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INSERM-CJF 9606, Faculté de Médecine, Marseille, France; and *Centre de Biochimie Structurale,
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tive drugs. The outer membrane of such a, Gram neg-
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We report a structural analysis at the molecular
evel of MOMP from Campylobacter, a gram-negative
acteria responsible for diarrhea. The corresponding
ene was cloned and sequenced. Sequence comparison
f seven MOMP sequences (three extracted from pro-
ein databases and four determined in this study) from
istinct strains indicated alternation of preserved and
ivergent regions. No other significant sequence sim-

larities could be detected. Comparison of MOMP with
he crystal structures of other porins strongly sug-
ested that it might adopt a similar fold and revealed
he conservation of the monomer–monomer interface.
he conservation clustered in the regions comprising
r interacting with the loop L2. On the contrary,
trands not involved in the interface are more diver-
ent. Proteolysis assays and biochemical treatment
upported the proposed model. Our study suggested
hat MOMP belong to the maltoporin super-family
haring common structural motifs. In view of this
odel we discuss its specificity and its global

tability. © 2001 Academic Press

Key Words: porin; gene cloning; membrane protein;
olecular modeling; structure–function relationship;

athogenicity.

Campylobacter jejuni is recognized as an important
gent of gastroenteritis through the world. Campy-
obacter infection is usually, a mild to moderate self-
imiting illness. However, patients with severe enteri-
is should usually be treated, with erythromycin and
etracycline (1). The increasing level of resistance to
hese molecules has encouraged the screening of other
olecules, which could be used as potentially alterna-

Abbreviations used: aa, amino acid; HCA, hydrophobic cluster
nalysis; MOMP, major outer membrane protein.
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eille Cedex 5, France.
380006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
tive bacteria, is a physico-chemical barrier against
ydrophilic compounds. Although porins contribute to
he diffusion of small hydrophilic solutes, these pore-
orming proteins exhibit different selectivity to ions or

olecules. Consequently, the impermeability has been
voked, to explain the resistance of Campylobacter
gainst various classes of antibiotics (2).
In Campylobacter two porins are identified to date,

amed Major Outer Membrane Protein (MOMP) (3)
nd Omp50 (4). The MOMP is important in envelope
tructure of the bacteria (5), putative vaccine compo-
ent (6) and for its proposed role in the pathological
rocess (7, 8). The well-studied MOMP has an appar-
nt molecular weight of around 45 kDa (9). This porin
as shown to exhibit peculiar properties, the monomer
nd the trimer appearing as stable conformations
hich were both able to induce pore forming activity in
itro (10, 11). Various structures of all-b trans-
embrane proteins were recently solved ranging from

he small monomeric eight-stranded OmpA (12) to the
arger monomeric twenty-two-stranded siderophore
ransporter FhuA (13) and including the well-studied
rimeric sixteen- and eighteen-stranded porins (14,
5). The latter sub-family contains the sucrose and
altose specific channels.
The particular behavior of this porin and its putative

unction in virulence (7, 8), prompted us to analyze its
equence. The first protein sequence database searches
sing PSI-BLAST indicated no significant similarity
etween the Campylobacter MOMP and other porins.
hile straightforward in cases of high sequence iden-

ity (over 35%), alignment of all the sequences belong-
ng to the same structural family (16) becomes more
azardous and tedious at low sequence identity level
below 25%) (17). Additional methods are needed to
orrectly gather and align all the sequences for the
nalysis of a new protein sequence distantly related to
given structural super-family (18, 19). The better
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ead to the identification of a distantly related homo-
ogue from an already determined three-dimensional
tructure (20). Careful analysis of the deduced struc-
ural model was shown to be helpful for the determi-
ation of specific functional features in spite of the low
equence identity (21, 22).
The structure of MOMP was investigated using both
comparative molecular modeling, proteolytic assays
ith outer membrane embedded proteins, or chemical

reatment of the purified protein. The model high-
ighted the putative role of few amino-acids either in
he function or the structure of the porin. Statistical
ignificance of these sequence motifs was checked us-
ng short sequence pattern searches. Our analysis sug-
ested that MOMP from C. jejuni belongs to the tri-
eric maltoporin super-family (23).

ATERIALS AND METHODS

Bacterial strains, plasmid and growth conditions. The Campy-
obacter jejuni strains 85H and 79AH were previously described (33).
he C. coli strain 96C1 and 96C12 were kindly provided by Gwenolla
rmel (AFSSA-Ploufragan, France). Stock cultures maintained at
80°C were rapidly thawed and grown for 48 h on Columbia agar at
2°C under microaerobic conditions. Escherichia coli strain TG1 was
sed in every DNA manipulation. Plasmid pTAg was purchased from
Ligator, Ingenius) and was used to clone PCR amplified fragments
ccording to the manufacturer.

