activated
cpx* background. Western blots were performed on whole-cell lysates (A and C)
or membrane fractions (B) of MC4100 (lane 1), TR51 (A and C, lane 2), TRS8 (B,
lane 2), or TR10 (lane 3) bacteria by using polyclonal antisera directed against
MBP-CpxR (A and C) or MBP-CpxA (B) fusion proteins.

phase. B-Galactosidase activity was measured by using a microtiter plate assay
(48). All assays were performed in triplicate.

Maltose sensitivity disc assays. Strains to be assayed were grown to saturation
in M63 minimal medium (45) containing 0.4% glycerol. Bacteria were pelleted in
a benchtop clinical centrifuge and resuspended in an equal volume of M63 salts
solution. Then, 100 pl of cells was mixed with 2.5 ml of molten F-top agar and
spread uniformly over the surface of a M63-glycerol plate. A sterile filter paper
disc was placed on the surface of the plate and saturated with 10 pl of 10 or 20%
maltose. After incubation at 30°C overnight, the maltose sensitivity was mea-
sured as the diameter of the zone of growth inhibition surrounding the disc.

Construction of a cpxP null mutant. A cpxP null was created by transferring an
out-of-frame deletion within the cpxP open reading frame encoded on pND27
(8) to the chromosome by using the allelic exchange protocol of Hamilton et al.
(14). The resulting strain encodes a truncated CpxP protein that removes ap-
proximately two-thirds of the C terminus of the wild-type protein. This allele was
shown through diploid analysis to be a loss-of-function mutation (data not
shown).

RESULTS

The ¢pxRA operon is autoactivated. In the course of devel-
oping antisera against CpxR and CpxA, we noted that the
levels of these proteins were elevated in a cpx4™ background
(Fig. 1). cpxA™ mutations, such as cpxA24, cpxA101, cpxA102,
and cpxA711, are a class of dominant alleles that lead to con-
stitutive activation of the Cpx signal transduction pathway (39).
Western blots were performed on either whole-cell lysates or
membrane fractions derived from wild-type, mutant cpxR, mu-
tant cpxA, and cpxA24 backgrounds utilizing polyclonal anti-
sera directed against either a MBP-CpxR or MBP-CpxA re-
combinant fusion protein (Fig. 1). CpxR and CpxA were
present at low levels in a wild-type background compared to
the relatively abundant internal loading control maltose bind-
ing protein (MBP). As expected, CpxR and CpxA were absent
in the ¢pxR and cpxA disruption null mutants, respectively.
Interestingly, however, the levels of both proteins were mark-
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FIG. 2. Expression of a cpxR-lacZ operon fusion is autoregulated. Levels of
B-galactosidase were assayed in strains lysogenized with a N phage carrying a
cpxR-lacZ operon fusion. Columns: 1, TR235; 2, TR237; 3, TR238; 4, TR239; 5,
TR240; 6, TR241; 7, TR242; 8, TR235(pBR322); 9, TR235(pLD404).

edly elevated in a constitutively activated cpx* background
(Fig. 1).

Inspection of the DNA sequence upstream of the cpxRA
operon suggested that the elevated levels of CpxR and CpxA
proteins observed in the constitutively activated cpx* back-
ground might be due to autoregulation. As first noted by Po-
gliano et al. (36), a CpxR consensus binding motif of 5'-GTA
AANs)GTAAA-3" is found directly upstream of the ¢pxRA
operon. The sequence and spacing of this binding site from the
—35 region of the promoter is virtually identical to those of the
known Cpx-regulated genes dsbA and ppiA (36).

To investigate whether transcriptional autoregulation con-
tributed to the elevated levels of CpxR and CpxA in the cpx*
background, transcriptional fusions were constructed between
the upstream region of the cpxRA operon and a promoterless
lacZ gene and placed in single copy on the chromosome as part
of a recombinant N phage. The cpxR-lacZ operon fusion was
placed in several genetic backgrounds and B-galactosidase ac-
tivity was measured to assess the effect of either deleting or
activating the Cpx pathway. Both the cpxR::spc and cpxA::cam
disruption null mutations resulted in diminished expression of
the cpxR-lacZ fusion (Fig. 2, compare column 1 to columns 2
and 3). Both of these mutations lower the concentration of
phosphorylated CpxR in the cell (6), cpxR::spc by eliminating
CpxR and cpxA::cam by removing the kinase, CpxA. Interest-
ingly, basal-level expression of the cpxRA operon is not depen-
dent on phosphorylated CpxR, as low levels of expression are
seen even in a cpxR mutant background (Fig. 2, column 3).

