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ABSTRACT: The lipooligosaccharides (LOS) @ampylobacter jejunis an important virulence factor. Its

core oligosaccharide component is frequently sialylated and bears a close resemblance with host
gangliosides. The display of ganglioside mimics by this bacterium is believed to trigger the onset of the
autoimmune condition Guillain-Barsgy/ndrome (GBS) in some individuals. Considerable effort has been
directed toward the structural characterization of the glycan component of the LOSj@fini strains
isolated from GBS patients. Capillary electrophoresigss spectrometry (CBVIS) has been a particularly
useful analytical technique applied toward this task. Conventional analysis of bacterial LOSHMEE

has generally involved the prior removal ©Facyl lipid chains, which is necessary for the effective
solubilization and separation of the heterogeneous ensemble of LOS species. Unfort@dezlgylation
causes the undesired removal of important glycan-assodiaatked modifications, such a®-acetate
andO-linked amino acids. In this report, we describe a-Q&S technique developed for the rapid analysis

of fully intact LOS from C. jejuni. Using this method, we report the structural characterization of the
glycan from 10 GBS-associated strains and two enteritis strains, using material isolated from as little as
one colony. The application of this technique has enabled us to unambiguously identify LOS-bound
O-acetylated sialic acid in a number of strains and has revealed for the first time.tjegtini frequently
modifies its core withO-linked glycine. Our studies demonstrate that MS-based structural analysis of
bacterial LOS can be optimized to the level where only a single-colony quantity of material is required
and time-consuming chemical treatments can be avoided.

As the leading cause of bacterial diarrhea disease world-sides, leading to the autoimmune condition Guillain-Barre
wide, Campylobacter jejuniis widely recognized as an syndrome (GBS) q, 8), and its clinical variant Fisher
important enteric pathogeri{3). The glycan component syndrome (FS) ). There is an ongoing need for the
of its lipooligosaccharide (LOSpften resembles the struc-  development of rapid and accurate analytical techniques for
ture of host gangliosides, which are abundantly expressedthe characterization of the LOS frod jejunistrains isolated
in nerve cell membranesi{6). This form of molecular from GBS and FS patients.
mimicry is believed to elicit the production of autoreactive

immunoglobulins that cross-react with nerve cell ganglio- The LOS ofC. jejuniis composed of two covalently linked

domains: the hydrophobic anchor lipid A and the oligosac-
charide, which consists of a conserved inner core and a
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Hep residues attached to a 2-keto-3-deoxyoctulosonic acidWinnipeg, MB). Strains MF6, GB11, GB16, GB19, and

(KDO) residue, forming a conserved trisaccharide. i-
D-Hep-(1—3)-L-a-b-Hep-(1+5)-KDO. The heptose attached
to KDO is substituted at position 6 with either phosphate
(P) or phosphoethanolaminePEtn). In contrast to the

GB26 were described by Godschalk et 8). Strains GC033
and GC175 were described by Takahashi e2a). C. jejuni
NCTC 11168 (HS:2) was originally isolated from a case of
human enteritisZ8) and later sequenced by Parkhill et al.

conserved nature of the inner core, the outer core is more(29). The C. jejuni GB11 orfll mutant was described by

variable, consisting of various combinationshshcetylhex-
osamine and hexose residues, and oftéhdeetylneuraminic
acid (Neu5Ac), linked terminally or subterminally to galac-

Godschalk et al.1).
C. jejuni strains were cultured for 2448 h on Mueller-
Hinton agar plates in a microaerobic atmosphere at@7

tose (12—17). Some strains possess disialate residues, whereThe cells were recovered by washing the colonies from the

terminal Neu5Ac isx2—8-linked to subterminal Neu5Ad 8,

16). The addition of sialic acid to the LOS is catalyzed by
either sialyltransferase Cst-Il or Cst-111§). Depending on
the allelic variant carried by the strain, Cst-ll can possess
either monofunctionabi2—3 transferase activity omn2—3/
o2—8 bifunctional transferase activitl ). Cst-Il is always
monofunctional, i.e., with onlyn2—3 transferase activity.

plates and dispersing them in 300 of phosphate-buffered
saline (pH 7.4), which was further diluted with 700 of
100% ethanol to a final concentration of 70% ethanol. The
cells were incubated at room temperature for 1 h, pelleted
(1600@ for 2 min), washed twice with ethanol followed by
two washes with acetone, and finally air-dried overnight. The
dried cells were dissolved in 2Q4 of deionized water to

The sialylated core oligosaccharide structures displayed bywhich a 6uL aliquot of proteinase K (2 mg/mL) had been

many C. jejuni strains resemble human gangliosides. For
instance, Aspinall et al1{) reported thaC. jejuniserotypes
HS:1, HS:23, and HS:36 possess a GM2-like structure,
whereasC. jejuni HS:41 was found to have a structure
resembling GM1aX5). Mimicry of the disialosyl-containing
ganglioside GD3 has also been reported in strain HI:&P (

O-Acetylation of sialic acids is a biologically significant
modification and has been implicated in a growing number
of physiological and pathological process2g,1). Several
bacteria have been shown @-acetylate capsule-bound
Neu5Ac, resulting in altered immunogenicity and suscepti-
bility to glycosidases42—24). We recently demonstrated
that severaC. jejunistrains carry a sialat®-actyltransferase
(SOAT), which targets LOS-bound Neu5Ac, with a high
specificity for terminal.2,8-linked residues2b). The SOAT
gene, which was recombinantly expressedestherichia
coli, is soluble and homologous with members of the NodL-
LacA-CysE family ofO-acetyltransferases. The presence of
LOS-boundO-acetyl-Neu5Ac was detected indirectly, fol-

added. The suspended cell solutions were incubated at
37 °C for 4 h, and the digestion was stopped by increasing
the temperature to 78C for 10 min. The solutions were
allowed to cool at room temperature and were subsequently
freeze-dried. The cells were resuspended in g208olution

of 20 mM ammonium acetate buffer (pH 7.5) containing
DNase (10Qeg/mL) and RNase (200g/mL) and incubated

at 37°C for 6 h before lyophilization. The digested cells
were resuspended in 2@Q of deionized water. Following
ultracentrifugation (4360@Pat 4°C for 1 h), the LOS pellets
were redissolved in water and lyophilized.

