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P pili are important virulence factors in uropatho-
genic Escherichia coli. The Cpx two-component signal
transduction system controls a stress response and is
activated by misfolded proteins in the periplasm. We
have discovered new functions for the Cpx pathway,
indicating that it may play a critical role in patho-
genesis. P pili are assembled via the chaperone/usher
pathway. Subunits that go ‘OFF-pathway’ during
pilus biogenesis generate a signal. This signal is
derived from the misfolding and aggregation of
subunits that failed to come into contact with the
chaperone in the periplasm. In response, Cpx not only
controls the stress response, but also controls genes
necessary for pilus biogenesis, and is involved in
regulating the phase variation of pap expression
and, potentially, the expression of a panoply of other
virulence factors. This study demonstrates how the
prototypic chaperone/usher pathway is intricately
linked and dependent upon a signal transduction
system.

Keywords: assembly/Cpx/P pili/regulation

Introduction

Microbial colonization is a key event in the early stages of
most infectious diseases. Pyelonephritic Escherichia coli
express P pili, which mediate binding to a globoside
receptor in the human kidney (Leffler and Svanborg-Eden,
1980; Bock et al., 1985; Stromberg et al., 1990, 1991;
Kuehn et al., 1992). This binding event has been shown to
be critical in the ability of these bacteria to cause disease
(Roberts et al., 1994).

The expression of P pili requires at least 11 genes
organized in the pap gene cluster found on the chromo-
some of uropathogenic strains of E.coli (Hull et al., 1981).
The pap gene cluster is found within pathogenicity islands
(PAISs) (Hacker et al., 1990; Blum et al., 1995; Guyer et al.,
1998). These PAIs contain genes for colonization (pili)
and multiple virulence factors (hemolysin, cytotoxic
necrotizing factor 1 and others), all linked, and sometimes
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duplicated, on the chromosome of uropathogenic strains of
E.coli (Swenson et al., 1996; Kao et al., 1997).

P pili are composite structures consisting of a thick pilus
rod and a thinner tip fibrillum. The rod is formed by a
linear repeat of PapA subunits arranged as a right-handed
helical cylinder having 3.28 subunits per turn (Baga et al.,
1984; Gong and Makowski, 1992; Bullitt and Makowski,
1995). The tip fibrillum is composed of repeating PapE
subunits arranged in an open helical configuration (Kuehn
etal., 1992). Located at the distal end of the fibrillum is the
adhesin PapG (Kuehn et al., 1992; Jacob-Dubuisson et al.,
1993). The two proteins PapK and PapF serve as adaptors
connecting the rod to the tip and the tip to the adhesin,
respectively (Jacob-Dubuisson et al., 1993).

The expression of P pili is highly regulated. P pili
undergo phase variation in which a bacterium can either
express (phase ON) or not express (phase OFF) pili (Blyn
et al., 1989). Phase variation may play an important role in
pathogenesis, allowing the bacteria to sense its environ-
ment and express pili when needed, and turn off the
expression when piliation is unnecessary and/or detri-
mental to the bacterium (van der Woude et al., 1996).

The pap gene cluster has a divergent promoter located
between two genes that encode regulatory factors, PapB
and Papl. The two promoters are denoted papBA and papl
(Baga et al., 1985). Both promoters are regulated by many
known factors including Papl (Kaltenbach et al., 1995),
PapB (Baga et al., 1985; Forsman et al., 1989), leucine-
responsive regulatory protein (Lrp) (van der Woude et al.,
1995; Kaltenbach et al., 1998; Weyand and Low, 2000),
deoxyadenosine methylase (DAM) (Blyn et al., 1990;
Braaten et al., 1991, 1994; Nou et al., 1995), catabolite
activator protein (CAP) (Forsman et al., 1992) and
histone-like protein (HNS) (van der Woude et al., 1995;
White-Ziegler et al., 1998).

The assembly of pili is a complex process involving
competing productive and non-productive pathways. The
assembly of P pili occurs via the highly conserved
chaperone/usher pathway (Holmgren et al., 1992; Hung
et al., 1996). Pilus subunits are immunoglobulin-like
proteins that are missing the C-terminal G [-strand
(Choudhury et al., 1999; Sauer et al., 1999). The absence
of this strand creates a deep groove on the surface of the
pilin that exposes the hydrophobic core. Biogenesis
requires the prototype of the superfamily of periplasmic
immunoglobulin-like chaperones, PapD (Normark et al.,
1986; Hung et al., 1996). PapD donates its G; B-strand to
complete the fold of each subunit in a process called donor
strand complementation (Choudhury et al., 1999; Sauer
et al., 1999; Barnhart et al., 2000). The subunit groove
occupied by the G B-strand also participates in subunit—
subunit interactions in the pilus. Thus, donor strand
complementation couples the folding of the subunit with
the capping of its interactive groove (Choudhury et al.,
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1999; Sauer et al., 1999; Barnhart et al., 2000). During
pilus assembly, which occurs at the outer membrane usher
(Dodson et al., 1993; Saulino et al., 1998; Thanassi ef al.,
1998b), the N-terminal extension of an incoming subunit
displaces the chaperone G; B-strand and occupies the
groove of the most recently incorporated subunit in a
process called donor strand exchange. The mature pilus
thus consists of an array of subunits, each of which
contributes a strand to complete the fold of its neighbor
(Choudhury et al., 1999; Sauer et al., 1999; Barnhart et al.,
2000).

