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ABSTRACT. The non-typeablélaemophilus influenzastrain DH1 was isolated from a 25 year old male
patient with Fisher syndrome, a postinfectious autoimmune condition characterized by the presence of
anti-GQ1b IgG antibodies that target and initiate damage to peripheral nerves. DH1 was found to display
anaNeuAc(2-8)aNeuAc(2-3)sGal branch bound to the tetraheptosyl backbone core of its lipooligosac-
charide (LOS). The novel sialylation pattern was found to be dependent on the activity of a bifunctional
sialyltransferase, Lic3B, which catalyzes the addition of both the terminal and subterminal sialic acid
residues. Patient serum IgGs bind to DH1 LOS, and the reactivity is significantly influenced by the presence
of sialylated glycoforms. The display by DH1, of a surface glycan that mimics the terminal trisaccharide
portion of disialosyl-containing gangliosides, provides strong evidence for its involvement in the
development of Fisher syndrome.

Fisher syndrome (Pis a postinfectious immune disorder FS possess sialyltransferases necessary to synthesize gan-
characterized by the presence of autoantibodies targetedylioside mimics 10, 11).
against gangliosides of the oculomotor and primary sensory In a small number of cases<{0%), the bacterium
neurons {). Most individuals that develop FS have circulat- Haemophilus influenzalas been isolated from individuals
ing 1gG antibodies which react principally to GQ12)(as with FS ). The oligosaccharide component of its LOS is
well as other gangliosides possessing disialosyl moieties,known to resemble mammalian glycolipids2f and often
such as GT1la, GD2, and GD3)( There is strong evidence contains N-acetylneuraminic acid (NeuAc)18). Recent
that autoantibodies found in patients with FS, and its clinical epidemiological studies have established a causal relationship
variant Guillain-Barre syndrome (GBS), are elicited fol- ~betweenH. influenzaeinfection and the onset of FS)

lowing exposure to a pathogen bearing surface glycans thathowever, its association with GBS and FS remains an area
mimic host gangliosidesiy. of controversy. Because this organism naturally inhabits the

respiratory tract of the majority of humans, strains cultured
from patients with FS cannot be easily linked to the disease
without rigorous serological characterization to exclude the
potential involvement of other pathogerigl(. Furthermore,

4 ) . ) while there have been several investigations that have
organism that most frequently infects patients prior to the established the similarity between the structure of ganglio-

onset of GBS anql F81(5_). Animals_, inje_cted WItlC. jejuni sides and the LOS ofC. jejuni strains isolated from
LOS produce anti-ganglioside antibodies and develop GBS-individuals with GBS and FS5 8, 9), no analogous

like symptoms §, 7). The carbohydrate component of the gy ,ctyral studies have confirmed the presence of a surface-
LOS in several strains shows a close resemblance to specifig,, ;nqg ganglioside mimic in Bi. influenzaestrain isolated

gangliosides§, 8, 9), and genetic studies have demonstrated o m a FS patient.
that the vast majority of strains associated with GBS and | this report, we describe the isolation and characterization
of a non-typeableH. influenzae(NTHi) strain from an
t This study was supported by a grant from the Human Frontier individual suffering from FS, who had elevated titers for the
Science Program (RGP 38/2003). ganglioside GQ1b. The LOS structure of DH1 was found to
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$ Dokkyo Medical University School of Medicine. charide. The similarity of this branch to the nonreducing end
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1 Abbreviations: COS, core oligosaccharide; GBS, Guilldiarre i ; ; ; i i
syndrome; FS, Fisher syndrome; LOS, lipooligosaccharide; NeuAc, gests that anti-GQ1b 1gGs in this patient were elicited as a

N-acetylneuraminic acid; NTHi, non-typealitmemophilus influenzae result of exposure to an LOS-bound GQ1b mimic presented
PCho, phosphocholine€?EA, phosphoethanolamine. by DH1.

Bacterial lipooligosaccharide (LOS) has been identified
as an agent that triggers the production of autoreactive 1gGs
in humans. Support for this assertion has come principally
through investigations focused @ampylobacter jejunithe
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Table 1: Summary of the DH1 Glycosyltransferase Genes That Were Probed by PCR and Sequenced When Amplified

detected ) or GenBank
glycosyltransferase not detected-{) accession No. proposed activity comment
LsgB + EF428564 sialyltransferase
Lic3A + EF428562 ¢-2,3-sialyltransferase) inactive because of insertion of 10-YK repeats
Lic3B + EF444927 o-2,3/8-sialyltransferase
SiaA/OrfY - n/a (sialyltransferase)
LgtF + EF428561 p-1,4-glucosyltransferase
Lic2C - n/a (@-1,3-galactosyltransferase)
LpsA + EF428563 B-1,2-glucosyltransferase
LosA + EF444928 f-1,4-galactosyltransferase
LosB + EF444928 (heptosyltransferase) inactive because of a frame-shift mutation
RfbB + EF444927 dTDP-glucose 4,6-dehydratase

a Parentheses are used to indicate glycosyltransferases that are either inactive or absent in DH1.

MATERIALS AND METHODS achieved by loading the material onto a microbore C18-
column (Phenomenex LUNA, Torrance, CA) and eluting
with a methanol gradient against ap®dacetate solution (1%
acetic acid, 0.1 mM sodium acetate).

