
Recognition Characteristics of Monoclonal Antibodies That Are Cross-Reactive
with Gangliosides and Lipooligosaccharide fromCampylobacter jejuniStrains

Associated with Guillain-Barre´ and Fisher Syndromes†

R. Scott Houliston,‡ Nobuhiro Yuki,§ Tomoko Hirama,‡ Nam H. Khieu,‡ Jean-Robert Brisson,‡

Michel Gilbert,*,‡ and Harold C. Jarrell*,‡

Institute for Biological Sciences, National Research Council Canada, Ottawa, Ontario K1A 0R6, Canada, and
Department of Neurology and Research Institute for Neuroimmunological Diseases,

Dokkyo Medical UniVersity School of Medicine, Tochigi, Japan

ReceiVed September 26, 2006; ReVised Manuscript ReceiVed NoVember 2, 2006

ABSTRACT: The enteropathogenCampylobacter jejunihas the ability to synthesize glycan structures that
are similar to mammalian gangliosides within the core component of its lipooligosaccharide (LOS).
Exposure to ganglioside mimics in some individuals results in the production of autoantibodies that
deleteriously attack nerve surface gangliosides, precipitating the onset of Guillain-Barre´ and Fisher
syndromes (GBS and FS). We have characterized the interaction of four monoclonal antibodies (mAbs),
established by sensitization of mice with LOS isolated from GBS- and FS-associatedC. jejuni strains,
with chemoenzymatically synthesized gangliooligosaccharides. Surface plasmon resonance (SPR) measure-
ments demonstrate that three of the mAbs interact specifically with derivatives corresponding to their
targeted gangliosides, with dissociation constants ranging from 10 to 20µM. Antibody binding to the
gangliooligosaccharides was probed by saturation transfer difference (STD) NMR spectroscopy. STD
signals, resulting from antibody/oligosaccharide interaction, were observed for each of the four mAbs. In
two cases, differential saturation transfer rates to oligosaccharide resonances enabled detailed epitope
mapping. The binding of GD1a-S-Phe with GB1 is characterized by close association of the immunoglobulin
with sites that are distributed over several residues of the oligosaccharide. This contrasts sharply with the
profile observed for the binding of both GD3-S-Phe and GT1a-S-Phe with FS1. The close antigenic contacts
in these ganglioside derivatives are confined to theN-acetylmannosaminyl portion of the terminal
N-acetylneuraminic acid (NeuAc) residue of the disialosyl moiety. Our characterization of FS1 provides
insight, at an atomic level, into how a single antigenic determinant presented by the LOS ofC. jejunican
give rise to antibodies with binding promiscuity to [RNeuAc-(2-8)-RNeuAc]-bound epitopes and
demonstrates why sera from FS patients have antibodies that are often reactive with more than one
disialylated ganglioside.

As a mechanism to evade immune response, pathogenic
microorganisms often display surface glycans that closely
resemble those of their host. This form of molecular mimicry
has been postulated to trigger the production of antibodies
that cross-react with epitopes common to both the pathogen
and host, leading to an autoimmune disease (1-3). Guillain-
Barré and Fisher syndromes (GBS and FS)1 are immune-
mediated neuropathies that arise as a result of the presence
of autoantibodies targeted against gangliosides, which are
found in abundance in nerve tissue. GBS is characterized

by the acute onset of limb weakness and areflexia. In FS,
which is a variant of GBS, neurological damage is confined
mainly to the eye muscles. Because the majority of individu-
als with GBS and FS show signs of an infection 1-3 weeks
prior to the development of symptoms, these two conditions
have emerged as prototypes used to elucidate the complex
mechanisms governing the onset of a postinfectious autoim-
mune response triggered by molecular mimicry (1-3).

