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Abstract: The Cpx two-component system of Gram-negative bacteria senses extracytoplasmic
stresses using the histidine kinase CpxA, a membrane-bound sensor, and controls the transcription of

the genes involved in stress response by the cytosolic response regulator CpxR, which is activated by

the phosphorelay from CpxA. CpxP, a CpxA-associated protein, also plays an important role in the
regulation of the Cpx system by inhibiting the autophosphorylation of CpxA. Although the stress

signals and physiological roles of the Cpx system have been extensively studied, the lack of structural

information has limited the understanding of the detailed mechanism of ligand binding and regulation
of CpxA. In this study, we solved the crystal structure of the periplasmic domain of Vibrio

parahaemolyticus CpxA (VpCpxA-peri) to a resolution of 2.1 Å and investigated its interaction with

CpxP. VpCpxA-peri has a globular Per-ARNT-SIM (PAS) domain and a protruded C-terminal tail, which
may be required for ligand sensing and CpxP binding, respectively. The direct interaction of the PAS

core of VpCpxA-peri with VpCpxP was not detected by NMR, suggesting that the C-terminal tail or

other factors, such as the membrane environment, are necessary for the binding of CpxA to CpxP.

Keywords: Gram-negative bacterium; PAS domain; extracytoplasmic stress response;

two-component system; periplasm

Introduction
Gram-negative bacteria have developed extracyto-

plasmic stress response (ESR) systems to deal with

environmental stress.1–7 The Cpx system is one of

several bacterial ESR systems operated by a two-

component signaling system that is abundantly used

for bacteria to sense, respond, and adapt to environ-

mental changes. The two-component system gener-

ally consists of a sensory histidine kinase (HK) and

a response regulator (RR) as basal elements.8 In the

Cpx system, CpxA is the inner membrane-spanning,

sensory HK.9 Recognition of a specific envelope

stress by the periplasmic domain of CpxA triggers

signal transduction to the cytoplasmic domain,

which results in the autophosphorylation of a con-

served histidine residue (His248 in Escherichia coli

CpxA). Then, the phosphate group is transferred to

its cognate RR, CpxR, which controls the transcrip-

tion of the genes involved in the ESR.10

Many factors seemingly unrelated to each other

are responsible for the activation of the Cpx
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pathway in E. coli.1–3,7 Adhesion to abiotic surfaces

