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The major flagellin of Campylobacter jejuni strain 81-176, FlaA, has been shown to be glycosylated at 19 serine
or threonine sites, and this glycosylation is required for flagellar filament formation. Some enzymatic com-
ponents of the glycosylation machinery of C. jejuni 81-176 are localized to the poles of the cell in an FlhF-
independent manner. Flagellin glycosylation could be detected in flagellar mutants at multiple levels of the
regulatory hierarchy, indicating that glycosylation occurs independently of the flagellar regulon. Mutants were
constructed in which each of the 19 serine or threonines that are glycosylated in FlaA was converted to an
alanine. Eleven of the 19 mutants displayed no observable phenotype, but the remaining 8 mutants had two
distinct phenotypes. Five mutants (mutations S417A, S436A, S440A, S457A, and T481A) were fully motile but
defective in autoagglutination (AAG). Three other mutants (mutations S425A, S454A, and S460A) were
reduced in motility and synthesized truncated flagellar filaments. The data implicate certain glycans in
mediating filament-filament interactions resulting in AAG and other glycans appear to be critical for structural
subunit-subunit interactions within the filament.

Flagellins from many polarly flagellated bacteria are glyco-
sylated (reviewed in reference 22). The best-characterized ex-
amples are the flagellins from Campylobacter spp. that are
decorated with as many as 19 O-linked glycans that can con-
tribute �10% to the weight of flagellin (38). The genes encod-
ing the enzymes for biosynthesis of the glycans found on
Campylobacter flagellins and the respective glycosyltrans-
ferases are located adjacent to the flagellin structural genes in
one of the more hypervariable regions of the Campylobacter
genome (3, 16, 28, 37). Most strains appear to carry the genes
for synthesis of two distinct nine-carbon sugars that decorate
flagellin: pseudaminic acid (PseAc) and an acetamidino form
of legionaminic acid (LegAm) (23). In contrast, Campylobacter
jejuni strain 81-176 contains only the pathway for synthesis of
PseAc (9) and derivatives of PseAc that include an acetylated
form (PseAcOAc), an acetamidino form (PseAm), and a form
of PseAm with a glutamic acid moiety attached (PseAmOGln)
(25, 34, 38). The flagellins of C. jejuni strain NCTC 11168 have
recently been shown to be glycosylated with PseAc and
LegAm, as well as two novel derivatives of PseAc, a di-O-
methylglyceric acid and a related acetamidino form (24). Thus,
although all of the flagellar glycans appear to be based on
either PseAc and/or LegAm, there are variations among
strains that contribute to serospecificity and reflect the hetero-
geneity of the flagellin glycosylation loci (23, 24).

The function of the glycosyl modifications to flagellar struc-
ture and to the biology of campylobacters is not fully under-
stood. Although most polarly flagellated bacteria appear to
glycosylate flagellin, mutation of the genes involved in glyco-
sylation does not generally result in loss of motility (22). However,

flagella from C. jejuni, Campylobacter coli, and Helicobacter pylori,
all members of the epsilon division of Proteobacteria, are unable
to assemble a filament in the absence of a functional glycosylation
system (7, 33). Also, changes in the glycans on campylobacter
flagellins have been shown to affect autoagglutination (AAG)
and microcolony formation on intestinal epithelial cells in vitro
(5, 9). Thus, a mutant of C. jejuni 81-176 that was unable to
synthesize PseAm assembled a flagellar filament, but the sites
on the flagellin subunits that were normally glycosylated with
PseAm were instead glycosylated with PseAc. This mutant was
reduced in AAG, adherence, and invasion of INT407 cells and
was also attenuated in a ferret diarrheal disease model (9). C.
coli VC167 has both PseAc and LegAm pathways. Mutants
that were defective in either pathway could still assemble
flagellar filaments composed of subunits that were modified
with the alternate sugar, but these mutants showed defects in
AAG (7). A VC167 double mutant, defective in both PseAc
and LegAm synthesis, was nonflagellated (7). Collectively,
these data suggest that some glycosylation is required for ei-
ther secretion of flagellin or for interactions between subunits
within the filament.

