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Bacteria are equipped with two-component systems to cope
with environmental changes, and auxiliary proteins provide
response to additional stimuli. The Cpx two-component system
is the global modulator of cell envelope stress in Gram-negative
bacteria that integrates very different signals and consists of the
kinase CpxA, the regulator CpxR, and the dual function auxil-
iary protein CpxP. CpxP both inhibits activation of CpxA and is
indispensable for the quality control system of P pili that are
crucial for uropathogenic Escherichia coli during kidney coloni-
zation. How these two essential biological functions of CpxP are
linked is not known. Here, we report the crystal structure of
CpxP at 1.45 A resolution with two monomers being interdigi-
tated like “left hands” forming a cap-shaped dimer. Our com-
bined structural and functional studies suggest that CpxP in-
hibits the kinase CpxA through direct interaction between its
concave polar surface and the negatively charged sensor domain
on CpxA. Moreover, an extended hydrophobic cleft on the con-
vex surface suggests a potent substrate recognition site for mis-
folded pilus subunits. Altogether, the structural details of CpxP
provide a first insight how a periplasmic two-component system
inhibitor blocks its cognate kinase and is released from it.

Two-component signal transduction systems are the pre-
dominant mechanisms used by bacteria for coupling response
to changes in the environment (1). The core structures of two-
component signal transduction systems are a sensor kinase per-
ceiving the stimulus and a cognate response regulator mediat-
ing the output response. Stimulus perception results in the
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autophosphorylation of the sensor kinase by ATP at a con-
served histidine residue. Subsequently, the phosphoryl group is
transferred to an aspartate residue on the response regulator,
and the phosphorylated response regulator functions in general
as a transcription factor for target genes. The target genes of a
particular two-component signal transduction system are cus-
tomized to the specific signal to which the particular two-com-
ponent signal transduction system corresponds (2, 3). This
specificity is also reflected by the high specificity of sensor
kinase and response regulator pairs (4, 5). However, contrary to
the growing knowledge on signal transmission between con-
served cytosolic domains in two-component signal transduc-
tion system proteins, signal integration is only poorly under-
stood (2, 3).

In contrast to other two-component signal transduction sys-
tems, and therefore underlying its impressive role for biological
processes in Gram-negative bacteria, the Cpx pathway com-
posed of the sensor kinase CpxA and the response regulator
CpxR integrates very different signals. These include physical
(osmolarity), chemical (ethanol, pH, indol), and biological
(adhesion, lipids) stresses as well as misfolded proteins
(adhesin subunits, B-barrel outer membrane proteins, and
misfolded variants of the maltose-binding protein) (6 -9). In
addition, the Cpx pathway is negatively modulated by the
periplasmic auxiliary protein CpxP (10). Molecular biologi-
cal and biochemical analysis of several Cpx signals supports
the notion that most signals are specific (11). This highlights
the Cpx pathway as a model system to determine the mech-
anisms involved in signal transduction by a two-component
signal transduction system, ranging from signal integration
by the sensor kinase (CpxA) to the output response by the
response regulator (CpxR).

Mechanistic details about the precise action of any Cpx-
modulating signal remain unknown (11). Only for the inhi-
bition by CpxP and the activation by misfolded proteins have
some details been clarified (11-13). Thereby, cpxP was iden-
tified as a CpxR target gene that combats expression of toxic
envelope proteins including misfolded pilus subunits of P
pili that are crucial for uropathogenic Escherichia coli during
kidney colonization (11, 14-16). The biogenesis of P pili
depends on the specific pilus chaperone PapD; without PapD,
pilus subunits misfold (17). Misfolded forms of the pilus sub-
unit PapE and the adhesin PapG induce the Cpx envelope stress
response and are toxic for wild-type cells (15). Because the
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overexpression of CpxP leads to degradation of misfolded PapE
and PapG by the DegP protease, CpxP was proposed as an adap-
tor for DegP (11, 18). However, it is not clear how the two
important biological functions of CpxP are linked (10).