triggers the Cpx response via NlpE, an outer mem-

brane lipoprotein that is overexpressed by LacZ

accumulation in the periplasm and alleviates the

toxicity of periplasmic LacZ in a CpxAR-dependent

manner.11,12 YafY, an inner membrane lipoprotein, is

also reported to be responsible for the Cpx

response.13 The Cpx pathway can also be activated

in an NlpE-independent manner by various factors,

such as bacterial growth,14 misfolded or aggregated

pili subunits,15 alkaline pH,16 and the presence of

heavy metals.17,18 However, to date, the ligand re-

sponsible for the activation of CpxA by direct bind-

ing has not been identified. The Cpx signaling sys-

tem and the Bae two-component system, another

ESR system, share spheroplast formation as an

envelope stress signal.19 In addition, both the Cpx

and Arc two-component systems are commonly acti-

vated by antibiotic-mediated oxidative stress.20

The Cpx pathway regulates a variety of genes

responsible for the envelope stress response and bac-

terial virulence. Approximately 100 genes were pre-

dicted as members of the cpx regulon based on bioin-

formatic predictions of CpxR-binding sites.21 More

recently, the systemic screening of known CpxR-

binding promoters revealed that more than 40 genes

are under the control of CpxR.22 Alternatively, the

Cpx signaling pathway is regulated by the negative

feedback loop in the cells as the Cpx-regulated pro-

tein, CpxP, inhibits the Cpx signal via the periplas-

mic domain of CpxA.23 Tethering CpxP to the inner

membrane using an MBP tag constitutively blocks

the Cpx signaling, suggesting that inhibition occurs

at or near the inner membrane surface where CpxA

is localized.16 An in vitro reconstituted system con-

taining recombinant CpxA, CpxP, and CpxR showed

that CpxP inhibits the autophosphorylation activity

of CpxA in the absence of other periplasmic pro-

teins.24 Recent structural and functional studies

demonstrated the direct interaction between CpxP

and the periplasmic domain of CpxA.25,26 Therefore,

it is proposed that CpxP represses the Cpx pathway,

especially the autophosphorylation of CpxA, by

directly interacting with the periplasmic domain of

CpxA. The feedback loop of Cpx signaling is com-

pleted by the DegP-mediated degradation of CpxP

and the activation of CpxA.27 CpxP also plays a role

in protein quality control by delivering the misfolded

PapE or PapG to DegP.28

Structural studies of CpxA and CpxP were

conducted to gain the structural implication of sig-

nal recognition of CpxA and its interaction with

CpxP. In this study, we elucidated the crystal

structure of the periplasmic domain of Vibrio par-

ahaemolyticus CpxA (VpCpxA-peri) and tested its

interaction with VpCpxP. V. parahaemolyticus, a

Gram-negative halophilic bacterium causing gas-

troenteritis,29 which belongs to the same class as

E. coli, a c-proteobacteria, harbors the cpxa, cpxr,

and cpxp genes in the Cpx two-component system.

Although the detailed Cpx pathways of bacteria

belonging to the Vibrio genes have not been studied

intensively, it is expected that the overall regulation

mechanisms of the Cpx pathways must be similar to

those in E. coli.

From the crystal structure analysis, we found

that the sensory domain of CpxA contains a Per-

ARNT-SIM (PAS) fold, which is not predicted from

the sequence alignment. On the basis of NMR

Figure 1. The overall structure of VpCpxA-peri. (A) Ribbon

diagrams of Chain A and Chain B in an asymmetric unit are

shown in blue and grey, respectively. (B) and (C) The Ca traces

of Chain B of VpCpxA-peri were superimposed on Chain B in

two different views. Chain A and Chain B are represented in blue

and green, respectively. The Ca atom of Asn161 is drawn as a

sphere. N and C represent the N- and C-termini of VpCpxA-peri,

respectively. (D) The secondary structure elements of Chain A of

VpCpxA-peri are indicated. a-helices (H1–H3), b-strands (S1–S5),
and loops are colored blue, violet, and grey, respectively. An

interactive view is available in the electronic version of the article.
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chemical shift perturbation analysis, we also con-

firmed that the PAS domain of CpxA does not

directly interact with CpxP. Our results will provide

a foundation for additional biochemical and genetic

studies aimed at dissecting the mechanism of ligand

sensing by CpxA and inhibition by CpxP.

Results

The overall structure of VpCpxA-peri
The crystal of the periplasmic domain of V. parahae-

molyticus CpxA (VpCpxA-peri) belongs to the R3

space group and diffracted to a 2.1 Å resolution. The

structure was solved by the multi-wavelength anom-

alous dispersion (MAD) method using selenomethio-

nine-derived VpCpxA-peri crystals. There were two

molecules in the asymmetric unit, which are

referred to as Chain A and Chain B (Fig. 1). The

amino acid residues 41–172 were assigned to Chain

A, whereas the amino acid residues 42–172 were

assigned to Chain B. The Rwork and Rfree of the final

model were 22.0% and 26.5%, respectively. Table I

summarizes the data collection and refinement sta-

tistics. Chain A is used for the structural description

in this study unless otherwise indicated.

The structure of VpCpxA-peri has a globular

domain with a protruded C-terminal tail (Fig. 1).

The five-stranded b-sheet (S1-S5) surrounded by three

a-helices (H1-H3) composes the globular domain

[Fig. 1(D)]. Two a-helices (H1 and H2) are placed at

the N-terminus, which are followed by two b-strands

(S1 and S2). S2 is at the end of the b-sheet and con-

nected to S3 via an a-helix, H3. The C-terminal tail

may be more flexible than the globular domain [Fig.