Flagellar biogenesis in C. jejuni is a complex process that is
highly controlled by the alternate sigma factors �28 and �54, a
two-component regulatory system composed of the sensor ki-
nase FlgS and the �54-response regulator FlgR, and the flagel-
lar export apparatus (15, 39). Both flgR and flgS genes undergo
slip strand mismatch repair in C. jejuni strain 81-176, resulting
in an on/off-phase variation of flagellar expression (13, 14).
The major flagellin gene, flaA, and some other late flagellar
genes are regulated by �28; the genes encoding the minor
flagellin, flaB, and the hook and rod structures are regulated by
�54. Here, we examine several aspects of glycosylation to
flagellar function in C. jejuni 81-176. We demonstrate that
some components of the flagellar glycosylation machinery are
localized to the poles of the cell, but independently of the
signal recognition particle-like flagellar protein, FlhF, and that
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flagellin glycosylation occurs independently of the flagellar
regulon. We also show that the glycans on some amino acids
appear to play a structural role in subunit interactions in the
filament, while others affect interactions with adjacent fila-
ments that result in AAG.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. jejuni strain 81-176 has been
described previously (2). Escherichia coli strains DH5� and XL1-Blue were the
hosts for routine cloning experiments. The C. jejuni 81-176 mutants used in this
study are shown in Table 1. All mutants except fliP and flhF have been described
previously (7, 9). Both fliP and flhF insertions were constructed in an E. coli host
using an in vitro Tn5-based transposition system (Epicentre, Madison, WI) with
a Campylobacter chloramphenicol resistance (Cmr) cassette as previously de-
scribed (8–10). The insertion point was mapped by sequence analysis with prim-
ers mapping within the Cmr cassette, and selected clones were used to electro-
porate C. jejuni 81-176 to Cmr. The insertion point in the flhF gene was at bp 705
within the 1,455-bp gene; the insertion into fliP was at bp 308 of the 734-bp open
reading frame. C. jejuni strains were grown on Mueller-Hinton (MH) agar
supplemented with kanamycin (50 �g/ml) and/or chloramphenicol (15 �g/ml) as
needed at 37°C under microaerobic conditions. E. coli strains were grown on
Luria agar supplemented with kanamycin (50 �g/ml), chloramphenicol (20 �g/
ml), and ampicillin (62.5 �g/ml), as needed.

GFP-tagged protein fusions. Gene fusions were done using plasmids based on
the pRY107 (Kmr) and pRY111 (Cmr) Campylobacter shuttle plasmids (40).
Expression forms of these plasmids, in which a �28 promoter of flaA was cloned
between the XbaI-BamHI sites of these vectors, have been described previously
(21). The green fluorescent protein (GFP) gene from pZSGreen (Clontech) was
cloned as a BamHI-EcoRI fragment into each plasmid, generating pCPE107/28/
GFP (Kmr) and pCPE111/28/GFP (Cmr). The pseC, pseD, and pseE genes of
strain 81-176 were PCR amplified with primers that contained BamHI sites, and
the resulting amplicons were cloned into the shuttle plasmid pCPE107/28/GFP
(Kmr) or pCPE111/28/GFP (Cmr) such that the glycosylation genes were fused
to the 5� end of the gene encoding GFP. The primers used for cloning of pseC
were GAAGGGATCCATGATTACTTATTCTCATCAAAATATTG and GAA
GGGATCCTCCACAATATCCCTTTTTAACTTTTTC, the primers for pseD
were GAAGGGATCCATGAAATTTAATTTAAATCAAAAAGAGC and GA
AGGGATCCTTTGTTTGCATTTTTTATCCTTCTTAGG, and the primers for
pseE were GAAGGGATCCGATGCAAACAAATGAAATTTTTAAAAAAAA
TTTAG and GAAGGGATCCGATTAAGCTTCTTTTTTCTAGCTCATCC.
The flhF gene was also PCR amplified using the primers GAAGGGATCCATG
GGACAACTTATACATACTTTTACCGTTG and GAAGGGATCCTTCATT
ATTTTTTCCTTTGTTAAACCCTTC. BamHI sites are underlined, and the
translational start sites are shown in bold. Each plasmid was transformed into
DH5� containing the conjugative plasmid RK212.2 (11) and then mobilized into
C. jejuni 81-176 or into the C. jejuni flhF::aph3 strain with selection on the
appropriate antibiotics. Localization of GFP-tagged proteins was determined by
examination in a Nikon Eclipse E400 fluorescence microscope.

Immunoblotting. Proteins were separated on 8.25% or 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and immunode-
tected with rabbit polyclonal antisera to either flagellin (9), FlgR, FlgS, or FspA
(29) at the indicated dilutions. Blots were detected with goat anti-rabbit anti-
bodies conjugated to alkaline phosphatase (Caltag, Burlingame, CA) followed by
detection with NBT/BCIP (nitroblue tetrazolium–5-bromo-4-chloro-3-in-
dolylphosphate) (Promega, Madison, WI) or with goat anti-rabbit antibodies
conjugated to horseradish peroxidase followed by detection with Supersignal
West Pico detection kits (Pierce, Rockland, IL). Chemiluminescence was de-
tected using a Kodak Image Station 2000R (Rochester, NY).

