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Campylobacter jejuni 81-176 lipooligosaccharide (LOS) is composed of two covalently linked domains: lipid
A, a hydrophobic anchor, and a nonrepeating core oligosaccharide, consisting of an inner and outer core
region. We report the isolation and characterization of the deepest rough C. jejuni 81-176 mutant by insertional
mutagenesis into the waaC gene, encoding heptosyltransferase I that catalyzes the transfer of the first
L-glycero-p-manno-heptose residue to 3-deoxy-p-manno-octulosonic residue (Kdo)-lipid A. Tricine gel electro-
phoresis, followed by silver staining, showed that site-specific mutation in the waaC gene resulted in the
expression of a severely truncated LOS compared to wild-type strain 81-176. Gas-liquid chromatography-mass
spectrometry and nuclear magnetic resonance spectroscopy showed that the waaC LOS species lacked all
sugars distal to Kdo-lipid A. Parallel structural studies of the capsular polysaccharides of the wild-type strain
81-176 and waaC mutant revealed loss of the 3-O-methyl group in the waaC mutant. Complementation of the
C. jejuni mutant by insertion of the wild-type C. jejuni waaC gene into a chromosomal locus resulted in LOS and
capsular structures identical to those expressed in the parent strain. We also report here the presence of

0O-methyl phosphoramidate in wild-type strain 81-176 capsular polysaccharide.

The food-borne pathogen Campylobacter jejuni is one of the
principal causes of human gastroenteritis worldwide (6, 24, 25).
In addition, Campylobacter infection is linked to the develop-
ment of a serious neurological disorder, Guillain-Barré syn-
drome (GBS) (8, 24). It is believed that GBS is triggered as a
result of molecular mimicry between the Campylobacter lipoo-
ligosaccharide (LOS) and the carbohydrate moiety of human
gangliosides. The Campylobacter strain 81-176 LOS is an outer
membrane glycolipid composed of two covalently linked do-
mains: lipid A, a hydrophobic anchor, and a nonrepeating core
oligosaccharide, consisting of an inner and outer core region.
The carbohydrate structure of the outer core region of C. jejuni
81-176 has been shown to mimic primarily GM, (Fig. 1) and
GM; (12, 17) human gangliosides, although minor forms of
GD, and GD,,, ganglioside mimics have been reported (12).
The variation between GM, and GM; mimicry is due to the
presence of a phase-variable homopolymeric G tract in the
cgtA gene, which encodes an N-acetylgalactosaminyltrans-
ferase (12). The C. jejuni 81-176 inner core consists of a single
3-deoxy-D-manno-octulosonic residue (Kdo) attached to lipid
A and two L-glycero-D-manno-heptose (heptose) residues at-
tached to Kdo. The inner core region also contains a glucose
residue and phosphoethanolamine moiety attached to the first
heptose residue (12).

To better understand the function of the core LOS and its
role in the development of bacterial gastroenteritis and GBS,
we have initiated a study of the isolation of mutants involved in
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the biosynthesis of LOS from C. jejuni strain 81-176. WaaC
(heptosyltransferase 1) catalyzes the transfer of the first L-
glycero-D-manno-heptose residue to the inner core oligosac-
charide moiety of LOS (18, 29, 31, 32, 33). Although the
enzymatic function of the product of waaC has been inferred
by the ability of the C. jejuni gene to complement the corre-
sponding mutation in Salmonella enterica serovar Typhimurium
(18), mutation of waaC in C. jejuni has been suggested to be a
lethal event (26). However, here we report the isolation and
characterization of a waaC mutant of C. jejuni strain 81-176.
The 81-176 waaC mutant produces a severely truncated LOS
that is deficient in all sugars distal to Kdo-lipid A. Unexpect-
edly, mutation of waaC also resulted in a modified capsule
polysaccharide (CPS) structure that lacked a 3-O-methyl (3-O-
Me) group.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. jejuni strain 81-176 (Penner sero-
type) (23, 36) has been previously described (1-3, 9, 11, 15-17). C. jejuni strains
were grown in Mueller-Hinton (MH) broth under microaerophilic conditions at
37°C. When necessary, medium was supplemented with kanamycin (30 pg/ml),
ampicillin (100 pg/ml), or chloramphenicol (30 pg/ml).