Patient Case ReporfTwo days after contracting upper
respiratory infectious symptoms, a 25 year old man noticed

blurred vision. He could not open his left eye and could not )
walk straight. Five days after neurological onset, left ble- _ NMR Analysis of DH1 LOSBoth O-deacylated LOS and

pharoptosis was present and bilateral ocular movements werd=©OS Wwere characterized by NMR spectroscopy. Highly
severely limited. He had no weakness in the four limbs, but Purified material used for NMR analysis was obtained by
he showed limb and truncal ataxia. Deep tendon reflexes 2ni0n exchange chromatography using HiTrap Q HP columns
were diminished in the arms and absent in the legs. "UN ©n an AKTA explorer system (Amersham Biosciences),
Hypesthesia was present at the distal limbs. Serum IgG followed by the removal of NaCl with HiTrap desalting
antibody titers against GQ1b and GT1la were significantly cqumns.OTDeacyIated LOS was dlsperseo_l at a concentration
increased in the acute phase of the condition, which gradually©f ~1 MM in phosphate bufferedbs-SDS micelles (50 mM,
decreased during the recovery phase. IgG antibodies againsPP 7-0) containingd,-EDTA (1 mM), while the COS was
GM1, GM1b, GM2, GD1a, GalNAc-GD1a, GD1b, GD2, and dissolved in DO at a concentration of1 mM. Standard
GT1b were not detected. The NTHi strain DH1 was isolated 2P "H homonuclear anéH—**C and*H—*!P heteronuclear
from the patient from a swab culture. spectra were acquwed_ as described previousy, at various

Bacterial Growth and LOS Extractioisuspension growth temperatures on Varian Inova spectrometers operating at
of DH1 cells was in brair-heart infusion broth supplemented either 500 or 600 MHz. The d_ata were prqcessed using the
with haemin (1Qug/mL), NAD (2 ug/mL), and NeuAc (10 software TOPSPIN (Bruker Biospin, Billerica, MA).
ug/mL). LOS was extracted from cell biomass using the hot-  Chemical Analysis of DH1 LOSugars were identified
phenol water procedurd ). PlatedH. influenzaecultures by GLC—MS as their alditol acetates as previously described
were grown on chocolate agar plates, supplemented in somd20). Methylation was performed with methyl iodide in
instances with NeuAc (5 mg/plate), and microscale extraction dimethyl sulfoxide in the presence of lithium methylsulfi-
of LOS for analytical characterization was performed as nylmethanideZ0). The methylated compounds were recov-
described previouslyl€). Anhydrous hydrazine was used €red using a SepPak C18 cartridge and subjected to sugar
for O-deacylation of the LOS1@, 17). Hydrolyzed core analysis or LC-ESI-MS. The relative proportions of the
0|igosaccharide (COS) was obtained by incubating the LOS various alditol acetates and partially methylated alditol
in 1% acetic acid for 90 min at 10%C, and recovered in  acetates obtained in sugar and methylation analyses cor-
the aqueous phase following centrifugation (8D min). respond to the detector response in GtMIS. Dephospho-

MS Analysis of the LOS from DH1 and Its Associated 'Ylation was performed with 48% hydrogen fluoride as
Mutants O-Deacylated LOS was characterized by capillary described previously20).
electrophoresis (CE)MS and multiple-step MS (M$ DH1 Genetic Characterization and Generation of Mutant
fragmentation experiments performed using previously de- Strains We designed primers (see Supporting Information
scribed methodsl®). Tandem CE-MS/precursor ion scan  Table S6) to amplify the genes encoding glycosyltransferases
experiments were used to screen for the presence of sialylatedhat were putatively associated with the synthesis of the DH1
species among the complex mixture of LOS glycoforms LOS core glycan. PCR products were generated using an
present. Specifically, analysis for the diagnostic iommét Advantage 2 PCR kit (Clontech Laboratories), and sequenc-
= 290.1 was used to detect all species that fragmented to aing was performed using an Applied Biosystems (Montreal,
common ion corresponding to NeuAc. GEMS was carried Canada) model 3100 genetic analyzer. To help elucidate the
out with a Hewlett-Packard 6890 chromatograph connectedsialylation pattern, three isogenic DH1 mutants were con-
to a Micromass quadrupole mass spectrometer using a DB-5structed by inserting a kanamycin resistance cassette (from
fused silica capillary column and a temperature gradient from pUC4K, Amershan Biosciences, Montreal, Canada) into the
130 to 250°C, varying by 3°C/min. Tandem LC-ESI-MS' lic3A (DH1lic3A), lic3B (DH1lic3B), andlpsA (DH1lpsA)
experiments on permethylated COS were performed in thegenes. The genetic loci corresponding to these genes were
positive ion mode on a Waters 2690 HPLC system (Waters, amplified from DH1 genomic DNA and cloned into pBlue-
Milford, MA) coupled to a Finnigan LCQ iontrap mass script Il SK (Stratagene, La Jolla, CA). FdpsA it was
spectrometer (Finnigan-MAT, San Jose, CA). Separation wasnecessary to engineer into the sequenestarestriction site.
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Ficure 1: The core LOS structure adopted by DH1. The trisaccharide unit common to all disialosyl-containing gangliosides is delineated
by square brackets. Sialylated species accountfd% of the total isolated LOS glycoforms, a level of sialylation that is consistent with
previously characterizeH. influenzaestrains grown under similar condition24). The hexose units are labeled alphabetically by lower
case letters (ad) for the purpose of peak labels in NMR spectra and chemical shift assignments (Figure 2). Heptose units are labeled with
roman numerals, according to standard nomenclature for publidh@dfluenzael OS structuresZ3).

The pBluescript constructs were digested with eitBgHl MS techniques. A 10H spectrum of COS is presented in
(for lic3A andlic3B constructs) oiPst and fused with the  Figure 2 with the anomeric protons of each glycose unit
kanamycin resistance cassette. PCR analysis was used ttabeled. The precise arrangement of the sugar moieties was
select the clones with the resistance gene in the sameestablished through the observation of NOEs between protons
orientation as the disrupted gene. The resulting plasmidsof adjoining residues, and similarly confirmed using HMBC
containing the disrupted genes were linearized and used toexperiments!H and*3C chemical shift assignments of the
transform DH1 cells using the MIV method1). Following COS are provided as Supporting Information, as well as the
growth on BHI plates supplemented with kanamycin 480 results from compositional and methylation analysis, and
mL), haemin (1Qug/mL), and NAD (2ug/mL), individual branching information obtained using EESI-MS'. The
colonies were restreaked onto chocolate agar plates. PCResults are fully consistent with the structure presented in
analysis and DNA sequencing was used to confirm site- Figure 1, which represents the predominant glycoform
specific recombination with the kanamycin-inserted gene. displayed by DH1. Minor species with truncated extensions
Serum Reactity to DH1 LOS ELISA was used to  from the backbone were detected, as well as trace amounts
measure the level of IgG reactivity for crude LOS extracted of higher molecular weight glycoforms corresponding to
from DH1 cells and its associated mutants based on previ-elongated extensions with hexose residues from HeplV.