Here, we performed structural and functional studies to
understand how CpxP is able to support degradation of mis-
folded pilus subunits and to inhibit CpxA. We now report the
structure of CpxP at 1.45 A resolution. Our data provide for the
first time structural and biochemical evidence for the notion
that Cpx pathway inhibition results from direct protein-protein
interaction between the CpxA sensor domain and CpxP. Inter-
action of misfolded pilus subunits with an elongated hydropho-
bic cleft on the convex surface of CpxP induces the release of
CpxP from CpxA. This activation of the Cpx pathway results in
the expression of Cpx targets including all players essential for
the biogenesis and quality control of pili and consequently in
adhesion. Accordingly, our results suggest the protein-protein
interaction between CpxP and pilus subunits as a novel target
for a new class of antimicrobials.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—CpxP and CpxA were
amplified from E. coli MG1655 (19), and PapE was amplified
from uropathogenic strain CFT073 (20) by PCR. For overpro-
duction and purification of CpxP without its signal peptide,
pRFO06 plasmid was used (12). CpxPA151, which is in addition
deleted for the C-terminal residues Lys'®'-GIn'®®, is a deriva-
tive of pRF06A151. pSHE100 and pTcpxP-His encode CpxP
without and with a C-terminal His fusion, respectively, on
pTrc99A. To investigate CpxP-dependent degradation of the
PapE adhesin, papE was cloned with PCR-fused Strep-tag of the
vector pASK-IBA3 (IBA GmbH) into pTrc99A, resulting in
pSHE101. pSHE102 and pSHE102A151 encode CpxP and
CpxPA151, respectively, with the Shine-Dalgarno sequence of
pBAD24 on pBAD33 (21). The nucleotide sequence of the
periplasmic signaling domain of CpxA encoding residues
Pro?*-Pro'®* was cloned into pET15b, resulting in pZXHO03.
Mutagenesis was performed with the QuikChange site-di-
rected mutagenesis kit (Stratagene) according to the manufac-
turer’s instructions. All constructs were confirmed by sequenc-
ing. A list of all constructs is given in supplemental Table 1.

Purification of CpxP and CpxPA151 followed established
protocols (12) with additional purification by a Sephacryl-S-
200 column (GE Healthcare). For functional studies, the His,
fusion was cleaved off using the thrombin CleanCleave kit
essentially as described (Sigma). Purified protein was buffered
into crystallization buffer P3 (10 mm Tris/HCL, pH 7.5, 100 mm
NaCl, 5% glycerol (v/v)). Protein labeling with selenomethio-
nine (Se-Met)” was conducted as described (22), and protein
was purified as described for the unlabeled protein without
thrombin cleavage.

[**S]Methionine labeling of CpxA28-164 and CpxP fol-
lowed an established protocol (23). [>*S]Methionine-labeled
protein was purified with the Protino kit (Macherey-Nagel)
according to the manufacturer’s instructions.

7 The abbreviation used is: Se-Met, selenomethionine.
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Steady-state Analysis by Immunological Determination—
CpxP-dependent degradation of the PapE adhesin was deter-
mined according to an established protocol (11) with minor
modifications. In brief, E. coli strains TG1 and TGlcpxP::kan
(24) transformed with pSHE101 and pSHE102 or pSHE102A151,
respectively, were subcultured from fresh overnight cultures to
Agoo = 0.1in 10 ml of LB supplemented with 0.02% arabinose at
37 °C. Expression of PapE-Strep was induced at an A4y, = 0.5 by
the addition of 1 mm isopropyl-1-thio-B-p-galactopyranoside,
and cells were grown for one further hour. Cells were harvested
by centrifugation, and cell pellets were normalized to the same
Agooand resuspended in TS buffer (20 mm Tris/HCI, pH 7.5; 0.5
M sucrose). Cells were mixed with SDS-PAGE loading buffer
and lysed by boiling for 5 min. 20 ul of each sample were sepa-
rated on a 15% SDS-polyacrylamide gel. Proteins were electro-
blotted, and immunoblots were probed with antiserum to CpxP
(produced against purified His,-CpxP by Pineda, Berlin, Ger-
many), with peroxidase conjugated anti-Strep antiserum (IBA
GmbH) or with antiserum to MalE.

Preparation of Proteoliposomes and Kinase Assay—Prepara-
tion of proteoliposomes and measurement of CpxA autophos-
phorylation activity were performed essentially as described
(12). Three determinations of independently prepared proteo-
liposomes were averaged to obtain the indicated values.

Crystallization of Full-length CpxP and CpxPA151—Se-Met-
labeled full-length CpxP and CpxPA151 were used for crystal-
lization at concentrations up to 8 mg/ml. Crystallization
screens by the sparse matrix method were carried out by the
sitting drop vapor diffusion method testing more than 2,000
crystallization conditions (25) at 295 K using 24-well Linbro
plates. Each sitting drop was prepared on a siliconized crystal-
lization bridge by mixing equal volumes (5 ul each) of
CpxPA151 and reservoir solution (16 —20% polyethylene glycol
3350, 5% glycerol, 100 mm NaCl, 10 mm CaCl, and 10 mm Tris/
HCl, pH 7.0). Se-Met-labeled crystals appeared within 8-12
days and continued to grow for 14 days. Crystals were frozen in
reservoir buffer supplemented with 10% polyethylene glycol
400 as cryoprotectant.