In contrast, conditions which lead to elevated levels of phos-
phorylated CpxR in the cell enhance the expression of the
cpxR-lacZ fusion (Fig. 2). In the presence of any of three
different constitutively activated cpxA™* alleles, cpxR-lacZ ex-
pression was enhanced between three- and fivefold (Fig. 2,
compare column 1 with columns 5 to 7). Further, the relative
increase in cpxR-lacZ expression in these strains correlated
with the known strengths of the cpx* alleles (4, 6). More sig-
nificantly, overproduction of the novel outer membrane li-
poprotein, NIpE, a known Cpx-activating signal (49), caused an
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FIG. 3. Overexpression of CpxP downregulates Cpx-mediated gene expres-
sion in a CpxA-dependent fashion. B-Galactosidase produced from a cpxP-lacZ
fusion was measured as a reporter of Cpx-mediated gene expression in
TR50(ptrc99A) (column 1), TR50(pCpxP) (column 2), TR68(ptrc99A) (column
3), and TR68(pCpxP) (column 4).

approximately threefold increase in expression of cpxR-lacZ
(Fig. 2, compare columns 8 and 9). Thus, like other members
of the Cpx regulon, expression of the cpxRA operon is elevated
in response to stresses to the bacterial envelope which are
sensed and transduced by the wild-type signal transduction
machinery. This is an important distinction from the increase
in expression conferred by the cpx* alleles, since these mutant
genes confer a large number of pleiotropic phenotypes on the
cell (4). Cumulatively, the data lead us to conclude that the
cpxRA operon is itself a member of the Cpx regulon and thus
subject to transcriptional autoactivation.

Overexpression of CpxP downregulates the Cpx regulon.
Since alterations to or removal of the CpxA periplasmic sens-
ing domain lead to constitutive activation of the pathway, we
have proposed that this region of the HK might mediate a
downregulatory or negative effect, under nonstressed condi-
tions, possibly through interaction with another periplasmic
signaling molecule (39). This type of interaction occurs in
other stress responses and is usually mediated by a regulon
member (10, 25, 32, 57, 58). Accordingly, we tested the ability
of CpxP, a small periplasmic Cpx-regulated protein of un-
known function (8), to repress Cpx-mediated gene expression.
The cpxP open reading frame was cloned downstream of the
highly expressed, IPTG (isopropyl-B-pD-thiogalactopyrano-
side)-inducible frc promoter on ptrc99 and transformed into
cells carrying a cpxP-lacZ fusion in single copy on the chromo-
some. B-Galactosidase activity in these transformants was ap-
proximately fivefold lower than that in the same strain trans-
formed with the parent plasmid (Fig. 3, compare columns 1
and 2). Induction with IPTG caused no further decrease in
cpxP-lacZ expression, suggesting that the amount of CpxP ex-
pressed from the #r¢ promoter under uninduced conditions is
sufficient for the maximum level of repression (data not
shown).

As a first step towards determining whether CpxP might be
a negatively acting signaling molecule for the Cpx regulon, we
tested whether this downregulatory effect on Cpx-mediated
gene expression was dependent on the HK CpxA. The
cpxAl::cam disruption null allele was moved into the cpxP-lacZ
reporter strain transformed with either the CpxP overexpres-
sion plasmid pCpxP or the parent vector ptrc99, and the B-ga-
lactosidase activity was assayed. In the absence of CpxA, cpxP-
lacZ expression was decreased approximately twofold relative
to the parent wild-type control strain in both transformants
(Fig. 3, compare column 1 with columns 3 and 4), and over-
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FIG. 4. CpxP-mediated repression occurs from the periplasm. cpxP-lacZ expression was assayed as a measure of Cpx-mediated gene expression in strains
TR50(pMal-c2) (row 1), TR50(pCMCP) (row 2), TR50(pMal-p2) (row 3), and TR50(pMCP) (row 4). B-Galactosidase activities are expressed as a percentage of the

vector control, which was normalized to 100%.

expression of CpxP no longer caused diminished Cpx-mediated
gene expression (Fig. 3, compare columns 3 and 4). Thus,
overexpression of CpxP in a wild-type background leads to
repression of Cpx-mediated gene expression in a CpxA-depen-
dent fashion.