There is a substantial body of data to demonstrate that
pathogen-bound ganglioside mimics are causative agents
prompting autoantibody production in individuals with GBS
and FS (3). Studies focused on the involvement of the
enteropathogenCampylobacter jejunihave provided some
of the strongest evidence in support of this assertion. This
bacterium is the most frequently identified infectious agent
that precedes the onset of GBS and FS (4, 5). The glycan
component of its lipooligosaccharide (LOS) is often sialy-
lated and structurally similar to mammalian gangliosides (5-
9). Antiganglioside IgGs and IgMs have been raised in mice
inoculated with LOS fromC. jejuni, and these antibodies
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can mediate the blocking of nerve cell action potentials in
vitro (10). Furthermore, immunization of rabbits with GM1a-
like LOS can induce the production of anti-GM1a IgG
antibodies leading to flaccid paralysis (11, 12).

Epidemiological studies have confirmed that the vast
majority of GBS- and FS-associatedC. jejuni strains carry
genes required for the synthesis of sialylated LOS (7, 13,
14). More specifically, strains which express GM1a-like and
GD1a-like LOS are most commonly isolated from GBS
patients, whereas those associated with FS commonly
synthesize GT1a-like and GD1c-like LOS, which are similar
to GQ1b (7, 13). This is consistent with the observation that
the motor neurons of limb muscles affected in patients with
GBS express GM1a and GD1a, while GQ1b is expressed in
the oculomotor nerves and primary sensory neurons that are
implicated in FS (15).

While the nature and prevalence of molecular mimics
presented by infectious agents causing GBS and FS have
been extensively examined, and the pathophysiological
consequences resulting from autoantibody production in
individuals suffering from these conditions have been
elucidated, critical details underlying how and why destruc-
tive autoantibodies are produced in selected individuals
following exposure to a molecular mimic remain unknown.
Investigations focused on the binding characteristics of the
key mediators of these conditions, the cross-reactive antibod-
ies, have been limited almost exclusively to immunostaining
techniques or immunoadsorption assays such as ELISA.
While used successfully to elucidate the common structures
recognized by the antibodies, these studies have provided
limited scope for the understanding of antigen recognition
at a molecular level.

In this report, we describe the binding characteristics of
monoclonal antibodies (mAbs), raised in mice against LOS
isolated from GBS- and FS-associatedC. jejunistrains, using
chemoenzymatically synthesized gangliooligosaccharides.
We provide, for the first time, measurements of the kinetics
for gangliooligosaccharide binding to cross-reactive mAbs,
obtained through surface plasmon resonance (SPR). For two
antibodies, we have mapped their ligand recognition site at
atomic resolution using saturation transfer difference (STD)
NMR spectroscopy.

MATERIALS AND METHODS

Monoclonal Antibodies.Clones GB1 and GB2 were
obtained from a mouse inoculated with LOS fromC. jejuni
strain CF90-26, which was isolated from a patient with GBS
(5, 12). An ELISA showed that GB1 (IgG3κ) reacted strongly
with GD1a and weakly with GT1b and that GB2 (IgG2bκ)
reacted strongly with GM1a and weakly with GT1b. Thin-
layer chromatography with immunostaining showed that both
GB1 and GB2 react with CF90-26 LOS. Clones FS1 and
FS3 were obtained from mice inoculated with either the LOS
or heat-killed cell lysate, respectively, ofC. jejuni strain
CF93-6. This strain was isolated from a patient with FS (5).
On the basis of ELISA measurements, FS1 (IgG3κ) reacted
with GD3 as well as GT1a and GQ1b, whereas FS3 reacted
with GT1a and GQ1b. Both FS1 and FS3 were shown to
bind to CF93-6 LOS by immunostaining. The four hybri-
doma clones were cultured in DMEM medium containing
10% FBS (Ultra-Low IgG grade; GIBCO). The mAbs were

purified with HiTrap protein A HP columns (Amersham
Pharmacia) according to the manufacturer’s instructions.