DNA cloning and sequence analysis. Two overlapping plasmids were identified
in an ordered library of Sau3Al partially digested 81-176 DNA cloned into
N-ZAPII that encoded part of the LOS locus. DNA sequencing was performed
on a Perkin-Elmer Applied Biosystems model 3100 automated DNA sequencer.
Custom primers were synthesized on a Perkin-Elmer Applied Biosystems model
292 DNA synthesizer.

Generation of the waaC mutant. The waaC mutant was constructed using a
Tn5-based in vitro transposition system (Epicenter, Madison, Wis.), in which the
Cm" cassette from pRY109 (38) was cloned into pEZ::TN pMOD as previously
described (10). The in vitro reaction was performed according to the manufac-
turer’s instructions, with an Escherichia coli plasmid clone of the 81-176 LOS
region as the target DNA. The reaction product was transformed into E. coli
DH5a by electroporation. The plasmid DNAs from individual transformants
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FIG. 1. (A) Core oligosaccharide of C. jejuni 81-176 (serogroups 0:23/0:36) and the phosphorylated disaccharide backbone of lipid A
(determined for strain CCUG 10936) (23). The structure of 81-176 LOS has been reported to vary between the structure shown in panel A, which
mimics GM; ganglioside (B), and a structure lacking the terminal GalNAc, which mimics GM, ganglioside (C). This variation is due to slip strand

mismatch repair of the cgt4 gene, encoding a GalNAc transferase (12).

were sequenced using primers that read out from within the Cm" cassette to
determine the insertion point and the orientation within the gene. An insertion
was selected in which the Cm" cassette had been inserted in the same orientation
that the target gene had been transcribed to minimize polarity on downstream
genes. Plasmids were used to transform C. jejuni 81-176, with selection on MH
agar supplemented with chloramphenicol (15 pg/ml) (36). The successful muta-
tion of waaC was verified by PCR, with primers bracketing the Cm" insertion
point to confirm that the DNA had been inserted by a double crossover. The
primers used to verify the waaC mutation had the following sequences: forward,
5'-CGTTTGTCAGCACTTGGTGAT-3'; and reverse, 5'-AAGTAAGCCTTTG
GCAAGTTTGAA-3'".

Complementation of the 81-176 waaC mutant by insertion of a wild-type allele
into arylsulfatase. The waaC mutation was complemented by insertion of a
wild-type allele into the arylsulfatase (astA4) gene on the chromosome of 81-176,
as previously described (9, 11). Inactivation of ast4 does not affect adherence or
invasion in vitro or virulence in vivo (9, 11). The waaC gene was PCR amplified
using the following primers: forward, 5'-CGGGATCCCCCACTTTGTTCTTTT
TGCCAC-3'; and reverse, 5'-GGAATTCCGCTTTCGTTTTCTACGCAGTC-
3’. The forward primer, which is found 178 bp from the translational start site of
Cj1132, included a BamHI site, and the reverse primer, which bound 587 bp into
the Cj1134 (htrB) gene, included an EcoRI site. The resulting 1,828-bp PCR
product, which was presumed to include the promoter of waaC (Fig. 2), was
digested with BamHI and EcoRI and cloned into BamHI-EcoRI-digested pBlue-
script. An aph3 cassette from pILL600 (19) was then cloned into the unique
EcoRI site to generate pCPE2266. The waaC-aph3 construct was moved from
pCPE2266 as an Xbal-Xhol fragment, blunted with Klenow I, and cloned into a
unique EcoRYV site within the 81-176 ast4 gene cloned in pYG660 (38) to
generate pCPE2268. Plasmid pCPE2268 was used to electroporate 81-176
waaC::Cm to kanamycin resistance, and resulting colonies were screened for loss
of AstA activity using a chromogenic substrate (39). A double crossover into astA
was subsequently confirmed by PCR.