CpxP-mediated repression is signaled from the periplasm
via the CpxA sensing domain. Since CpxP has been localized to
the periplasm (8), it seemed probable that its downregulatory
effects on the Cpx regulon were also exerted from this com-
partment. To confirm this supposition, we compared the effects
of overexpressing either a cytoplasmic or periplasmic MBP-
CpxP fusion protein on cpxP-lacZ expression (Fig. 4). As pre-
viously observed with the native CpxP protein, overexpression
of a periplasmic MBP-CpxP fusion protein caused a dramatic
reduction in the level of cpxP-lacZ expression relative to the
vector control (Fig. 4, compare bars 3 and 4). Conversely,
overexpression of a MBP-CpxP fusion protein localized to the
cytoplasm had no effect on Cpx-mediated gene expression (Fig.
4, compare bars 1 and 2). We conclude that CpxP exerts its
repressive effect on Cpx-mediated gene expression from the
periplasm.

Since CpxP-mediated repression occurs through the sensor
kinase CpxA (Fig. 3), we investigated whether the sensing
domain of CpxA was required. To test this, we sought to
determine whether CpxP overexpression could downregulate
Cpx-mediated gene expression in a constitutively activated
cpxA* mutant that contains a mutation in the sensing domain
which renders it signal blind (39). The cpxP overexpression
plasmid pCpxP and the vector control ptrc99A were trans-
formed into reporter strains carrying a cpxP-lacZ fusion on a A
phage and either the wild-type c¢pxA locus or one of two con-
stitutively activated cpxA4™* alleles. As expected, in the wild-type
background, overexpression of CpxP resulted in a three- to
fivefold reduction in Cpx-mediated gene expression (Fig. 5,
compare columns 1 and 2). Similarly, CpxP overexpression
caused a slight, but reproducible decrease in cpxP-lacZ expres-
sion in a strain containing a cpx4™ mutation which leaves the
sensing domain of CpxA intact (Fig. 5, compare columns 3 and
4). In contrast, CpxP overexpression had no effect on Cpx-
mediated gene expression in a strain containing a cpx4™ mu-

tation in the sensing domain of CpxA which renders it signal
blind (Fig. 5, compare columns 5 and 6). Accordingly, we
conclude that the repressive effects of CpxP overexpression are
mediated via the sensing domain of CpxA.
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FIG. 5. CpxP-mediated repression requires the sensing domain of CpxA.
cpxP-lacZ expression was measured as an indicator of Cpx-mediated gene ex-
pression in strains TRS50(ptrc99A) (column 1), TR50(pCpxP) (column 2),
TR48(ptrc99A) (column 3), TR48(pCpxP) (column 4), TR36(ptrc99A) (column
5), and TR36(pCpxP) (column 6). TR48 contains the constitutively activated
cpxA* allele cpxA101, which is still responsive to activating cues. TR36 contains
the constitutively activated cpxA4* allele cpxA4102, which is signal blind and no
longer responds to activating stimuli. The diagrams at the bottom of the figure
are schematic representations of the CpxA proteins found in the indicated
strains. The gray bar represents the inner membrane, with the periplasm located
above it and the cytoplasm located below it. The dark, squiggly line depicts the
HK CpxA. The “H” is a symbol of the histidine residue that is conserved with all
other HKs. Asterisks indicate the locations of ¢px4* mutations.
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FIG. 6. CpxP-mediated repression precludes activation of the Cpx regulon.
The effect of overexpressing CpxP in TR49(ptrc99A) (column 1), TR49(pCpxP)
(column 2), TR412(ptrc99A) (column 3), TR412(pCpxP) (column 4),
TRS50(ptrc99A) (column 5), TRS50(pCpxP) (column 6), TR413(ptrc99A) (col-
umn 7), and TR413(pCpxP) (column 8) was analyzed by measuring degP-lacZ
(columns 1 to 4) or cpxP-lacZ (columns 5 to 8) expression. The rffA::cam muta-
tion, described in the text, was used to activate the Cpx pathway.