Site-directed mutagenesis. Site-directed mutagenesis was done as described by
Galkin et al. (4) using QuikChange kits from Stratagene (La Jolla, CA) as
recommended by the supplier. An 81-176 mutant in which most of flaA and flaB
were replaced with a cat cassette, PG2112, has been described previously (4). The
wild-type �28-regulated flaA gene and an aph3 gene were inserted into astA on
plasmid pCPE2644. This plasmid was used previously as a template for site-
directed mutagenesis to isolate straight flagellar mutants for structural studies
(4) and was used in this study to mutate each glycosylation site in flaA. Primers
are listed in Table 2. Plasmids that had been subjected to mutagenesis were
confirmed by DNA sequence analysis of the complete flagellin gene to confirm
that only the desired mutation had occurred. DNA sequence analysis was done
with dye terminator chemistry on an Applied Biosystems model 3100 DNA
sequencer. Each site-directed mutant was electroporated into PG2112 with se-
lection for Cmr and Kmr. Transformants were screened for loss of expression of
arylsulfatase by growth on a chromogenic substrate, X-S (Sigma) (41). All mu-
tants were compared to the motile strain PG2645, which was PG2112 electro-
porated with pCPE2644 expressing the wild-type flaA gene.

Motility testing. Motility was determined by stabbing the center of a semisolid
motility agar plate (MH broth plus 0.4% agar) with 1 �l of bacterial culture at an
optical density at 600 nm (OD600) of 1.0. The zones of motility were measured
after incubation for 48 h at 37°C under microaerobic conditions. The motility
zone measurements were determined between four and seven times for mutants
that showed motility defects. Mutants that showed motility defects in soft agar
were also examined by phase microscopy.

TEM. Bacteria were examined by transmission electron microscopy (TEM)
following negative staining with uranyl acetate. Images were printed and filament
lengths were measured.

AAG. AAG was done as described previously (9, 26). Basically, bacteria were
suspended to an OD600 of 1.00 in phosphate-buffered saline (PBS). Two milli-
liters of each suspension was incubated at room temperature for 24 h. The top
1 ml was removed from each tube, and the OD600 was determined. A reduction
in OD600 indicated that AAG had occurred.

Secretion of flagellin to the supernatant. Supernatants of selected site-directed
mutants were collected and precipitated with trichloroacetic acid as described by
Poly et al. (29).

Generation of anti-FlgR and anti-FlgS antibodies. The flgR and flgS genes
were PCR amplified from 81-176 using high-fidelity KOD Hi/Fi DNA polymer-
ase (Novagen). The primers used for flgR were GAAGGGATCCGATGAATT
TAGTCATAGTAGAAGATG and TAATGGATCCTTACTTATCCTTTATTT

TABLE 1. 81-176 mutants used in this study

Gene(s) NCTC 11168
no. CJJ81176 no. Function Source or

reference

flgR 1024 1043 �54 transcriptional activator 7
flgS 0793 0814 Histidine kinase of FlgR 7
flgE 0043 0025 Hook protein 6
fliR 1179 1194 Export component 7
fliP 0820 0837 Export component This work
flaA flaB 1339/1338 1339/1338 Major and minor flagellins 4, 7
flhF 0064 0102 Signal recognition particle; export component This work
flhA 0882 0890 Export component 7
flhB 0335 0357 Export component; substrate specificity switch 6
pseA 1316 1333 Synthesis of PseAm 39
pseB 1293 1310 Dehydratase that converts UDP-GlcNAc to UDP-2-acetamidino-2,6-

dideoxy-�-L-arabino-hexos-4-ulose; first enzyme in PseAc synthesis
9

pseC 1294 1311 Converts the product of PseB to UDP-4-amino-4,6-dideoxy-�-L-AltNAc;
second enzyme in PseAc synthesis

9

pseD 1333 1336 PseAm transferase 9
pseE 1337 1337 PseAc transferase 9
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GATATTTTTTAATTTTTTC. The primers used for flgS were GAAGGGATC
CGATGAATGAAAGTATTTTAAAAAGTTTAGACTC and TAATGGATCC
TCACACCAAAGGTAAGGTAAAATAAAAATTC. These primers introduced
BamHI sites at either end of the amplicon (underlined); start and stop codons
are shown in bold. The PCR products were ligated with BamHI-digested pET-
19b (Novagen) and cloned into E. coli DH5�. Candidate clones were sequenced
to confirm the proper orientation in the vector. Appropriate clones were trans-
ferred into E. coli BL21(DE3), and proteins were induced with IPTG (isopropyl-
�-D-thiogalactopyranoside) as recommended by the supplier (Invitrogen). Re-
combinant proteins were purified on Ni-nitrilotriacetic acid agarose (Qiagen).
Rabbit polyclonal antibodies were generated against recombinant FlgR and FlgS
by Harlan Biosciences (Madison, WI).