Extraction of lipooligosaccharide and preparation of core oligosaccharide.
LOS samples were prepared from whole-cell lysates that were subjected to
complete digestion with proteinase K as described by Hitchcock and Brown (14).
LOS extracts were separated on 16% Tricine gels (Invitrogen, Carlsbad, Calif.)
and then silver stained (Bio-Rad, Hercules, Calif.). Crude LOS and capsule
(CPS) for gas-liquid chromatography-mass spectrometry (GLC-MS) and 'H
nuclear magnetic resonance ('H NMR) spectroscopy were isolated by hot phe-
nol-water extraction (37). The water layer was dialyzed overnight with distilled

water, concentrated, and applied to a column (1.5 m by 1.5 cm) of Bio-Gel P2 for
purification. In both instances, one carbohydrate fraction was obtained at the
void volume (CPS) and another at a lower-molecular-weight range (LOS), as
detected by the phenol-sulfuric acid assay (5). The fractions were eluted with
water, lyophilized, and assayed with 1D 'H and 1D *'P NMR spectroscopy.
Immunoblotting of capsular polysaccharides. Since Campylobacter capsular
polysaccharides cannot be visualized by silver staining (22), the immunoblotting
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FIG. 2. Schematic representation of the C. jejuni 81-176 chromosomal
region encoding relevant LOS genes. The overall genomic organization is
similar to that of class B loci described by Gilbert and colleagues and
Parker et al. (7, 28). The ORF designated waaC showed 87% identity and
88% similarity to WaaC (Cj1133) from the C. jejuni genome strain
NCTC11168. The cat transposon insertion that was used to generate the
mutation was at 677 bp from the translational start of the 1,029-bp waaC
gene. The second ORF encoded a predicted protein with 99% identity to
HtrB, a lipid A biosynthesis lauroyl acyltransferase, from C. jejuni strain
GBI11. The third ORF encoded a protein that showed 88% identity and
94% similarity to a putative two-domain glycosyltransferase of C. jejuni
NCTC11168 (Cj1135). The fourth ORF exhibited 75% identity and 86%
similarity to a putative [(-1,3-galactosyltransferase from C. jejuni
NCTC1168 (Cj1136). The 81-176 homolog of cgtB was slip stranded out of
frame as cloned. This gene encodes a galactosyltransferase that has been
shown to undergo phase variation in another strain to convert GM, to
GM, mimics (20). Between Cj1136 and the cgtB homolog, there was no
OREF of >174 bp, but BLASTX analysis revealed homology to a 3-1,4-
GalNAc transferase, similar to what has been reported for other class B
LOS loci (7, 28).
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FIG. 3. LOS core mobility. Proteinase K-digested whole-cell prep-
arations were electrophoresed on 16% Tricine gels and silver stained.
Lane 1, 81-176; lane 2, waaC mutant; and lane 3, complement of waaC

mutant.

procedure described by Bacon et al. (2) was used for detection. Proteinase
K-digested whole-cell preparations of C. jejuni were electrophoresed on 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% SDS-PAGE)
gels and immunoblotted with a rabbit polyclonal serum generated against for-
malin-treated whole cells of 81-176 (CPE1) at a final dilution of 1:500. The
secondary antibody was goat anti-rabbit antiserum conjugated to alkaline phos-
phatase (Caltag, Burlingame, CA) at a dilution of 1:5,000. The immunoblot was
detected with the 5-bromo-4-chloro-3-indolylphosphate (BCIP)/Nitro Blue Tet-

razolium detection system (Bio-Rad).

Sugar composition analysis and NMR spectroscopy. For sugar composition
analysis, the monosaccharide components of CPSs and LOS were derivatized
into the alditol acetate derivatives according to Sawardeker and Sloneker (30). For
sugar linkage analysis, the CPS was methylated with methyl iodide in dimethyl
sulfoxide and NaOH (4). The methylated core was hydrolyzed in 4 M trifluoro-
acetic acid at 100°C for 4 h, followed by reduction in H,O with NaBD,. The
permethylated alditols were then acetylated in acetic anhydride (100°C for 2 h),
with residual sodium acetate as the catalyst. The permethylated alditol acetate
derivatives were then characterized by GLC (DB-5; 30 m, isothermally at 200°C)
and GLC-MS (DB-5; 30 m, 190°C [60 min]). The NMR experiments were
performed in D,0 on a Bruker 400 MHz at 21°C, with the water resonance as a
reference (3;; 4.824) in "H NMR experiments. Orthophosphoric acid was used as
an external reference in 3'P NMR experiments.