Molecular cloning. Probe labeling, DNA hybridization, restric-
ion analyses, Southern transfer and colony blotting were performed
sing standard procedures as previously described (33). The nucle-
tide sequencing, was performed by Eurogentec (Belgium). PCR was
one at 50 cycles of denaturation 1 min at 94°C, hybridization 2 min
t 42°C, elongation 2 min at 63°C with a terminal elongation of 10
in at 72°C.

Proteinase K treatment of bacteria. Bacteria harvested from
lates were washed in 10 mM Tris, 10 mM EDTA (pH 8.0) and
urther suspended in 10 mM Tris (pH 8.0; OD 600 nm 5 0.5) and
reated with proteinase K (Roche-Boehringer Mannheim) at 25
g/ml final concentration. Incubations were carried out at 37°C and,
fter the additions of Pefabloc (Roche-Boehringer Mannheim) at 1
M final concentration, aliquots were precipitated by the addition of
ri-Chloro Acetic acid 15% final concentration prior to electrophore-
is.

SDS–PAGE, immunoblotting and protein purification. Analysis
f proteins by SDS–PAGE and immunoblotting were done as previ-
usly described (10). The two specific antisera directed against
OMP and Omp50 respectively were described elsewhere (4, 28).
he previously reported purification (11) was simplified by omitting
he chromatofocusing step.

Sequence comparison and molecular modeling. Protein sequence
atabase searches were performed with the program PROPSEARCH
25), the PSI-BLAST version 2.0.5-program (16) with default param-
ters and with PHI-BLAST program (29) using short conserved
ignature deduced from multiple alignments or porin structure anal-
sis. The same motifs were used to screen databases with the pro-
ram PATTINPROT (30) and further refined. The final signature
sed in PATTINPROT comprised the following motif [PVILFAMY]-
-[VILFMYW]-R-[QE]-[VILFAM]-X-[VILFAM]-X-[GVILFAMY]-X-

NG]-X(3,9)-[AG]-[AST]-[VST]-[VILFACMWY](2)-A-G-K-[QR]-
( 1 3 , 1 8 ) - [ T V I L F A C M W Y ] - X - G - [ P S T R ] - G - [ G V I A C ] - X -

GVILFACMWY]-X(4)-[GVILFACMWY]. An additional specific
381
otif [STVND]-X(2)-[VILFACMWY]-Q-[VILFACMWY]-X(3)-[FYW]
omprises the very C-terminus end. Pairwise and multiple align-
ents were performed using Hydrophobic Cluster Analysis as pre-

iously described (18), in order to delineate the structurally con-
erved regions along the amino acid sequences. Topology predictions
ere performed using a neural network based server (26). Align-
ents were subsequently refined using the program TITO (20) using

he known SPR and MPR crystal structure (14, 15). The porin sec-
ndary structures (mainly b-strand) were assigned during TITO
rocessing and the secondary structure derived by homology for
OMP were used as additional restraints in the following modeling

teps. Three-dimensional models were built using as a combined
emplate SPR and MPR structures and the program MODELLER
.0 (34) and were assessed using Verify3D (35). These three-
imensional structures were visualized on a UNIX workstation us-
ng XmMol (36). The residue numbering correspond to the position in
he mature MOMP from C. jejuni 85H.

ESULTS AND DISCUSSION

loning and Sequence Analysis of the MOMP Locus

The N-terminal sequence of MOMP isolated from
train 85H was previously determined (10). This se-
uence and the sequence corresponding to the MOMP-
mpC common epitope C3 (10) were reverse translated
nd the corresponding degenerated oligonucleotides
ere used in a PCR assay using the 85H chromosomal
NA as template. Among the three products obtained

data not shown), one fragment gave a sequence corre-
ponding the amino-terminal sequence and was fur-
her used as probe on Southern hybridization. Two
indIII fragments of 720 and 657 bp respectively, were

loned and sequenced. They corresponded to the pro-

FIG. 1. Gene structure. The putative ribosome binding site
AGGA) is bold type; the arrowhead indicates the cleavage site be-
ween the signal sequence and the mature protein. The sequences
omologous to the consensus sequence for C. jejuni promoters (37)
re underlined. Arrows indicate the sequences corresponding to the
tem loop structure of the putative transcription terminator.
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FIG. 2. Sequence comparison of MOMPs. The deduced amino acids sequence of the MOMP gene from strain 85H is presented in bold type.
nly the amino acid residues divergent from the 85H MOMP sequence are presented for the other proteins. The name of each sequence