Statistical analyses. All statistical analyses were done by t test using Graphpad
Prism software.

RESULTS

Localization of the glycosylation machinery in C. jejuni 81-
176. The genes encoding PseC, which is the enzyme involved in
the second step of PseAc synthesis, PseE, the putative PseAc
transferase, and PseD, the putative PseAm transferase, were
fused to GFP on a Campylobacter shuttle vector (21). As a
control, the flhF gene, which encodes a signal recognition-like
flagellar protein that is itself localized to the poles of some
bacteria (27), was also fused to the GFP gene. The resulting

plasmids were transferred conjugatively into C. jejuni, and the
cells were examined by fluorescence microscopy. C. jejuni 81-
176 with the vector expressing GFP alone showed generalized
fluorescence throughout the cell (Fig. 1A), as did 81-176 ex-
pressing the PseD-GFP fusion (Fig. 1B). In contrast, 81-176
expressing the PseE fusion (Fig. 1C) and the PseC fusion (not
shown) displayed polar fluorescence, as did 81-176 expressing
the FlhF-GFP fusion (Fig. 1E). The FlhF-GFP fusion localized
to the poles in an flhF mutant (Fig. 1F). Interestingly, the
FlhF-GFP fusion was able to fully restore motility to the flhF
mutant (data not shown). PseE-GFP was also localized to the
poles in the flhF mutant, as shown in Fig. 1D, as well as
mutants in the export apparatus (fliR fliP) and in the flaA flaB
double mutant (results not shown).

Flagellin glycosylation can occur in the absence of a func-
tional flagellar export system. The predicted molecular mass
of 81-176 flagellin is 59.5 kDa, but glycosylated flagellin has an
apparent molecular mass of 65.5 kDa on SDS-PAGE gels (7).
In the nonmotile pseB mutant of 81-176, flagellin of an appar-
ent molecular mass of 59.5 kDa was observed in whole-cell
lysates, and mass spectrometry analysis of this flagellin con-
firmed the lack of glycosylation (7). Figure 2A and B show that