FAB-MS. A fraction of the methylated sample was used for positive-ion fast
atom bombardment-mass spectrometry (FAB-MS), which was carried out on a
Jeol JMS-AX505H mass spectrometer with glycerol-thioglycerol (1:3) as the
matrix. A 6-kV xenon beam was used to produce pseudomolecular ions that were

accelerated to 3 kV, and their mass was analyzed.
Nucleotide sequence accession number. The DNA sequence shown in Fig. 2

has been deposited in GenBank under accession number AY862985.

RESULTS

Isolation and characterization of the C. jejuni 81-176 waaC
mutant. The region of the 81-176 chromosome corresponding
to Cj1132c¢ through Cj1139c is shown schematically in Fig. 2.
The genes from strain 81-176, which serotypes as both HS:23
and HS:36 (3), are most similar to the class B loci found in the
serotype strains of HS:23 and HS:36 of a recently described
LOS genotyping method (7, 28). One of the open reading frames
(ORFs) encoded a predicted protein of 342 amino acids, with a
predicted molecular mass of 61 kDa, that showed 88% identity to
Cj1133 of C. jejuni NCTC11168, annotated as waaC or heptosyl-
transferase I, and 24% identity and 40% similarity to WaaC of
Salmonella enterica serovar Typhimurium (32).

The C. jejuni 81-176 waaC gene was disrupted by insertional
mutagenesis of cloned DNA in E. coli, as described in Mate-
rials and Methods. The position and orientation of the random
insertions of the cat gene within the clone were determined by
sequence analysis. One insertion that occurred 677 bp from the
translational start site of waaC in a nonpolar orientation was
selected to generate mutants in C. jejuni. Plasmid DNA from

this cat insertion was used to electroporate C. jejuni 81-176
with selection for Cm". Several Cm" transformants were con-
firmed by PCR in order to verify that the insert had integrated
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FIG. 4. 3P NMR spectrum of the truncated waaC LOS showing
phosphorus resonances for ester-bound phosphate and for glycosidic-
linked phosphate residues.

via a double crossover. The primers used (see Materials and
Methods) resulted in an amplicon of 998 bp using 81-176 DNA
as a template and an amplicon of approximately 2 kb using the
waaC::cat mutant DNA as a template (data not shown). One
such mutant was further characterized.

The LOS from the waaC mutant migrated more quickly on
16% Tricine gels than the parental strain 81-176 (Fig. 3, lane 2
versus 1), consistent with a defect in the synthesis of the inner
core region of LOS. The presence of an LOS similar to that of
the wild type was restored when the waaC mutant strain was
complemented by insertion of a copy of the C. jejuni waaC
gene into the arylsulfatase gene of the chromosome of the
mutant (Fig. 3, lane 3) (9, 11, 39). Immunoblotting of the cores
separated on SDS-PAGE gels using anti-81-176 whole-cell an-
tibody also indicated reduced immunoreactivity of the trun-
cated waaC core compared to that of the core of wild-type
81-176 (data not shown).

The core region of LOS plays an important role in the
integrity of the outer membrane, and deep rough mutants have
been shown to display sensitivity to hydrophobic antibiotics,
detergents, and bile salts and have decreased levels of outer
membrane proteins (33, 35). Indeed, the 81-176 waaC mutant
showed greater sensitivity to antibiotics and detergents (data
not shown) than the wild-type strain 81-176 and a waaF mutant

of 81-176 (17). Furthermore, examination of the morphology
of the waaC mutant by transmission electron microscopy re-
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FIG. 5. Immunoblot of C. jejuni waaC capsular material from a
12% SDS-PAGE gel. Lane 1, 81-176 kpsM mutant (2); lane 2, 81-176;
and lane 3, 81-176 waaC mutant. The positions of protein markers in
kDa are shown at the left. The LOS cores of the 81-176 kpsM mutant
and the wild type are visible at the bottom of the immunoblot; the core
of the waaC mutant is not visible.

vealed cells that were often shorter than those from the wild-
type strain 81-176 (data not shown). However, there was no
significant difference in growth of the waaC mutant, as deter-
mined by an optical density at 600 nm in MH broth, or motility
in comparison to that of the wild-type strain 81-176 (data not
shown).