ously described methodS)( Following growth on chocolate When DH1 cells were grown in the presence of exogenous
agar plates, the bacterial cells were suspended in a PBSyeuAc, the LOS was found to be sialylated. This 9-carbon
solution at an optical density of 0.4 (at 650 nm). 1.5 ML sygar is easily identified whe®-deacylated DH1 LOS is
aliquots were pelleted (140901.5 min), and the cells were  gispersed in micelles, from the well-resolved H3 methylene
resuspended in 40, bo_iled for 10 min, and then treated yvith protons that appear in the upfield region i-detected
proteinase K for 60 min at 60C. Serum samples at various  gspectra (Figure 2, inset). MS analysis of the LOS indicated
dilutions were combined with the crude LOS in microplate e presence of both mono- and disialylated LOS species,
wells, and peroxidase-conjugated rabbit anti-human I9G wasang there was clear evidence from fragmentation patterns
used as the secondary antibody. for the presence of disialate residues. Sialylated species
represent only a minor fraction<(L0%) of the total DH1
RESULTS LOS glycoforms isolated from cells grown in liquid culture,

DH1 LOS Is Sialylated and Contains a Lactosy #@&al- which is consistent with previous observations fidr
HeplV branch The glycan component of the LOS in NTHi influenzagstraiqs that incorporate LOS-bound Ngl_JAc. The
strains adopts a conserved glucose-substituted triheptosyl€vel of sialylation is dependent on growth conditio@s, (
inner-core bound to the lipidA anchor via 3-decxymanno- 29 Itis unknown whether a significantly higher proportion
oct-2-ulosonic acid (Kdo) 4-phosphate (Figure 29,(22). of H influenzad_OS is decorated with this residue in a host
Structural heterogeneity arises from variable branching €nvironment.
patterns off of the three heptose residues that form the Several glycosyltransferases have been identifietil.in
backbone of the glycan core. In addition to the triheptosyl influenzaethat are involved in the synthesis of the core
backbone, the major DH1 core oligosaccharide consists of oligosaccharide. These include the enzymes responsible for
a fGal(1—4)BGlc (lactose) extension from C2 of Heplll, branch initiation from one of the three backbone heptose
and apGal(1—~4)oaHeplV branch from C6 of thefGlc residues: LgtF (Hepl), Lic2C (Hepll), and LpsA (Heplll).
residue bound to Hepl (Figure 1). The tetraheptose (Hep4) To help rationalize the deduced LOS structure, we used PCR
arrangement has been observed previoushi.imfluenzae to confirm the presence or absence of spetifitnfluenzae
(23). DH1 LOS also contains two phosphoethanolamine glycosyltransferases in DH1 (Table 1, Figure 3). LgtF, which
(PEA) residues, bound to C3 and C6 of Hepll and Heplll catalyzes the addition ¢8Glc to Hepl and was found in
respectively, and a phosphocholine substituent bound t0100% ofH. influenzaestrains in a survey performed by Hood
HeplV (PCho) (Figure 1).PEA and PCho are common et al. £6), was sequenced and shares 98% identity with its
substituents found ifl. influenzael OS. homologue in the well-characterized strain Rd (RM118).

The structure of the DH1 LOS glycan was elucidated using LpsA, which adds either glucose or galactose to Heplll
homo- and heteronuclear NMR analysis of purified core depending on the allelic variar2?), is also carried by DH1,
oligosaccharide and was confirmed through analytical and and its sequence is identical to that found in strain Rd; the
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FiIGURE 2: NMR spectra of purified LOS from DH1. Displayed is a 2B spectrum of purified COS material from DH1, with anomeric

protons of the heptose and hexose residues labeled based on the structure presented in Figure 1. Inset shows the upfield region of a 2D
COSY spectrum oD-deacylated DH1 LOS dispersed in SDS micelles. Labeled is the connectivity pattern formed by,thd3d3 and

H4 spin network for at least three distinct NeuAc residues, consistent with the presence of both mono- and disialylated species within the
ensemble of LOS glycoforms.

A

galE lic3A tauB
H10351 HI0352  HI0354
11 (— P

infA ksgA

HI0548 [0SA losB HI0549

IlIIll‘ ﬁﬁ*q *IIIII\

kdtA IgtF tag/
HI0652 HI0653 HI0654

\lllll‘#lllll\

ribB IpsA  yibK
HIO764 HIO765 HIO766

) e— uii
bipA glnA pepB
HI0864 lic3B HI0865 rfbB HI0875

i — — s— 211111

IsgC IsgB IsgA
HI1698 HI1699  HI1700

111 — 11

Ficure 3: Organization and role of LOS-associated genes in DH1. The LOS biosynthesis genes are not confined to a singlellocus in
influenzae but are distributed among different locations in the genome. (A) The solid arrows represent genes that were amplified and
sequenced, with the arrowhead oriented with respect to the direction of translation, and the length proportional to the gene size. The genes
flanking those sequenced, represented by dashed lines, are numbered according to assignments made fidr ththsenafestrain Rd

(GenBank accession L42023). An asterisk (*) indicates a premature translational $tB.iiB) Function of the glycosyltransferases

involved in the synthesis of the LOS core glycan, outlined in a structural cartoon representation based on Figure 1. DH1 does not carry the
lic2C gene, which is required for branch initiation form Hepll (dashegic residue), but is replaced by the gefesA andlosB. LosAis

putatively assigned the function of a galactosyltransferase based on homology with a similar enzyme iderifidddreyi (30.