TABLE 2. Primers used for site-directed mutations

Mutation
Primer sequence

Forward Reverse

S206A GATTTTAAATTTGATAATGTTGTGATTGCAACTTCAGTTGG
AACAGGACTTGGAGC

GCTCCAAGTCCTGTTCCAACTGAAGTTGCAATCACAA
CATTATCAAATTTAAAATC

S342A GATGGTAGAGATATCAATATAGCTGGAACCAATCTTAGTG
CTATAGG

CCTATAGCACTAAGATTGGTTCCAGCTATATTGATAT
CTCTACCATC

S347A GAGATATCAATATAAGTGGAACCAATCTTGCTGCTATAGG
TATGGGTACAACAG

CTGTTGTACCCATACCTATAGCAGCAAGATTGGTTCC
ACTTATATTGATATCTC

T393A CTTATAAAGGTGGTGGAAAATTTGTTTTTGCTCAAAATGT
AAGTTCAATTTCTGCATTTATGAGTGC

GCACTCATAAATGCAGAAATTGAACTTACATTTTGCG
TAAAAACAAATTTTCCACCACCTTTATAAG

S397A GGAAAATTTGTTTTTACTCAAAATGTAGCTTCAATTTCTGC
ATTTATGAGTGC

GTGCACTCATAAATGCAGAAATTGAAGCTACATTTTG
AGTAAAAACAAATTTTCCC

S400A ACTCAAAATGTAAGTTCAATTGCTGCATTTATGAGTGCAC
AAGGTTC

GAACCTTGTGCACTCATAAATGCAGCAATTGAACTTA
CATTTTGAGT

S404A GTAAGTTCAATTTCTGCATTTATGGCTGCACAAGGTTCAG
GATTTTCTAG

CTAGAAAATCCTGAACCTTGTGCAGCCATAAATGCA
GAAATTGAACTTAC

S408A CAATTTCTGCATTTATGAGTGCACAAGGTGCAGGATTTTCT
AGAGGTTCAGGATTTTCTG

CAGAAAATCCTGAACCTCTAGAAAATCCTGCACCTTG
TGCACTCATAAATGCAGAAATTG

S417A GGATTTTCTAGAGGTTCAGGATTTGCTGTGGGTAGTGGTA
AAAATTTATCTGTTGGATTGAG

CTCAATCCAACAGATAAATTTTTACCACTACCCACAG
CAAATCCTGAACCTCTAGAAAATCCTGAACC

S425A CTGTGGGTAGTGGTAAAAATTTAGCTGTTGGATTGAGTCA
AGGAATACAAATTATTTCAAGTGCGGCTTC

GAAGCCGCACTTGAAATAATTTGTATTCCTTGACTCA
ATCCAACCGATAAATTTTTACCACTACCCACAG

S429A GTGGGTAGTGGTAAAAATTTATCTGTTGGATTGGCTCAAG
GAATACAAATTATTTCAAGTGCGGCTTCAATG

CATTGAAGCCGCACTTGAAATAATTTGTATTCCTTGA
GCCAATCCAACAGATAAATTTTTACCACTACCCAC

S436A TCTGTTGGATTGAGTCAAGGAATACAAATTATTGCAAGTG
CGGCTTCAATGAGCAATACTTATGTTGTTTC

GAAACAACATAAGTATTGCTCATTGAAGCCGCACTT
GCAATAATTTGTATTCCTTGACTCAATCCAACAGA

S440A GGAATACAAATTATTTTCAAGTGCGGCTGCAATGAGCAAT
ACTTATGTTGTTTC

GAAACAACATAAGTATTGCTCATTGCAGCCGCACTT
GAAAATAATTTGTATTCC

S448A GCTTCAATGAGCAATACTTATGTTGTTGCAGCAGGTTCAG
GATTTTCTTCTG

CAGAAGAAAATCCTGAACCTGCTGCAACAACATAAG
TATTGCTCATTGAAGC

S451A GAGCAATACTTATGTTGTTTCAGCAGGTGCAGGATTTTCTT
CTGGCTCAGGAAATTCTCAATTTGC

GCAAATTGAGAATTTCCTGAGCCAGAAGAAAATCCT
GCACCTGCTGAAACAACATAAGTATTGCTC

S454A CTTATGTTGTTTCAGCAGGTTCAGGATTTGCTTCTGGCTCA
GGAAATTCTCAATTTGCAGCCCTTAAAAC

GTTTTAAGGGCTGCAAATTGAGAATTTCCTGAGCCA
GCAGAAAATCCTGAACCTGCTGAAACAACATAAG

S457A GTTGTTTCAGCAGGTTCAGGATTTTCTTCTGGCGCAGGAA
ATTCTCAATTTGCAGCCCTTAAAACTACTGC

GCAGTAGTTTTAAGGGCTGCAAATTGAGAATTTCCT
GCGCCAGAAGAAAATCCTGAACCTGCTGAAACAAC

S460A GGTTCAGGATTTTCTTCTGGCTCAGGAAATGCTCAATTTGC
AGCCCTTAAAAC

GTTTTAAGGGCTGCAAATTGAGCATTTCCTGAGCCA
GAAGAAAATCCTGAACC

T481A GCTAATACAACTGATGAGACTGCAGGTGTAACCGCTCTTA
AAGGTGCAATGGCGGTTATGGATATAGC

GCTAATACAACTGATGAGACTGCAGGTGTAACCGCT
CTTAAAGGTGCAATGGCGGTTATGGATATAGC
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flagellin of an apparent molecular mass of 59.7 kDa also ac-
cumulated in a pseC mutant, and when the mutant was com-
plemented in trans (designated as “pseC/c”), the molecular
mass of flagellin was restored to that of the wild type. The
expression and apparent molecular mass of flagellin in a series
of mutants at different levels of the flagellar hierarchy (Table
1) were examined by immunoblotting of whole-cell prepara-
tions. Flagellin could be detected in flgR, flgS, and flgE mu-
tants, all of which are nonmotile and do not assemble a fila-
ment, that had the same apparent molecular mass as wild-type
flagellin (Fig. 2B). Mutants in flhF, flhA, and flhB also accu-
mulated flagellin of the same apparent molecular mass as the
wild type (Fig. 2C). Similarly, flagellin from the fliP and fliR
early flagellar mutants, which lack the flagellar export machin-
ery, and the fliG mutant, which encodes a component of the
flagellar motor/switch (Fig. 2D), also ran at an apparent mo-
lecular mass consistent with complete glycosylation.

