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Abstract: As one of the world’s most prevalent enteric pathogens, Campylobacter jejuni is a major

causative agent of human enterocolitis and is responsible for more than 400 million cases of diar-

rhea each year. The impact of this pathogen on children is of particular significance. Campylo-
bacter has developed resistance to many antimicrobial agents via multidrug efflux machinery. The

CmeABC tripartite multidrug efflux pump, belonging to the resistance-nodulation-cell division

(RND) superfamily, plays a major role in drug resistant phenotypes of C. jejuni. This efflux complex
spans the entire cell envelop of C. jejuni and mediates resistance to various antibiotics and toxic

compounds. We here report the crystal structure of C. jejuni CmeC, the outer membrane compo-

nent of the CmeABC tripartite multidrug efflux system. The structure reveals a possible mechanism
for substrate export.

Keywords: efflux channel; multidrug resistance; resistance-nodulation-cell division; Campylobacter

jejuni; membrane protein

Introduction
Campylobacter jejuni is a major causative agent of

human enterocolitis and is responsible for more

than 400 million cases of diarrhea each year world-

wide.1 Campylobacter infection may also trigger an

autoimmune response, which is associated with the

development of Guillain-Barre syndrome, an acute

flaccid paralysis caused by degeneration of the

peripheral nervous system.2 C. jejuni is widely dis-

tributed in the intestinal tracts of animals and is

transmitted to humans via contaminated food,

water, or raw milk. For antibiotic treatment of

human campylobacteriosis, fluoroquinolones, and

macrolides are frequently prescribed. Unfortunately,

Campylobacter has developed resistance to these

antimicrobials, especially fluoroquinolones.3–5 Anti-

microbial resistance in Campylobacter has become a

major concern for public health. Resistance of Cam-

pylobacter to antibiotics is mediated by multiple

mechanisms,6 including synthesis of antibiotic-

inactivating enzymes, alteration or protection of

antibiotic targets and active extrusion of drugs from

Campylobacter cells via multidrug efflux pumps.

Atomic coordinates and structure factors have been deposited
in the Protein Data Bank under the accession code 4MT4.
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While the first two mechanisms typically confer

resistance to a specific class of drugs, multidrug

efflux pumps in Campylobacter contribute to both

intrinsic and acquired resistance to a broad range of

antimicrobials and toxic compounds. Acquisition of

antibiotic resistance by Campylobacter not only com-

promises the effectiveness of clinical treatment, but

also affects the course of the clinical diseases.

According to the genomic sequence of NCTC

11168, C. jejuni harbors 13 putative antibiotic efflux

transporters of the resistance-nodulation-cell divi-

sion (RND), ATP-binding cassette (ABC), multidrug

and toxic compound extrusion (MATE), major facili-

tator (MF), and small multidrug resistance (SMR)

families.7 In Gram-negative pathogens, efflux sys-

tems belonging to the hydrophobic and amphiphilic

efflux RND (HAE-RND) play major roles in the

intrinsic and acquired tolerance of antibiotics and

toxic compounds. Among them, the Campylobacter

multidrug efflux system CmeABC,8–10 a HAE-RND-

type efflux pump,11 is the primary antibiotic efflux

system and is the best functionally characterized

transporter in Campylobacter. The tripartite

CmeABC complex includes the outer membrane

channel CmeC, the inner membrane drug trans-

porter CmeB, and the periplasmic membrane fusion

protein CmeA. CmeABC contributes significantly to

the intrinsic and acquired resistance of Campylo-

bacter to structurally diverse antimicrobials, includ-

ing fluoroquinolones and macrolides, by reducing

the accumulation of drugs in Campylobacter

cells.8,10,12 It has been found that CmeABC functions

synergistically with target mutations in conferring

and maintaining high-level resistance to fluoroqui-

nolones and macrolides.12,13 This efflux pump also

plays an important role in the emergence of

fluoroquinolone-resistant Campylobacter under

selection pressure.14 Inactivation of CmeABC

reduced the frequency of emergence of

fluoroquinolone-resistant mutants, while overexpres-

sion of CmeABC increased this frequency.14 The con-

tributing effect of CmeABC is attributed to the fact

that many of the spontaneous gyrA mutants cannot

survive the selection by ciprofloxacin in the absence

of CmeABC.