In the absence of a chaperone, subunits become
predisposed to conformations that drive them ‘OFF-
pathway’, resulting in non-productive interactions and
their subsequent proteolytic degradation (Jones et al.,
1997). Additionally, during pilus assembly, a fraction of
the subunits fail to come into contact with the chaperone
and are also diverted to the same OFF-pathway (Hung
et al., 1999). This non-productive pathway activates two
partially overlapping periplasmic stress responses, the
two-component Cpx signal transduction pathway and the
oF modulatory pathway, resulting in the activation of a
panoply of new genes encoding periplasmic protein
folding factors (DsbA and prolyl isomerases) and
proteases (DegP) (Danese and Silhavy, 1997; Jones et al.,
1997; Pogliano et al., 1997). DegP is the protease that
degrades misfolded pilins, and DsbA is the enzyme that
catalyzes the disulfide bond formation required for the
assembly of P pili (Jacob-Dubuisson et al., 1994a; Jones
et al., 1997).

The Cpx two-component signaling pathway consists of
the inner-membrane histidine kinase CpxA (Raivio and
Silhavy, 1997) and a cytoplasmic response regulator,
CpxR (Dong et al., 1993). The activation of the Cpx signal
transduction pathway is through a typical two-component
regulatory system with CpxA being an autokinase, a CpxR
kinase and a CpxR-P phosphatase (Raivio and Silhavy,
1997). In the activated state, the kinase:phosphatase ratio
of CpxA is elevated (Raivio and Silhavy, 1997). The
phosphorylation of CpxR enhances its binding upstream of
target genes (Pogliano et al., 1997; Raivio and Silhavy,
1997), leading to transcriptional activation and elevated
expression. The Cpx pathway responds not only to pilus
subunits going OFF-pathway, but also to other stresses
affecting the bacterial envelope, including overproduction
of the novel outer membrane lipoprotein NIpE (Snyder
et al., 1995), high pH (Nakayama and Watanabe, 1995)
and an alteration in the lipid composition of the bacterial
membrane (Mileykovskaya and Dowhan, 1997). Addition-
ally, the activation of the Cpx pathway is regulated by both
auto-amplification and feedback inhibition mechanisms
(Raivio et al., 1999). The cpxRA operon is itself a member
of the Cpx regulon, so the expression of this operon is
elevated in response to stresses to the bacterial envelope
(Raivio et al., 1999). Feedback inhibition occurs when the
small, periplasmic, Cpx-regulated molecule CpxP is
overexpressed, for this leads to downregulation of the
Cpx pathway in a manner that is CpxA dependent (Danese
and Silhavy, 1998; Raivio et al., 1999).

In this study we investigated the involvement of the Cpx
pathway in P pilus biogenesis. The analysis of the effect of
a cpxR null mutation revealed an assembly defect resulting
in shorter pili. This assembly defect was in part due to the
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Fig. 1. Fewer and shorter P pili are assembled without the Cpx
signaling pathway. (A) P pili were purified by Galou(1-4)Gal affinity
chromatography in lanes 1-4 and by MgCl, precipitation in lanes 5-8,
run on SDS-PAGE and stained with Coomassie Blue. Pili were
purified after 3 days passage on TSA plates from the following strains:
wild-type strain alone, lanes 3 and 7 (MC4100); wild-type strain
expressing P pili, lanes 1 and 5 (MC4100/pPAPS); cpxR null strain
alone, lanes 4 and 8 (TR51); and cpxR null strain expressing P pili,
lanes 2 and 6 (TR51/pPAPS). The arrow points to the PapA band.

(B) Negative stain of wild-type cells expressing P pili (MC4100/
pPAPS) at a magnification of 20 000. (C) Negative stain of cells with a
cpxR null allele expressing P pili (TR51/pPAPS) at a magnification of
20 000.

role of Cpx in controlling the expression of factors that
are important for efficient pilus assembly. In addition, we
found that CpxR can positively affect the expression of the
pap promoter.
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Results

Short pili are assembled in the absence of cpxR

The involvement of the Cpx pathway in P pilus biogenesis
was investigated by analyzing the effect of a cpxR null
mutation on pilus expression. The pap gene cluster, under
its natural promoter (pPAPS5) (Lindberg et al., 1984), was
expressed in a strain with a cpxR null allele (TR51). After
induction of the pap promoter on tryptic soy agar (TSA),
pili were isolated by MgCl, precipitation and by
Galo(1-4)Gal affinity chromatography. The cpxR null
mutation resulted in a 5-fold decrease in the amount of pili
that could be purified from equal cultures via MgCl,
precipitation (Figure 1A, lanes 5 and 6). However, no
significant difference was observed between the wild-type
strain and the cpxR~ mutant in the amount of pili that could
be isolated by Galou(1-4)Gal chromatography (Figure 1A,
lanes 1 and 2). In addition, the hemagglutination (HA)
titers, which compare relative amounts of adhesive pili but
do not monitor total numbers of pili, were nearly identical
between the two strains (Figure 1A, lanes 1 and 2; Table I).
Since the MgCl, purification procedure relies on a specific
cross-linking of the pilus rods (comprised of PapA) (Soto
et al., 1998), the results from this procedure reflect the
relative amount of this pilus antigen assembled on the
bacterial surface. In contrast, the purification of pili by
Galo1-4)Gal affinity chromatography depends on the
binding of the tip-located PapG to the receptor (Hultgren
et al., 1989). The presence of normal length rods (1-2 pM
long) makes the binding and retention of PapG to the
column inefficient due to the forces exerted by the rod
(Soto et al., 1998). Therefore, this procedure selects for
adhesive tip fibrillae joined to short rods. Based on this
information, we deduced that the cpxR null mutation
resulted in the production of shorter pili. To test this
hypothesis, we examined the two strains by electron
microscopy (EM) (Figure 1B and C) and found that the pili