1(B and C)]; when the Ca atoms of Chain A are super-

imposed on those of Chain B, the root mean square

deviation (RMSD) in the presence of C-terminal tail

is 2.1 Å, whereas the RMSD in the absence of the

C-terminal tail (amino acids 162–172) is 0.8 Å.

VpCpxA-peri possesses a PAS domain

The periplasmic sensory domain of VpCpxA has no

significant sequence homology with known proteins,

whereas the remaining region is comprised of three

conserved domains found in other two-component

HKs: the HAMP domain, the ATPase domain, and the

phosphoacceptor domain. However, VpCpxA-peri

matches many PAS domains in various sensory HKs

when the structural homologues were searched

against the structure in Protein Data Bank. Five

structures with z scores greater than 6.0 were

selected for structural comparison to VpCpxA-peri

(Table II and Fig. 2): the AbfS arabinofuranosidase

Table I. Data Collection and Refinement Statistics

MAD data collection statistics (PAL BL 4A)

Native Peak Edge Remote 1 Remote 2

Space group R3
Unit cell (Å, �) a ¼ 148.58, b ¼ 148.58, c ¼ 32.31, a ¼ 90, b ¼ 90, c ¼ 120
Resolution (Å) 30.0–2.1 30.0–2.3
Wavelength (Å) 0.97943 0.97943 0.97970 0.98751 0.97176
Total/unique reflections 65658/29204 67638/11801 67729/11812 67852/11830 67810/11823
Completeness (%) 94.0 (80.5)a 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)
I/�o(I) 18.1 (2.8) 23.0 (4.0) 22.2 (3.4) 22.9 (3.6) 20.4 (3.0)
Rsym (%) 10.0 (34.4) 11.5 (36.7) 10.7 (40.3) 10.0 (40.2) 11.4 (48.4)
Refinement statistics

Resolution (Å) 28.9–2.1
No. of reflections 15389
Rwork/Rfree 22.0/26.5
No. of atoms protein/water 2191/128
r.m.s. deviations bond
lengths (Å)/bond angles (�)

0.008/1.348

Ramachandran statistics(%)b 85.0/15.0/0.0

a The highest resolution shell is shown in parenthesis.
b The fraction of residues in the favored, allowed, and disallowed regions of the Ramachandran diagram calculated by
PROCHECK.30

Table II. The Structural Homologues of VpCpxA-Peri

PDB ID (chain) Name Z score RMSD Amino acids Sequence identity (%)

2VA0 (B) AbfS 7.0 4.3 97a/119b 10
2QHK (A) MCP 6.6 2.8 99/148 6
3C38 (A) LuxQ 6.3 4.3 109/217 10
3FOS (B) KinD 6.3 3.7 108/202 8
1ZHH (B) LuxQ 6.3 4.6 107/208 7

a Number of amino acid residues that are used for the RMSD calculation.
b Number of amino acid residues present in the homologous structures.
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two-component sensor protein of Cellvibrio japonicus

(PDB ID: 2VA0),31 the methyl-accepting chemotaxis

protein of V. parahaemolyticus (PDB ID: 2QHK), the

KinD sporulation kinase D of Bacillus subtilis (PDB

ID: 3FOS), the LuxQ autoinducer binding proteins of

Vibrio cholerae (PDB ID: 3C38) and Vibrio harveyi

(PDB ID: 1ZHH).32 Therefore, the fold of the globular

domain of VpCpxA-peri can be classified into a classi-

cal PAS domain fold, which is found in many kinds of

sensory proteins across the three kingdoms, such as

serine/threonine kinases, HKs, photo receptors, and

circadian clock proteins, and is involved in sensing of

signals such as oxygen, redox molecules, light, or

chemical compounds.33 Every PAS domain shows a

low sequence identity (less than 10%) to the sequence

of the VpCpxA PAS domain (Table II), so this PAS

domain was not predicted from sequence-based

homology search.