Data Collection and Structure Determination—Diffraction
data of native and Se-Met-labeled crystals were collected at
synchrotron beamline BL 14.2 at Bessy-MX/Helmbholtz
Zentrum Berlin fiir Materialien und Energie with a MAR-
225CCD detector. All diffraction images were indexed, inte-
grated, and scaled using HKL2000 (26), showing that native and
Se-Met-labeled CpxPA151 crystals belong to either hexagonal
space group P6, or hexagonal space group P6, (@ = b = 61.46 A,
¢ =130.08 A, & = B = 90°, y = 120°). Three multiwavelength
anomalous dispersion datasets at different wavelengths (inflec-
tion, peak, and remote) were collected to 2.0, 2.0, and 1.45 A
resolutions, respectively. Initial phases were determined to 2.0
A resolution based on all multiwavelength anomalous disper-
sion datasets by using SHELXC/D/E (27) via the graphical user
interface HKL2MARP (28) to solve the selenium-atom substruc-
ture. Substructure solution with SHELXD was successful for
space group P6,, yielding 14 selenium sites (with occupancies
greater than 0.62). This solution gave a mean figure-of-merit of
0.724 after phasing with SHELXE that increased to 0.770 after
density modification with the program DM (29). The electron
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density map was readily interpretable, and the phases were
input for initial automated model building using ARP/wARP
7.0.1 (30). The initial model consisting of 208 residues had an
agreement factor R,...; of 24.5%. In subsequent steps, this
model was subjected to torsion angle molecular dynamics sim-
ulated annealing using a slow cooling protocol and a maximum
likelihood target function, energy minimization, and B-factor
refinement against the remote Se-Met dataset in the extended
resolution range 53.22-1.45 A by the program CNS (31).
Restrained individual B-factors were refined, and the crystal
structure was finalized by REFMAC5 and other programs in
CCP4 (32). The final model had agreement factors R;,,. and
R ys 0f 18.9 and 16.8%, respectively. Manual rebuilding of the
CpxPA151 model and electron density interpretation were per-
formed after each refinement cycle using the program COOT
(33). Structure validation was performed with the programs
PROCHECK (34) and WHAT_CHECK (35). Potential hydro-
gen bonds involved in inter- and intramolecular contacts (sup-
plemental Table 1) were analyzed using the programs HBPLUS
(36) and LIGPLOT (37). The CpxP structure was analyzed for
salt bridges utilizing the WHAT IF server (38). Electrostatic
surface potentials were calculated through solution of the
Poisson-Boltzmann equation using the program APBS (39).
The solvent-accessible area was calculated using the PISA
server (40). Fold recognition for CpxP was carried out utilizing
the DALI server (41). All molecular graphics representations
were created using PyMOL (31).

Size-exclusion Chromatography—Size-exclusion chromato-
graphy was carried out on a Superdex 200 (HR10/30) column
(GE Healthcare) equilibrated in 50 mm Tris/HCI, pH 7.5, con-
taining 150 mMm NaCl and 0.5% glycerol (v/v) at 4 °C. Protein
samples (100 wul at 0.7 mg ml~') were applied to the column at
a flow rate of 0.5 ml min~"'. The following standard proteins
were used for calibration (supplemental Fig. S3A): ferritin
(M, = 440,000; Stokes radius, Rg = 6.15 nm), aldolase (M, =
158,000, R = 4.70 nm), bovine serum albumin (M, = 66,399,
R = 3.48 nm), and carbonic anhydrase (M, = 29,000, R; = 2.01
nm). There is a relationship between K, and the Stokes radius
of a protein (42, 43). K, is defined as

Ko = (Ve - VO)/(Vt - VO) (Eq.1)
where V, is the elution volume of the protein, V, is the void
volume of the column, and V, is the total volume of the column.
The void volume was determined by elution of blue dextran
2000. A calibration curve of the column was obtained by plot-
ting —(log K,,,)" versus Stokes radii.

Sucrose Gradient Sedimentation Analysis—Linear gradients
(10 ml) of 5-20% sucrose in 50 mm Tris-HCI, pH 7.5 were pre-
pared. 400 g of purified CpxPA151 protein in 300 ul of crys-
tallization buffer P3 were layered on the top and centrifuged at
100,000 X g at 14 °C for 18 h. 500-ul fractions were collected
from the bottom of the tube and analyzed by SDS-PAGE. The
gradient was standardized by sedimenting 500 ug of the follow-
ing standard proteins of known sedimentation coefficients
(supplemental Fig. S3B): thyroglobulin (M, = 669,000; S =
18.32 X 10~ '35s), apoferritin (M, = 443,000; S = 16.84 X 10~ '3
s), alcohol dehydrogenase (M, = 150,000; S = 7.61 X 10~ '?s),
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bovine serum albumin (M, = 669,000; S = 4.3 X 10 '3s), and
carbonic anhydrase (M, = 669,000; S = 2.89 X 10~ '?s). After
determination of the sedimentation coefficient of CpxPA151,
the following equation was used to calculate the molecular
mass (43)

M, = 6mmNaS/(1 — vp) (Eq.2)
where 7 is the viscosity of the medium (value used = 1), N is
Avogadro’s number, a is the Stokes radius, S is the sedimenta-
tion coefficient, v the partial specific volume (value used =
0.735 cm® g '), and p is the density of the medium (value
used = 1gcm ).