Preparation of Oligosaccharides: Mild Acid Hydrolysis
of LOS The core oligosaccharide was isolated following mild
acid hydrolysis of the LOS (1.5% acetic acid at 1@ for
2 h). The reaction mixture was cooled, and the insoluble
lipid A was removed by centrifugation. The carbohydrate-
containing supernatant was lyophilized and investigated by
CE—-MS.

Capillary ElectrophoresisElectrospray Mass Spectrom-

lowing enzymatic cleavage from whole cells, and subsequentétry. CE-MS was performed using a Prince CE system

analysis of cell-free extracts.

In the past, CEMS characterization of the LOS frof.
jejuni has been limited to the use 6Fdeacylated or more
infrequently acid-cleaved specie26f. While providing
valuable structural insight into the backbone structure of the

core glycan, these chemical treatments caused importam.a

glycan-associate®-linked or acid-sensitive moieties to be
lost, rendering their detection inaccessible with this tech-
nigue. In this work, we report the application of a highly

sensitive electrophoresis-assisted open-tubular liquid chro-

matography-mass spectrometry (EA-OTLEMS) approach
to the analysis of intact LOS fron€. jejuni, which has
obviated the need for th@-deacylation procedure and, in

so doing, has provided important insight into the presence

of LOS-boundO-linked acetate and glycine modifications
in this organism.

MATERIALS AND METHODS
Bacterial Strains and LOS IsolatioheC. jejuniHS:19

(Prince Technologies) coupled to a 4000 QTRAP mass
spectrometer (Applied Biosystems/MDS Sciex). A sheath
solution (2:1 2-propanol/methanol) was delivered at a flow
rate of 1.0uL/min. Separations were obtained on 90

cm long bare fused-silica capillary using 15 mM ammonium
cetate in deionized water (pH 9.0) or 30 mM morpholine
in deionized water (pH 9.0). A separation voltage of 20 kV,
together with a pressure of 500 mbar, was used for fast CE
MS analysis. The 5.2 anet5.2 kV electrospray ionization
voltages were used for positive ion mode and negative ion
mode detections, respectively.

Electrophoresis-Assisted Open-Tubular Liquid Chroma-
tography-Mass Spectrometry.OS samples were washed
with methanol (3x 100 uL) with vigorous stirring. The
insoluble material was collected after centrifugation and
suspended in 30L of water. Typically, 1.QuL of LOS was
applied to the capillary column followed by a wash with
1.0 uL of methanol. A small plug (60 nL) of 1.0 M
ammonium acetate in deionized water was injected to elute
the adsorbed LOS from the capillary surface. The separation

serostrain (ATCC 43446) and HB93-13 (ATCC 700297) was performed using 30 mM morpholine in deionized water
were obtained from the American Type Culture Collection. (pH 9.0). A separation voltage of 20 kV, together with a
C. jejuni strains OH4382 and OH4384 were obtained from pressure of 500 mbar, was applied for the EA-OHIMS

the Laboratory Center for Disease Control (Health Canada, analysis. The ESI voltage applied on the sprayer was set at
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Ficure 1: Negative ion MS analysis of intact LOS fro@ jejuni (A) strain GB19 and (B) strain OH4382.

—5.2 kV. Data acquisition was performed in the range of Neu5AG->"Hex HepPEtn-KDO,lipid A (PPEtNn, PPEtN),
m/z 600—2000 at a scan rate of 2 s/spectrum. and GlyNeu5Ag-Hex*HepPEtn;-KDO,lipid A (PPEtn,

For all MS experiments, nitrogen was used as the curtain P), respectively. The absence @Facetylated Neu5Ac in
gas and collision gas. In the MS/MS (enhanced product ion OH4382 is consistent with the presence of an inactive version
scan or EPI) and MSexperiments, the scan speed was set of the SOAT gene in this strain (see below and 2B¥.
to 4000 Da/s, with @ trapping. In MS/MS and M$ Characterization of Sialylation of LOS0 obtain structural
experiments, the trap fill time was set as “dynamic” and the information related specifically to the presence ©Of
resolution of Q was set as “unit”. For MSexperiments,  acetylated glycoforms irC. jejuni GB19, tandem mass
the excitation coefficient was set at a value to excite only spectrometry experiments were carried out on the quadruply
the first isotope for a single charged precursor with the charged ions atvz 1141.1 and 1151.5, and the spectra are

excitation time set to 100 ms. presented in panels A and B of Figure 2, respectively. The
fragment ions atn/z 290.2 and 581.3 give evidence for the
RESULTS presence of monosialic acid (Neu5Ac) and disialic acid

MS Analysis of Intact LOSntact LOS samples from 13 (NeuSAc-Neu5Ac), respectively. The fragment ionnafz
(when including the GB1brfl1 mutant)C. jejuni strains ~ 332.2, corresponding t®-acetylated Neu5Ac, and the
were analyzed using EA-OTLEMS. Two representative ~ fragment ion atwz 623.3, corresponding to the additional
mass spectra are shown in Figure 1, in which a series ofattachment of NeuSAc, were observed in the tandem mass
triply, quadruply, and pentuply deprotonated ions were Spectrum of ion atn/z 1151.5. These observations clearly
observed for intact LOS oF. jejunistrains GB19 (panel A)  indicated that the terminal NeuS5Ac wésacetylated. The
and OH4382 (panel B). The MS spectrum of the LOS from tandem MS data also provide information about the com-
C. jejuniGB19 was consistent with a heterogeneous mixture Position of lipid A (e.g., doubly charged ions iz 1001.2
of disialylated glycoforms in which much of the variability ~and 1062.7), differentiated by an additional phosphoetha-
was attributed to the presence or absence of glycyl (Gly), Nolamine group REtn).
acetyl (Ac), and phosphorylPEtn) modifications. For The combined MS and MS/MS data were then used to
example, the quadruply charged ionsvéz 1096.0, 1110.3,  derive the molecular weights and compositions of different
1126.8, and 1141.1 correspond to species with the composi-glycoforms, which are summarized in Table 1. The data
tions Neu5Ag-Hex,-HexNAC-Hep,' PEtn;-KDO,-lipid A revealed that each glycoform consisted of a conseREd-
(PPEtn, P), Gly-Neu5Ag-Hex;: HexNAGc-Hep PEtn *KDO,+ substituted di--glycerep-manneheptosyl inner core moiety,
lipid A (PPEtn, P), NeuSAg-Hex,*HexNAc*Hep*PEtn; attached via KDO to lipid A. The MS data are consistent
KDOglipid A (PPEtn, PPEtn), and GlyNeu5Acg-Hex,: with the lipid A portion of the molecule, consisting of a
HexNAc*Hep,' PEtn-KDOo#lipid A (PPEtn, PPEtn), hybrid backbone gfi-p-GIcN3N-(1—6)-a-p-GIcN carrying
respectively. Structurally related glycoforms possessing anegative charged group,andPPEtn, at positions O-1 and
single O-acetyl modification were observed mz 1106.5, O-4' and substituted with six fatty acid chains [four 14:0(3-
1121.0, 1137.5, and 1151.5. For intact LOS fr@mjejuni OH) and two 16:0] as amide and ester linkages.