In addition to conferring antibiotic resistance,

CmeABC has an important role in bile resistance.

As an enteric pathogen, C. jejuni must possess

means to adapt in the animal intestinal tract, where

bile acids are commonly present. Indeed, it has been

suggested that bile resistance is the natural function

of this HAE-RND-type efflux pump.9

Currently, two crystal structures of the HAE-

RND efflux pumps have been resolved by crystallog-

raphy. These efflux pumps are the Escherichia coli

AcrB15–20 and Pseudomonas aeruginosa MexB21 mul-

tidrug transporters. The crystal structures of other

components of these tripartite complex systems have

also been determined. These include the outer mem-

brane channels, E. coli TolC22 and P. aeruginosa

OprM,23 as well as the periplasmic membrane fusion

proteins, E. coli AcrA24 and P. aeruginosa MexA.25–27

Thus far, no structural information is available

for any protein component of the CmeABC tripartite

complex system. To elucidate the mechanism used

by the C. jejuni CmeABC efflux system for multi-

drug extrusion, we here describe the crystal struc-

ture of the CmeC outer membrane channel. The

structure reveals that the interior surface of this

channel is closed at the outer membrane surface as

well as the periplasmic tip, raising the possibility

that this channel forms two gates for substrate

export.

Results and Discussion

Overall structure of the C. jejuni CmeC outer

membrane channel
We cloned, expressed, purified, and crystallized the

full-length CmeC channel protein that contains a

6xHis tag at the C-terminus. We obtained crystals of

this membrane protein using vapor diffusion. Data

collection and refinement statistics are summarized

Table I. Data Collection, Phasing, and Refinement
Statistics of CmeC

Data set CmeC SeMet-CmeC (peak)

Data collection
Wavelength (Å) 0.98 0.98
Space group C2221 C2221

Resolution (Å) 50–2.37 50–3.10
(2.46–2.37) (3.21–3.10)

Cell constants (Å)
a 92.38 91.95
b 147.35 147.20
c 420.43 419.13
a, b, c (�) 90, 90, 90 90, 90, 90
Molecules in ASU 3 3
Redundancy 3.3 (3.0) 3.0 (3.0)
Total reflections 2911,371 1203,938
Unique reflections 112,815 51,984
Completeness (%) 97.7 (93.6) 90.7 (83.4)
Rsym (%) 10.9 (42.8) 10.5 (44.9)
I / r(I) 12.8 (1.3) 12.9 (2.3)

Phasing
Number of sites 15
Figure of merit (acentric/centric) 0.75/0.62

Refinement
Resolution (Å) 50–2.37
Rwork 20.97
Rfree 24.32

rms deviation from ideal
Bond lengths (Å) 0.002
Bond angles (�) 0.492

Ramachandran plot
Most favored (%) 95.7
Additional allowed (%) 4.3
Generously allowed (%) 0
Disallowed (%) 0
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in Table I. The diffraction data were indexed to the

space group C2221. The crystal structure of CmeC

was then determined to a resolution of 2.37 Å using

single anomalous dispersion. In the asymmetric

unit, three CmeC protomers were found to form a

trimer. Figure 1 illustrates the electron density

maps of this CmeC trimer. The final structure con-

sists of 100% of the protein sequence, and is refined

to Rwork and Rfree of 21.0% and 24.3%, respectively

(Table I).

CmeC assembles as a trimer of 492 residues

per protomer. Like other known structures of outer

membrane channel proteins, including TolC22 and

OprM,23 the appearance of the CmeC trimer is that

of a cannon, forming a 130 Å long tunnel to export

antimicrobials such as fluoroquinolones and macro-

lides. Each monomer contributes four b-strands

and six a-helices to form the transmembrane b-

barrel and periplasmic a-helical domains (Figs. 2

and 3). In addition, the CmeC trimer contains an

equatorial domain, which is made up of 12 short a-

helices (four from each protomer), encircling the

mid-section of the periplasmic a-helical domain.

The periplasmic tunnel of CmeC is nearly 100 Å

long with an outermost diameter of 35 Å at the tip

of the tunnel.