B-Galactosidase Activity Analysis and Determination of
CpxP Expression Levels—[3-Galactosidase assays were per-
formed in strain SP594 (16) as described (44) with four
biological replicates each with technical triplicates. Cells
from B-galactosidase activity analysis were fractionated by
spheroplast preparation as described (8). Periplasmic frac-
tions were analyzed by immune blotting with antiserum to
CpxP (Pineda) or with antiserum to MalE and detected with
an ECL kit (GE Healthcare). Total protein bands of one sam-
ple were visualized and quantified by phospho imaging using
Molecular Imager FX and associated software Quantity One
(Bio-Rad).

Chaperone Assays—CpxP effects on thermal aggregation at
43 °C and on renaturation of citrate synthase were analyzed by
determining citrate synthase activity as described (45). For
refolding, citrate synthase was denatured in 6 M guanidinium
hydrochloride, 50 mm Tris/HCI, pH 8.0, 20 mm dithiothreitol at
room temperature for at least 2 h.

Peptide Synthesis on Cellulose Membranes (SPOT Synthesis)
and Screening of Peptide Arrays—Cellulose-bound peptide
libraries were prepared by semiautomatic SPOT synthesis on
modified Whatman 50 cellulose membranes as described (46).
Sequence files and array design were generated with the in-
house software LISA. Peptides derived from E. coli MG1655
CpxA (GenBank™ GenelD: 948405) and CpxP (GenBank
GenelD: 2847688) were used for pepscan analyses. Peptide
arrays consisting of 15-, 20-, or 25-mer peptides, overlapping by
12, 17, and 22 amino acid residues, respectively, were synthe-
sized. Complete substitutional and length analyses of the inter-
acting 25-mer peptide were generated using the software LISA
and subsequently synthesized as described (46, 47).

Dried membranes were washed in ethanol for 10 min and in
TBS (50 mMm Tris/HCI, pH 8, 137 mm NaCl, 27 mm KClI) for 3 X
10 min. Blocking was performed in TBS, supplemented with 5%
blocking buffer (Sigma) and 5% (w/v) sucrose, at room temper-
ature for 3 h. After washing with TTBS (TBS with 10% (v/v)
Tween 20) for 10 min, peptide arrays were incubated with >°S-
labeled protein (10° cpm) in blocking buffer, supplemented
with 20% glycerol with gentle shaking at 4 °C over night.
Unbound protein was removed with TBS, and peptide-bound
protein was visualized and quantified by phospho imaging
using Molecular Imager FX and associated software Quantity
One (Bio-Rad).
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FIGURE 1. CpxPA151 CpxP has two functions. A, steady-state analysis of
PapE by immunological determination according to an established protocol
(11) with two modifications as described in detail under “Experimental Pro-
cedures.” Cells expressing PapE-Strep and indicated CpxP variants were sub-
jected toimmunological determination using antiserum to the Strep-tag, the
CpxP protein, and the MalE protein (loading control), respectively. B, CpxA
autophosphorylation activity was measured by incubating proteoliposomes
containing purified CpxA-His6 (1 um) in phosphorylation buffer containing
[y->2P]ATP for 20 min. To test the influence of CpxP variants on CpxA auto-
phosphorylation, the experiment was performed as described (12) with wild-
type CpxP or CpxPA151-loaded proteoliposomes. Samples were separated
by SDS-PAGE and, analyzed as phosphorimages, and the amounts of
[*2P]ATP were quantified by phospho imaging using [y->P]ATP as a standard.
Shown are averages = S.E. from three different experiments (t test).

RESULTS

Overall Structure of CpxPA151—To gain insight into the dual
functions of CpxP, i.e. sensor kinase inhibition and supporting
the degradation of misfolded pilus subunits, it was of interest to
determine the structure of CpxP. We expressed and purified
the E.coli CpxP protein (CpxP21-167) without its signal
sequence from the cytosol (12). Crystals prepared from this
truncated CpxP protein diffracted only to moderate a 5 A res-
olution. We therefore created a more protease-resistant variant
CpxPA151 lacking the 16 C-terminal residues that were pre-
dicted to be unfolded (CpxP21-151) (supplemental Figs. S1 and
$2). This variant was indistinguishable from the full-length pro-
tein with respect to both known functions, i.e. supporting the
degradation of misfolded pilus subunits (Fig. 14), and pre-
vented activation of the CpxA sensor kinase (Fig. 1B).