LOS in both DH1 and Rd possesses a glucose residue bound his gene, when present, is found in a locus flankethb
to Heplll in the31,2 configuration. Théic2C gene, which andksgA Lic2C s replaced by the gendssAandlosBin
is required for branching from Hepll, is not found in the DH1, an arrangement found in roughly 20% of NTHi strains
DH1 genome, consistent with its elucidated LOS structure. (28, 29) (Figure 3). LosA was previously proposed to be a
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galactosyltransferase based on homology with a similar A

enzyme fromHaemophilus ducreyand may be involved in PR ) S— \

the transfer of galactose to HeplV. LosB . ducreyi 7! RE—HeopHexPEA,  HopopRaNousc | HepHexPeANauAc
functions as a heptosyltransferag)( however, in DH1, "o M o n e

this enzyme appears to be inactive as a result of a premature 10%6.4 ;mmﬁ T YN s i 0

Hep,Hex,PEA,NeuAc m/z

M-2H]*
1068.4  Hop Hex,PEANeUAC, R —
-PCho /

translational stop codon (Figure 3, Table 1).

DH1 Exhibits a Neel Lic3B-Dependent Sialylation Pat-
tern. To date, investigations focused on the LOS structure \ 1655 145765 e Hex PEANeuAC
of NTHi strains have identified two known NeuAc-contain- 123.7, 5 1195‘110-]605
ing structural motifs: sialyllactose and sialylladtbreotet- 1
raose {3, 31, 32). These motifs have been identified as 1000 o = 1600 "”1'350
branches from either Heplll or Hepl, respectively. The m/z

h - g B [M-3H]"
sialyltransferase Lic3A, which has been cloned and charac-™ g7~ " ="

terizedin vitro, catalyzes the transfer afNeuAc to lactose
moieties @4), whereas the sialyltransferases LsgB and SiaA W,
are the most probable candidates for the synthesis of M—M%ﬂmﬁ%ﬁo
sialyllactoN-neotetraose-like unit82—35). Disialosyl moi- 1012.6 e
eties (i.e.pNeuAc(2-8)aNeuAc) bound to lactose have also '—M—HJ Hox PEA
been observed; in strains with these units the addition of the 10198 MR
terminal NeuAc is catalyzed by the bifunctional sialyltrans- 10516 1518.7
ferase Lic3B 86). 11986 n Lo
Because of the small fraction of sialylated glycoforms, we 1000 1200 1400 1600 1800
were unable to elucidate the linkage position(s) of the NeuAc C mjz -
residues on the LOS of DH1 using NMR spectroscopy. For (M-4H]" Hesepe EEE?E’.;@\W
this determination, we constructed isogenic DH1 mutant = 793.0¢_—HepHexPEANeuAc, ‘
strains where specific LOS-associated glycosyltransferases "°ﬂ""’|°'"' -
were inactivated, and analyzed their LOS using—GQES. 824.0 w “ F &
The sialylation pattern was confirmed through the use of MS . [M-3H]* .
fragmentation analysis. DH1 exhibits a completely novel Hep.Hex,PEANeuAC 1058_0/hep.uex,m,ueu;\c,
mode of sialylation, with the addition of NeuAc residues 0.5, pea s
directed to the3Gal-aHeplV branch of the LOS (Figure 1 844.0 w035 1})»1‘5 1098.5
and Figure 4). )

PCR analysis established that both tle8A and lic3B 800 900 1000 1100 1200
genes are found in the DH1 genome (Figure 3, Table 1). m/z
DH1 mutant strains were constructed in which these sialyl- FIGURE4: DH1 expresses a disialosyl moiety on fi@al-aHeplV
transferases were individually knocked out. The LOS of Pranch ofits LOS. (A) A CEMS spectrum oD-deacylated LOS

. . . - . from DH1 shows the presence of both mono- and disialylated
DH1lic3A exhibited the same sialylation pattern as wild- gpecies, confirmed by (inset) the presence of analogous peaks using

type DH1, indicating that Lic3A is inactive in this strain (data  a precursor ion scan for sialylated species. (B) Knock-out of the
not shown). This is likely due to the presence of multiple bifunctional sialyltransferase, Lic3B, eliminates the presence of all
TATAAA repeats in the genomic sequence of Lic3A, which sialylated species in CEMS spectra of the LOS, and a corre-
encode for consecutive' YK — residues located between SPOnding loss of peaks in the precursor ion mode (inset). (C) An
. _ . - IpsA mutation eliminates the lactose moiety (-2Hex) bound to
positions 104 and 123 within the 346 residue protein. These fep|, The presence of sialylated species in Dp¢A LOS
repeats are absent in LicBA homologues of previously confirms that sialylation is directed to th#Gal-aHeplV branch.
characterized strains and are likely responsible for its This is further demonstrated by the detection and fragmentation of
inactivation. In contrast, a knock-out mutation bé3B an igg_?WZtG?S-ZHWhi%‘ ggr{%pﬁ”dﬁ% a ngﬁ%gesxégfgcsﬁgdes-
. A . . . In addition to the He .17), Hex . .05),
(DH1lic3B) completely ell_mln_ated .LOS s_lalylatlon (Figure (165.05), and NeuAg (291.05) units which combine to account for
4B), demonstrating that this bifunctional sialyltransferase was the mass of ions in the GEMS spectra, each labeled species also
responsible for addition of the terminal and subterminal contains a Kdo-P (300.2) and lipidA (953.0) moiety.
NeuAc residues.

The sialyltransferases OrfY and SiaA, which are found in  In our initial assessment of the DH1 LOS structure, we
the hmglocus when present in other NTHi strair®), are viewed the lactose branch linked to Heplll as the most likely
not carried by DH1 (Figure 3, Table 1). We amplified this acceptor position for the NeuAc residues, since lactose is
region and found that it contained a single geribB (a frequently sialylated in NTHi strains. However, MS frag-
homologue of dTDP-glucose 4,6-dehydratase). This orga- mentation analysis of the LOS from DH1 clearly showed
nization of thehmgregion is similar to that observed in strain  the presence of ions corresponding to NeuAc-Hex-Hep, and
86-028NP (GenBank No. CP000057). The sialyltransferasenot NeuAc-Hex-Hex (Figure 4C). This indicated that
LsgB, which putatively targetS-acetyllactosamine moieties  sialylation was likely directed to theGal-aHeplV unit rather
(32), is present in the DH1 genome. We did not observe the than to lactose (see structure in Figure 1). To confirm these
presence oN-acetyllactosamine in DH1 and propose that fragmentation results, we constructedjpsA mutant. LpsA
LsgB has no role in LOS biosynthesis in this strain, since catalyzes the transfer of glucose (or galactose in some
inactivation of Lic3B resulted in complete loss of sialylated instances) to the distal heptose of the glycan backbone, and
glycoforms. must be present for chain elongation from Hep®T), LC—
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ESI-MS' analysis of LOS isolated from DHdsA cells
demonstrated that the lactose unit bound to Heplll was lost;
nevertheless, the LOS from this isogenic mutant contains
mono- and disialylated species, confirming thaGal-
aHeplV serves as the acceptor (Figure 4C). DH1 LOS

glycoforms therefore possesses an unusually positioned

oNeuAc(2-8)aNeuAc(2-3)3Gal trisaccharide unit. This
unit corresponds to the terminal glycan residues of several
disialosyl-containing gangliosides.