OH4382 (Figure 1B), quadruply charged ions were observed Characterization of Acetylation of Sialic Acids in LOS.
atm/z 891.0/964.0, 922.0/994.5, and 1009.0, corresponding The LOS sialylation and correspondif@racetylation can
to Neu5AG-,Hex*Hepr PEtn:KDO2:lipid A (PPEtn, P), be screened using precursor ion monitoring MS experiments
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FiGure 2: MS/MS analysis of intact LOS fror€. jejuni GB19. (A) Extracted MS/MS spectrum of the ionratz 1141.1, corresponding
to a composition of GNeu5AG-Hex;*HexNAc -Hep-PEtn-KDO,:lipid A (PPEtn, PPEtn). (B) Extracted MS/MS spectrum of the ion
atm/z 1151.5, corresponding to a composition of-&ty-Neu5Ag-Hex;:HexNAc -Hepr PEtn-KDO,:lipid A (PPEtn, PPEtn).

with a precursor afn/z 290.1 (Neu5Ac) om/z 332.2 (Ac- revealed noO-acetylated Neu5Ac residues in the LOS of
Neu5Ac). The extracted precursor ion scan mass speotza ( strain OH4382 (Figure 3H).

290.1) for strain GB19 and OH4382 are presented in panels Correlation of the SOAT and Cst-ll Actiies with the

A and E of Figure 3, respectively. The quadruply and Obsewed Sialylation and Acetylation Patterng/e previ-
pentuply deprotonated ions related to disialylated glycoforms ously reported thaC. jejuni could have either mono- or
containing glycine residues were observed in the extractedpifunctional variants of Cst-1l and active or inactive variants
mass spectra. For strain GB19, the major iom&t 913.0/ of the SOAT (9, 25), when these genes are present. LOS-
1141.0 corresponds to the glycine-subsituted disialylated hound acetylated Neu5Ac requires the presence of a bifunc-

glycoform GlyNeu5Ag-Hex:HexNAc-Hepy PEtn-KDO,- tional Cst-ll because the SOAT can transfer to only a
lipid A (PPEtn, PPEtn). A nonglycylated species was Neu5Ac residue that is2,8-linked to a subterminal Neu5Ac.
observed at'z901.5 ([M — 5H]°") andm/z 1127.0 ((M— In Table 2, we summarize the information known about the

4H]*"). The disialylated glycoforms lackingREtn moiety ~ Cst-Il and SOAT ¢rf11) variants for the 13 strains used in
were detected at/z 877.0/1096.5 and 888.5/1110.5. The this study. We observed LOS-bound acetylated Neu5Ac in
precursor ion spectrum offz290.1 for strain OH4382 gives  the five strains that have both a bifunctional Cst-Il and an
prominent quadruply and pentuply deprotonated ions for the activeO-acetyltransferase (MF6, GB16, GB19, GC033, and
major disialylated glycoforms (Figure 3E). Disialylated HB93-13). Two strains (OH4382 and OH4384) have a
glycoforms in GB19 and OH4382 were confirmed by bifunctional Cst-1l and an inactive SOAT, while four strains
scanning for the diagnostic ion atz 581.2 (Figure 3B,F).  (GB11, GB26, GC175, and ATCC 43446) have an active
The spectra revealed that both strains contain disialylatedSOAT but a predicted monofunctional Cst-Il. Acetylated
glycoforms. Neu5Ac glycoforms were not observed for four (OH4382,
In full MS spectra, ions corresponding @-acetylated OH4384, GB26, and GC175) of these six strains (Table 1).
Neu5Ac-containing glycoforms were not readily identified We observed a trace amount of disialylated glycoforms in
due to extensive overlap of signals from species correspond-strains GB11 and ATCC 43446 which is surprising since
ing to the major sialylated glycoforms and, in some cases, they have a monofunctional Cst-Il. We also observed small
due to the low abundance of these species. However, theiramounts of O-acetylated Neu5Ac-containing glycoforms in
presence could be easily confirmed by selecting the ion atGB11 and ATCC 43446, which is consistent with the
m/z 332.1 as a precursor, which corresponds to deprotonatedoresence of an activ®-acetyltransferase that targets those
O-acetylsialic acid (Figure 3C). As expected, the ions glycoforms that are disialylated. In these two strains, it is
corresponding to O-acetylated Neu5Ac-containing speciespossible that Cst-Il has a low level of bifunctional activity
were observed only in the spectrum of intact LOECofejuni that allows the expression of trace amounts of disialylated
GB19 (compare panels C and G of Figure 3). The presencespecies. The intact LOS of the GBbif11 mutant (SOAT
of the O-acetylated disialic acid in the LOS was confirmed negative) had small amounts of disialylated glycoforms but
in a precursor ion monitoring experiment by selecting the no O-acetylated Neu5Ac-containing glycoforms (Table 1),
ion at m/z 623.2 (Ac-Neu5Ac-Neu5Ac) as a precursor. which confirms the role 0brfl1 in the acetylation of LOS-
Glycoforms containingd-acetyl-Neu5Ac-Neu5Ac were ob-  bound Neu5Ac. We have also analyzed one strain (NCTC
served atw/z 1151.5 [M — 4H]* and 1535.5 [M— 3H]*~ 11168) that carries a monofunctional sialyltransferase (Cst-
(Figure 3D). The precursor ion scan experiments also lll instead of Cst-1l) and does not carry the SOAT gene