The central b-pleated sheet consisting of five

antiparallel b-strands which is the most conserved

structural feature in the PAS domain is also found

in VpCpxA-peri. In the classical PAS domain, the

second and third b-strands are connected by a long

loop or additional helices. In the crystal structure of

VpCpxA-peri, the helix H3 is found between two

strands, S2 and S3. Although the PAS domains

share the overall fold, they must harbor structural

differences to accommodate various ligands.34

Accordingly, the conformational diversity is observed

in the N-terminus, the C-terminus, and the loop or

helix between the second and third strands (Fig. 2).

In addition, the structural elements and their

arrangement are also quite different in each PAS do-

main (Fig. 2). The structure of AbfS is most similar

to the VpCpxA-peri structure, except for the addi-

tional small helix between H2 and S1 and the orien-

tation of H1 [Fig. 2(C)]. The methyl-accepting che-

motaxis protein has an additional a-helix and the

long H1 [Fig. 2(E)]. KinD and LuxQ also have a long

H1 helix that extends to the second b-sheet and an

additional PAS domain [Fig. 2(B, D, F)].

Surface charge distribution

The periplasmic domain of VpCpxA has 14 arginine

and 8 lysine residues out of a total of 136 residues,

and thus it can be categorized as a basic polypeptide

because its ArgþLys frequency (16.2%) is higher than

the average value (11.4%). When the electrostatic sur-

face potential of the VpCpxA-peri monomer was

visualized (Fig. 3), most of the basic residues are

Figure 2. Structural similarity between the periplasmic domain of VpCpxA-peri and other HKs containing PAS domains in

their periplasmic regions. VpCpxA-peri (A) is compared with the LuxQ autoinducer binding protein of V. cholerae (B) (3C38),

AbfS arabinofuranosidase two-component sensor protein of Cellvibrio japonicus (C) (2VA0), KinD sporulation kinase D of

Bacillus subtilis (D) (3FOS), methyl-accepting chemotaxis protein of V. parahaemolyticus (E) (2QHK), and LuxQ autoinducer 2-

binding periplasmic protein of Vibrio harveyi (F) (1ZHH) in ribbon diagrams. The orientations of (B–F) were determined by

overlapping (B–F) with (A). N- and C-termini were indicated by N and C, respectively.
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distributed over four regions: a basic juxtamembrane

region, a basic bulge, a basic side, and a basic hole

[Fig. 3(A–C)]. Arg42, Lys43, and Arg45 in the N-ter-

minal loop, Arg114 on H3, Arg136 on S4, and Lys159

on S5 constitute the basic juxtamembrane region

[Fig. 3(D)]. The basic bulge consists of residues on S1

and loops nearby: Arg83, Lys86, and Arg90 on LH2-S1,

Arg92 on S1, and Lys107 and Arg108 on LS2-H3 [Fig.

3(E)]. The basic side is distributed over H1 (Arg54

and Lys65), LH1-H2 (Lys68), H2 (Arg74 and Arg78),

and LH2-S1 (Arg90) [Fig. 3(G)]. In addition to these ba-

sic surfaces, Lys130 and Arg132 on S3 form a basic

hole on a rather hydrophobic surface [Fig. 3(C and

F)]. Arg59 and Lys128 do not belong to these basic

regions, whereas Arg169 is placed at the C-terminus.

VpCpxA-peri also has two acidic regions [Fig. 3(A and

B)]. Seven acidic residues, Glu69, Asp71, Asp97,

Asp125, Glu124, Asp149, and Glu151, form a large

acidic region [Fig. 3(H)]. Four acidic residues on H1

constitute the other small acidic region: Asp49,

Glu50, Glu57, and Asp60 [Fig. 3(I)].