Gangliooligosaccharide Synthesis. Multimilligram quanti-
ties of thiophenyl derivatives corresponding to the glycan
component of GM3, GD3, GM2, GM1a, GD1a, and GT1a
were synthesized chemoenzymatically for use in this study.
The C. jejuni glycosyltransferases CgtA, CgtB, Cst-I, and
Cst-II, which haveâ-(1f4)-N-acetylgalactosaminyltrans-
ferase,â-(1f3)-galactosyltransferase,R-(2f3)-sialyltrans-
ferase, andR-(2f3/8)-sialyltransferase activity, respectively,
were expressed inEscherichia coliand purified as described
previously (16-18). Starting initially with â-D-Galp-(1,4)-
â-D-Glcp-S-Phe, kindly provided by Dr. Dennis Whitfield,
GM3- and GD3-S-Phe were synthesized sequentially using
the enzymes Cst-I and Cst-II, respectively. GM2- and GM1a-
S-Phe were synthesized from GM3-S-Phe using CgtA and
CgtB, respectively. Finally, GD1a- and GT1a-S-Phe were
synthesized sequentially from GM1a-S-Phe using the en-
zymes Cst-I and Cst-II, respectively. The progress of each
enzymatic addition was monitored by TLC, and the desired
products were separated from contaminating reactants by
passing the material through Sep-Pak columns (Waters
Corp.). Final purification of GD3-, GD1a-, and GT1a-S-Phe
was achieved by anion-exchange chromatography using a
MiniQ column on an AKTA explorer system (Amersham
Biosciences). NaCl was removed from the purified glycan
derivatives using HiTrap desalting columns (Amersham
Biosciences). Purification of GM3-, GM2-, and GM1a-S-
Phe by ion-exchange chromatography was not necessary, as
these compounds were found to be at>90% purity following
Sep-Pak treatment. All of the thiophenyl derivatives were
quantified by obtaining UV adsorption readings in H2O at
245 nm (ε ) 5.9 cm-1 mM-1).

Gangliooligosaccharide Characterization by NMR Spec-
troscopy. The structures of the GD3-, GM1a- GD1a-, and
GT1a-S-Phe derivatives were confirmed by NMR spectros-
copy. Spectra of the compounds were acquired in both D2O
and H2O/D2O (90%/10%) on Varian spectrometers, operating
at 500 and 600 MHz, at 25°C. Standard1H-1H COSY,
TOCSY, and NOESY spectra and1H-13C HSQC and
HMBC spectra were acquired to assign the1H and 13C
resonances and to confirm the structure of the oligosaccha-
rides. Selective 1D-TOCSY and 1D-TOCSY-TOCSY spectra
(19) were obtained in order to confirm the1H assignment of
N-acetylneuraminic acid (NeuAc) resonances.1H and 13C
shifts were referenced with respect to the methyl group of
an internal acetone standard appearing at 2.225 and 31.1 ppm,
respectively.

SPR Measurements. The binding kinetics for the interac-
tion of chemoenzymatically synthesized gangliooligosac-
charides with the isolated mAbs were determined by SPR
using a BIACORE 3000 biosensor system (Biacore, Inc.,
Piscataway, NJ). Approximately 10000-15000 RUs of IgGs
were immobilized on a research grade CM5 sensor chip
(BIACORE). This chip was ideally suited for our study,
because it enabled the immobilization of large amounts of
antibody, which gave rise to a strong SPR response upon
injection with the low molecular weight oligosaccharides.
No problems were encountered with nonspecific binding,
which would have necessitated the use of other sensor chips.
Immobilizations were carried out at antibody concentrations
of approximately 50µg/mL in 10 mM acetate buffer (pH
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4.5), using the amine coupling kit supplied by the manu-
facturer. As a reference protein,SalmonellaO-chain-specific
IgG was immobilized at a similar surface density and under
identical conditions. In all instances, analyses were carried
out at 25°C in 10 mM HEPES (pH 7.4), containing 150
mM NaCl, 3 mM EDTA, and 0.005% P20 at a flow rate of
20 µL/min. No regeneration was required. Data were
evaluated using the BIAevaluation 4.1 software (Biacore,
Inc.).