orresponds to the name of the strain (2483 GenBank sequence data base Accession No. U96452; NCTC11168 and K22, Swiss Prot protein
equence data base Accession Nos. 89PN38 and P80672); the three other sequences were determined in this study. Dashes indicate gaps in
he sequences and double dashes indicate unavailable sequences. Putative external loops determined by the three-dimensional modeling (see
ig. 4) are boxed. Numbers on the left indicate amino acid residue position in the mature proteins.
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ively. Southern blot analysis was then performed, us-
ng the 657 bp fragment as probe and a 929 bp PstI-
siI fragment was identified and cloned. Its sequence

ncompassed the C-terminal moiety of the protein cod-
ng sequence. The structure of the MOMP gene is pre-
ented in Fig. 1. A single open reading frame of 1281
ucleotides was identified in the fragment. A potential
ibosome binding site (24), AGGA, ended 9 bases up-
tream from the ATG codon. The down-stream flanking
egion of the gene showed a palindromic sequence with
omplementarity for 18 of 23 bp (see Fig. 1) which could
orm a stem loop structure (DG 5 12.6 kcal/mol) ex-
ected for a rho independent prokaryotic transcription
erminator. The N-terminal sequence of the purified
rotein corresponded to residues 23 to 55, thus the
rotein contained a 22 amino-acids signal peptide ac-
ording to the amino-terminal sequence previously de-
cribed (10). The processed protein had a molecular
eight of 43,898 Da, which agreed well with the esti-
ate of 45,000 Da determined by SDS–PAGE (10) and

hat measured by ESI experiment (43,837 6 36).

equence Comparison of MOMP from Various
Campylobacter Strains

Seven complete or partial sequences of MOMP from
arious C. jejuni strains were compared. Three were
reviously published (K-22, (8); NCTC 11168, Sanger
entre; 2483, Bacon et al., 1997, direct submission) the
our remaining were sequenced in this work and
amed 79AH, 85H, 96C1 and 96C12 according to the
ame of the corresponding strain. Despite an overall
ery high level of identity, some variations were ob-
erved that clusters in few regions (Fig. 2). Based on
his analysis, two sub-groups may be described. One
roup comprised 79AH, 96C1 and 96C12 harboring
arger variations in the primary structure than the
econd group including the other sequences with only
inor amino-acid substitutions and one deletion. This

equence variation was used for structural prediction
23) and the insertion/deletions were attributed to cell-
urface exposed regions. According to this hypothesis
hey would correspond to the external loops L1, L2 and
4, respectively. The lack of further divergence among
his 405 aa long MOMP make the other loops and
onsequently the trans-membrane strands hardly
redictable. Sequence database screening using
ROPSEARCH (25) revealed some amino-acid compo-
ition bias similar to that of the sixteen-stranded por-
ns while the neural network dedicated to outer mem-
rane b-strand protein topology (26) predicted more
han 9 extracellular loops (Fig. 3). On the contrary,
SI-BLAST searches in different databanks, using the
arious C. jejuni MOMP sequences as queries, con-
erged immediately in absence of significant similari-
ies with other proteins. However, the full-length se-
383
uence of MOMP from various C. jejuni strains
ndicated that their very C-terminus residue is a con-
erved aromatic residue as in all other porin b-barrels
27).

equence Comparison of Campylobacter MOMP
with Other Known Porins

The knowledge of the channel properties of the
OMP, its mainly b secondary structure (10, 11) as
ell as its trimeric quaternary structure as observed
y electronic microscopy (28) prompted us to compare
ts sequence with known 16 and 18 b-stranded porins.

Sequence alignment of MOMP with known porins
sing Hydrophobic Cluster Analysis (18) pointed out
onservation of the secondary structure and of the
verall fold as well as of residues critical for putatively
ubstrate binding and monomer-monomer interface.
he 405 aa long MOMP sequence better aligned with
8-strand containing porins rather than with shorter
6-strand containing porins (Fig. 4). The conservation
f a similar fold in MOMP was further analyzed
hrough molecular modeling using the sugar-
omplexed structures of the sucroporin (SPR) and the
altoporin (MPR) (ref 14; code PDB1A0T and ref 15;

ode PDB2MPR) despite the low sequence identity.
The motif AGK on strand b-5 appeared strictly con-

erved among MOMP, SPR and MPR. Its structural

FIG. 3. Predicted and modeled topology of the MOMP. The
opology plot of the MOMP from C. jejuni 85H is shown as pre-
icted by neural network (http://strucbio.biologie.uni-konstan-
.de/;kay/om_topo_predict2a.html; thin dotted line) and as mod-
led by our approach (solid line). Outer loops are labeled according
o the porin topology (L1 to L9). The x-axis corresponds to the
esidue number while the y-axis corresponds to the z-value pre-
icted by the neural network or the coordinates (of the Ca carbon
f each residue) along the z-axis (normal to the membrane surface)
n the 3D model presented here. The proteinase K cleavage site in