assembled in the absence of CpxR were very short
(Figure 1C) compared with wild-type pili (Figure 1B).

Cpx-controlled factors are necessary for efficient
pilus biogenesis

We hypothesized that if the short pili phenotype observed
above is independent of any regulation of the pap
promoter, then pili produced from the cpxR null strain
would still be short even when the pap operon is expressed
from an inducible promoter. Thus, wild-type and cpxR null
strains were transformed with pFJ29, which contains the

Table 1. Effects of cpx mutations and NIpE overproduction on P pili-
mediated HA titers

Genotype Phenotype HA

Strain/plasmid titer
MC4100/pPAP5? wild type/P pili (natural promoter) 64
TR51/pPAP5* CpxR null/P pili (natural promoter) 64
TR14/pPAP5* Cpx*/P pili (natural promoter) 256
TR20/pPAP5* Cpx*/P pili (natural promoter) 256
MC4100/pRHU845* wild type/P pili 64
MC4100/pRHU845/pLD404* wild type/P pili/NIpE 128
MC4100/pRHU845® wild type/P pili 64
MC4100/pRHU845/pL.D404" wild type/P pili/NIpE 128
MC4100/pRHU845¢ wild type/P pili 0
MC4100/pRHU845/pLD404¢  wild type/P pili/NIpE 8
MC4100/pFJ29¢ wild type/P pili 32
TR51/pFJ29¢ CpxR null/P pili 32
TR14/pFJ29¢ Cpx*/P pili 64
TR20/pFJ294 Cpx*/P pili 32

The HA titer was quantitated after 3 days passage of the strains on
TSA plates?, after overnight growth in shaking Luria broth without
glucose® or with 0.5% glucose added®, or after growth to mid-
logarithmic phased.

Fig. 2. Short P pili are assembled without the Cpx signaling pathway when expressed behind an inducible promoter. (A) Negative stain of wild-type
cells expressing P pili behind the trc promoter (MC4100/pFJ29) at a magnification of 50 000. (B) Negative stain of cells with a cpxR null allele
expressing P pili behind the trc¢ promoter (TR51/pFJ29) at a magnification of 50 000. The bar represents 200 nm.
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Fig. 3. P pilus assembly is increased in strains with signal-responsive
cpx* mutations. (A) P pili were expressed from behind the natural
promoter. MgCl,-precipitated pili were run on SDS-PAGE and stained
with Coomassie Blue. Pili were purified after 3 days passage on TSA
plates with the appropriate antibiotics from the following strains: wild
type alone, lane 5 (MC4100), and expressing P pili, lane 1 (MC4100/
pPAPS); cpxR null alone, lane 6 (TR51), and expressing P pili, lane 2
(TR51/pPAPS); TR14 alone, lane 7, and expressing P pili, lane 3
(TR14/pPAPS); and TR20 alone, lane 8, and expressing P pili, lane 4
(TR20/pPAPS). Verification of the PapA band was performed by
western blot analysis using anti-pilus antiserum (data not shown).

The arrow points to the PapA band. (B) P pili were expressed behind
the trc promoter. MgCl,-precipitated pili were run on SDS-PAGE and
stained with Coomassie Blue. Pili were purified after growth to mid-
logarithmic phase in the following strains: wild type expressing P pili,
lane 1 (MC4100/pFJ29); cpxR null expressing P pili, lane 2 (TR51/
pFJ29); TR14 expressing P pili, lane 3 (TR14/pFJ29); TR20 expressing
P pili, lane 4 (TR20/pFJ29). Verification of the PapA band was
performed by western anlysis using anti-pilus antiserum (data not
shown). The arrow points to the PapA band.

pap operon behind an inducible frc promoter (Jacob-
Dubuisson et al., 1994b). Pilus expression was examined
by EM (Figure 2). It was found that the pili assembled in
the absence of CpxR were very short (Figure 2B) when
compared with wild-type pili (Figure 2A), but that the HA
titers of the cpxR null mutant and the wild type were
identical (Table I). These results argue that the short pili
phenotype observed in the absence of the Cpx signaling
pathway is an assembly defect and is independent of any
regulation that the two-component system may exert on
the pap promoter, arguing that Cpx-controlled factors
facilitate pilus biogenesis.