Patient Serum IgG Reaetty toward DH1 LOS Is
Influenced by Sialylatior.OS extracts from DH1 cells react

Biochemistry, Vol. 46, No. 27, 2008169

§ A
Sl atis
%1.5
-
L8
21.0
(7]
=
]
Sos
S
g M
o DHA1 cntrl1 cntrl2 cntrl3

with patient serum antibodies. This was demonstrated based

on ELISA measurements, in which the optical response was
based on IgG-specific binding (Figure 5). To establish that

this response was the result of DH1-specific epitopes, extracts

from a number of NTHi strains were probed; however, only
the LOS from DH1 gave rise to a strong response (Figure
5A). The serum reactivity is markedly influenced by the

presence or absence of sialylated species. Side-by-side

measurements were made for DH1 cells grown in media with
and without supplemented NeuAd. influenzaegequires an
exogenous source of sialic acid in order for this residue to
be incorporated into its surface glycar&/), There was a
significant decrease in IgG serum reactivity for DH1 cells
that were grown in media lacking NeuAc (Figure 5B).
Similarly, in comparison to DH1, patient serum was also
much less reactive toward DHA3B LOS, which lacks
sialylated glycoforms (Figure 5C). However, the reactivity
did not differ noticeably for the LOS isolated from DHBA
(Figure 5C) or DHipsAcells (Figure 5C), which do possess

sialylated species. These results demonstrate that for a large

fraction of patient antibodies that bind to the LOS, sialic
acid residues comprise part of their recognition epitope.

DISCUSSION

The most frequently isolated infectious organism from
patients with FS iC. jejuni, which in one study accounted
for close to 1/5 of the identified antecedent ageBjsThere

is substantial evidence to support the premise that molecular

mimicry between its LOS and host gangliosides is the
triggering mechanism for the onset of this syndrome3g).
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Ficure 5: Patient serum IgGs react with DH1 LOS. Serum
reactivity was measured using ELISA. (A) Patient immunoglobulins

500 32000

There have been several other identified organisms putativelyexhibit significantly higher reactivity toward the LOS of DH1 in

associated with the development of F¥®)( including H.
influenzae however, there are few mechanistic clues as to
how they may be involved in initiating the production of
autoreactive antibodies.

We recently used immunological binding techniques to
demonstrate that FS-associatdd influenzaeisolates are
more likely to react with anti-GQ1b antibodies than those
cultured from patients with uncomplicated respiratory infec-
tions (6). We now provide clear evidence that the strain DH1
possesses a structural mimic of the terminal trisaccharide
unit of GQ1b. This strain was isolated from a patient who

comparison with NTHi control strains isolated from individuals with
uncomplicated respiratory infections. (B) Serum IgGs bind more
strongly to the LOS of DH1 cells grown in the presence of
exogenous NeuAc versus those that were not. (C) The binding
profiles for the LOS of DHIic3A and DH1psAreveal no significant
differences in the level of reactivity in comparison to DH1. These
two isogenic mutants possess sialylated glycoforms. Forlio88
LOS, which does not incorporate NeuAc, IgG binding is signifi-
cantly diminished. All comparisons of serum antibody binding to
the LOS of DH1 and its associated mutants were from cells grown
in the presence of NeuAc. Error bars repres¢nbne standard
deviation unit from mean values.

recognized by many of the anti-LOS immunoglobulins. Anti-

suffered from FS and possessed elevated titers against GQlkganglioside antibodies can be elicited in mice and rabbits

ELISA measurements indicate not only that serum IgGs react
with DH1 LOS, but also that the reactivity is influenced by
the level of sialylation. Serum reactivity for LOS isolated
from DH1 cells that lack sialylated species, such as from
DH1Iic3B cells, is significantly diminished in comparison
to those that are sialylated (Figure 5). This provides clear
evidence that the NeuAc residues form part of the epitope

upon injection with LOS fromC. jejuni strains associated
with Guillain—Barreand Fisher syndrome5<7); however,

to date, we have not been able to similarly stimulate anti-
GQ1b antibody production in animals injected with DH1
LOS. This may be because of the very low percentage of
LOS-associated sialylated glycoforms synthesized by DH1,
and other NTHi strains, when grown in laboratory conditions.



8170 Biochemistry, Vol. 46, No. 27, 2007 Houliston et al.

Bifunctional sialyltransferases, possessin@—3 and preparation, and Perry Fleming for large-sddlénfluenzae
a2—8 transferase activity, have been identified kh fermentor growth. We thank Dr. Andrew Cox and Frank St.
influenzag(36) andC. jejuni (40), and with dualk2—3 and Michael for help with the initial mass spectrometry analysis
o2—6 activity, fromNeisseria meningitidig41). Bifunctional of DH1.

isozymes are generally clos_e homologues with mo_nofgnc- SUPPORTING INEFORMATION AVAILABLE
tional sialyltransferases carried by the same organism; the _ _ .

functionality can in some instances hinge on a single amino  Tables are provided with analytical, MS, and NMR data
acid difference between the two formkl). All known NTHi in support of the elucidated structure of the DH1 LOS glycan,
strains carry théic3A gene, which encodes a monofunctional as well as the primer sequences used to amplify LOS-
sialyltransferase2d), whereas roughly 60% carry the related associated DH1 glycqsyltransferases. This material is avail-
bifunctionallic3B gene 86). In DH1, Lic3A is inactive, and ~ able free of charge via the Internet at http://pubs.acs.org.
siz_alylation of the LOS_i; cgtalyzed exclusively by L_ic3B REFERENCES

(Figure 4). A study ofC. jejuniisolates from GBS/FS patients

0 ; ; i 1. Yuki, N. (2005) Carbohydrate mimicry: A new paradigm of
found that 100% of strains that synthesized a GQ1b-like LOS autoimmune disease€urr. Opin. Immunol. 17577-582.