Table 1: Proposed Compositions of Intact LOSs Based on MS and MS/MS Results

observed ionsr/2

molecular mass (Da)

relative
strain [M—5H]> [M — 4H]* [M — 3H]* observed calculatéd abundance proposed composition
GB16 876.7 1096.0 1461.6 4388.1 4386.5 0.9 NeudAex,HexNAc -Hep: PEtn-KDO2#lipid A (PPEtNn, P)
885.3 1106.9 1475.5 4430.9 4428.6 0.4 -Meu5AG-Hex-HexNAc -Hep- PEtn -KDO--lipid A (PPEtn, P)
888.1 1110.3 1480.5 4445.1 4443.6 0.6 Glgu5Ac-Hexi*HexNAc *Hep* PEtn-KDO,+lipid A (PPEtn, P)
897.1 1121.1 1494.7 4488.7 4486.6 0.2 Bly-Neu5Ae-Hex-HexNAc-Hep,: PEtn;-KDO2:lipid A (PPEtn, P)
901.3 1126.8 1502.5 4511.1 4509.6 1.0 NeubBex-HexNAc-Hep PEtn-KDO-lipid A (PPEtn, PPEtN)
910.0 1137.4 1516.7 4553.9 4551.6 0.5 -Meu5AG-HexisHexNAc - Hep  PEtn-KDO+lipid A (PPEtn, PPEtNn)
912.9 1141.0 1521.5 4568.3 4566.6 0.7 Glgus5Ac-Hex,HexNAc -Hep PEtn-KDO2lipid A (PPEtn, PPEtN)
921.1 1151.5 1535.6 4610.1 4608.7 0.3 -Bly-Neu5Acg-Hex*HexNAc;-Hep: PEtn;-KDO2:lipid A (PPEtn, PPEtN)
MF6 1023.1 1364.8 4096.9 4095.3 0.3 NeupsAex-HexNAc-Hep PEtn-KDO,-lipid A (PPEtn, P)
1037.4 1383.3 4153.3 4152.3 0.3 AeuS5AG-HexHexNAc-HepPEtn-KDO2-lipid A (PPEtn, P)
876.7 1096.0 1461.4 4387.9 4386.5 0.9 NeubHex-HexNAc-Hepy PEtn-KDOlipid A (PPEtn, P)
885.5 1107.0 1476.0 4431.8 4428.6 0.4 -ReuS5Ac-Hex;HexNAG -Hep PEtn-KDO2+lipid A (PPEtn, P)
888.1 1110.3 1480.6 4445.2 4443.6 0.9 Glgu5Ac-HexirHexNAc - Hep* PEtn-KDO,+lipid A (PPEtNn, P)
897.0 1121.5 1495.0 4489.3 4486.6 0.3 Bly-Neu5Ag-Hex-HexNAc-Hep: PEtn-KDO2:lipid A (PPEtn, P)
901.3 1126.8 1502.5 4511.1 4509.6 0.99 Neubex*HexNAc*Hep PEtn-KDO2:lipid A (PPEtn, PPEtN)
910.0 1137.5 1517.0 4554.3 4551.6 0.4 -Meu5AG-Hexs*HexNAc - Hep  PEtn - KDO2+lipid A (PPEtn, PPEtN)
912.7 1141.0 1521.5 4568.0 4566.6 1.0 Glgus5Ac-Hex,*HexNAc -HepPEtn-KDO2#lipid A (PPEtn, PPEtN)
921.5 1152.0 1536.0 4611.8 4608.7 0.3 -Bly-Neu5Acg-Hex-HexNAc-Hep: PEtn;-KDO::lipid A (PPEtn, PPEtN)
GB19 876.7 1096.0 1461.5 4388.0 4386.5 0.4 NeuSAex-HexNAc-Hep PEtn-KDO,+lipid A (PPEtn, P)
885.2 1106.5 1475.5 4430.2 4428.6 0.3 ‘ReuSAc-HexsHexNAG - Hep: PEtn-KDO2#lipid A (PPEtNn, P)
888.0 1110.2 1480.4 44447 4443.6 0.5 Glgu5Ac-Hex-HexNAc -Hep- PEtn-KDO--lipid A (PPEtn, P)
896.0 1121.0 1494.5 4486.5 4486.6 0.4 -@ly-Neu5Ace-Hex;HexNAc -Hep PEtn-KDO2#lipid A (PPEtn, P)
901.2 1126.8 1502.4 4510.8 4509.6 0.8 NeubBex-HexNAc-Hep PEtn-KDO-lipid A (PPEtn, PPEtn)
910.0 1137.5 1516.5 4553.8 4551.6 0.7 -lMeu5Ae-Hexi*HexNAc - Hep PEtn-KDO,+lipid A (PPEtn, PPEtNn)
912.7 1141.0 1521.4 4567.9 4566.6 1.0 GlguSAc-HexsrHexNAG-Hepy PEtn;-KDO2lipid A (PPEtn, PPEtN)
921.1 1151.5 1535.1 4609.6 4608.7 0.6 -@ly-Neu5Ac-Hex;HexNAc -Hep PEtn-KDO2#lipid A (PPEtn, PPEtN)
GCO033 876.7 1096.0 1461.5 4388.0 4386.5 0.7 Neuydhexu-HexNAc - Hep PEtn-KDO,+lipid A (PPEtn, P)
897.0 1121.0 1496.0 4489.7 4485.6 0.5 Bly-Neu5Ag-Hex-HexNAc-Hep,: PEtn;-KDO2:lipid A (PPEtn, P)
901.3 1126.8 1502.5 4511.1 4509.6 1.0 NeubHexs;:HexNAc -Hep PEtm-KDO,+lipid A (PPEtn, PPEtN)
1137.5 4550.0 4551.6 0.1 AdeuSAG-HexHexNAc - Hep PEtn - KDO2+lipid A (PPEtNn, PPEtN)
912.7 1141.0 1521.6 4568.1 4566.6 0.8 Glgus5Ac-Hex;*HexNAc -HepPEtn-KDO2lipid A (PPEtn, PPEtN)
921.5 1152.0 4612.3 4608.7 0.1 AAly-Neu5Ag-Hex-HexNAc-Hep,: PEtn;-KDO2:lipid A (PPEtn, PPEtN)
HB93-13 891.2 1188.4 3568.5 3567.8 0.4 NeubHMex-HepPEtn-KDO-lipid A (PPEtn, P)
737.5 921.9 1229.7 3691.7 3690.9 1.0 NeubHexHepPEtm+KDO,-lipid A (PPEtn, PPEtN)
748.9 936.2 1248.7 3748.8 3747.9 0.8 Glgu5AG-HexHepPEtn*KDO,:lipid A (PPEtn, PPEtN)
795.8 994.8 1326.8 3983.5 3982.1 0.9 NeubHex-HepPEtn-KDO,-lipid A (PPEtn, PPEtn)
1006.0 1340.5 4026.3 4024.2 0.1 ‘Neu5AG-HexHep PEtn-KDO.+lipid A (PPEtn, PPEtN)
807.2 1009.1 1345.8 4040.6 4039.2 0.8 Glgu5Ac-Hex-Hep PEtn-KDO--lipid A (PPEtn, PPEtN)
1019.5 1360.0 4082.5 4081.2 0.1 -+&dy-Neu5Ac-Hex-Hep-PEtn-KDO2:lipid A (PPEtn, PPEtN)
863.0 1078.5 1437.5 4317.8 4315.4 0.1 -MeuSAG-Hex-HepPEtn-KDO,lipid A (PPEtn, PPEtN)
1092.5 1457.0 4374.3 4372.5 0.1 +&dy-Neu5Ac-Hex*Hep PEtn -KDO2:lipid A (PPEtn, PPEtN)
OH4382 891.0 1188.5 3568.3 3567.8 0.3 NeubBexHep PEtn-KDO,+lipid A (PPEtn, P)
922.0 1229.5 3691.8 3690.7 0.5 NeusAtexHepr PEtn-KDO-:lipid A (PPEtn, PPEtn)
771.0 964.0 1285.5 3859.8 3859.1 0.6 NeubBexHepPEtn-KDO,lipid A (PPEtn, P)
795.5 994.5 1326.5 3982.3 3982.1 1.0 NeubBex-HepPEtn-KDO:-lipid A (PPEtn, PPEtn)
807.0 1009.0 1345.5 4039.8 4039.2 0.5 Glgu5Ac-HexrHepr PEtn -KDO2:lipid A (PPEtN, P)
OH4384 982.7 13104 3934.5 3933.1 0.5 NeubBexs-HexNAc - Hep PEtn-KDO+lipid A (PPEtn, P)
1013.5 1351.2 4057.3 4056.2 0.9 NeusMexHexNAc-Hep: PEtn-KDO-:lipid A (PPEtn, PPEtn)