The interaction between the periplasmic

domains of VpCpxA and VpCpxP
It has been suggested that CpxP represses the Cpx

signal by direct association with the periplasmic

Figure 3. The surface charge distribution of VpCpxA-peri. (A-C) The charge of VpCpxA-peri is calculated within a range of

�5 kT (red) to þ5 kT (blue) and displayed on the surface diagram of VpCpxA-peri. The basic juxtamembrane region, the basic

bulge, the basic hole, the basic side, the large acidic surface, and the small acidic surface are depicted with numbers 1–6,

respectively. The side chains of residues constituting each basic or acidic region are drawn as a stick diagram: (D) the basic

juxtamembrane region, (E) the basic bulge, (F) the basic hole, (G) the basic side, (H) the large acidic surface, and (I) the small

acidic surface.
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domain of CpxA in E. coli.25,26 To confirm the bind-

ing between VpCpxA and VpCPxP and investigate

the residues involved in the CpxP binding, an NMR

chemical shift perturbation assay was performed by

titrating VpCpxA-peri with VpCpxP. Because

VpCpxA-peri was not suitable for the NMR experi-

ment due to poor spectral resolution of the 2D 15N

HSQC spectrum, VpCpxA-peri lacking the C-termi-

nal 11 residues, VpCpxA-DCT (amino acid residues

38–162), was introduced. The 15N HSQC spectra of

VpCpxA-DCT were measured in the absence or pres-

ence of a five-fold molar excess of VpCpxP, and the

two spectra were overlapped for comparison (Fig. 4).

The peaks in both spectra are identical, which

means VpCpxP does not interact with the VpCpxA

periplasmic domain at least in the experimental con-

ditions we used.

Discussion

The sequence identities of the full-length CpxA pro-

teins belonging to c-proteobacteria vary from 23% to

44%, whereas those of the periplasmic domains of

CpxA proteins are in the range of 8%–17% except

the sequence identity between two Vibrio CpxA

proteins (Table III). Compared with the periplasmic

domain, the remaining regions, two transmembrane

helices and the cytoplasmic domains, show higher

sequence homology, and particularly, all the essen-

tial motifs found in HK are well conserved in the

cytoplasmic domain. Thereby, it is expected that the

Cpx signal is transduced in the similar way as other

known two-component system in spite of low

sequence identities among the CpxA proteins belong-

ing to the different genera. Although the periplasmic

domains of the CpxA proteins are not homologous in

their sequences, they seem to have similar three-

dimensional topology because the predicted second-

ary structures are well matched with those of

VpCpxA-peri (Fig. 5). This may reflect that the

inducing signal recognized by the sensing domain of

CpxA is diverse in each species, whereas the signal-

ing mechanisms through the PAS, transmembrane,

and cytoplasmic domain are similar.

Some stimuli of the E. coli Cpx system are

shared with those of the Vibrio Cpx system such as

copper,35 but not all them. Based on the stimulation

of the Vibrio Cpx pathway by chloride and magne-

sium ions, it was proposed that the Vibrio Cpx path-

way have a role in responding to salinity.35 V. para-

haemolyticus and V. cholerae belong to the same

genus and share a similar habitat. The high

sequence homology between the CpxA periplasmic

domains of these two species implies that stimuli for

VpCpxA are similar to triggers for V. cholerae CpxA.

When the predicted secondary structure of

VpCpxA-peri is compared with that of the crystal

structure, the a-helices are in good agreement with

each other, except the C-terminus that is connected

to the second transmembrane helix (Fig. 5). This a-

helix is also predicted to be present in the same posi-

tion in other CpxA proteins despite the low sequence

identities in the periplasmic domain (Fig. 5 and Table

III). In addition, residues 169–173 of Chain A form a

310 helix. Based on these results, it is tempting to

propose that the C-terminal end of the periplasmic

domain forms a helix that continues to the second

Figure 4. The 1H-15N HSQC spectra of 15N-labeled

VpCpxA-DCT in the presence and absence of VpCpxP.

The 1H-15N HSQC spectrum of 15N-labeled VpCpxA-DCT
in the presence of a five-fold molar excess of VpCpxP is

superimposed with the spectrum of VpCpxA-DCT alone,

but they are indistinguishable.