Like other outer membrane channel protein

structures, such as TolC,22 OprM23, and CusC,28,29

CmeC possesses a typical charge distribution found

in this protein family. That is, the interior surface of

the CmeC channel is strikingly electronegative (Fig.

4). However, the charge distribution of the exterior

surface of a typical outer membrane channel is quite

random and does not form extensive positively or

negatively charged patches. CmeC is distinct in that

its exterior surface is also predominately occupied

by acidic residues (Fig. 4).

The N-terminal cysteine residue
It is interesting to note that the N-terminal end of

CmeC forms an elongated loop. This loop extends

from the membrane surface and leads down to the

equatorial domain in the periplasm (Fig. 2). The

first N-terminal residue of CmeC is a cysteine. Like

OprM23 and CusC,28 the crystal structure of CmeC

suggests that this residue is covalently linked to

the lipid elements at the inner leaflet of the outer

membrane. This cysteine residue is believed to play

an important role in protein–membrane interaction

and critical for the insertion of this channel protein

into the outer membrane.29 It has been shown that

a single-point mutation on the corresponding cyste-

ine residue in the CusC channel is able to unfold

the entire transmembrane b-barrels, disallowing

the channel protein to anchor to the outer mem-

brane.29 As phylogenetic tree of homology suggests

that C. jejuni CmeC and E. coli CusC are derived

from the same branch, it is expected that a muta-

tion on this N-terminal cysteine residue will have a

drastic effect on the structure and function of the

CmeC channel.

CmeC forms two interior gates
The structure of CmeC indicates that this channel is

at its closed conformational state. The interior of the

CmeC outer membrane b-barrel is partially occluded

(Fig. 5). Residues 96–108 appear to form a flexible

loop between strands S3 and S4. This loop may be

responsible for the opening and closing of the top

end of the b-barrel. In the CmeC structure, the

three R104 residues from different protomers are

found to interact with each other through hydrogen

bonds (Fig. 6). Thus, R104 seems to form a gate at

the upper part of the b-barrel and controls the

Figure 1. Stereo view of the experimental electron density

map of the CmeC channel at a resolution of 2.37 Å. (a)

Anomalous maps of the 15 selenium sites (contoured at 4 r).

The selenium sites corresponding to the five methionines

from each protomer of the CmeC trimer are in orange. The

Ca traces of CmeC are in green, magenta, and white,

respectively. (b) Representative section of the electron den-

sity at the interface between H8 and H9 of the periplasmic

domain of CmeC. The electron density (colored white) is con-

toured at the 1.2 r level and superimposed with the final

refined model (green, carbon; red, oxygen; blue, nitrogen). An

interactive view is available in the electronic version of the

article.

This figure also includes an iMolecules 3D interactive version

that can be accessed via the link at the bottom of this figure’s

caption.
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passage of antimicrobial molecules through the outer

membrane.

The periplasmic end of the a-barrel of CmeC is

also partially occluded (Fig. 5). The a-helices at this

end, inner H7/H8 and outer H3/H4, are densely

packed through coiled-coil interactions. The gate is

formed by a layer of charged and polar residues,

including Q412, D413, E416, and N420 (Fig. 6).

Among these residues, Q412 and E4160 of the next

subunit interact through hydrogen bonds to form

the gate’s central core. Thus, the CmeC channel pro-

tein seems to form two gates: a negatively charged

gate located at the tip of the a-helical periplasmic

domain, and a positively charged gate found at the

top portion of the interior of the b-barrel outer mem-

brane domain. During antimicrobial extrusion, these

two gates may dilate sequentially to allow passage

of these antimicrobial molecules.

Figure 2. Structure of the C. jejuni CmeC channel protein. (a)

Ribbon diagram of a protomer of CmeC viewed in the mem-

brane plane. The molecule is colored using a rainbow gradi-

ent from the N-terminus (blue) to the C-terminus (red). (b)

Ribbon diagram of the CmeC trimer viewed in the membrane

plane. Each subunit of CmeC is labeled with a different color.

The CmeC protomer is acylated (in sticks) through the first

N-terminal cysteine residue to anchor onto the outer

membrane.

Figure 3. Secondary structural topology of the CmeC mono-

mer. The topology was constructed based on the crystal struc-

ture of CmeC. The a-helices and b-strands are colored orange

and green, respectively.