GLC-MS and NMR spectroscopy of LOS from the C. jejuni
81-176 waaC mutant. The cell surface carbohydrate material
from the waaC mutant was extracted and analyzed by GLC-MS
and NMR spectroscopy as described in Materials and Meth-
ods. Sugar analysis by the alditol acetate method on the trun-
cated waaC LOS revealed the presence of only GIcNAc and
GlcNACc3NAc from lipid A. No units representative of the core
oligosaccharide (Fig. 1), such as Glc, Gal, Hep, and GalNAc,
were detected. '"H NMR and 2D '"H-'*C heteronuclear single
quantum correlation of the truncated waaC LOS showed
deoxy resonances at dpy 35 1.80/2.02 and at 8. 5 34.2, which
confirmed the presence of 3-deoxy-D-manno-2-octulosonic
acid (Kdo). The *'P NMR spectrum (Fig. 4) of the truncated
waaC LOS showed three distinct resonances at 8 4.0 ppm for
an ester-bound phosphomonoester (O-4 position of GIcN3N)
(Fig. 1), at & 2.7 for a glycosidic phosphomonoester (O-1 po-
sition of GlcN), and at 8 —0.8 for a glycosidic phosphodiester
(PEA) (Fig. 1). These values were in agreement with those
previously reported for C. jejuni lipid A moieties (23).

Effect of the waaC mutation on capsule expression and
structure. Proteinase K-digested whole cells of the wild-type
strain 81-176 and the waaC mutant were immunoblotted with
rabbit polyclonal antiserum to whole cells of 81-176 to detect
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FIG. 7. NMR analyses. (A) 'H NMR of C. jejuni 81-176 wild-type
CPS (1% acetic acid treated) showing (i) the anomeric resonances at
3 5.06 for a-Gal, & 4.99 for 3-O-Me-6-deoxy-a-altro-Hep, and & 4.75 for
B-GlcNAc, (ii) the methyl signal at & 3.50 for 3-O-Me-6-deoxy-a-altro-
Hep, (iii) the methyl resonance at 8 2.09 for 3-O-Me-6-deoxy-a-altro-
Hep, and (iv) the deoxy resonance at & 1.70 for 3-O-Me-6-deoxy-a-
altro-Hep. (B) "H NMR of C. jejuni 81-176 waaC CPS showing (i) the
anomeric resonances at & 5.12 for 6-deoxy-a-altro-Hep, & 4.98 for
a-Gal, and & 4.75 for B-GlcNAc, (ii) the methyl signal at & 2.09 for
GlcNAc, and (iii) the deoxy resonance at & 1.75 for GlcNAc. No
3-O-methyl signal (3-O-Me-6-deoxy-a-altro-Hep) was observed in the
waaC CPS "H NMR spectrum. Also of note, the a-anomeric signal of
6-deoxy-a-altro-Hep in the waaC CPS resonated at 8 5.12, whereas the
a-anomeric signal of 3-O-Me-6-deoxy-a-altro-Hep in wild-type CPS
resonated at 8 4.99. The peak at & 1.9 in panel B represents contami-
nating sodium acetate. All the results described were assigned by 2D
'H-'"H NMR spectroscopy (data not shown).

capsular polysaccharides, as previously described (2). Figure 5
shows that there was a change in the immunoreactivity of the
waaC mutant capsule (CPS) compared to that of the wild-type
strain (lane 3 versus 2). Based on these results, we were inter-
ested in determining whether there were any changes in the
structure of the waaC CPS compared to that of the wild type
(Fig. 6) (27, 34). Sugar composition and linkage analysis
(GLC-MS) and 'H NMR spectroscopy (Fig. 7) performed on
the waaC CPS revealed a structure composed of a 3-substi-
tuted Gal and a 3-substituted GIcNAc, similar to that of the
wild-type 81-176 CPS. In addition, the CPS of the wild-type

Capsule polysaccharide of C. jejuni 81-176 wildtype
-(1->3)-p-D-GlcNAc-(1->3)-a-D-Gal-(1->2)-6d-3-O-Me-«-D-altro-nD-Hep-(->1),