We crystallized CpxPA151 in the hexagonal space group P6,
with two monomers in the asymmetric unit that form dimers of
non-crystallographic C, symmetry. The structure of CpxPA151
was solved at 1.45 A resolution by multiwavelength anomalous
dispersion using selenomethionine-labeled crystals (Table 1).
The CpxPA151 final structural model comprises 111 out of 131
residues of the truncated CpxPA151 monomer (Fig. 24) and
shares homologies with the structure of the spheroplast protein
Spy (2. 7 A resolution), a protein with unknown function (48).
The CpxPA151 monomer can be divided into three distinct
regions (Fig. 2A): 1) a partially unfolded N-terminal region of
which only residues Ser* to Thr>* were visible in the electron
density map; 2) a curved laminar region divided into two
antiparallel a-helical segments, the first consisting of helix al
(Glu”*~Glu®?) and helix a2 (Val”>~Thr®®) connected by a linker
that contains two consecutive prolines (GIn”°~Asn”*) and the
second being the elongated helix a3 (Glu®*~Leu'*®); and 3) a

TABLE 1
Data collection and refinement statistics for CoxPA151
Se-Met” CpxPA151 (A, pore = 0.91844)  Se-Met” (A, = 0.9797A)  Se-Met” (Agection = 0.9799A)
Data collection
Space group P6,
Cell dimensions
a, b, c(A) 61.46, 61.46, 130.08
By () 90.0, 90.0, 120.0
Resolution (A) 120.0-1.45 (1.50-1.45)" 50.0-2.00 (2.03-2.00)" 50.0-2.00 (2.03-2.00)"
merge 0.084 (0.567) 0.048 (0.117) 0.049 (0.158)
(/ol) 18.9 (2.4) 16.6 (6.1) 16.0 (4.2)
Completeness (%) 100.0 (100.0) 99.8 (99.9) 99.8 (99.9)
Redundancy 5.7 (5.3) 1.9 (1.9) 1.9 (1.9)
Refinement statistics
Resolution (A) 53.22-1.45
No. of reflections 46,652
Ryorid Ree 16.8/18.9
No. of atoms/residues(2 monomers per
asymmetric unit)
Protein (CpxPA151) 1,922/220
Water 348/348
Mean B-factor (all atoms; A?) 16.02
r.m.s.“ deviations
Bond lengths (A) 0.013
Bond angles (°) 1.416
Ramachandran plot®* (%)
Most favored 95.1/100°
Allowed 4.99/0°
Generously allowed and disallowed 0.0%/0°

“ One crystal was used.

’ Highest resolution shell is shown in parenthesis.
€r.m.s., root mean square.

@ As defined in the program PROCHECK (32).

¢ As defined in the program RAMPAGE (32).
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FIGURE 2. Crystal structure of CpxPA151. A, ribbon representation of a CoxPA151 monomer containing four helices a1 to a4 (helices, orange; loops, green).
Two characteristic glutamine residues of the conserved LTXXQ repeat motifs (Leu®'-GIn>® and Leu'?*~GIn'2%) and a PP motif (Pro”'~Pro”?) are shown as sticks.
B, the monomer conformation with a V-shaped structure formed by helices a3 and «4 is stabilized by a double hydrogen bond between the conserved LTXXQ
motifs (highlighted in blue) in helices a1 and a4. C, close-up view of the region surrounding the double hydrogen bond between GIn>® and GIn'?® shown with
2F, — F_as electron density map (blue mesh) contoured at 1.2¢. D, the asymmetric unit contains a CpxPA151 dimer with two monomers that are interdigitated
like left hands. Distinct perspectives of the CpxPA151 dimer are shown as surface representation (CpxPA151 monomer 1, blue; CoxPA151 monomer 2’, orange).
E, ribbon representation of the CpxPA151 dimer using the same color scheme as in D. F, size-exclusion chromatography of CpxP was carried out on a Superdex
200 (HR10/30) column (GE Healthcare) equilibrated in 50 mm Tris/HCl, pH 7.5, containing 150 mm NaCl and 0.5% glycerol (v/v) at 4 °C. Protein samples (100 ul
at 0.7 mg ml~ ") were applied to the column at a flow rate of 0.5 mI min~". The elution volumes for the molecular weight standards are shown by dashed lines
(F = ferritin, A = aldolase, B = bovine serum albumin, C = carbonic anhydrase). See supplemental Fig. S3 for molecular mass determination of CpxPA151 by
the combination of size-exclusion chromatography and sucrose-gradient sedimentation analysis.
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region consisting of helix a4 (Glu'*’—Arg'**), which projects at
a 35° tilt angle from @3, and a short C-terminal segment
(Asp'**~GIn'*°). Remarkably, the V-shaped structure formed
by helices a3 and a4 in a CpxPA151 monomer is stabilized by a
strong intramolecular interaction consisting of a double hydro-
gen bond between the side-chain amide groups of GIn'*® in
helix a4 and GIn®® in helix a1 (Fig. 2, Band C). GIn®® and GIn'*®
are key residues of two highly conserved LTXXQ motifs that
can be used to identify CpxP homologues (supplemental Fig.
S1). Mutations at these two glutamine residues affect both
inhibitory function and protein stability (49). Thus, the struc-
ture of CpxPA151 elucidates the importance of the conserved
glutamines and suggests an essential role of the LTXXQ motifs
for the fold of CpxP.