OMP 85H was predicted by similarity with the observed cleav-
ge site by Schröder and Moser (8) and is indicated by a black
quare.
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ole at the trimeric maltoporin interface (15) suggested
his short sequence might be a signature. The buried
ysine side chain from one monomer interact with var-
ous carbonyl group of the loop L2 backbone protruding
rom another monomer into the central pore (Fig. 5).
he significance of this motif was check using PHI-
LAST (29) and PATTINPROT (30). Database screen-

ng using MOMP sequence and the motif st//AGK
where ‘/ ’ correspond to any hydrophobic residue, upper
nd lower case letter to strictly and not strictly con-
erved residues, respectively) indicated a hit with both
PR and SPR. However, the overall probability score
as still high 0.11. Additional motifs (/d/sG//Rxx/ and

xx/Q/xxxf) were defined on two other b-strands (b-1
nd b-18 in MPR and SPR) lying at the trimer inter-
ace. The latter motif comprised the aromatic residues
onserved at the very C-terminus end in all the porins.

FIG. 4. Sequence alignment: MPR, SPR, 85H, and 79AH. The seq
trains 85H and 79AH with the two X-ray structures of MPR (PDB
OMP are labeled following the porin topology. Similarities are in bo

one using ESPript (38).
384
he former corresponded to the N-terminal b-strand,
hich comprised a b-bulge likely stabilized by the con-

erved glycine. Conservation of this motif is correlated
o that of the b-18 signature as the b-bulge conforma-
ion accommodates the bulky side chain of the con-
erved aromatic residue at the very C-terminus. In
ddition, a strictly conserved residue of this motif
R17) points toward the central pore and interact with
he bound sugar in MPR and SPR (14, 15). Further
trand motifs (/x/Rq/x/xxxn and /xGtG/x/xxxx/) were
dentified corresponding to two other b-strands (b-4
nd b-6) lying at the trimer interface. The former
trand contributed to two well-conserved charged res-
dues to the central pore, R88 and Q89 in 85H. The
quivalent residues in SPR, R90 and Q91 (in MPR:
106 and E107) are in direct contact with the bound
ugar (14, 15).

ce/structure alignment of the two sequences of MOMP from C. jejuni
PR) and SPR (PDB1A0T). The b-strands assigned on the modeled
while strictly conserved residues are in black boxes. The figure was
uen
2M
xes
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To improve the statistical significance of this pattern
earches a longer motif sequence was determined on a
tepwise fashion comprising the short motifs of strand
-4, b-5 and b-6. The expectation value for this final
ignature was e218 far below the probability score
hreshold usually accepted (0.00001). The porins con-
aining only 16 strands possess distinct, despite dis-
antly related motifs (gx/x/Gr; gG//x/ and ///G/xyqf) for
he b-strands lying at the monomer-monomer interface
b-5, b-6 and b-16 corresponding to b-5, b-6 and b-18 in

PR and SPR).
The MOMP is only 15% identical to sucroporin

SPR) and 13% to maltoporin (MPR) in our final
lignment. This difference is made significant by the
ositions in the structure of the amino-acids con-
erved in MOMP and SPR but not in MPR. This set
omprises mainly residues at the interface such as
spartate 70 (tyrosine in MPR), leucine 85 (proline in
PR) and threonine 125 (proline in MPR). Other

trictly conserved residues point into the protein
entral pore. Some of them interact with the sugar
ompounds present in the sucroporin or maltoporin
omplexed structures (14, 15).

FIG. 5. Schematic overview of the modeled 3D structure. A 2D r
s shown embedded in the outer membrane. The interaction between
ccording to the porin topology. Strictly conserved residues between M
n circles while residues in internal b-strands are in boxes. Thicker bo
n MOMP 85H, is indicated by the black dot and was predicted by sim
tars indicate the two residues E82 and K83 in MOMP 85H, substitut
or the difference in EDTA susceptibility of these two MOMP quate
385
omparative Proteolysis and EDTA Susceptibility