P pili linked to Cpx
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Fig. 4. The signal generated by subunits going OFF-pathway is
independent of the DegP protease. Wild-type and degP null strains
(KS272 and KS474, respectively) with cpxP—lacZ fusions (DH500 and
DHS501, respectively) were analyzed. Cells were grown shaking in
Luria broth, and PapG (pHJS8) or the vector control (pMMB66) was
induced for expression during early logarithmic growth. Aliquots
removed during mid-logarithmic growth and Miller assays were
performed. The results shown on the graph are averages and standard
deviations from three independent assays.

Cpx* mutants increase piliation

Results presented above suggested that CpxR is involved
in controlling the expression of factors that facilitate pilus
biogenesis. Therefore, we investigated whether a consti-
tutively active (phosphorylated) CpxR would increase the
amount of isolatable pili compared with cells with a wild-
type Cpx signaling system. This was investigated using
gain-of-function Cpx* mutants (Cosma et al., 1995;
Raivio and Silhavy, 1997) that contain mutations in
cpxA. CpxA is a membrane-bound histidine kinase that,
when activated, phosphorylates CpxR (Raivio and
Silhavy, 1997). The Cpx* mutants in cpxA render them
devoid of phosphatase activity and this gives an elevated
kinase:phosphatase ratio (an increased level of phos-
phorylated CpxR), which increases expression of Cpx-
regulated genes (Raivio and Silhavy, 1997). When the pap
gene cluster was expressed behind the natural promoter
(pPAP5) in two different cpx* backgrounds, the amount of
isolatable pili increased relative to the wild-type back-
ground, as did the HA titers (Figure 3A, lane 1 versus 3
and 4; Table I). This effect was also observed in strain
TR14 even when the pap operon was expressed from an
inducible trc promoter, pFJ29 (Jacob-Dubuisson et al.,
1994b) (Figure 3B, lane 1 versus lane 3; Table I). These
results argue that an activated Cpx pathway may increase
the efficiency of P pilus assembly by upregulating
periplasmic protein folding factors that facilitate the
biogenesis process (Jacob-Dubuisson et al., 1994a;
Danese and Silhavy, 1997; Jones et al., 1997; Pogliano
et al., 1997).

Signal sensed is independent of DegP

In the absence of an interaction with the chaperone, pilus
subunits go OFF-pathway, i.e. they misfold and aggregate.
OFF-pathway subunits have been shown to activate the
Cpx pathway (Jones et al., 1997). Either the signal
generated by OFF-pathway subunits could be due to direct
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interactions of misfolded subunits with either CpxA or
factors that regulate CpxA, or the signal could be
comprised of proteolytic fragments of OFF-pathway
subunits degraded by the periplasmic protease DegP
(Jones et al., 1997). The role of DegP in generating a
signal that activates the Cpx pathway was investigated by
using the cpxP-lacZ promoter fusion integrated into the
chromosome of isogenic wild-type and degP null strains
(KS272 and KS474) creating DH500 and DH501, respect-
ively. The cpxP promoter has been shown to be specific-
ally activated by the Cpx pathway (Danese and Silhavy,
1998). Since the PapG adhesin has been shown to highly
activate the Cpx pathway (Jones er al., 1997), the
expression of cpxP—lacZ was analyzed in the presence or
absence of PapG in both strains. The expression of PapG in
the wild-type and degP null strains, DH500 and DH501,
induced the expression of the cpxP promoter 2.5-fold
(Figure 4). This argues that OFF-pathway subunits
generate a Cpx-activating signal prior to their proteolytic
degradation by DegP.

CpxR binding site in the pap operon

In addition to the assembly defect observed in the cpxR
null mutant, an increase in the proportion of non-piliated
cells was also observed by EM in the c¢pxR- mutant,
suggesting that Cpx could affect the phase variation of
P pilus expression. The average of two double blind
experiments of counting piliated and non-piliated bacteria
was 6% non-piliated for wild-type bacteria expressing
P pili (MC4100/pPAPS) versus 18% non-piliated for the
cpxR null strain (TR51/pPAPS5). These differences were
apparently not significant enough to be detected by HA
titers since these strains produced similar HA titers
(Table I). These results suggest that in addition to an
assembly defect, the Cpx pathway may also regulate phase
variation of P pili.

P pili undergo an ON-OFF phase variation that does not
require any changes in the primary DNA sequences of the
promoter (Blyn et al., 1989). Instead, a number of factors
control phase variation by binding to regulatory sites
within the promoter (Figure 5A) (van der Woude et al.,
1996). Papl is a regulatory protein essential for the phase
OFF-ON transition of the papBA promoter (Kaltenbach
et al., 1995; van der Woude et al., 1996), which is the
promoter for the entire pap operon (excluding papl).
PapB, like CAP, can activate expression of papl, and it
serves as a negative feedback regulator of papB (Forsman
et al., 1989, 1992). There are two DAM methylation sites,
GATC-I and GATC-II, and five Lrp binding sites
(van der Woude et al., 1996). When the GATC-I site is
methylated, Lrp is bound to Lrp binding sites 1, 2 and 3,
and pap transcription is off (pilus expression is in phase
OFF). Conversely, when GATC-I is not methylated or
hemi-methylated, Lrp is able to bind to Lrp binding sites 4