CpxP Functions as a Dimer—Two CpxP monomers are inter-
digitated like “left hands” forming a cap-shaped dimer with
helices a4 and a4’ being the “thumbs” (Fig. 2, D and E). We
characterized the oligomeric state of CpxPA151 further by size-
exclusion chromatography and sucrose gradient sedimentation
(Fig. 2F and supplemental Fig. S3). According to these, the
Stokes radius and the sedimentation coefficient were deter-
mined to be 2.28 nm and 3.223 X 10 '3 s, respectively. Using
Equation 2, we calculated a molecular mass of 31.0 kDa, which
fits very well with the theoretical molecular mass for the
CpxPA151 dimer of 31.7 kDa.

The CpxP dimer interface exhibits two remarkable salt
bridges and a striking intermolecular 7--stacking interaction
as key features locking the two monomers in a stable dimer
conformation. The first salt bridge is formed between Glu”® and
Arg"** in helices a2 and a4’, respectively (Fig. 34 and supple-
mental Table 2). The second salt bridge involves Glu®* and
Lys''® and connects helices @3 and «a3’, respectively (Fig. 3B
and supplemental Table 2). The electrostatic component of this
interaction is additionally screened by Arg®®, which adopts two
conformations in the crystal structure. These solvent-exposed
salt bridges are suggested to be strong as they require only low
desolvation energies, and weakening of the electrostatic inter-
actions by solvent screening may be more than compensated by
very strong hydrogen bonds of favorable geometry (50). The
m-mr-stacking interaction is formed between His®** in helix a2
and His"?® of helix a4’, respectively (Fig. 3C and supplemental
Table 2), and His®? interacts via a further hydrogen bond with
Asn'®? in helix a4’. The dimer interface is also stabilized by a
hydrogen bond between Val®> and Asn''® of helices a2 and a3,
respectively, and several hydrophobic interactions involving
helices @2, a3, and a4 as shown by a list of van der Waals
contacts (supplemental Table 2).

We verified the functional and structural importance of the
prominent two salt bridges and the mr-r-stacking interaction
sites for the CpxP dimer by analyzing the inhibitory effect of
overproduced CpxP variants, which carried mutations of the
amino acid residues involved in these interactions on the Cpx
pathway (Fig. 3D). All mutants were impaired in their inhibi-
tory capacity, although to different extents. Moreover, the
reduction of inhibition correlated overall with protein levels,
indicating an effect on protein stability. In contrast to expres-
sion in the periplasm, all CpxP mutants were purified as stable
dimers from the cytosol (supplemental Fig. S3). Furthermore,
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FIGURE 3. CpxPA151 dimer stability is accomplished by intermolecular
contacts. A-C, salt bridges between Glu”® and Arg"** (A) and Glu®?and Lys'"®
(B) and a m-m-stacking between His®? and His'3® (C) stabilize the CpxPA151
dimer. D, CpxP-mediated Cpx pathway inhibition was investigated by B-ga-
lactosidase activity measurement (upper panel). Shown are averages = S.E.
from four independent determinations each with three replicates (t test).
CpxP levels in periplasmic fractions were analyzed by immunoblotting (mid-
dle panel). Numbers above bars give the relative inhibition of B-galactosidase
activity (given in Miller Units MU) or the relative protein amount, both nor-
malized for wild-type CpxP. The CpxP loss-of-function variants Q55P and
D61E were used as functional controls (49) (supplemental Fig. S4), and MalE
was used as loading control (lower panel).

when compared with native CpxP, higher protein levels of
CpxPA151 as well as of a C-terminally tagged CpxP were found
in the periplasm (supplemental Fig. S4), indicating a role of the
C-terminal peptide for the recognition of CpxP by the quality
control system.

CpxP Exhibits a Chaperone-like Activity—It has been pro-
posed that Cpx pathway activation is caused by titrating CpxP
away from CpxA (11, 51). A prerequisite of this scenario is the
detection of unfolded proteins by CpxP, which might result
from a chaperone-like activity (52, 53) but has never been
shown. We used two classical chaperone activity assays (45) and
found that CpxP significantly prevents the thermal aggregation
of citrate synthase at a 10-fold molar excess (Fig. 44) but was
unable to restore citrate synthase activity (data not shown). We
propose this moderate chaperone-like activity to be sufficient
to allow titration of CpxP away from CpxA and to reflect pref-
erential binding of CpxP to proteins that have started to unfold
as well as high substrate specificity, as described for the
periplasmic chaperone SurA (54).