CpxP-mediated repression precludes activation of the Cpx
pathway. CpxP-mediated repression utilizes the same sensing
domain in CpxA that is required for activation (Fig. 5). To gain
insight into the role of CpxP as a signaling molecule, we ex-
amined the effects of CpxP overexpression in a Cpx-activated
background. To do this, the pCpxP overexpression plasmid and
the parent vector, ptrc99A, were transformed into wild-type
and mutant 7ff4 reporter strains carrying either a degP-lacZ or
cpxP-lacZ reporter fusion. The rffA mutation has been shown
to activate the Cpx pathway through a buildup of the lipid II
intermediate of enterobacterial common antigen synthesis (5).

As previously noted, overexpression of CpxP in the wild-type
background caused diminished expression of the Cpx-regu-
lated gene cpxP (Fig. 6, compare columns 5 and 6). Further,
overexpression of CpxP also led to a slight, but reproducible,
reduction in expression of another Cpx-regulated gene, degP
(Fig. 6, compare columns 1 and 2). Although the reason for the
difference in the degree of CpxP-mediated repression of cpxP
and degP expression is not currently known, we suspect that the
degP promoter may be less sensitive, in general, to alterations
in the level of phosphorylated CpxR in the cell. In support of
this, phosphorylated CpxR seems to have a lower affinity for
the degP promoter relative to the c¢pxP upstream region in
mobility shift assays (38a). Accordingly, we would expect any
repressive effects of CpxP overexpression on the Cpx signal
transduction pathway to be less dramatic at the degP promoter.

As expected, the rffA::cam mutation resulted in elevated
expression of the Cpx regulon (Fig. 6, compare columns 1 and
3 and columns 5 and 7). Intriguingly, overexpression of CpxP in
this activated background repressed expression of both degP
and cpxP to the same level seen in a wild-type background (Fig.
6, compare columns 2 and 4 and columns 6 and 8). Under these
conditions, the repressive effect of CpxP overexpression on the
degP promoter is obvious. Thus, overexpression of CpxP pre-
vents activation of the Cpx pathway by a known inducing cue.

Overexpression of CpxP does not alleviate envelope stress.
We considered two mechanisms for the downregulatory effects
caused by CpxP overexpression. First, it is possible that over-
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TABLE 2. CpxP overexpression and maltose sensitivity results

CpxP Maltose
G . sensitivity
enotype Strain over-
X (zone of
CXpression clearing [mm])

lamBA23D JHC285(ptrc99A) - 39
JHC285(pCpxP) + 45
lamBA23D cpxAl::cam TR146(ptrc99A) - 44
TR146(pCpxP) + 44
lamB-lacZ-phoA TR143(ptrc99A) - 31
TR143(pCpxP) + 31
lamB-lacZ-phoA cpxAl::cam TR147(ptrc99A) - 32
TR147(pCpxP) + 33

expression simply alleviates the amount of envelope stress that
is perceived by the Cpx stress response, thus indirectly down-
regulating the entire pathway. Alternatively, CpxP may func-
tion as a signaling molecule that interacts directly with the
periplasmic sensing domain of the HK CpxA to modulate its
activity. To distinguish between these possibilities, we asked
what effect overexpression of CpxP would have in strains con-
taining one of two normally toxic envelope proteins:
LamBA23D or LamB-LacZ-PhoA, commonly known as the
tribrid. lamBA23D encodes a signal sequence mutation in the
gene for the maltoporin LamB, which effectively tethers this
OMP to the inner membrane upon passage through the secre-
tion machinery, and leads to toxicity upon induction with mal-
tose (2). The tribrid protein forms large, toxic disulfide bonded
aggregates in the periplasm upon secretion which are also
manifest by sensitivity to maltose (50). Activation of the Cpx
pathway or overexpression of the Cpx regulon member DegP
can alleviate these toxicities (4, 49). Therefore, if CpxP over-
expression downregulates the Cpx regulon by alleviating enve-
lope stress, this would be reflected in a diminished maltose
sensitivity of strains encoding these toxic envelope proteins.