Table III. The Sequence Identities Among CpxA Proteins

CpxA of c-proteobacteriaa

Vp So Lp Ps Vc

CpxA of c-proteobacteria Ec 44b (13c) 35 (16) 27 (11) 25 (8) 44 (15)
Vp — 33 (17) 25 (9) 23 (7) 68 (48)
So — — 32 (10) 27 (16) 33 (13)
Lp — — — 25 (8) 25 (10)
Ps — — — — 24 (8)

a Ec, Escherichia coli str. K-12 sub. W3110 (geneID: 7438256); Vp, V. parahaemolyticus RIMD 2210633 (geneID: 1190422);
So, Shewanella oneidensis MR-1 (geneID: 1172073); Lp, Legionella pneumophila str. Lens (geneID: 3114153); Ps, Pseudo-
monas syringae pv. tomato str. DC3000 (geneID: 1183444); Vc, V. cholerae O1 biovar El Tor str. N16961 (geneID: 2615521).
b Sequence identity among the CpxA proteins (%).
c Sequence identity of the periplasmic domain of CpxA proteins (%). Residues corresponding to 38–173 of VpCpxA-peri in
Fig. 5 were used for the calculation of the sequence identity.
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transmembrane helix but is unfolded due to interrup-

tion of the helix in the crystal structure.

The PAS domain of VpCpxA-peri has low

sequence homology to other PAS domains (Table II).

In addition, each PAS domain uses a different region

to recognize its cognate ligand. Neither the ligand

nor a ligand-binding site was observed in the crystal

structure of the periplasmic domain of VpCpxA, and

thus it is difficult to identify the ligand-binding

region in the structure of VpCpxA-peri. However,

assuming that VpCpxA also recognizes Cl� ions like

V. cholera CpxA, one of the basic surfaces and espe-

cially the highly basic side between H1 and H2 may

be a good candidate for the ligand recognition site

[Fig. 3(B)]. If the basic side is accommodated by neg-

atively charged Cl� ions, then the flat surface can be

used for dimerization, which is a requirement for

the autophosphorylation of HK in the two-compo-

nent system. This possibility should be addressed in

a further study.

Recently, two groups independently reported the

crystal structure of E. coli CpxP.25,26 It shows the

same fold as its homologue, E. coli Spy, which con-

tains a basic concave surface.36 Zhou et al. suggested

that E. coli CpxA likely binds CpxP via its C-terminus

(amino acid residues 138–162) that corresponds to S5

of the PAS domain (residues 149–160) and the pro-

truded C-terminal tail (residues 161–172) of VpCpxA-

peri (Fig. 5).25 Assuming that the E. coli CpxA has

the same structure as VpCpxA-peri, it is unlikely that

the residues in S5 are involved in CpxP binding

because they are buried in the PAS domain and form

Figure 5. Multiple sequence alignment of CpxA proteins of c-proteobacteria. Multiple sequence alignment of the CpxA

proteins of V. parahaemolyticus, V. cholerae, E. coli, Shevanella oneidensis, Legionella pneumophila, and Pseudomonas

syringae. Predicted a-helices and b-strands are highlighted on the sequence of each species in green and blue, respectively.

a-helices (H1–H3) and b-strands (S1–S5) in Chain A of VpCpxA-peri are displayed in the first row as green cylinders and blue

arrows, respectively. The C-terminal tail of VpCpxA-peri deleted for the NMR experiment is indicated by a red line, and the

region predicted to play a role in E. coli CpxP binding is represented by a grey box.25 The N- and the C-terminal residues of

VpCpxA-peri are indicated by arrows.
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a secondary structure with other strands (Figs. 1 and

5). Therefore, the reported interaction between the E.

coli CpxP and CpxA are not likely biologically rele-

vant because the synthesized peptide may not reflect

the structural property of the native protein. Alterna-

tively, current results can be interpreted as that the

binding between CpxP and CpxA is mediated not by

the S5 region but by the C-terminal end of the peri-

plasmic domain of CpxA (residues 163–172) because

the CpxP binding peptide identified by Zhou et al.

harbors the C-terminal end25 and the binding of

VpCpxP to VpCpxA-DCT was not detected via NMR.