The hallmark for classical chaperones, an expanded hydro-
phobic patch that binds unfolded proteins (53), is absent at the
surface of CpxP (Fig. 4B). However, the concave surface of the
cap-shaped dimer includes two potential hydrophobic recogni-
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hydrophobic surface and stick representations. D, steady-state analysis of PapE by immunological determination was performed as described for Fig. 1. For

control purposes, we used the empty vector (V, lane 7) and wild-type CpxP with 10-fold reduced arabinose concentration (lane 3).

tion sites related by the non-crystallographic C, symmetry and
located in the intermolecular contact region of the dimer
between helices a2 and a4’ and helices a2' and o4, respectively,
including the hydrophobic amino acid residues Pro’?, Val’?,
Val”®, and Leu’® on helices a2 and a2’ and residues Met'*’,
Leu'*3, and Trp'*® on helices a4 and a4’ (Fig. 4B).

Even more prominent is an elongated hydrophobic cleft on
the convex surface (Fig. 4B). This cleft is situated in the inter-
molecular contact region between the two symmetry-related,
antiparallel oriented long helices @3 and a3’ and is formed by
pairs of symmetry-related hydrophobic amino acid residues
Ala'®,Tle'%”, and Ala'® (Fig. 4C). To corroborate the function-
ality of the hydrophobic cleft, we analyzed the capacities of the
CpxP single-site A103G, A103D, 1107G, 1107D, 1107N, A108G,
A108D, and A108V substitutions to promote PapE degradation
(Fig. 4D). All substitutions impaired protein levels, indicating a
significant contribution of the intermolecular contact region
between helices @3 and a3’ to dimer assembly. However, all
substitutions resulted in protein levels that at least correlate
to the protein level observed for native CpxP after only slight
induction (Fig. 4D, lane 3). Substitutions A103G, A103D,
1107D, A108D, and A108V significantly impaired the degrada-
tion of PapE, supporting the relevance of the hydrophobic cleft
for interaction between CpxP and PapE. Accordingly, we sug-
gest that CpxP is involved in pilus sensing.

MARCH 18,2011 +VOLUME 286+NUMBER 11

Direct Protein-Protein Interaction between CpxP and CpxA—
It is hypothesized that direct protein-protein interaction
between CpxP and the periplasmic sensor domain of CpxA is
essential for CpxP inhibitor function (6, 12). To test this
hypothesis, we screened cellulose-bound peptide arrays, repre-
senting the complete CpxP sequence (Met'—GIn'®®), for inter-
action with the purified, soluble periplasmic CpxA sensor
domain. Three regions interacting with the CpxA sensor
domain were detected on CpxP, one covering helix a1 and two
covering the entire C terminus (Fig. 54 and supplemental Fig.
S1). Reversely, only the C-terminal region of the CpxA sensor
domain was clearly accessible for purified CpxP (Fig. 5B and
supplemental Fig. S5). Surprisingly, a complete substitution
analysis of this CpxA region did not identify any specific
epitope essential for CpxP binding (Fig. 5C). Amino acid sub-
stitutions that introduced an additional negative charge
enhanced binding, whereas substitutions that added a positive
charge abolished binding. Analyzing the polarity of the CpxP
dimer, we noted a positively charged polar patch on the concave
surface (Fig. 5D). This polarity is mainly contributed by resi-
dues Asp*, Arg®®, Arg®, and Arg®”. Of these, an R60Q substi-
tution was described as a stable loss-of-function mutant (49).
We further determined the inhibitory capacity of the CpxP sin-
gle-site D47N, D47A, D47K, R56Q, R60Q, and R67Q substitu-
tions on the Cpx pathway activity (Fig. 5E). Substitution of
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Asp® results in unstable variants, likely due to its role in stabi-
lizing the conformation of the N-terminal loop. However, sub-
stitutions of Arg®®, Arg®, and Arg®” on helix al of CpxP
resulted in stable variants that were unable to inhibit Cpx
pathway activation (Fig. 5E). Moreover, the inhibitory capacity
of CpxP decreased with increased salt concentration in the
medium (Fig. 5F). Altogether, it is very likely that the cap-
shaped CpxP dimer interacts via its concave polar surface with
the negatively charged sensor domain on CpxA.