Effect of site-directed mutations that removed individual
glycosylation sites on flagellin on motility and filament bio-
genesis. A mutant in 81-176, PG2112, in which most of the flaA
and flaB genes were replaced with a cat cassette, has been
described previously (4, 6). The wild-type flaA gene and its �28

promoter were inserted into the astA gene of PG2112 to gen-
erate plasmid pCPE2644. When plasmid pCPE2644 was elec-
troporated into PG2112, the resulting strain, PG2645, pro-
duced a full-length flagellar filament and was fully motile (4)

(Fig. 3). Plasmid pCPE2644 was used as the substrate in a
series of site-directed mutagenesis experiments in which each
of the 19 serine or threonine sites which have been shown to be
glycosylated in FlaA (38) was changed to an alanine. The
position of each serine or threonine residue in FlaA is shown
in Fig. 4. Each mutated allele was electroporated into PG2112
with selection for Kmr and Cmr and screened on X-S agar to
confirm insertion into astA (41). The motility of each mutant
was determined using semisolid motility medium, and the
flagellar structure was examined by TEM. Most mutants (16/
19) were equally motile compared to PG2645 or the wild type
and produced a filament that was indistinguishable from that
of the wild type or PG2645; representative data for the S404A
mutant are shown in Fig. 3. Three mutants (mutations S425A,
S454A, and S460A) displayed significant but varied reductions
in motility compared to either 81-176 or PG2645 (P � 0.001),
although the S425A mutant showed the greatest reduction in
motility (Fig. 3B). Quantitative measurement of flagellar fila-
ment length in these mutants confirmed that all three pro-
duced filaments that were statistically different in length from
PG2645 (P � 0.001) (Fig. 3C).

Phase variation of FlgR and/or FlgS, the two-component
system that regulates the middle, �54-regulated flagellar genes,
has been shown to affect motility in C. jejuni 81-176 (12, 15,
39). To confirm that the observed motility defects were not due
to phase variation of this two-component regulatory system,
whole cells of the S425A, S454A, and S460A mutants were
immunoblotted with anti-FlgR and anti-FlgS antibodies.
The results, shown in Fig. 5, confirmed that FlgR and FlgS

FIG. 2. Flagellin glycosylation in flagellar mutants. Whole cells of
wild-type 81-176 (WT) and mutants with mutations in various flagellar
genes were resuspended in SDS-PAGE solubilization buffer and elec-
trophoresed on 8.25% SDS-PAGE gels. Following transfer to nitro-
cellulose membranes, flagellin was immunodetected using rabbit poly-
clonal antibody generated against purified flagellin from 81-176 (9) at
a final dilution of 1:50,000 followed by chemiluminescent detection. fla,
PG2112 (the 81-176 flaA flaB mutant); fla/c, PG2112 complemented in
trans; pseC/c, 81-176 pseC::cat complemented in trans (9). Comparison
of flagellins from WT, pseC, and pseC/c to flagellin from: A, PG2112;
B, mutants in the middle of the flagellar hierarchy; C and D, mutants
early in the flagellar hierarchy.

FIG. 1. Localization of PseD, PseE, and PseC fusions to GFP. The
pseE, pseD, and pseC genes were cloned into the shuttle plasmid
pCPE107/28/GFP, and the flhF gene was cloned into pCPE111/28/
GFP as C-terminal GFP fusions. The resulting vectors were trans-
ferred conjugatively from E. coli into wild-type C. jejuni 81-176 or the
isogenic flhF mutant, as previously described (11). The pattern for
PseC-GFP was the same as for PseE-GFP (not shown). Phase images
are on the left, and fluorescent images are on the right. A, pCPE107/
28/GFP in 81-176; B, PseD-GFP fusion in 81-176; C, PseE-GFP fusion
in 81-176; D, PseE-GFP fusion in 81-176 fihF; E, FIhF-GFP fusion in
81-176; F, FIhF-GFP fusion in 81-176 fihF.
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were expressed in all three mutants. However, it remained
possible that other unidentified genes could have undergone
phase variation that affected formation of the flagellar appa-
ratus. To confirm that a functional flagellar apparatus was
synthesized in the S425A, S454A, and S460A mutants, super-
natants from cultures of each mutant were immunoblotted
with antibodies to two proteins that are secreted through the
filament. These were flagellin and FspA, a �28-regulated pro-
tein that is not part of the flagellar structure but which is
secreted through the flagellar filament (29). Figure 5 shows
that flagellin was present in the supernatant of the wild type
and the S425A, S454A, and S460A mutants, but not in the
supernatant of PG2112. Moreover, FspA could be detected in
the supernatant of all strains examined. These data confirm
that a functional flagellar secretory apparatus was being ex-
pressed in these three site-directed mutants and that the loss of
glycosylation at these three sites did not prevent secretion of
flagellin.