To test this prediction, we transformed pCpxP and the par-
ent vector ptrc99A into strains containing either lamBA23D or
lamB-lacZ-phoA and measured maltose sensitivity (Table 2).
We found that in both cases, overexpression of CpxP either
worsened or had no effect on the toxicity of these proteins
(Table 2). Thus, the envelope stress conferred by these mutant
proteins is not alleviated in any way by overexpression of CpxP
and, in fact, is worsened in some cases. Further, these effects
occurred in a CpxA-dependent fashion (Table 2), exactly like
the downregulatory effects previously observed (Fig. 3). The
simplest explanation for these observations is that the overex-
pression of CpxP represses the Cpx regulon through an inter-
action with the HK CpxA. These data strongly suggest that the
repressive effects of CpxP overexpression are not due to an
alleviation of envelope stress but rather to a downregulation of
the regulon that is mediated through the HK CpxA.

Analysis of cpxP null mutants. Our analysis of CpxP over-
expression suggested that it is involved in repression of the Cpx
envelope stress response. Accordingly, we predicted that loss
of cpxP should lead to activation of the pathway. Analysis of
existing cpxP null alleles that contain large insertions (8) was
complicated by the fact that these mutations have cis-acting
negative effects on the expression of the divergently tran-
scribed cpxRA operon (data not shown). To circumvent these
effects, we created a cpxP loss-of-function mutant which lacks
approximately two-thirds of the C terminus of the wild-type
protein. For reasons we do not understand, this mutation has
much less severe cis-acting effects than those conferred by the
cpxP insertions (data not shown). Strains containing such a
mutation expressed slightly elevated levels of both degP-lacZ
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FIG. 7. A cpxP deletion causes activation of the Cpx pathway. B-Galactosi-
dase activity was assayed in TR49 (column 1), TR493 (column 2), TR50 (column
3), and TR494 (column 4).

and cpxP-lacZ reporter constructs (Fig. 7), confirming that
CpxP does indeed exert a negative effect on the Cpx regulon.

Previously, we proposed that titration of such a negatively
acting molecule during times of envelope stress could be re-
sponsible for activation of the Cpx pathway (39). However,
analysis of the cpxP null suggested that this is not sufficient for
full activation of the stress response, since only a mild stimu-
lation of the Cpx pathway was observed (Fig. 7). To analyze the
role of CpxP titration in activation of the Cpx regulon, we
measured the ability of cpxP mutants to respond to a known
activating signal, NIpE overexpression. As previously noted,
overexpression of NIpE in a wild-type strain carrying a cpxP-
lacZ reporter resulted in a five- to sevenfold increase in (3-ga-
lactosidase expression (Fig. 8, compare columns 5 and 6). Sim-
ilarly, the strain carrying the cpxP mutation was able to mount
a response not significantly different from that of the wild-type
strain when NIpE was overexpressed (Fig. 8, compare columns
6 and 8). Thus, while removal of CpxP leads to a mild dere-
pression of the regulon, it is neither necessary nor sufficient for
full activation of the pathway.