P pili linked to Cpx

and 5 as a Lrp—Papl complex. This titrates Lrp away from
Lrp binding sites 1, 2 and 3, resulting in the methylation of
GATC-II, which prevents rebinding of Lrp to these sites.
As illustrated in Figure 5A, this activates transcription of
the pap gene cluster (pilus expression is in phase ON)
(Braaten et al., 1994; Kaltenbach et al., 1995; Nou et al.,
1995; van der Woude et al., 1996). Within this highly
regulated pap promoter region (Blyn et al., 1989;
van der Woude et al., 1996) we identified several poten-
tial CpxR binding sites with the sequence 5-GTAAA-3".
To determine whether CpxR bound specifically to the pap
promoter region, we tested the ability of purified Hise-
CpxR protein to bind to DNA probes specific for the
pap promoter (Figure 5B). Results from electrophoretic
mobility shift assays (EMSAs) demonstrated that only the
phosphorylated form of Hise-CpxR (Hisg-CpxR-P) caused
a gel shift and only with the DNA probe #3 (Figure 5C).
These results argued that the DNA highlighted by the red
box in the pap promoter region in Figure SA contains at
least part of a true binding site for CpxR-P.

The cpx pathway can positively affect regulation
of phase variation

The hypothesis that Cpx is a regulator of phase variation
was tested by investigating whether a specific induction of
Cpx could override a phase OFF state and convert cells
to phase ON. Expression of both the papl and papBA
promoters is under catabolite repression (Baga et al., 1985;
Forsman et al., 1992). Thus, cells grown in the presence of
0.5% glucose are in the phase OFF orientation (Baga et al.,
1985; Forsman et al., 1992; Braaten et al., 1994; Nou et al.,
1995; van der Woude et al., 1996): GATC-I is methyl-
ated; Lrp is bound to sites 1-3 overlapping the papBA
promoter; consequently, the cells are non-piliated and HA
negative (Figure 6A, lane 4; Table I). We investigated
whether a specific induction of Cpx could result in pilus
production even under catabolite-repressing conditions.
Overproduction of NIpE is known to specifically activate
Cpx (Snyder et al., 1995). Overproduction of NIpE in cells
grown in 0.5% glucose resulted in HA-positive cells from
which pili could be purified (Figure 6A, lanes 4 and 5;
Table I). In addition, we found that after 2-fold passage on
TSA plates or after growth in shaking Luria broth, the
overproduction of NIpE increased the amount of isolatable
pili by 4-fold (Figure 6B, lanes 1 and 2, and A, lanes 2 and
3). To further analyze whether transcription of the pap
operon is upregulated by the expression of NIpE (the
activation of the Cpx pathway), the activity of the
papBA-lacZ and papl-lacZ fusions was monitored. The
expression of NIpE increased the transcription from both
promoters 2-fold (Figure 6C). The level of activity from
the promoters was too low to detect in the presence of
glucose. These results suggest that expression of NIpE,
which specifically activates the Cpx pathway, results in an

Fig. 5. CpxR-P binds to the pap promoter. (A) Schematic of the pap promoter region (top) and the model of transcriptional inactivation, phase OFF
(center), and activation, phase ON (bottom) (adapted from van der Woude et al., 1996). Phase variation is affected by the action of DAM on the
adenines in the two DNA GATC sequences, designated GATC-I and GATC-II, contained within the Lrp binding sites 5 and 2, respectively (explained
in text). Abbreviations: CAP, catabolite activator protein; Lrp, leucine-responsive regulatory protein. The involvement of CpxR is discussed in the
text. (B) Schematic of strategy for DNA probes used in EMSAs. Only probe 3 contains the putative CpxR binding site; probes 1 and 2 do not. A
positive control probe, DegP, encoding the previously identified CpxR binding site in the degP promoter was also used in the EMSAs. (C) EMSAs of
Hisg-CpxR binding to the putative site in the pap promoter. Hisg-CpxR was purified and phosphorylated. Unphosphorylated (Hiss-CpxR) or
phosphorylated Hisg-CpxR (Hisg-CpxR-P) was incubated with DNA probes from (B) and run on 4% acrylamide gels.
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Fig. 6. Specific activation of the Cpx signaling pathway by
overproduction of NIpE increases P pilus assembly and can relieve
catabolite repression. (A) MgCl,-precipitated pili were run on
SDS-PAGE and then immunoblotted by using anti-pilus antiserum.
Pili were purified after overnight growth shaking in Luria broth with
the appropriate antibiotics in the presence or absence of 0.5% glucose.
Pili were purified without added glucose from the wild-type strain
overexpressing NIpE, lane 1 (MC4100/pLD404); expressing P pili,
lane 2 (MC4100/pRHU845); and expressing P pili while over-
expressing NIpE, lane 3 (MC4100/pRHU845/pLD404). Pili purified
from cells grown with 0.5% glucose expressing only P pili, lane 4
(MC4100/pRHU845), and also overproducing NIpE, lane 5 (MC4100/
pRHU845/pLD404). The arrow points to the PapA band. (B) MgCl,-
precipitated pili were run on SDS-PAGE and then immunoblotted by
using anti-pilus antiserum. Pili were purified after the bacteria had been
passaged 3 days on TSA plates with the appropriate antibiotics. Pili
were purified from the wild-type strain expressing only P pili, lane 1
(MC4100/pRHU845) or with the overproduction of NIpE, lane 2
(MC4100/pRHU845/pLD404). The arrow points to the PapA band.
(C) The wild-type strain with papBA-lacZ and papl-lacZ expressing
only P pili (CHJ101/pRHU845 and CHJ103/pRHU845, respectively) or
with the overproduction of NIpE (CHJ101/pRHU845/pLD404 and
CHIJ103/pRHU845/pLD404) was analyzed. Aliquots were removed
after overnight growth shaking in Luria broth with the appropriate
antibiotics, and Miller assays were performed. The results shown on
the graph are averages from two independent assays.
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increased transcription from the pap promoter. Thus, the
effect of stimulating pilus production under conditions of
catabolite repression by expressing NIpE may be due, in
part, to the ability of Cpx to positively affect pap
transcription, although an increased efficiency of pilus
biogenesis may also contribute to the effect.