AAG of site-directed mutants. Since both loss of flagella and
changes in sugars decorating flagellin have been shown to

affect AAG of C. jejuni (5, 9, 26), all 19 mutants were tested for
AAG. The results are shown in Fig. 6. The nonmotile mutant,
PG2112, failed to autoagglutinate, as expected (27) (P �
0.0001). The S425A and S460A mutants, which produced trun-
cated filaments, also showed significant reductions in AAG
(P � 0.0001). However, the S454A mutant showed no AAG
defect, despite the fact that it produced a truncated filament.
There were five other fully motile mutants that displayed sig-
nificant differences in AAG compared to PG2645. The S417A,
S457A, and T481A mutants showed defects similar to that of
PG2112 (P � 0.0001 compared to PG2645); the S436A, S440A,
and S451A mutants showed intermediate, but still significant
defects (P � 0.0011).

DISCUSSION

Although glycosylation is essential for filament biogenesis in
C. jejuni, there have been no studies examining the interactions
of the glycosylation system and the flagellar genes. It has been
postulated that flagellin glycosylation occurs either in the cy-

FIG. 3. Effect of site-directed mutations of specific glycosylation sites on flagella. (A) TEM of representative filaments. Strain PG2112 is the
flaA flaB mutant that is nonmotile and does not produce a flagellar filament, and PG2645 is PG2112 complemented with the wild-type flaA gene
(4). The S404A mutant is representative of mutants that showed no motility defects. (B) Zones of motility on motility agar. (C) Flagellar filament
length of mutants that showed reduced motility compared to PG2645. The numbers of filaments that were measured ranged from 15 for PG2645
to 36 for the S460A mutant. Filaments from all three mutants were significantly shorter than those from PG2645 (P � 0.001; marked by asterisks).
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toplasm, in close association with the flagellar machinery, or
within the basal body (22). We have demonstrated here that
some, but not all, of the enzymatic glycosylation machinery is
localized to the poles of the cells, consistent with a possible
association with the flagellar basal body/export apparatus. FlhF
is a signal recognition particle-like protein that affects flagellar
assembly in several polarly flagellated bacteria (19, 27), and
flhF mutants of C. jejuni are also nonmotile (14). Here we have
confirmed that FlhF is also localized to the poles of C. jejuni,
as are two enzymatic components of the glycosylation appara-
tus, PseE and PseC. However, polar localization of the latter
two proteins occurs independently of FlhF by an undetermined
mechanism. Spatial localization of some bacterial proteins is
critical to many cellular functions and virulence (17, 18, 20, 36).
The process of polar localization is not well understood (31),
although recent data suggest that some polar localization is
due to polar enrichment of cardiolipin content (32). Clearly,
additional studies will be required to understand the nature
and localization of all of the components of the glycosylation
machinery within C. jejuni. Despite the polar localization of
some of the enzymatic machinery, glycosylation of flagellin
appears to occur in the absence of a functional export appa-
ratus. Thus, flagellins of a mass that is consistent with full
glycosylation could be detected in mutants blocked at early and
middle levels of the flagellar hierarchy. These data suggest that

glycosylation occurs prior to export of flagellin and indepen-
dently of the flagellar regulon.

When each of the 19 serine or threonine residues that can be
glycosylated in 81-176 flagellin was changed to an alanine res-
idue, most mutants (11/19) had no obvious phenotype. The
remaining eight mutants fell into two classes that revealed
distinct functions of the glycans. Five mutants were fully motile
but defective in AAG: the S417A, S436A, S440A, S451A, and
T481A mutants. Salmonella flagellin consists of four linearly
connected domains, D0, D1, D2, and D3 (42). Assuming that
the basic structure of C. jejuni flagellin is similar, all of the
glycans, with the exception of T481, map in the region of the
molecule that corresponds to D2-D3, which forms the projec-
tion on the filament surface (42) (Fig. 4). This is consistent with
early immunogold electron microscopy studies that indicated
that at least some of the modified amino acids were surface
exposed in the Campylobacter filament (30) and with the ob-
servation that the flagellar glycans are involved in AAG (9).
S417 is modified with PseAcOAc, and T481 is modified with
PseAc, but the glycans on the other sites have not been deter-
mined due to the high degree of clustering of the glycans on
the tryptic peptides examined by mass spectrometry (38). The
involvement of these specific residues in AAG would suggest
that these residues are surface exposed in the assembled fila-
ment and are available to interact with adjacent filaments from
other C. jejuni cells. These residues may also be involved in
interaction with specific ligands on eukaryotic cells, a hypoth-
esis that is currently under investigation.