DISCUSSION

Signal integration by sensor kinases is still only poorly under-
stood (1, 3). This lack of knowledge is due to the high degree of
variation in sequence and structure between the individual
sensing domains of sensor kinases and reflects the diversity of
signals detected by this class of sensors (1, 3). An important
aspect in two-component system signaling is provided by aux-
iliary proteins (2, 10), which confer responsiveness of two-com-
ponent systems to additional signals. Accordingly, structural
and functional studies on auxiliary proteins allow a deeper
insight into signal perception and regulation of sensor kinase
activities. The crystal structure of CpxP presented here is the
first of a dual function auxiliary protein.

The structure of CpxP is special for several reasons. First, in
the CpxP monomer, the V-shaped structure formed by two
a-helices is stabilized by an essential intramolecular double
hydrogen bond between the glutamine residues of two highly
conserved LTXXQ motifs (Fig. 2, B and C). The importance of
this intramolecular interaction is supported by a finding of the
Raivio group (49) that mutation of each of the glutamine resi-
dues results in unstable proteins. Second, CpxP forms a stable
cap-shaped dimer. The stability of the dimer is promoted by
two salt bridges and a m-m-stacking interaction (Fig. 3, A-C).
The significance of this finding is that only the CpxP dimer is
able to promote both functions of the protein, i.e. inhibition of
a sensor kinase and escorting of misfolded pilus subunits to
degradation. The structure presented here supports the idea
that the dual functions of the CpxP dimer are accomplished by
two specific surface features: a hydrophobic cleft on its concave
surface (Fig. 4C) and a positively charged polar patch on its
convex surface (Fig. 5D).

Our data provide for the first time structural and biochemical
evidence for the notion that Cpx pathway inhibition results
from direct protein-protein interaction between the CpxA sen-
sor domain and helix a1 of the positively charged polar patch
on the convex surface of CpxP (Fig. 5D). We suggest that this
interaction prevents not only signaling pathway activation by
an inhibitory interaction keeping the kinase in an “off” mode
(12) but also by positioning the CpxP dimer as a patch to shield
the CpxA sensor domain from inducing signals and/or to pre-
vent dimerization of CpxA essential for the autophosphoryla-
tion activity of any sensor kinase. In addition, we prove here for
the first time a chaperone-like function for CpxP (Fig. 4A4) that
is likely to be promoted by the hydrophobic cleft (Fig. 4, C and
D). Thus, our results not only support a model that misfolded
proteins titrate CpxP away from CpxA (11) but also indicate
that sensing pilus subunits by interaction with the hydrophobic
cleft on the convex surface of CpxP induces the release of CpxP
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FIGURE 6. A model of signal integration by CpxP. Direct interaction of the
cap-shaped CpxP dimer (ribbon representation) via its concave polar surface
with the negatively charged sensor domain of CpxA keeps the kinase in an off
mode. Direct interaction of misfolded pilus subunits with the hydrophobic
cleft on the convex surface on CpxP results in the release of CpxP from CpxA
and switches the kinase in an “on” mode. The release of CpxP from CpxA
results in CpxR activation, which acts as inducer (arrow) or repressor (bar) for
target gene expression.

from CpxA (Fig. 6). This activation of the Cpx pathway results
in the expression of Cpx targets including all players essential
for the biogenesis and quality control of pili. Meanwhile, CpxP
escorts the misfolded pilus subunits for degradation.

CONCLUSION

The mechanism how CpxP regulates CpxA activities differs
substantially from known or suggested regulatory mechanisms
of other auxiliary proteins (reviewed in 10). In contrast to other
auxiliary proteins, the regulatory function of CpxP is based on
two protein-protein interactions: one with the sensor kinase
CpxA and the other with a misfolded pilus subunit as substrate.
Furthermore, interaction with CpxA is not permanent, as
shown for the autoinducer-binding protein LuxP and the bio-
luminescence controlling LuxQ sensor kinase in Vibrio harveyi
(55), but rather substrate-regulated, as reported for the sugar-
binding protein ChvE that induces VirA-mediated tumor for-
mation of dicotyledonous plants by Agrobacterium tumefaciens
(56). However, binding of the sugar-ChvE complex to the VirA
HK does not inhibit but activates virulence gene expression
(56).

Due to their central role in bacterial virulence regulation and
their absence in animals including man, two-component signal
transduction systems have been suggested as targets for antimi-
crobials (57, 58). Cpx targets include important virulence fac-
tors of different pathogenic bacteria as well as proteins essential
for the secretion (59), biogenesis, and quality control of differ-
ent surface structures including pili (51, 60). We suggest that
blocking protein-protein interaction between CpxP and mis-
folded pilus subunits would prevent activation of the Cpx path-
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way and therefore suppress the formation of the essential bio-
genesis and quality control system of pili and consequently
inhibit adhesion. Thus, the structural details from this study
highlight CpxP as a suitable target for antimicrobials against a
two-component signal transduction system acting from the
exterior of the bacterial cell.
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