a |sotope-averaged mass units were used for the calculation of molecular mass values based on proposed compositions as follows: Hex, 162.1d3 H8xNAp, 292.17; KDO, 220.18, 79.98;

PEtn, 123.05; C14, 165.13; Neub5Ac, 291.26; Gly, 57.05; Ac, 42.03; 3-OH C14:0, 226.36; C16:0, 2384 118D1.
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Table 1: (Continued)

observed ionsni/2 molecular mass (Da)
relative
strain [M— 5H]> [M — 4H]* [M — 3H]J* observed calculatéd  abundance proposed composition
OH4384 822.3 1027.5 1370.5 4115.0 4113.2 0.9 -Beu5AG-HexsrHexNAc - Hep* PEtn -KDO,#lipid A (PPEtn, PPEtN)
868.9 1448.3 4348.7 4347.5 0.2 NeubtexsHexNAc -Hep: PEtn-KDO2#lipid A (PPEtn, PPEtN)
902.4 1128.3 1504.5 4516.9 4515.7 0.4 NeubBexs:HexNAc-Hep PEtn-KDO,+lipid A (PPEtn, P)
927.0 1159.0 1545.4 4639.8 4638.7 1.0 NeubHexs:HexNAc -Hep PEtm:KDO.+lipid A (PPEtNn, PPEtN)
938.4 1173.3 1564.6 4697.0 4695.8 0.8 Glgu5Ac-HexsHexNAc -HepPEtn-KDO2lipid A (PPEtn, PPEtN)
GB26 818.5 1023.1 1364.5 4096.8 4095.3 0.8 NeuSAex-HexNAc-Hep PEtn-KDO,+lipid A (PPEtn, P)
843.1 1053.9 1405.5 4219.9 4218.3 1.0 NeubHex,;-HexNAc-Hep PEtn-KDO,-lipid A (PPEtn, PPEtN)
854.4 1068.2 1424.8 4277.1 4275.4 0.5 Glgu5AG-Hexi:HexNAc -HepPEtn-KDO,#lipid A (PPEtn, PPEtN)
GC175 891.2 1188.5 3568.6 3567.8 0.5 NeubBex-Hep, PEtn;-KDOlipid A (PPEtN, P)
922.0 1229.7 3692.1 3690.9 1.0 NeusAtex-Hepr PEtn-KDO-:lipid A (PPEtn, PPEtn)
936.3 1248.5 3748.8 3747.9 0.6 @leu5AG-Hex-HepPEtn-KDO+lipid A (PPEtn, PPEtN)
11168 1063.7 1418.3 4258.4 4256.2 0.6 NeubBexs-HexNAc;-Hep,: PEtn-Kdo,-lipid A (PPEtn, P)
1094.4 1459.2 4381.1 4379.2 1.0 NeuSAtexs-HexNAc-Hep PEtn;-Kdoy:lipid A (PPEtn, PPEtN)
1135.0 1513.2 4543.3 4541.4 0.3 NeusAtexs:HexNAc-Hep,: PEtn-Kdo,+lipid A (PPEtn, PPEtN)
ATCC 43446 (HS:19) 982.4 1310.8 3934.5 3933.1 0.3 NeudAex*HexNAc-Hepy PEtn-KDO2:lipid A (PPEtN, P)
1013.4 1351.6 4057.7 4056.2 0.6 NeusAtexHexNAc-Hep,: PEtn;-KDO::lipid A (PPEtn, PPEtn)
843.9 1055.6 1407.6 4225.6 4223.2 0.6 NeubHexs:HexNAc -Hep PEtm*KDO.+lipid A (PPEtN, P)
869.1 1085.9 1448.6 4348.9 4347.5 1.0 NeubBex;-HexNAc-Hep PEtn-KDO-lipid A (PPEtn, PPEtN)
880.1 1100.3 1467.1 4405.0 4403.3 0.8 BlgusAc-Hexs HexNAc - Hepyr PEtn -KDO2+lipid A (PPEtn, PPEtn)
927.5 1159.2 1545.5 4640.9 4638.7 0.1 NeubBex;-HexNAc-Hep PEtn-KDO,+lipid A (PPEtn, PPEtN)
935.5 1169.5 1560.0 4682.5 4680.8 0.1 -lMeu5Ag-HexgrHexNAc - Hep  PEtn-KDO,#lipid A (PPEtn, PPEtNn)
947.5 1184.5 1579.0 4740.8 4737.8 0.1 -@ly-Neu5Ag-HexsHexNAc -HepPEtn-KDO2+lipid A (PPEtn, PPEtN)
GB11 982.6 1310.3 3934.1 3933.1 0.3 NeubMex;*HexNAc-Hep: PEtn-KDO2:lipid A (PPEtn, P)
1013.3 1351.4 4057.2 4056.2 0.4 NeusAtexs-HexNAc:-Hepr PEtn -KDO2:lipid A (PPEtn, PPEtN)
844.3 1055.4 1407.5 4225.9 4224.4 0.6 NeubBexs-HexNAc-Hep PEtn-KDO,-lipid A (PPEtn, P)
868.8 1086.1 1448.4 4348.5 4347.5 1.0 NeubHexs:HexNAc-Hep PEtn-KDO,-lipid A (PPEtn, PPEtN)
880.3 1100.4 1467.4 4405.8 4404.5 0.6 Glgu5Ac-HexgrHexNAc - PEtmHepKDO,+lipid A (PPEtn, PPEtN)
927.5 1159.2 1545.5 4640.9 4638.7 0.1 NeubHexs:HexNAc-Hep PEtn-KDO,-lipid A (PPEtn, PPEtn)
936.0 1169.9 1560.0 4683.9 4680.8 0.1 -Meu5Acg-HexerHexNAc - Hep  PEtn-KDO#lipid A (PPEtn, PPEtn)