DISCUSSION

In the present study, we have demonstrated that activation
of the Cpx envelope stress response is a tightly regulated event
controlled by both autoamplification and feedback inhibition
mechanisms. The ¢pxRA operon, which encodes the signal
transduction apparatus, is itself a member of the Cpx regulon
and, thus, is subject to autoactivation. Further, the extent of
the response appears to be self-limiting, since high-level pro-
duction of a second regulon member, CpxP, leads to repression
of the pathway. Interestingly, the cpxP open reading frame is
found directly upstream of and in the opposite orientation to
the cpxRA operon, suggesting that these three regulatory genes
may have evolved together in E. coli into the autoregulatory
circuit they constitute. We suspect that this circuitry allows for
high-level activation of the pathway for a discrete period of
time, a feature which may be important for protecting the cell
from transitory stresses and correctly timing the elaboration of
virulence factors.
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FIG. 8. cpxP mutants can still respond to activating cues. The ability of
wild-type and mutant cpxP bacteria to respond to activating signals was moni-
tored by measuring B-galactosidase activity from a cpxP-lacZ fusion contained in
single copy on the chromosome of strains TR50(pBAD18) (columns 1 and 5),
TR50(pND18) (columns 2 and 6), TR494(pBAD18) (columns 3 and 7), and
TR494(pND18) (columns 4 and 8). The Cpx pathway was activated by addition
of 0.2% arabinose (columns 5 to 8) to induce overexpression of NIpE from
plasmid pND18 (columns 6 and 8). As a control the same strains were trans-
formed with the parent plasmid, pBAD18 (columns 1, 3, 5, and 7) and the
experiment was carried out in the presence of 0.4% glucose instead of arabinose
(columns 1 to 4).

The cpxRA operon is autoactivated. Levels of the RR CpxR
and the HK CpxA correlate with the amount of phosphory-
lated CpxR present in the cell (Fig. 1 and 2). This, coupled with
the observation that a perfect CpxR consensus binding se-
quence exists upstream of the cpxRA promoter (36), provides
evidence that the cpxRA operon is autoactivated. By analogy
with OmpR, one of the most closely related RRs to CpxR, we
speculate that the mechanism of transcription activation occurs
by binding of phosphorylated CpxR dimers to the direct re-
peats of the binding site followed by an interaction between
CpxR and RNA polymerase that facilitates transcription (44,
47). Work is currently under way to test this hypothesis.

Possible functions of autoactivation. Autoregulation is a
common feature of many regulatory pathways that control
stress responses or developmental programs. In these systems,
the rapid amplification of the response conferred by autoreg-
ulation seems to function to commit the cell to the response
once the environment dictates its initiation. Perhaps the best
known example is the genetic switch that determines lysis and
lysogeny of phage N (for a review, see reference 37). In this
system, if the cI repressor is made, it autoactivates its own
expression, leading to repression of lytic functions and com-
mitment to lysogeny.

Similarly, numerous two-component systems that control de-
velopmental or differentiative processes in bacteria are auto-
genously activated. For instance, the PhoPQ, BvgAS, and
VirAG two-component regulators that control expression of
virulence factors required for survival in the host of Salmo-
nella, Bordetella, and Agrobacterium species, respectively, are
all subject to autoamplification (42, 43, 51, 52, 63). Further,
sporulation in Bacillus subtilis (55, 56), competence in Bacillus
(60) and Streptococcus species (35), and antibiotic production
in numerous gram-positive organisms (for a recent review, see
reference 21) are all controlled by two-component regulators
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that mediate their own upregulation when the environment
signals initiation of these developmental processes. Here, the
high levels of phosphorylated RR needed to initiate the devel-
opmental processes are not present until a threshold level of
stimulus signals autoactivation and thus amplification of the
signal transduction apparatus. In this manner, autoactivation
ensures that these energetically expensive differentiative pro-
grams are not initiated inappropriately and allows for a rapid
response or “switch” once the appropriate conditions prevail.

Recently, the Cpx envelope stress response has been impli-
cated in the elaboration of virulence factors, in addition to its
role in protecting the envelope from stress (17-19, 34, 61, 64).
Specifically, it appears that activation of the Cpx pathway is
critical for the correctly timed expression and assembly of P pili
on the surface of uropathogenic E. coli (16, 17, 19). Thus, one
function of autoactivation may be to commit the cell to viru-
lence factor production once an appropriate host environment
is sensed, thus ensuring successful infection and survival.