Discussion

The biogenesis of P pili is the prototype of the chaperone/
usher secretion pathway used to assemble >26 archi-
tecturally diverse organelles in various Gram-negative
bacteria (Hung et al., 1996; Thanassi et al., 1998a).
Previous studies identified a relationship between P pilus
assembly and the Cpx signaling pathway (Jones et al.,
1997). The results reported here begin to reveal the more
intimate connection that exists between pilus biogenesis,
the two-component signaling system and pathogenesis.

Many periplasmic factors are regulated by the Cpx two-
component regulatory system, including DegP, DsbA,
PpiA and others (Danese and Silhavy, 1997; Pogliano
et al., 1997). The signals known to activate the Cpx
pathway include those stimuli that cause extra-cytoplas-
mic stresses such as high pH (Nakayama and Watanabe,
1995; Danese and Silhavy, 1998), alterations to the
bacterial inner membrane (Mileykovskaya and Dowhan,
1997; Danese et al., 1998) and NIpE overexpression
(Snyder et al., 1995). The first connection between P pilus
biogenesis and the Cpx pathway was made when it was
demonstrated that pilus subunits expressed in the absence
of their cognate chaperone served as a potent activator of
the Cpx pathway (Jones et al., 1997). In the present study,
we discovered that the absence of a functional Cpx
signaling pathway results in an assembly defect (short
pili), which is presumably caused by the lack of Cpx-
regulated factors necessary to facilitate pilus biogenesis.
These might include the Cpx-regulated factors known to
be involved in efficient pilus assembly, including the
following: the protease DegP (Danese ef al., 1995; Danese
and Silhavy, 1997; Pogliano et al., 1997), which is
involved in degrading misfolded proteins (Jones et al.,
1997); the enzyme DsbA (Danese and Silhavy, 1997;
Pogliano et al., 1997), which is required for assembly of
P pili (Jacob-Dubuisson et al., 1994a); and other
periplasmic folding factors that may be involved in pilus
biogenesis, including PpiA (Danese and Silhavy, 1997,
Pogliano et al., 1997).

The pap promoter is highly regulated by numerous
factors, including PapB and Papl as well as Lrp, DAM,
CAP and HNS (van der Woude et al., 1996). We
discovered that CpxR binds to the pap promoter and
affects the phase variation of pilus expression. The Cpx
pathway is comprised of a membrane-bound sensor
histidine kinase, CpxA, and a cytoplasmic response
regulator, CpxR (Weber and Silverman, 1988; Dong
et al., 1993). When phosphorylated, CpxR-P binds
upstream of target genes to activate their expression
(Pogliano et al., 1997; Raivio and Silhavy, 1997). The
phosphorylated form of CpxR specifically bound to the
pap promoter. The pap promoter is subject to an ON-OFF
phase variation switch (Blyn ez al., 1989, 1990). Thus, EM
of cultures passaged on agar reveals both piliated and
non-piliated cells due to phase variation. The knockout



mutation in cpxR resulted in a 3-fold increase in the
percentage of non-piliated cells, suggesting that Cpx plays
a critical role in regulating the phase variation switch.
Specifically, these results suggest that Cpx plays a role in
maintaining the cells in a phase ON state of piliation. In
contrast, bacteria grown in the presence of glucose are in a
phase OFF state due to catabolite repression (Forsman
et al., 1992). However, the activation of Cpx (using NIpE
overexpression) in cells grown in the presence of glucose
induced pilus expression—there were isolatable pili. The
ability of NIpE overexpression to induce piliation under
catabolite-repressing conditions is probably related in part
to its ability to activate Cpx, which was shown to result in
increased transcription of the pap promoter. Since the Cpx
pathway can affect regulation of the pap operon, its
positive effect on pap phase variation may be a contrib-
uting factor to increases in piliation in response to
activation of Cpx, whether under catabolite-repressing
conditions or not. The conversion of pilus expression
from OFF to ON is thought to require two rounds of
DNA replication to demethylate GATC-I, since there
are no known demethylases (Braaten et al., 1994;
van der Woude et al., 1996). Activation of Cpx via
environmental cues may allow the bacteria to convert
quickly from phase OFF to ON in a manner independent of
demethylation. However, an increased efficiency of pilus
biogenesis due to upregulation of assembly factors con-
trolled by Cpx presumably contributes to the effect as well.
The same effect was observed when P pili were expressed
behind the natural promoter in strains with the cpx*
mutations, which increase the ratio of kinase:phosphatase
(an increased level of phosphorylated CpxR) (Raivio and
Silhavy, 1997): the amount of isolatable pili increased.
The increase in isolatable pili occurred in the cpx* strain
TR14 even when P pili were expressed from the frc
promoter, arguing that, in this case, increased efficiency of
pilus biogenesis plays a significant role in increasing
piliation.