947.5 1184.0 1579.0 4740.8 4737.8 0.1 -Bly-Neu5Ag-Hexs*HexNAc-Hep: PEtn - KDO2:lipid A (PPEtn, PPEtN)
GB11 (af11 mutant) 981.9 13104 3932.9 3933.1 0.4 NeubBexs-HexNAc - Hep PEtn-KDO,+lipid A (PPEtn, P)
1351.3 4056.9 4056.2 0.5 Neu5Aldexs:HexNAc:-Hep: PEtm-KDO2:lipid A (PPEtn, PPEtN)
1055.1 1407.1 4224.3 4224.4 1.0 NeubAtex:HexNAc-Hep,: PEtn;-KDO::lipid A (PPEtn, P)
1086.3 1448.4 4348.7 4347.5 0.7 Neubtexs:HexNAci*Hep PEtn - KDO2:lipid A (PPEtn, PPEtN)
1100.1 1467.4 4404.8 4404.5 0.3 AleuSAc-Hexs HexNAc-PEtnHeprKDO2:lipid A (PPEtn, PPEtN)
1159.1 1545.3 4639.6 4638.7 0.1 Neubtexs:HexNAc*Hep PEtn -KDO2:lipid A (PPEtn, PPEtN)
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GB19 OH4382
A), sialylated glycoforms E), sialylated glycoforms
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Ficure 3: Precursor ion analysis of intact LOS frd jejuniGB19 (A—D) and OH4382 (EH). (A and E) Precursor ion mass spectrum
of the ion atm/z 290.1. (B and F) Precursor ion mass spectrum of the ion/ab81.2. (C and G) Precursor ion mass spectrum of the ion
atm/z 332.1. (D and H) Precursor ion mass spectrum of the iomWa623.2.

(orfl1). As expected, disialylated ai@tacetylated NeuS5Ac-  conditions used for delipidation also remove the sialic acid
containing glycoforms are absent in NCTC 11168. The EA- groups.
OTLC—MS technique is effective in analyzing material The core oligosaccharide @. jejunistrain NCTC 11168
isolated from just one colony of cells, which was demon- is shown in Scheme 1. Interestingly, this is the only strain
strated through analysis of the MF6 strain (Supporting that was shown to have no glycine in its LOS (core 1). The
Information, Figure S1). oligosaccharide fractions @. jejuni strains GB26, GB19,
Location of the Glycine Residue in LOSthough glycine GCO033, GB16, and MF6 were found to have the core 2
has not been reported @. jejuni LOS, the presence of this  structure. A representative mass spectr@mjéjuni GB19)
amino acid has been previously detected as a substituent irrevealed a single ionnfz 1580.3) corresponding to the
the LOS of other Gram-negative bacte/®{32). To detect molecular mass of the core region (Figure 4A). In addition,
glycine and confirm its location within the glycan component we observed major ions with additional masses of 57 Da,
of the LOS, MS experiments on the sodiated ions were corresponding to the glycinated analogue¥z(1637.2). A
performed. Detailed structural information is summarized in series of sodiated ions were also observat 1602.1 and
Scheme 1, in which all strains comprise an anhydro-KDO 1659.2). MS/MS analysis of the ion at/’z 1659.2 corre-
moiety (AnKDO-ol) formed during delipidation by-elim- sponding to sodiated core oligosaccharide with a single
ination of the appended KDO group from C-4 of linking glycine residue attached is shown in Figure 4B. The spectrum
KDO as observed in previous studie®3). The mild acid showed a series of B-type ions (e.ga,Bit m/z 388.3, By
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Table 2: Variants of Sialat®-Acetyltransferase (SOAT encoded byf11) and Sialyltransferase (Cst-1I) Observed in tBejejuni Strains that
Were Analyzed for the Presence ©fAcetyl-Neu5Ac