Figure 4. Electrostatic surface potentials of CmeC. Surface

representations of the (a) outside and (b) inside the CmeC

channel colored by charge (red; negative 215 kT/e, blue;

positive 115 kT/e).
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The exterior intra- and inter-protomer grooves

The outermost surface of the periplasmic domain of

the CmeC trimer forms three intra-protomer and

three inter-protomer grooves. Like the MtrE chan-

nel,30,31 these CmeC grooves are likely to provide

interaction sites for the CmeA membrane fusion pro-

tein. If this is the case, then the a-helical coiled-coil

domain of the CmeA fusion protein is likely to fit into

these grooves and contact CmeC to form a complex to

function. In turn, this CmeA-CmeC interaction could

control the opening and closing of the CmeC outer

membrane channel, similar to the case of the Neisse-

ria gonorrhoeae MtrCDE efflux system.30,31

It is well established that overexpression of RND

multidrug efflux pumps leads to a resistant phenotype

in pathogenic organisms. Because these multidrug

efflux pumps are able to respond to a wide spectrum

of substrates, pathogenic bacteria that overexpress

them can be selected for by many different agents.32

Thus, it is very important to understand the molecu-

lar mechanism as well as detailed structural informa-

tion of these efflux pumps in order to combat

infectious diseases. The pathogen Campylobacter has

developed resistance to many antimicrobial agents.

The availability of the crystal structure of the CmeC

outer membrane channel may allow us to rationally

design agents that block the function of this channel

protein and eventually heighten the sensitivity of this

pathogen to antimicrobials.

MATERIALS AND METHODS

Cloning, expression, and purification of the
outer membrane CmeC channel

The full-length CmeC membrane protein containing

a 6xHis tag at the C-terminus was overproduced in

Figure 5. Surface representations of the trimeric CmeC

channel. The views from both the (a) extracellular and (b)

periplasmic sides suggest that the CmeC channel is in its

closed form.

Figure 6. The interior of the CmeC channel. (a) Extracellular

view of the CmeC trimer. The three R104 residues of the

trimer are found to interact and block the channel. (b) Peri-

plasmic view of the CmeC trimer. The charged and polar res-

idues Q412, D413, E416, and N420 are found to interact with

each other and block this end of the channel.
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E. coli C43(DE3)/pBAD22bXcmeC cells. Cells were

grown in 12 L of LB medium with 100 mg/mL ampi-

cillin at 37�C. When the OD600 reached 0.5, the cul-

ture was cooled down to 25�C and then treated with

0.2% arabinose to induce cmeC expression. Cells

were harvested after shaking for 16 h at 25�C. The

collected bacteria were resuspended in buffer con-

taining 20 mM Na-HEPES (pH 7.5), 300 mM NaCl,

and 1 mM phenylmethanesulfonyl fluoride (PMSF),

and then disrupted with a French pressure cell. The

membrane fraction was collected by ultracentrifuga-

tion, followed by a pre-extraction procedure by incu-

bating in buffer containing 0.5% sodium lauroyl

sarcosinate, 20 mM Na-HEPES (pH 7.5), and 50 mM

NaCl for 0.5 h at room temperature. The membrane

was collected and washed twice with buffer contain-

ing 20 mM HEPES-NaOH (pH 7.5) and 50 mM

NaCl. The membrane protein was then solubilized

in 2 % (w/v) n-dodecyl b-D-maltoside (DDM). Insolu-

ble material was removed by ultracentrifugation at

100,000g. The extracted protein was purified with a

Ni21-affinity column. The purity of the CmeC pro-

tein (>95%) was judged using 12% SDS-PAGE

stained with Coomassie Brilliant Blue. The purified

protein was then dialyzed and concentrated to 15

mg/mL in buffer containing 20 mM Na-HEPES (pH

7.5), 200 mM NaCl and 0.05% DDM.