Another possible scenario is that the lack of a helical

structure on the C-terminal end of VpCpxP hinders

binding to CpxP or the membrane lipids may mediate

the binding between CpxP and CpxA because the pro-

posed binding site is near the membrane. From the

binding assay between E. coli CpxP and CpxA, it was

proposed that their binding was mediated by the

charge-charge interaction involving the positively

charged patch of CpxA (Arg56, Arg60, and Arg67).25

These residues are well conserved as Arg67, Lys73,

and Arg80 in VpCpxP, respectively. Consistently, the

negatively charged residues of E. coli CpxA in the pro-

posed CpxP binding site are also found in VpCpxA

(Fig. 5). Therefore, the CpxA-CpxP interaction may

be similar in E. coli and V. parahaemolyticus.

VpCpxA-peri exists as a dimer in an asymmetric

unit [Fig. 1(A)]; however, its biological relevance is

not confirmed. In the crystal structure, the C-termi-

nal tail of one subunit is protruded to and grabbed

by the other subunit [Fig. 1(A)]. Both the N-termi-

nus and C-terminus of VpCpxA-peri have to be con-

nected to transmembrane helices, and hence the

dimer structure seems to be improper as a mem-

brane-spanning protein. These results suggest that

the dimer formation is likely caused by the crystal

packing or the intervention of the native structure

in the recombinant protein. Many PAS domains of

the sensory HKs, such as PhoQ,37 LuxQ,32 and

FixL,34 form a dimer with diverse dimeric interfaces.

Furthermore, PAS domains can exist as several di-

meric forms in the case of FixL from Bradyrhi-

zobium japonicum34 and Sinorhizobium meliloti.38

Although there is no report that the CpxA periplas-

mic domain exists as a dimer, VpCpxA-peri is

expected to form a dimer by ligand binding or the

intact VpCpxA can exist as a dimer. However, pre-

dicting the dimeric interface of VpCpxA-peri from

this study is not plausible because of its flexibility.

In summary, we solved the crystal structure of

the periplasmic domain of V. parahaemolyticus

CpxA. Although not predicted based on sequence,

VpCpxA-peri contains a PAS domain that could play

a role in sensing envelope stress signals. However,

no direct clue necessary for identifying the ligand of

CpxA was provided. We also examined the interac-

tion between the periplasmic domains of CpxA and

CpxP of V. parahaemolyticus using NMR spectros-

copy, but their binding was not observed under the

current experimental conditions. Our work that

defined the structure of the sensor domain of CpxA

may help future biochemical and genetic studies in

the identification of natural ligands and the elucida-

tion of its signaling and regulation mechanisms.

Material and Methods

Cloning and purification

The N-terminal signal sequence of CpxP and the

transmembrane regions of CpxA were predicted

using SignalP39 and TMHMM,40 respectively. The

mature form of CpxP and the periplasmic domain of

CpxA of V. parahaemolyticus were designed based

on the following domain boundaries: VpCpxP amino

acid residues 15–170, VpCpxA-peri amino acid resi-

dues 38–173, and VpCpxADCT amino acid residues

38–162. Each gene was amplified by polymerase

chain reaction (PCR) from genomic DNA and cloned

into the modified pET-28a(þ) or pDUET vector that

has a 6xHis-tag and tobacco etch virus (TEV) prote-

ase cleavage site. Every protein was expressed using

Escherichia coli BL21(DE3), except selenomethio-

nine-labeled VpCpxA-peri, which was expressed

using a Escherichia coli B834(DE3) cell. A single col-

ony of transformed cells was inoculated into 50 ml

lysogeny broth (LB) with 50 lg/ml ampicilin or

kanamycin at 37�C overnight. Cultured cells were

transferred into 500 ml LB for the unlabeled pro-

tein, 600 ml M9 minimal medium with 1 g/L of
15NH4Cl for 15N-labeled protein or 600 ml M9 mini-

mal medium with 50 mg/L of selenomethionine.