GenBank entry
predicted expected observed
Cst-ll  SOAT 9-O-acetyl- 9-O-acetyl-
strain country disease Cst-ll Orfll variant activityd  NeuSAE Neu5Ac comment
AT(CCS 4?51;46 Canada enteritis AF167344  AF167344 mono + - —I+ trace amount of acetyl-Neu5Ac
HS:1
GBl11 The Netherlands GBS AY422197  AY422197 mono + - —I+ trace amount of acetyl-Neu5Ac
GB11 The Netherlands GBS AY422197  AY422197 mono — - - gene-specific knockout of
(orf11 mutant) orf11 (SOAT) made by
Godschalk et al.1)
GB16 The Netherlands GBS EF076703 DQ357235  hi + + + phase-variable G-tract iorf11
GB19 The Netherlands GBS DQ357237 DQ357237 bi + + + phase-variable G-tract iorf11
GB26 The Netherlands GBS DQ351737 DQ351737 mono + - -
MF6 The Netherlands FS AY422196  AY422196 i + + + phase-variable G-tract iorf11
HB93-13 China GBS AY297047  AY297047  bi + + +
GC033 Japan FS DQ536321 DQ354586  bi + + + phase-variable G-tract iorf11
GC175 Japan GBS DQO077811 DQ357247 mono + - -
OH4382 Japan GBS (AF130984)AF130984) bi - - - SOAT is inactive due to
Asp75Gly mutation
OH4384 Japan GBS AF130984  AF130984  hi - - — SOAT is inactive due to
Asp75Gly mutation
NCTC 11168 United Kingdom enteritis AL111168  absent mono — - - has Cst-II (rather than Cst-I)
and no SOAT

aThe strains from The Netherlands are described by Godschalk &),alvt{ile the isolates from Japan are described by Takahashi é&7al. (
ATCC 43446 is the HS:19 Penner serostrdiall of the strains came from patients who had enteritis. Some of the patients also developed neurological
symptoms as indicated: GBS, Guillain-Basgndrome; FS, Fisher syndronféMionofunctional Cst-1l ha$i2,3 activity, and bifunctional Cst-II
has botha2,3 anda2,8 activities 18). ¢ Data for active or inactive SOAT (Orfl1) variants are from Houliston et28).( We expect to observe
9-O-acetyl-Neu5Ac when there is a combination of active SOAT and bifunctional Csthie sequences of Cst-Il and Orf11 from OH4382 are
identical to that from OH4384.

Scheme 1 799.2 correspond to compositions [Hebtep*Gly + NaJ*,
PEMN [HexNAc;*Hex;*Hepi*Gly + NaJ*, and [HexNAg-Hex:
| Hep-Gly + NaJ", respectively. These fragment ions indi-

o cated that the glycine residue could substitute Hex or Hep.

Core 1

Galp-(1->3)-GalNACB-(1—4) -Galp-(1-3) -Galp-(1-3)-Hepo-(1-3)-Hepa-(1-5)-KDO
2 2 4

Core 2

Core 3
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i) ) T

1 1 1
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+/-Gly |
| 716
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2 4
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4

1
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716
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4

4
1
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atm/z 550.2, and B, at m/z 961.3), along with the Bions

corresponding to consecutive losse&tn (Bs-123 orm/z

1315.6) and Hex (B123—162 orm/z 1153.4). In addition,
a series of C-type ions were also detected. This series ofDISCUSSION
ions indicated that glycine is located in the inner core region

of the LOS inC. jejuniGB19. To define more precisely its
position, the ion atn/z 961.3 was further fragmented in a

Tandem MS experiments on the protonated parent ions were
therefore performed for Gly-substituted and non-Gly-
substituted glycoforms (Figure 4D). By comparing the two
MS? spectra, we can conclude that the Gly substitutes for
Hep and not Hex. Similar results were observeddojejuni
strains MF6, GB16, GB26, and GC033 (data not shown).
Therefore, the fragment ion a¥'z 250.1 of the protonated
parent ion can be used as a diagnostic ion to detect glycinated
species in strains that adopt a structure consistent with core
2 in Scheme 1.

Three other strains (GB11, ATCC 43446, and OH4384)
share the same core LOS structure (core 3 in Scheme 1).
The tandem spectra indicate that this amino acid is also
localized to Hep (Supporting Information, Figure S2). The
fragment ion atn/z 799.3 of the sodiated parent ion, together
with the fragment ion atv/z 250.1 of the protonated parent
ion, can therefore be used as the diagnostic ion for strains
that adopt the second structure presented in Scheme 1.
Similar analysis was performed for strains OH4382, HB93-
13, and GC175 (Supporting Information, Figure S3) for
which the LOS has a structure represented by core 4 (Scheme
1). The results demonstrate once again that glycine was
localized to Hep.

LOS is a virulence factor of. jejuniand is involved in
the development of post-infectious neuropathies, due to

MS?® experiment. The product ion spectrum is shown in molecular mimicry between the LOS core structure and
Figure 4C, in which Y-type ions atvz 434.4, 596.5, and

ganglioside epitopes on peripheral nerve tissue. Structural
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Ficure 4: MS and MS/MS analysis of core oligosaccharide€ofejuniGB19. (A) Extracted MS spectrum. (B) Extracted MS/MS spectrum
of the ion atm/z 1659.2 ([M+ Na]"), corresponding to a composition of GHex,-HexNAc;-HepPEtn-KDO;. (C) Extracted MSspectrum

of the ion atm/z961.4 ((M+ Na]*, produced frommyz 1659.2). (D) Ext
corresponding to compositions of Giyex,»HexNAc -Hep, PEtn-KDO,

racted MS/MS spectra of protonated ionw/atl637.2 and 1580.3,
and Hex-HexNAc -Hep,:PEtn-KDOy, respectively. The fragment

ions are assigned according to the nomenclature of Domon and Co8#éllo (

studies have shown that mafy jejuni strains have LOS-  and NCTC 11168 had a single Neu5Ac residue in their LOS.
containing ganglioside-like structures with sialic acid as an ATCC 43446 and GB11 had glycoforms with either one or
essential appendag&d). The LOSs in some of th€. jejuni two mono-Neu5Ac forms, with the inner Gal residue always
strains investigated in this study contain up to three sialic substituted and the terminal Gal residue variably substituted

acid residues, linked terminally and/or subterminally to
galactose. MS spectra of intact LOS frdn jejuni strains
provided information about the structure and relative distri-