The signal that is generated by OFF-pathway subunits is
independent of the presence of the periplasmic protease
DegP. It is known that subunits do not obtain their correct
fold without the donation of the missing seventh
C-terminal B-strand from the chaperone (Choudhury
et al., 1999; Sauer et al., 1999; Barnhart er al., 2000).
Together, these results suggest that the signal sensed by
the Cpx pathway throughout assembly are subunits that are
missing the information to fold correctly.

In conclusion, there exists an intricate connection
between P pilus biogenesis and the Cpx pathway. During
pilus biogenesis, a signal is generated by OFF-pathway
subunits that activates Cpx (Jones et al., 1997; Hung et al.,
1999). As a consequence, Cpx upregulates factors that
facilitate pilus assembly (Danese and Silhavy, 1997; Jones
et al., 1997; Pogliano et al., 1997). In addition, CpxR
affects the phase variation of pap expression, favoring an
ON state. Numerous environmental cues including tem-
perature (Goransson and Uhlin, 1984; Blyn et al., 1989;
White-Ziegler et al., 1998) and glucose (Baga et al., 1985;
Forsman et al., 1992) influence the expression of pili.
Environmental conditions in the urinary tract presumably
favor the expression of pili at critical points during the
pathogenic cascade (Kisielius et al., 1989; Lim et al.,
1998). Interestingly, pilus assembly leads to the activation

P pili linked to Cpx

of Cpx, which in turn would serve to reinforce the
commitment to make pili by activating periplasmic
assembly factors and maintaining the ON state of phase
variation. This would ensure that daughter cells remain
piliated in order to facilitate the colonization of the
epithelium and persistence in the urinary tract.

In addition, host—pathogen interactions in the urinary
tract activate a cascade of innate defenses, such as an
increase in the production of nitric oxide that may induce
periplasmic stresses (Smith et al., 1996; Svanborg and
Godaly, 1997; Mulvey et al., 2000; Mumtaz et al., 2000)
and lead to an activation of Cpx. The activation of Cpx via
pilus biogenesis and host—pathogen interactions serves to
reinforce the commitment to produce pili, facilitating
colonization of the urinary tract. In addition, Cpx may
control the expression of a number of other virulence
factors, as we have identified putative CpxR binding sites
upstream of genes encoding hemolysin, cytotoxic necro-
tizing factor and type 1 pili (D.L.Hung and S.J.Hultgren,
unpublished results). Thus, environmental cues that
activate pilus expression may indirectly activate additional
virulence factors due to the induction of Cpx by OFF-
pathway subunits. In this way, Cpx may tie the expression
of virulence factors to pilus biogenesis, which may be part
of a mechanism in which microbial colonization is linked
to the expression of a panoply of new genes important in
the pathogenic cascade.

Materials and methods

Bacterial strains

The E.coli strain MC4100 was used as a host strain in all studies
(Casadaban, 1976). TR51 (MC4100, cpxR::spc) was constructed by P1
transduction of the cpxR::spc allele (Danese et al., 1995) into MC4100
using standard techniques.

Strains TR14 and TR20 were constructed by P1 transduction of the
cpxAl106 and cpxAl01 alleles into MC4100 metF::Tnl0 strain, which
fails to grow on minimal plates. Transductants that grew on minimal
plates were selected and the presence of the cpx* allele was confirmed by
testing for amikacin resistance as previously described (Cosma et al.,
1995). Isolation and characterization of the various cpx* alleles were
previously described (Cosma et al., 1995; Danese et al., 1995; Raivio and
Silhavy, 1997). Specifically, TR14 (MC4100, cpxA106) and TR20
(MC4100, cpxA101) each contain a mutation in the cytoplasmic region
of CpxA (Raivio and Silhavy, 1997).

DH500 and DH501 were created by P1 transduction of the cpxP-lacZ
fusion (Danese and Silhavy, 1998) into KS272 and KS474 (KS272
degP::kan) (Strauch and Beckwith, 1988; Strauch et al., 1989; Jones et al.,
1997), respectively, using standard techniques.

To create CHJ101 and CHJ103 the following oligonucleotides were
used to PCR amplify pap promoter fragments from pPAP5 (Lindberg
et al., 1984): PapBA, 5-GGGGAATTCTTTCCCTCCATTATGCC-
TGT-3* and 5-GGGGGATCCATCGCGTATATTCAGCAAAA-3";
Papl, 5-GGGGGATCCTTTCCCTCCATTATGCCTGT-3" and 5’-GGG-
GAATTCATCGCGTATATTCAGCAAAA-3". PCR amplification of
promoter fragments was performed as previously described (Hung et al.,
1999). EcoR1 and BamHIl sites were incorporated into the amplified
fragments to allow cloning into pRS45 (kindly provided by Virginia
Miller, WUMS, St Louis, MO). The promoter—LacZ fusions were moved
from pRS45 onto ARS415 (kindly provided by Bob Simons, UCLA)
following the protocol of Simons et al. (1987). MC4100 was lysogenized
with ARS415-papBA and ARS45-papl resulting in CHJ101 and CHJ103,
respectively.