Capsule polysaccharide of C. jejuni waaC mutant
~(->3)-p-D-GlcNAc-(1->3)-a-D-Gal-(1->2)-6d-a-D-altro-D-Hep-(->1),

FIG. 6. The reported CPS structures of C. jejuni 0:23/0:36 and 81-176 strains (32) and the 81-176 waaC mutant. Abbreviations: 6d-3-O-Me-
altro-Hep, 6-deoxy-3-O-methyl-altro-heptose; 6d-altro-Hep, 6-deoxy-altro-heptose.
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FIG. 8. The *'P NMR spectrum of C. jejuni wild-type 81-176 CPS showed a resonance at 14.257, attributable to an O-methyl phosphoramidate
component, and the FAB-MS primary ions of the methylated wild-type 81-176 CPS indicated that O-methyl phosphoramidate is attached to the

Gal unit in the CPS.

strain was observed to be present as a 2-substituted 3-O-methyl-6-
deoxy-altro-heptose while the C. jejuni 81-176 waaC CPS was
present as a 2-substituted 6-deoxy-altro-heptose (Fig. 7), re-
vealing the loss of the 3-O-methyl group from the 81-176 waaC
CPS (Fig. 6). Complementation of the waaC mutant as men-
tioned earlier restored the LOS defect, and there was also
partial complementation (65%) of the methyl defect in the
capsule (data not shown).

Similar to that described in our recent work (26), in addition
to 3-substituted Gal, 2-substituted 6-deoxy-3-Me-altro-Hep,
and 3-substituted GIcNAc, we also detected in this study by
linkage analysis (GLC-MS) a quantity of 2,3-substituted Gal in
wild-type 81-176 CPS (in this CPS preparation, the approxi-
mate molar ratio was 0.75:1:1:0.25, respectively) which we
could not place within the framework of the reported CPS
structure of serogroup HS:23/HS:36, which consists of trisac-
charide-repeating blocks [(—3)-a-Gal-(1—2)-6-deoxy-3-Me-
a-altro-Hep-(1—3)-B-GlcNAc-(1—)]. Smaller amounts of ter-
minal and 2-substituted Gal were also detected. Knowing that

McNally and coworkers (21) had recently shown that O-methyl
phosphoramidate, CH;OP(O)NH,(OR), was present as a
structural moiety in the C. jejuni HS:1 strain, we performed a
3P NMR experiment on wild-type 81-176 CPS to observe any
phosphorous-containing residue. Figure 8 shows the *'P NMR
spectrum of wild-type 81-176 CPS, obtained by hot water-
phenol extraction, in that a resonance at 14.257 ppm can be
observed and attributed to an O-methyl phosphoramidate unit
comparable to that observed in the C. jejuni HS:1 strain (21).
As stated above, linkage analysis revealed the presence of
2,3-disubstituted Gal and thus pointed to the fact that the
O-methyl phosphoramidate may be attached at the O-2 posi-
tion of Gal. A FAB-MS experiment yielded structural infor-
mation which confirmed that the O-methyl phosphoramidate
residue was indeed attached to the Gal unit, in that it yielded
glycosyl oxonium ions of defined composition, emanating from
the nonreducing end of the CPS, at m/z 312 for [MeOP
(O)N—Gal*] (108 a.m.u. plus 204 a.m.u) and at m/z 775 for the
complete trisaccharide repeat [MeOP(O)N—Gal—6-deoxy-3-
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Me-alro-Hep—GIcNAc™] (312 am.u. plus 218 am.u. plus
245 a.m.u.). As stated above, a small amount of 2-substituted Gal,
representative of the nonreducing Gal carrying the O-methyl
phosphoramidate, was also detected in the sugar linkage analysis.
As expected, m/z ions not containing O-methyl phosphoramidate
were also observed at m/z 219 for [Gal™] and at m/z 682 for
[Gal—6-deoxy-3-Me-altro-Hep—GIcNAc ], in line with the pre-
viously reported C. jejuni HS:23/HS:36 CPS structure. We have
yet to assign unambiguously the anomeric resonance that belongs
to the 2,3-substituted Gal carrying the O-methyl phosphorami-
date. Within the limits of detection, only traces of 2,3-substituted
Gal were observed in the linkage analysis of waaC mutant CPS
obtained from hot water-phenol extraction, and no O-methyl
phosphoramidate was detected in the FAB-MS or *'P NMR
spectrum of waaC mutant CPS, which pointed to the fact that this
moiety may be present in very small amounts in waaC mutant
CPS. Studies to evaluate the stability of O-methyl phosphorami-
date during hot water-phenol extractions are being planned, but
from the above results, it is clear that O-methyl phosphoramidate
is to some extent stable during this extraction procedure.