(see the scheme in the Supporting Information). Disialylated
(Neu5Ac-Neu5Ac) populations of LOS glycoforms have
been detected in the strains predicted to have a bifunctional

bution of specific species within the ensemble of glycoforms. Cst-Il and include MF6, GB16, GB19, OH4382, HB93-13,
A quick profiling of LOS glycoforms was performed using and GCO033. Trace amounts of disialylated (Neu5Ac-
precursor ion scan experiments to screen for the presenceNeu5Ac) populations of LOS glycoforms were also observed

of specific glycoforms in a complex mixture. The selective
ion scanning fomvz 290.1, specific for NeuSAc residues,

andm/z 581.2, specific for NeuS5Ac-Neu5Ac, suggested the
presence of monosialylated and disialylated glycoforms,
respectively. Monosialylated LOSs were the major glyco-
forms inC. jejunistrains predicted to have a monofunctional
Cst-Il variant (or Cst-11l) and include ATCC 43446, GB11,

GB26, GC175, and NCTC 11168. Strains GB26, GC175,

in ATCC 43446 and GB11, even though these strains are
predicted to contain monofunctional Cst-Il variants. Tandem
mass spectrometric studies of intact LOS frGnjejunistrain
OHA4384 showed evidence of the existence of monosialic acid
and a disialic acid attached to different sugar residues.
Sialic acids in the LOS o€. jejunican be modified with
O-acetyl groups. We have previously confirmed by NMR
experiments the existence of an enzyme (SOAT.ijejuni
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which O-acetylates carbohydrate-bound Neu528)( How- also express disialate residues, which can trigger anti-GQ1b
ever, we were only able to detedtacetylated Neu5Ac after  antibodies and are implicated in the pathology of these
it was released from the cells by a neuraminidase. We couldconditions. FS is strongly associated with the presence of
not directly demonstrate the presence of LOS-bo@hd anti-GQ1b antibodies3g). The significance oD-acetylated
acetylated Neu5Ac by MS, because sample preparationNeu5Ac in clinical presentations will be clearer upon
involved anO-deacylation step, which is commonly used to examination of a large set @. jejunistrains. Our ability to
removeO-linked fatty acid chains but also removes O-linked use MS approaches to characterize small quantities of
acetate. Using an EA-OTLEMS strategy to analyze intact material will facilitate this task.
LOS, we were able to obtain direct evidence of the presence The presence db-linked glycine residues i€. jejuniLOS
of LOS-boundO-acetylated sialic acids. While MS spectra has not been reported previously, due toGhdeacetylation
were able to show the presence®fcetylated sialic acids,  preparation procedure. Almost 4ll. jejuni strains investi-
tandem mass spectrometry provided much more confidentgated in our study expres3-glycine substituents in their
structural information for highly complicated spectra. There- inner core oligosaccharide regions. Interestingly,jejuni
fore, we employed precursor ion scan experiments to probe11168 is the only strain in which we did not detect glycine
for Neu5Ac O-acetylation. A quick profiling of LOS  modification. However, we could not determine if the gene
glycoforms for the existence oD-acetyl-NeuSAc and  responsible for adding glycine is absent or inactive. To locate
O-acetyl-NeuS5Ac-Neu5Ac was achieved by using precursor the glycine residue in the inner core oligosaccharide, MS/
ions atm/z 332.1 and 622.2, respectively. Teacetylated ~ MS experiments were performed in positive ion mode on
Neu5Ac-containing glycoforms were detected in strains MF6, core oligosaccharide samples. The results revealed that
GB16, GB19, HB93-13, and GCO033, all of which contain glycine was located on the distal heptose residue {Hiep
both predicted SOAT and bifunctional Cst-1l activities. Trace each strain. Structural information about the linkage of
amounts ofO-acetylated Neu5Ac-containing glycoforms glycine residue is being sought.
were also detected in strains ATCC 43446 and GB11 (see
below). SUPPORTING INFORMATION AVAILABLE

The presence of both an active SOAT and a bifunctional . . :
Cst-1l is required for the expression Ofacetylated Neu5Ac ApaIyS|s of mtact LOSs from a single-colony extract frqm
in the LOS outer core. The strains used in this study were St/ain MF6 (Figure S1) and, for the purpose of localizing

; oot lycine, tandem mass spectrometry characterization of the
selected to encompass several possible combinations comY . _ .
prising active or inactive versions of the SOAT and mono- 9SS in strains GB11, ATCC 43446, and OH4384 (Figure

or bifunctional copies of Cst-Il. The predicted phenotypes Sﬁ) and strailns OH4.|38b2|’ '?893'%3’;1“ G(.:17h5 (Figure S3).
correlate perfectly with the presence or absenceOef This material is available free of charge via the Internet at

acetylated NeuSAc, except for ATCC 43446 and GB11, NttP://pubs.acs.org.

which we fqund to contain trace amounts Qfacetylated REFERENCES

Neu5Ac. This was surprising since these strains were thought

to possess monofunctional versions of Cst-Il (see above). 1.Godschalk, P. C., Heikema, A. P., Gilbert, M., Komagamine, T.,
On the basis of MS analysis presented in this work, we can ~ Ang, C. W., Glerum, J., Brochu, D., Li, J., Yuki, N., Jacobs, B.

: " o C., van Belkum, A., and Endtz, H. P. (2004) The crucial role of
now confirm that they express small quantities of disialylated Campylobacter jejngenes in autoimmune antibody induction,

glycoforms that serve as targets f@-acetylation. The J. Clin. Invest 114, 1659-1665.
sialyltransferase carried by these strains appears to possess 2. Allos, B. M. (2001)Campylobacter jejuninfections: Update on
very low levels ofa2—8-transferase activity. emerging issues and trendslin. Infect. Dis. 32 1201-1206.

The characterized strains were also selected to represent 3. Public Health Agency of Canada (2006) Canada communicable
various clinical presentations (Table 2). GBS, an immune- ﬁ:ggiﬁgﬁmﬂ' hitp://dsol-smed.phac-aspc.ge.ca/dsol-smed/indis/
mediated neuropathy, and its variant FS are rare but serious 4. yyki, N., Yoshino, H., Sato, S., and Miyatake, T. (1990) Acute
post-infectious complications df. jejuni infection. Most axonal polyneuropathy associated with anti-GM1 antibodies
patients withC. jejuniassociated GBS have high titers of following Campylobacterenteritis, Neurology 40 1900-1902.
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