Strucwlre_carried a bifunCﬂpnal SialyltranSf.erase gete ( 2. Chiba, A., Kusunoki, S., Shimizu, T., and Kanazawa, |. (1992)
42). This is not surprising, since the synthesis of LOS-bound Serum IgG antibody to ganglioside GQ1b is a possible marker of
mimics of terminal GQ1b epitopes is dependent on the ability Miller Fisher syndromeAnn. Neurol. 31677-679. -
to add terminal disialosyl moieties. 3. Susuki, K., Yuki, N., and Hirata, K. (2001) Fine specificity of
. . . . . L. . anti-GQ1b IgG and clinical featured, Neurol. Sci. 1855—9.

There is considerable inter- and intrastrain variation with 4. jacobs, B. C., Rothbarth, P. H., van der Meche, F. G., Herbrink,
respect to the glycan component of the LO$irinfluenzae P., Schmitz, P. I, de Klerk, M. A., and van Doorn, P. A. (1998)
and this is also true for other mucosal pathogens. Much of ~ The spectrum of antecedent infections in Guillain-Base-

™ . . . drome: A case-control studyjeurology 511110-1115.
the variability arises from accumulated mutations in the 5. Koga, M., Gilbert, M., Li, J., Koike, S., Takahashi, M., Furukawa,

nucleotide sequence of LOS-associated glycosyltransferases k. Hirata, K., and Yuki, N. (2005) Antecedent infections in Fisher
that modulate their expression and corresponding acté8y ( syndrome: A common pathogenesis of molecular mimicry,
44). As aresult, there is an ever increasing ensemble of LOS ~_ Neurology 64 1605-1611.

. . . 6. Caporale, C. M., Capasso, M., Luciani, M., Prencipe, V., Creati,
structures known to be synthesized by this organism. In DH1, B.. Gandolfi, P.. De, Angelis, M. V., Di, M. A., Caporale, V.,

we have uncovered a novel sialylation pattern. To date, and Uncini, A. (2006) Experimental axonopathy induced by
characterized sialylated structures have been limited to immunization withCampylobacter jejuriipopolysaccharide from
sialyllactose and sialyllactb-neotetraose branches off of a pagient with Guillain-BarresyndromeJ. Neuroimmunol. 174
the triheptosyl backbone. In DH1, ti@al-aHeplV branch 7 vy N., susuki, K., Koga, M., Nishimoto, Y., Odaka, M., Hirata,
is the acceptor for NeuAc residues, even though there is a K., Taguchi, K., Miyatake, T., Furukawa, K., Kobata, T., and
lactose unit bound to Heplll (Figure I sitro studies have Yamada, M. (2004) Carbohydrate mimicry between human

PR ; ganglioside GM1 and€Campylobacter jejuniipooligosaccharide
indicated that both lactose and sialyllactose should serve as =% = Guillain-BafreyndromeProc, Natl. Acad. Sci. U.S.A. 101

acceptors for Lic3B36). We have no verifiable explanation 11404-11409.
to account for why NeuAc is added {eGal-aHeplV as 8. Aspinall, G. O., McDonald, A. G., Pang, H., Kurjanczyk, L. A,
opposed to the lactose branch, and it is difficult to draw and Penner, J. L. (1994) Lipopolysaccharide<Campylobacter

: jejuni serotype O:19: Structures of core oligosaccharide regions
comparisons from other known structures because there are from the serostrain and two bacterial isolates from patients with

few examples of the tetraheptosyl arra}ngement. It is possible the Guillain-Barfesyndrome Biochemistry 33241—249.
that thepGal-oHeplV branch may be in a more conforma- 9. Yuki, N., Taki, T., Inagaki, F., Kasama, T., Takahashi, M., Saito,
tionally accessible position for Lic3B during LOS synthesis. K., Handa, S., and Miyatake, T. (1993) A bacterium lipopolysac-
Th f ES patients oft t ith b charide that elicits Guillain-Bafrsyndrome has a GM1 ganglio-
e S_eru_m rom patents o _en re"_ic_ S Wi a_num er side-like structure). Exp. Med. 1781771-1775.

of gangliosides that possess terminal disialosyl units, such 10. Godschalk, P. C., Heikema, A. P., Gilbert, M., Komagamine, T.,
as GQ1b, GT1la, GD3, GD2, GD1b, and GT1). (This Ang, C. W,, Glerum, J., Brochu, D,, Li, J., Yuki, N., Jacobs, B.
binding promiscuity may be due to the presence of individual S van Belkum, A., and Endiz, H. P. (2004) The crucial role of

. . . f . . Campylobacter jejungenes in anti-ganglioside antibody induction
antibodies that recognize the shared terminal epitopes inthese i Gyillain-BarresyndromeJ. Clin. Invest. 114 1659-1665.
molecules. We have identified an FS-associated mAb that 11. Koga, M., Takahashi, M., Masuda, M., Hirata, K., and Yuki, N.
recognizes several disialosyl-containing gangliosides as a  (2005) Campylobacteigene polymorphism as a determinant of
result of a binding site that is confined to the terminal clinical features of Guillain-BafrsyndromeNeurology 651376-

) - 1381.

aNeuAc residue 45). Recent work has indicated that the 15 vigirim, H. H., Li, J., Richards, J. C., Hood, D. W., Moxon, E.
ligand recognition domain for the majority of antiganglioside R., and Schweda, E. K. (2005) An alternate pattern for globoside
antibodies in individuals suffering from FS and related oligosaccharide expressionlitaemophilus influenzagopolysac-

L - e . charide: Structural diversity in nontypeable strain 11Bih-
neuropathies is contained within the termindleuAc(2- chemistry 445207-5224.