DISCUSSION

We report for the first time the isolation and characteriza-
tion of a waaC mutant in C. jejuni. The waaC gene encodes a
heptosyltransferase I that catalyzes the transfer of the first
heptose to the core oligosaccharide of the LOS or lipopolysac-
charide in gram-negative bacteria (30, 31). Earlier studies by
Klena et al. (18) showed that the waaC gene from C. jejuni
F38011 was able to complement a Salmonella enterica serovar
Typhimurium waaC mutant, and we have also made this ob-
servation with the 81-176 gene using the same S. enterica ser-
ovar Typhimurium mutant (data not shown). Our studies show
that the C. jejuni waaC mutant possessed a truncated LOS that
migrated more quickly than that of the wild-type strain 81-176
(Fig. 3) and the 81-176 waaF mutant (17 and data not shown).
The truncation of the LOS was confirmed by GLC-MS analy-
ses and NMR spectroscopy, showing the loss of the first hep-
tose residue to the core oligosaccharide and therefore the loss
of all sugars distal to Kdo (Fig. 1) and core mobility and
structure were fully restored in the complement (Fig. 3 and
data not shown).

The inner core region of lipopolysaccharide or LOS has
been shown to play an important role in stabilizing the outer
membrane (13). Deep rough mutants have been shown to
result in decreased levels of outer membrane proteins and
hypersensitivity to detergents, bile salts, and hydrophobic an-
tibiotics (13, 29, 35). Like other deep rough mutants (29, 32,
33, 35), mutation of C. jejuni 81-176 waaC led to sensitivity to
various antibiotics and detergents (data not shown), results
that are consistent with the observed morphological changes.

Unlike the 81-176 waaF mutant (17), mutation of waaC
resulted in a change in apparent immunoreactivity of the cap-
sular polysaccharide, as evidenced by immunoblotting (Fig. 5),
that led us to examine the structure of the capsular polysac-
charide. Sugar composition and linkage analysis (GLC-MS)
and 'H NMR spectroscopy (Fig. 7) performed on the 81-176
waaC CPS revealed a structure that lacked a 3-O-methyl group
from the 6-deoxy-altro-heptose residue compared to that per-
formed on wild-type strain 81-176. Phase variation in C. jejuni
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NCTC11168 has been shown to result in several different mod-
ifications, including loss of a 6-O-methyl group on the heptose
of the CPS (34). However, complementation of the 81-176
waaC mutant restored not only the core structure but also the
3-O-methyl group on the capsule, indicating that the capsule
changes observed here are not the result of phase variation.
These studies clearly show that the loss of the entire core
oligosaccharide distal to Kdo in the waaC mutant resulted in a
concomitant loss of the ability to add the 3-O-methyl group,
and possibly O-methyl phosphoramidate, to the capsular poly-
saccharide. These structural changes may have interfered with
antibody binding or affected electrophoretic migration of the
mutant capsular polysaccharide. The reasons for the observed
changes in the chemical structure of the capsule from the waaC
mutant require additional study. It may be that the WaaC
heptosyltransferase is bifunctional. However, waaC mutants of
E. coli K-12 are known to show changes in colanic acid capsule
production that are the result of membrane perturbations that
affect the membrane-bound sensor kinase RcsS, which acti-
vates the cytoplasmic response regulator of the capsule, RcsB
(29). Thus, membrane alterations in the C. jejuni waaC mutant
may also affect regulation of genes involved in capsule biosyn-
thesis. Additional studies will be required to elucidate the
regulatory pathway that links CPS and LOS biosynthesis in C.
jejuni as well as the function of the 3-O-methyl modification of
the capsule.
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