Another feature of autoregulation may be to allow for an
extra level of control. If Cpx-regulated promoters have various
affinities for phosphorylated CpxR (as, for example, do OmpR
regulon members), then the combined ability to influence
phosphorylated CpxR levels enzymatically through the action
of the HK CpxA, as well as transcriptionally, by autoactivation,
allows for a wider range of phosphorylated CpxR levels and
potentially for the expression of different Cpx regulon mem-
bers at different stages of pathway activation. Such a control
feature could allow for different responses to mild as opposed
to severe stress and ensure that complex developmental pro-
grams, such as the elaboration of adhesive organelles, are not
initiated prematurely. Indeed, phosphorylated CpxR does
demonstrate differential binding affinity for the degP and cpxP
promoters (38a), suggesting that this may be an important
feature of Cpx gene regulation.

CpxP mediates feedback inhibition of the Cpx envelope
stress response. The Cpx envelope stress response is also sub-
ject to a second form of autoregulation: feedback inhibition.
We have shown that overexpression of CpxP, a Cpx-regulated
periplasmic protein of previously unknown function (8), leads
to downregulation of the Cpx pathway in a CpxA-dependent
fashion (Fig. 3 to 7).

This observation was initially made while testing a model we
proposed for CpxA sensation of envelope stress (39). Since
constitutively active cpx*™ mutations in the sensing domain of
CpxA confer a signal blind phenotype, we suggested that en-
velope stress is sensed through titration of a negatively acting
periplasmic molecule from this region in the presence of in-
ducing cues. This model predicts that overexpression of such a
signaling molecule should downregulate the pathway, while
deletion would both upregulate the stress response and pre-
clude a further response to activating signals. CpxP fulfills two
of these criteria: overexpression dampens the Cpx response,
while its deletion causes a slight activation of the pathway (Fig.
3 to 8). However, since inducing stimuli are still clearly sensed
in the absence of cpxP (Fig. 8), there must be a further re-
quirement(s) for perceiving envelope stress than simple titra-
tion of CpxP.

Functional similarities between RseAB of the ¢* stress re-
sponse and CpxAP of the Cpx stress response. The functional
similarities between the RseAB signal transduction machinery
of the ¢* envelope stress response and the CpxAP apparatus of
the Cpx response are remarkable. Transduction of envelope
stress by the oF pathway is mediated by the relief of a negative
interaction between ¢ and a membrane-bound anti-sigma
factor, RseA (10, 32). Similarly, transduction of envelope stress
by the Cpx pathway requires altered interactions between the
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membrane-bound HK CpxA and the cytoplasmic transcrip-
tional regulator CpxR (39). Like CpxP, overexpression of the
accessory, periplasmic, signaling molecule RseB can down-
regulate the o* response, presumably via a direct interaction
with RseA (10, 32). Further, deletion of rseB leads to elevated
expression of o"-regulated genes. However, like CpxP, rseB is
not essential for responding to envelope stress; rseB null bac-
teria can still activate the o= pathway in response to appropri-
ate inducing signals.

Possible functions of feedback inhibition. What could be the
function of these accessory regulatory factors if they play, at
best, a relatively minor role in sensing envelope stress? One
possibility is that they function to fine-tune the regulatory
responses. For example, titration of RseB or CpxP by inducing
signals could “prime” RseA or CpxA for activation. Alterna-
tively, we suggest that they function primarily as shutoff mol-
ecules. Like the Cpx pathway, the o stress response is subject
to autoactivation (10, 32, 38, 41). Accordingly, rapid amplifi-
cation of either pathway in response to transitory envelope
stresses could lead to an imbalance in envelope folding factors
that is likely to be detrimental to the cell (31). Since RseB and
CpxP are also ¢" and Cpx regulated, respectively, increased
expression of these negative regulatory molecules acts as a
safety valve, allowing for feedback inhibition and rapid shutoff
of the pathway in question upon alleviation of the envelope
stress.