8)aNeuAc(2-3)BGal trisaccharide unit@). The production 13. Hood, D. W., Makepeace, K., Deadman, M. E., Rest, R. F.,
of pathogenic anti-GQ1b antibodies appears to have been  Thibault, P., Martin, A., Richards, J. C., and Moxon, E. R. (1999)

triggered by this critical epitope found in LOS glycoforms Sialic acid in the lipopolysaccharide blaemophilus influenzae
resented by DH1 Strain distribution, influence on serum resistance and structural
P y ) characterizationiMol. Microbiol. 33 679-692.
ACKNOWLEDGMENT 14. Koga, M., Koike, S., Hirata, K., and Yuki, N. (2005) Ambiguous
value ofHaemophilus influenzaisolation in Guil!ain—Barfaand
We thank Drs. Derek W. Hood and Kate L. Fox for helpful Fisher syndromes]. Neurol. Neurosurg. Psychiatry 76736~
advice regarding the project, Denis Brochu, Marie-France 1738,

- . . . 15. Westphal, O., and Jann, K. (1965) Bacterial lipopolysaccharides:
Karwaski, and Anna Cunningham for technical assistance, Extraction with phenol-water and further applications of the

Lise Bramall for computer support, Tom Devecseri for figure procedureMethods Carbohydr. Chem, B3—91.



FS Associated NTHi Strain

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Szymanski, C. M., St. Michael, F., Jarrell, H. C., Li, J., Gilbert,
M., Larocque, S., Vinogradov, E., and Brisson, J. R. (2003)
Detection of conserved\-linked glycans and phase-variable
lipooligosaccharides and capsules fr@@ampylobactercells by
mass spectrometry and high resolution magic angle spinning NMR
spectroscopy. Biol. Chem. 27824509-24520.

Holst, O., Broer, W., Thomas-Oates, J. E., Mamat, U., and Brade,
H. (1993) Structural analysis of two oligosaccharide bisphosphates
isolated from the lipopolysaccharide of a recombinant strain of
Escherichia coliF515 (Re chemotype) expressing the genus-
specific epitope o€hlamydialipopolysaccharidekur. J. Biochem.
214, 703-710.

Li, J., and Richards, J. C. (2007) Application of capillary
electrophoresis mass spectrometry to the characterization of
bacterial lipopolysaccharidedass Spectrom. Re 26, 35-50.
Uhrin, D., Brisson, J. R., MacLean, L. L., Richards, J. C., and
Perry, M. B. (1994) Application of 1D and 2D NMR techniques
to the structure elucidation of the O-polysaccharide ffomteus
mirabilis O:57,J. Biomol. NMR 4615-630.

Mansson, M., Hood, D. W., Moxon, E. R., and Schweda, E. K.
(2003) Structural diversity in lipopolysaccharide expression in
nontypeablddaemophilus influenzaddentification of L-glycerol-
D-manno-heptose in the outer-core region in three clinical isolates,
Eur. J. Biochem. 270610-624.

Herriott, R. M., Meyer, E. M., and Vogt, M. (1970) Defined
nongrowth media for stage Il development of competence in
Haemophilus influenzad. Bacteriol. 101 517-524.

Risberg, A., Alvelius, G., and Schweda, E. K. (1999) Structural
analysis of the lipopolysaccharide oligosaccharide epitopes ex-
pressed byHaemophilus influenzastrain RM.118-26 Eur. J.
Biochem. 2651067-1074.

Mansson, M., Hood, D. W., Moxon, E. R., and Schweda, E. K.
(2003) structural characterization of a novel branching pattern in
the lipopolysaccharide from nontypealblaemophilus influenzae
Eur. J. Biochem. 2702979-2991.

Hood, D. W., Cox, A. D., Gilbert, M., Makepeace, K., Walsh, S.,
Deadman, M. E., Cody, A., Martin, A., Mansson, M., Schweda,
E. K., Brisson, J. R., Richards, J. C., Moxon, E. R., and
Wakarchuk, W. W. (2001) Identification of a lipopolysaccharide
o2,3-sialyltransferase froirdaemophilus influenza#ol. Micro-

biol. 39, 341-350.

Greiner, L. L., Watanabe, H., Phillips, N. J., Shao, J., Morgan,
A., Zaleski, A., Gibson, B. W., and Apicella, M. A. (2004)
NontypeableHaemophilus influenzastrain 2019 produces a
biofilm containing N-acetylneuraminic acid that may mimic
sialylatedO-linked glycans,nfect. Immun. 724249-4260.

Hood, D. W., Deadman, M. E., Cox, A. D., Makepeace, K., Martin,
A., Richards, J. C., and Moxon, E. R. (2004) Three gelu5,
lic2C andlIpsA have a primary role in determining the pattern of
oligosaccharide extension from the inner coreHzfemophilus
influenzaelLPS, Microbiology 150 2089-2097.

Deadman, M. E., Lundstrom, S. L., Schweda, E. K., Moxon, E.
R., and Hood, D. W. (2006) Specific amino acids of the
glycosyltransferase LpsA direct the addition of glucose or
galactose to the terminal inner core heptoseHafemophilus
influenzaelipopolysaccharide via alternative linkagek, Biol.
Chem. 28129455-29467.

Erwin, A. L., Nelson, K. L., Mhlanga-Mutangadura, T., Bonthuis,
P. J., Geelhood, J. L., Morlin, G., Unrath, W. C., Campos, J.,
Crook, D. W., Farley, M. M., Henderson, F. W., Jacobs, R. F.,
Muhlemann, K., Satola, S. W., van, A. L., Golomb, M., and Smith,
A. L. (2005) Characterization of genetic and phenotypic diversity
of invasive nontypeablelaemophilus influenzaénfect. Immun.

73, 5853-5863.