Plasmid construction

The following plasmids have been described elsewhere. pPAP5 expresses
the pap operon behind the natural promoter in the vector pBR322
(Lindberg et al., 1984). pRHUS845 expresses the pap operon behind the
natural promoter in the vector pACYC184 (Normark et al., 1983).
pLD404 overexpresses NIpE (Snyder et al., 1995). pFJ29 expresses the
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pap operon behind the inducible trc promoter in the vector pACYC184
(Jacob-Dubuisson et al., 1994b). pHJ8 expresses PapG behind the tac
promoter in the vector pMMBG66 (Jones et al., 1997).

Hemagglutination assays

HA titers were performed as described (Slonim ez al., 1992) after 3 days
passage of the strains on TSA plates, or after overnight growth in shaking
Luria broth with or without 0.5% glucose (see figure legends).

Pili preparations

Pili were prepared from cells expressing the pap operon behind the
natural promoter (pPAPS) after 3 days passage on TSA plates. P pili were
also purified from cells expressing the pap operon behind the frc promoter
(pFJ29) after growth to mid-logarithmic phase, with no isopropyl-
-D-thiogalactopyranoside (IPTG) necessary for induction of the
promoter since the trc¢ promoter was very leaky. Equal amounts of cells
by weight were divided into two aliquots for isolation of pili via two
methods. P pili were precipitated using MgCl, and NaCl as previously
described (Jacob-Dubuisson et al., 1993). P pili were also affinity purified
using Galo(1-4)Gal-Sepharose beads in a similar manner to that in which
the PapD-PapG complex was purified (Hultgren et al., 1989).

Electron microscopy

Cells expressing P pili from pPAP5 were grown for 3 days on TSA plates
to induce piliation. The bacteria expressing P pili from pFJ29 were grown
overnight in Luria broth, subcultured (1:100) and grown to mid-
logarithmic growth phase, with no IPTG necessary for induction of the
promoter since the ¢rc promoter was very leaky. Bacterial cells were fixed
on grids for EM as described (Hultgren et al., 1985). The cells were
stained on top of drops of 0.5% phosphotungstic acid (Sigma) for 25 s.

DNA binding studies

To create DNA probes 1-3 and the positive control probe DegP the
following pairs of oligonucleotides were used to amplify the indicated
regions of the pap promoter from pPAPS (Lindberg et al., 1984) and the
degP promoter from the chromosome of MC4100. The PCR products
were cloned between the EcoR1 and BamH]1 sites of pUC18 and each
clone was verified by sequencing. pPAPBI840 encoding probe #1
contains a 202-bp segment of the pap promoter region (positions
840-1042 in DDBJ/EMBL/GenBank file ECPAPAK) amplified with
primers  5-GGGGAATTCACTGTAACAAAGTTTCTTCGA-3" and
5-GGGGGATCCAGCATAAAAGATCGTCTAAAT-3". pPAPBI1057
encoding probe #2 contains a 200-bp segment of the pap promoter
regions (positions 1057-1257 in DDBJ/EMBL/GenBank file ECPAPAK)
amplified with primers 5’-GGGGGATCCACTTCATGATGCGCCATG-
TTT-3* and 5-GGGGAATTCCCATGATGTTTTTATCTGAGT-3".
pPAPBI970 encoding probe #3 contains a 200-bp segment of the pap
promoter region (positions 970-1170 in DDBJ/EMBL/GenBank file
ECPAPAK) amplified with primers 5-GGGGAATTCTGTCACATT-
TTGTGTGTTATT-3" and 5-GGGGGATCCATTTAGTTTTTTATG-
TTGTAA-3". pDEGP800 contains a 235-bp segment of the degP region
(positions 69298-69533 in DDBJ/EMBL/GenBank file D26562) ampli-
fied with primers 5-GGGGATCCGACCTCTATGCGTGGGATG-3" and
5-CCGAATTCGCCAAACCTAAACYCAGAGCC-3, as described in
Pogliano et al. (1997).

An N-terminal oligohistidine extension was added to CpxR and the
protein was purified as described (Pogliano et al., 1997). Hisg-CpxR was
phosphorylated by incubation of 300 pmol of protein for 1 h at 30°C with
100 mM Tris pH 7.0, 10 mM MgCl,, 125 mM KCl, 50 mM acetyl
phosphate (lithium potassium salt, Sigma). EMSAs were run on 4%
acrylamide gels at 4°C and performed as previously described (Lynch and
Lin, 1996).

p-galactosidase assays

To assay the cpxP—lacZ fusion, bacteria were grown overnight in Luria
broth, subcultured (1:100) and grown for 60 min. When required to
induce expression of PapG from behind the rac promoter, IPTG was
added to 0.5 mM to induce subunit protein. The cells were then grown
shaking at 37°C to mid-logarithmic growth phase. Aliquots were removed
and B-galactosidase assays were performed as described (Jones et al.,
1997). To assay the papl-lacZ and papBA-lacZ fusions, bacteria were
diluted 1:100 and aliquots were removed after overnight growth shaking
in Luria broth with the appropriate antibiotics in the presence or absence
of 0.5% glucose. P-galactosidase assays were performed as described
(Jones et al., 1997).
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