Three other mutants (mutations S425A, S454A, and S460A)
displayed a distinct phenotype. All three showed significant
reductions in motility and produced truncated flagellar fila-
ments. All three were FlgR	 and FlgS	 by immunoblotting,
indicating that the reduction in motility was not due to phase
variation of either of these two regulatory proteins (12, 13). All
three mutants were capable of secreting both FlaA and the
nonflagellar protein, FspA, through the flagellar opening to
the supernatant, indicating that the defect was not due to
phase variation of another structural component of flagella or

FIG. 5. Immunoblots. Whole cells or concentrated supernatants of
C. jejuni strains were immunodetected with rabbit polyclonal antibody
made to recombinant FlgR, FlgS, and FspA (29) or to native flagellin
purified from C. jejuni 81-176. Anti-FlgR and anti-FlgS antisera were
used at a final dilution of 1:10,000, antiflagellin was used at 1:200,000,
and the antibodies were detected colorimetrically. Anti-FspA antibody
was used at a final dilution of 1:5,000 and detected by chemilumines-
cence (29). 425, 454 and 460 refer to the S425A, S454A, and S460A
site-directed mutants, respectively. The predicted masses of the pro-
teins are as follows: FlgR, 49.2 kDa; FlgS, 38.4 kDa; FlaA, 65.5 kDa;
and FspA, 18 kDa.

FIG. 4. Glycosylation sites in FlaA of C. jejuni 81-176. (A) Posi-
tions of the glycosylation sites of FlaA within the inferred domains of
FlaA, based on the domains of Salmonella enterica serovar Typhi-
murium flagellin (42). There is a single glycosylation site at S206; the
remaining 18 sites lie between S342 and T481. All sites, except T481,
are predicted to occur within the D2-D3 domain. (B) Primary amino
acid sequence of the FlaA flagellin from 81-176. The positions of the
19 sites of O-linked glycosylation are in bold and are also indicated by
a black square below each serine or threonine (38).

VOL. 191, 2009 FLAGELLIN GLYCOSYLATION IN C. JEJUNI 81-176 7091



to defects in secretion of flagellin. Although some filament was
assembled in all three mutants, the filaments appeared more
fragile than that composed of a fully glycosylated flagellin.
Earlier data had shown that C. coli VC167 flagella decorated
exclusively with PseAc (lacking all LegAm) were more readily
solubilized in detergent than filaments composed of flagellins
modified with both LegAm and PseAc, which also suggested a
role for the glycans in subunit interactions (7). Since flagellin is
secreted from the S425A, S454A, and S460A mutants, and in
all cases some filament is assembled, the defect appears to be
in filament assembly, suggesting that these glycans on these
residues play a role in subunit interactions. The S425A and
S460A mutants were defective in AAG, which is consistent
with production of a truncated flagellin, but the S454A mutant
showed no AAG defect. This likely reflects the observations
that the S454A mutant was more motile than the S425A or
S460A mutant and synthesized somewhat longer filaments.

Although glycosylation of polar flagella appears to be the
norm rather than the exception (7, 22, 33), Campylobacter and
Helicobacter, both members of the epsilon division of the Pro-
teobacteria, have been shown to require glycosylation to assem-
ble a flagellar filament (22). The other trait common to the
flagellins of the epsilon division of Proteobacteria is the absence
of Toll-like receptor 5 (TLR5) recognition sites (1). The TLR5
activation residues in Salmonella enterica serovar Typhi-
murium flagellin map primarily to the D1 domain, although
additional contribution from the D2-D3 domain and the C-
terminal D1 domain is also required (1, 35). The D1 residues
that are critical for TLR5 activation map to the convex surface
of the flagellin monomer in the filament and form the contact
point between the convex surface of one subunit and the con-
cave surface of an adjacent monomer (35). It has been sug-
gested that loss of these sites in the Epsilonproteobacteria re-
quired a complex series of compensatory mutations that
allowed for subunit interactions in the absence of TLR5 bind-
ing sites (1). Moreover, it has recently been shown that the

quaternary structure of C. jejuni flagellar filaments is com-
posed of 7 protofilaments per turn, in contrast to the 11 pro-
tofilaments found in the Salmonella filament (4). The data
presented here suggest that specific glycans may contribute to
the compensatory changes that allow these bacteria to assem-
ble a flagellar filament but avoid the innate immune response.
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