For 6xHis selenomethionyl-substituted

(SeMet)-CmeC, the protein was expressed in E. coli

C43(DE3) cells possessing pBAD22bXcmeC. In

brief, a 10 mL LB broth overnight culture contain-

ing E. coli C43(DE3)/pBAD22bXcmeC cells was

transferred into 120 mL of LB broth containing 100

mg/mL ampicillin and grown at 37�C. When the

OD600 value reached 1.2, cells were harvested by

centrifugation at 6000 rev/min for 10 min, and then

washed two times with 20 mL of M9 minimal salts

solution. The cells were re-suspended in 120 mL of

M9 media and then transferred into a 12 L pre-

warmed M9 solution containing 100 mg/mL ampicil-

lin. The cell culture was incubated at 37�C with

shaking. When the OD600 reached 0.4, the culture

was cooled down to 25�C and 100 mg/L of lysine,

phenylalanine, and threonine, 50 mg/l isoleucine,

leucine, and valine, and 60 mg/L of L-selenomethio-

nine were added. The culture was induced with

0.2% arabinose after 15 min. Cells were then har-

vested within 16 h after induction. Further proce-

dures for the preparation, pre-extraction, and

purification of the outer membrane fraction as well

as purification of the SeMet-CmeC protein were

identical to those for the native CmeC channel. The

purity of the SeMet-CmeC protein (>95%) was

judged using 10% SDS-PAGE stained with Coomas-

sie Brilliant Blue. The purified protein was then

dialyzed and concentrated to 15 mg/ mL in buffer

containing 20 mM Na-HEPES (pH 7.5), 200 mM

NaCl, and 0.05% DDM.

Crystallization of CmeC

Crystals of the 6xHis CmeC were obtained using

sitting-drop vapor diffusion. The CmeC crystals

were grown at room temperature in 24-well plates

with the following procedures. A 2 lL protein solu-

tion containing 15 mg/ mL CmeC protein in 20 mM

Na-HEPES (pH 7.5), 200 mM NaCl, and 0.05% (w/v)

DDM was mixed with a 2 mL of reservoir solution

containing 18% PEG 400, 0.1M sodium acetate (pH

4.0), 0.3M (NH4)2SO4, and 2% tetraethylene glycol

monooctyl ether (C8E4). The resultant mixture was

equilibrated against 500 mL of the reservoir solution.

Crystals of CmeC grew to a full size in the drops

within two weeks. Typically, the dimensions of the

crystals were 0.2 mm 3 0.2 mm 3 0.2 mm. Cryopro-

tection was achieved by raising the PEG 400 concen-

tration stepwise to 30% with a 4% increment in each

step. The procedures for growing and preparing the

SeMet-CmeC crystals were identical to those for the

native CmeC crystals.

Data collection, structural determination, and
refinement

All diffraction data were collected at 100K at beam-

line 24ID-C located at the Advanced Photon Source,

using an ADSC Quantum 315 CCD-based detector.

Diffraction data were processed using DENZO and

scaled using SCALEPACK.33

Crystals of the CmeC outer membrane channel

belong to the space group C2221 (Table I). Based on

the molecular weight of CmeC (54.26 kDa), three

molecules per asymmetric unit with a solvent con-

tent of 80.6% were expected. While the structure of

CmeC could be determined using molecular replace-

ment, the structure resulted in a relatively high

refinement R-factor of 49.8%. To aid modeling of the

conformation of CmeC in the least biased manner,

single anomalous dispersion phasing using the pro-

gram PHASER34 was employed to obtain experimen-

tal phases in addition to the phases from the

structural model of OprM.23 Phases were then sub-

jected to density modification and phase extension to

2.37 Å-resolution using the program RESOLVE.35

The resulting phases were of excellent quality, which

enabled us to trace the conformation of CmeC using

the program COOT.36 The full-length CmeC protein

contains five methionine residues and all of these

five selenium sites per CmeC molecule (15 selenium

sites per asymmetric unit) were identified. The

SeMet data not only augmented the experimental

phases, but also helped in tracing the molecules by

anomalous difference Fourier maps where we could

ascertain the proper registry of SeMet residues.

After tracing the initial model manually using the

program Coot,36 the model was refined against the

native data at 2.37 Å-resolution using TLS refine-

ment techniques adopting a single TLS body as
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implemented in PHENIX37 leaving 5% of reflections

in Free-R set. Iterations of refinement using PHE-

NIX37 and CNS38 and model building in Coot36 lead

to the current CmeC model, which consists of 1,419

residues in the asymmetric unit with excellent geo-

metrical characteristics (Table I).
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