A model for CpxP-mediated repression. The repressive ef-
fect of CpxP overexpression is mediated from the periplasm
(Fig. 4) and requires the sensing domain of CpxA (Fig. 5).
Although at this time we cannot rule out an indirect mecha-
nism, the simplest explanation for the negative effects of CpxP
on Cpx-mediated gene expression invokes a direct interaction
between CpxP and CpxA that alters the enzymatic activities of
the HK. We propose that under nonstressed conditions CpxP
interacts with this domain, causing a decrease in the kinase/
phosphatase ratio of CpxA (Fig. 9), thus maintaining the path-
way in an off state. Activating signals would lead to a titration
of CpxP and some other, undefined event, that elevates the
kinase/phosphatase ratio of CpxA and turns on the pathway
(Fig. 9). Misfolded proteins may interact directly with the sens-
ing domain of CpxA to manifest activation. Alternatively, per-
haps levels of a second periplasmic folding factor are used as
an indicator of envelope stress. Upon alleviation of envelope
stress, free levels of CpxP would be elevated and bind to CpxA,
turning off the response.

Other functions of CpxP. Intriguingly, in other stress re-
sponses that are subject to feedback inhibition, the shutoff
molecules also have stress-combative functions. For example,
the heat shock response can be downregulated through the
feedback inhibition of ¢ activity by cytoplasmic chaperones
(24, 25,57, 58). During times of stress these molecules function
to interact with and refold denatured proteins. However, upon
alleviation of stress, the free chaperones are proposed to bind
to and inhibit o™ activity. Similarly, we think it likely that CpxP
serves some other function in addition to that of a shutoff
mechanism for the Cpx envelope stress response. Although at
present we cannot say what this role is, given the function of
other regulon members, it seems likely that CpxP will be in-
volved in protein folding and/or degradation in the bacterial
envelope. Accordingly, we propose that CpxP is titrated away
from the sensing domain of CpxA through preferential binding
to some substrate present during times of envelope stress (Fig.
9). This factor could be any one of a number of possibilities,
including misfolded proteins or even another Cpx regulon
member. Levels of both would increase during envelope stress,
titrating CpxP and allowing activation of the Cpx pathway.
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FIG. 9. Model for activation and repression of the Cpx regulon. Under nonstressed conditions, CpxP (circles) interacts with the sensing domain of CpxA (central
portion of periplasmic domain of CpxA), maintaining the kinase in an off state (thick, black, curvy line). In response to envelope stress, CpxP is titrated away from the
sensing domain, perhaps by preferential binding to misfolded proteins (squiggly line), which may also bind to the sensing domain of CpxA and activate the kinase
(rectangular form). Activation leads to rapid amplification of the pathway through autoactivation of the cpxRA4 operon. Upon alleviation of envelope stress, high levels
of free CpxP exist in the periplasm which rebind the sensing domain of CpxA and shutoff the response by downregulating the ratio of kinase to phosphatase activity.
H, the histidine residue in CpxA that is conserved with those of other HKs; H-P, phosphorylation of this residue; D, aspartate residue in CpxR that is conserved with
those of other RRs; D-P, phosphorylation of this residue. The square form of CpxR symbolizes the phosphorylated form that is competent for transcriptional activation

of the downstream regulon members.

Conversely, levels of these putative CpxP substrates would
decrease upon alleviation of envelope stress, releasing free
CpxP, which could then bind to and repress CpxA. Elucidation
of the other roles of CpxP awaits further study.

Alternatively, perhaps synthesis, secretion, and folding of
CpxP serve as a time-dependent mechanism for system shutoff,
much as the synthesis and secretion of small peptide molecules
serve to signal high cell density in the regulation of competence
and sporulation in gram-positive bacteria (for a review, see
reference 21). In this manner, levels of mature, folded CpxP
could be monitored by the Cpx pathway as an indirect measure
of folding factor levels in the envelope. Further study of the
elements required for proper folding of CpxP will yield more
insight into this alternative.

The Cpx stress response is a regulatory pathway for sensing
and responding to misfolded proteins in the bacterial envelope
(4,7, 36, 39, 49). Recently, it has become clear that this stress
response is also intimately involved in complex developmental
processes such as the assembly of adhesive organelles (16, 17,
19). In this study we have demonstrated the presence of a
tightly controlled autoamplification and feedback inhibition
circuit which could effectively function to flip the Cpx response
on and off very rapidly. We propose that such a switch mech-
anism is critical for allowing the correctly timed elaboration of
virulence factors and rescuing the cell from potentially toxic,
transitory envelope stresses.
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