Erwin, A. L., Bonthuis, P. J., Geelhood, J. L., Nelson, K. L.,
McCrea, K. W., Gilsdorf, J. R., and Smith, A. L. (2006)
Heterogeneity in tandem octanucleotides wittiaemophilus
influenzadipopolysaccharide biosynthetic gelesAaffects serum
resistancelnfect. Immun. 743408-3414.

Tullius, M. V., Phillips, N. J., Scheffler, N. K., Samuels, N. M.,
Munson, J. R., Jr., Hansen, E. J., Stevens-Riley, M., Campagnari,
A. A., and Gibson, B. W. (2002) ThébgAB gene cluster of
Haemophilus ducreygncodes #1,4-galactosyltransferase and an
o1,6-DD-heptosyltransferase involved in lipooligosaccharide bio-
synthesisnfect. Immun. 702853-2861.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

Biochemistry, Vol. 46, No. 27, 2008171

.Cox, A. D., Hood, D. W., Martin, A., Makepeace, K. M.,

Deadman, M. E., Li, J., Brisson, J. R., Moxon, E. R., and Richards,
J. C. (2002) Identification and structural characterization of a
sialylated lactoN-neotetraose structure in the lipopolysaccharide
of Haemophilus influenzadeur. J. Biochem. 2694009-4019.

.Jones, P. A,, Samuels, N. M., Phillips, N. J., Munson, R. S., Jr.,

Bozue, J. A., Arseneau, J. A., Nichols, W. A., Zaleski, A., Gibson,
B. W., and Apicella, M. A. (2002Haemophilus influenzakype

b strain A2 has multiple sialyltransferases involved in lipooli-
gosaccharide sialylatiod, Biol. Chem. 27714598-14611.

Hood, D. W., Deadman, M. E., Allen, T., Masoud, H., Martin,
A., Brisson, J. R., Fleischmann, R., Venter, J. C., Richards, J. C.,
and Moxon, E. R. (1996) Use of the complete genome sequence
information of Haemophilus influenzastrain Rd to investigate
lipopolysaccharide biosynthesisjol. Microbiol. 22 951-965.
Hood, D. W., Randle, G., Cox, A. D., Makepeace, K., Li, J.,
Schweda, E. K., Richards, J. C., and Moxon, E. R. (2004)
Biosynthesis of cryptic lipopolysaccharide glycoformsHiae-
mophilus influenza@volves a mechanism similar to that required
for O-antigen synthesisl. Bacteriol. 186 7429-7439.

Jurcisek, J., Greiner, L., Watanabe, H., Zaleski, A., Apicella, M.
A., and Bakaletz, L. O. (2005) Role of sialic acid and complex
carbohydrate biosynthesis in biofilm formation by nontypeable
Haemophilus influenzaén the chinchilla middle ear]nfect.
Immun. 73 3210-3218.

Fox, K. L., Cox, A. D., Gilbert, M., Wakarchuk, W. W., Li, J.,
Makepeace, K., Richards, J. C., Moxon, E. R., and Hood, D. W.
(2006) Identification of a bifunctional lipopolysaccharide sialyl-
transferase itHaemophilus influenzaelncorporation of disialic
acid, J. Biol. Chem 28140024-40032.

Vimr, E., Lichtensteiger, C., and Steenbergen, S. (2000) Sialic
acid metabolism’s dual function idaemophilus influenzadlol.
Microbiol. 36, 1113-1123.

Willison, H. J. (2005) The immunobiology of Guillain-Barre
syndromes,). Peripher. Nev. Syst. 1094—112.

Takano, H., and Yuki, N. (1995) Fisher's syndrome associated
with chickenpox and anti-GQ1b antibody, Neurol. 242 255—
256.

Gilbert, M., Brisson, J. R., Karwaski, M. F., Michniewicz, J.,
Cunningham, A. M., Wu, Y., Young, N. M., and Wakarchuk, W.
W. (2000) Biosynthesis of ganglioside mimics@ampylobacter
jejuni OH4384: Identification of the glycosyltransferase genes,
enzymatic synthesis of model compounds, and characterization
of nanomole amounts by 600-mAd and**C NMR analysisJ.
Biol. Chem. 2753896-3906.

Wakarchuk, W. W., Watson, D., St, M. F., Li, J., Wu, Y., Brisson,
J. R., Young, N. M., and Gilbert, M. (2001) Dependence of the
bi-functional nature of a sialyltransferase froweisseria menin-
gitidis on a single amino acid substitutiod, Biol. Chem 276
12785-12790.

van Belkum, A., Van den Braak, N., Godschalk, P., Ang, W.,
Jacobs, B., Gilbert, M., Wakarchuk, W., Verbrugh, H., and Endtz,
H. (2001) ACampylobacter jejunjene associated with immune-
mediated neuropathyyat. Med. 7 752-753.

Gilbert, M., Karwaski, M. F., Bernatchez, S., Young, N. M.,
Taboada, E., Michniewicz, J., Cunningham, A. M., and Wakar-
chuk, W. W. (2002) The genetic bases for the variation in the
lipooligosaccharide of the mucosal pathog&ampylobacter
jejuni: Biosynthesis of sialylated ganglioside mimics in the core
oligosaccharide]. Biol. Chem. 277327-337.

Moxon, E. R., Rainey, P. B., Nowak, M. A., and Lenski, R. E.
(1994) Adaptive evolution of highly mutable loci in pathogenic
bacteria,Curr. Biol. 4, 24—33.

Houliston, R. S., Yuki, N., Hirama, T., Khieu, N. H., Brisson, J.
R., Gilbert, M., and Jarrell, H. C. (2007) Recognition character-
istics of monoclonal antibodies that are cross-reactive with
gangliosides and lipooligosaccharide fr@@ampylobacter jejuni
strains associated with Guillain-Barend Fisher Syndromes,
Biochemistry 4636—44.

46. Willison, H. J., Townson, K., Veitch, J., Boffey, J., Isaacs, N.,

Andersen, S. M., Zhang, P., Ling, C. C., and Bundle, D. R. (2004)
Synthetic disialylgalactose immunoadsorbents deplete anti-GQ1b
antibodies from autoimmune neuropathy sBrajn 127, 680—-691.

BI700685S