According to our predicted model (Fig. 6), several
iscrepancies in the sequences may be associated for
everal divergences in the biochemical and biophysical
roperties of the MOMPs.
We first analyzed the proteinase K sensitivity of the

roteins in intact cells (Fig. 6A and B). Entire bacterial
ells were incubated with the protease in the same
onditions of temperature and concentration. MOMP
rom 79AH showed no cleavage during the 4 h of incu-
ation (Fig. 6; Panel A). In contrast, the MOMP from
5H was rapidly cleaved into two major fragments
ndicated by arrowheads, corresponding to 30 and 15
Da respectively (Fig. 6; panel B). At the same time the
mount of MOMP decreased gradually. A similar pat-
ern was reported with a C. jejuni MOMP (8), and
-terminal sequencing identified the proteolytic cleav-
ge at the residue F167. This position is conserved in
5H but not in 79AH and would correspond to the
redicted external loop L4 in our model (Fig. 5).
The MOMP from 79AH was selectively extracted and

urified according to the method used for 85H (see the

esentation of the 18-strand model of the MOMP from C. jejuni 85H
trands b1 and b18 is shown as a dotted line. Outer loops are labeled

P and SPR are in bold. Residues assigned in loops (or b-bulges) are
surround residues facing the lipids. The proteinase K cleavage site,

rity with the observed cleavage site by Schröder and Moser (8). Two
in MOMP 79AH toward S81 and D82 and predicted to be responsible
ry structure.
epr
b-s
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aterials and Methods section for details). Proteins
ere diluted alternatively into 1% Triton X-100, 1%
riton-EDTA 5 mM, EDTA 5 mM or water as a control.
lectrophoresis were performed in conditions (0.1%
DS) preserving the quaternary structure (10, 28). As
hown in Fig. 6C the MOMP isolated from 79AH ex-
ibited no trimeric form in the presence of EDTA even

n the presence of Triton X-100, suggesting that a di-
alent cation may be involved in the trimeric structure
tabilization. In contrast, the 85H porin, appeared as a
rimer of comparable amount in the presence or ab-
ence of EDTA (Fig. 6D). This difference in EDTA
ensitivity might correlate with two residue substitu-
ions at the trimeric interface. In 79AH the residues

FIG. 6. Proteolysis and comparative electrophoresis. (A and B)
liquots were recovered from bacterial cell suspension treated with
roteinase K, after 0, 0.5, 1, 2, 3, 4 h of incubation at 37°C. Samples
ere then analyzed by Western blotting using an anti-MOMP poly-

lonal antiserum. P indicates a proteinase K sample used as control.
C and D) Purified MOMP from Strains 79AH (C) and 85H (D) were
ncubated with Triton X-100 and EDTA (TE) Triton X-100 (T), water
O), or EDTA (E) prior to electrophoresis in nondenaturing condi-
ions. Only the relevant parts of the gels corresponding to the ap-
arent migration of the trimers are shown.
386
eled with a star in Fig. 5). The latter two are globally
eutral. On the contrary, from each MOMP 79AH
onomer, the negatively charged aspartate D82 would

oint toward the three-fold axis. This result suggested
hat a cation might nicely fit in as in MPR (calcium
inding by the aspartate D78).
In conclusion, a three-dimensional structural homol-

gy model for Campylobacter porins was generated
rom the sucroporin and the maltoporin structures and
he Campylobacter jejuni MOMP sequence. The
ampylobacter sequence was readily assembled into

he 18 b-barrel fold characteristic of both, sucroporin
nd maltoporin despite low sequence identity. This
lobal fold prediction and the deduced trimeric organi-
ation is in agreement with a previous structural anal-
sis of the C. jejuni outer membrane (31). Analysis of
he trimer interface observed in the SPR and MPR
rystal structures suggested that MOMP would form a
imilar trimer despite its higher tendency to monomer-
ze in presence of SDS (10). The b-strands at the inter-
ace are better conserved while those facing the mem-
rane are much less conserved, making the alignment
ore hazardous in those regions, especially strands

-8 to b-14. This is in agreement with the results of the
tructural analysis previously described on trimeric
orins (32). The modeled interface supported the ob-
erved dependence of 79AH trimer to EDTA, while the
5H one is insensitive to EDTA. Similarly, the protein-
se K treatment confirmed the proposed topology as
ell as indicating a simple enzymatic test to charac-

erize MOMP from newly isolated Campylobacter
trains.
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Note added in proof. 22 new sequences of MOMP from various C.
ejuni strains were recently published (Zhang, Q., Meitzler, J. C.,
uang, S., Morishita, T. Infect. Immun. (2000), 68, 5679–5689). The
ublished secondary structure prediction and our alignment of these
dditional sequences confirmed our alignment of the MOMP with
ighteen-stranded porins.
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