Cells were cultured at 37�C to an optical density

0.5–0.6 at 600 nm. The recombinant proteins were

expressed at 18�C in the presence 0.5 mM isopropyl

b-D-1-thiogalactopyranoside (IPTG) for 12 hours.

The cells were harvested by centrifugation at

3500 g at 4�C for 15 min, resuspended in buffer A

(20 mM Tris-HCl pH 8.5) and disturbed by sonica-

tion. Remaining cells and aggregates were pelleted

by centrifugation at 16,000 g at 4�C for 1 hour. Each

protein was purified by the same method: the pro-

tein was loaded into a HisTrap column (GE Health-

care), washed with 40 mM imidazole, and subjected

to a 40–500 mM imidazole gradient using FPLC (GE

Healthcare). After the eluted protein was pooled, the

sample was dialyzed to buffer A and treated with

TEV protease to cut the N-terminal 6xHis-tag. After

the cleaved tag was removed by the HisTrap column,

the sample was purified by size-exclusion chroma-

tography with a Superdex75 column (GE Health-

care). The purified VpCpxA-peri was concentrated to

10 mg/ml for crystallization purpose. The purity of

VpCpxA-peri checked by SDS-gel electrophoresis

was more than 95%.
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Structure determination and analysis
The crystallization of selenomethinone-labeled

VpCpxA-peri was performed using the microbatch

method at 22�C. One microliter of protein solution at

a concentration of 10 mg/ml was mixed with an

equal volume of crystallization reagent containing

0.1 M Tris-HCl pH 7.0, 18–24% PEG 3000, 0.2 M

Ca(OAc)2, 3% (v/v) 1,6-hexanediol, and 2 mM Tris

(2-carboxyethyl) phosphine under a layer of Al’s oil

(Hampton). The crystals were flash-frozen in a cold

nitrogen stream. The X-ray diffraction data were col-

lected at a resolution of 2.3 Å with an ADSC Quan-

tum 210 CCD detector at beam line 4A, Pohang

Light Source, South Korea. The data was processed

and integrated using HKL2000 and scaled using

SCALEPACK.41 The VpCpxA-peri structure was

determined by MAD using SOLVE/RESOLVE.42,43

The model building was performed by Coot.44 Sev-

eral cycles of rigid-body refinement, positional

refinement, restrained refinement, simulated

annealing, B-factor refinement, and model rebuild-

ing were performed at 2.3 Å resolution using Phe-

nix,45 Refmac,46 CNS,47 and Coot44 programs.

The quality of the structure was analyzed by

PROCHECK.30 The RMSD values of the overlapped

structure were calculated using LSQKAB.48 A Dali-

Lite v. 3 server49 was used for searching the structural

homologues in the Protein Data Bank.50 Figures were

drawn using PyMOL,51 and the surface charge was

calculated and visualized by PDB2PQR52 and APBS,53

respectively. The domain structure was searched

using the Pfam database.54 The multiple sequence

alignment was implicated using ClustalW2.55

Interaction test
15N HSQC spectra were recorded at 20�C on a Bruker

Avance 800 MHz spectrometer outfitted with cryogenic

probes, and the data were processed with nmrPipe.56

Isotopically labeled VpCpxADCT was made from M9

minimal media containing 15N NH4Cl as the sole nitro-

gen source. The sample buffer for NMR was 50 mM

HEPES pH 7.5, 0.2 M NaCl, 5% glycerol, 50 mM gluta-

mate, and 50 mM arginine. HSQC spectra were

recorded on VpCpxADCT at a final concentration of 60

lM in the absence or presence of VpCpxP.
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