STD NMR Spectroscopy.Monoclonal antibodies were
concentrated using Amicon centrifugal filters (3 kDa cutoff,
Millipore) and exchanged several times with a deuterated
50 mM phosphate buffer (pD 7.3), containing 150 mM NaCl.
The mAb preparations were combined with freeze-dried
gangliooligosaccharide derivates at molar ratios ranging from
1:25 to 1:75; the final oligosaccharide concentrations were
between 1 and 2 mM.

STD NMR spectra were acquired at 25°C on a Varian
spectrometer operating at 600 MHz, equipped with a
cryogenically cooled probe. Saturation of the antibody
resonances was achieved using a train of Gaussian-shaped
pulses, with bandwidths of 300 Hz, centered at-1.0 or 9.0
ppm. Similar results were obtained when protein saturation
pulses were centered up- or downfield. Phase cycling was
used to subtract reference spectra, where saturation pulses
were centered at 30 ppm, from those where antibody
resonances were excited. For each mAb/oligosaccharide pair
investigated, spectra were acquired at several different
saturation times, ranging from 50 to 3500 ms. The number
of transients varied from 1024 to 4096, depending on the
signal intensity of a given sample. The relaxation delay was
2.5 s, and the acquisition time was 1.9 s. A spin-lock filter
of 10 ms was used to suppress the protein background.
Relative STD values for specific resonances are reported as
a percentage of the signal intensity obtained in relation to

1H 1D spectra of the free oligosaccharides. A 2D STD-
TOCSY spectrum was acquired to study FS1/GD3-S-Phe
association with 400 increments acquired over a sweep width
of 6000 Hz in the indirect dimension, using 256 transients
per increment and a mixing time of 80 ms. All NMR data
were processed using the software TOPSPIN (Bruker Bio-
spin, Billerica, MA).

Molecular Modeling of the Oligosaccharide Component
of GD1a.A minimum energy conformation for the oligosac-
charide component of GD1a was calculated using an in-house
program applying the Metropolis Monte Carlo (MMC)
algorithm (20). Monosaccharide coordinates were taken from
a carbohydrate database with hydrogen atoms deleted and
placed at standard geometries. Pyranose rings were kept rigid
in the 4C1 conformation or, in the case of NeuAc, the2C5

conformation. Glycosidic bond angles were also fixed at
117°. The initial glycosidic tortional angles (Φ,Ψ), where
Φ ) OR-C1-O1-CX andΨ ) C1-O1-CX-CX-1 (with
R and X being the glyconic and aglyconic sites, respectively),
were chosen from potential energy maps of its disaccharide
constituents. The simulation was performed at 2000 K with
100000 macrosteps following a 5000 step equilibration
period, employing a MM3 force field. A step length of 10°
was used for both sugar linkage and group variations.
Transferred NOE (trNOE) experiments were performed at
several mixing times for GD1a-S-Phe (data not shown) in
the presence of the antibody GB1, in order to acquire distance
restraints for the bound conformation of the oligosaccharide,
which could be used in the construction of a molecular
model. No differences in the internuclear connectivity
patterns for the bound and unbound states of the molecule
were observed, suggesting similar structures. A conforma-
tional study of free GD1a oligosaccharide, based in part on
NOE data, has been published previously (21).

FIGURE 1: Structures of chemoenzymatically synthesized gangliooligosaccharides targeted by mAbs raised against LOS. Clones GB1,
GB2, FS1, and FS3 were obtained following the inoculation of mice with LOS from the GBS- and FS-associatedC. jejunistrains CF90-26
and CF93-6. On the basis of ELISA measurements GB1 binds to the ganglioside GD1a and GB2 with the ganglioside GM1a (5). FS1
interacts with both GD3 and GT1a, while FS3 binds to GT1a. Thiophenyl derivatives corresponding to the glycan components of the
principal targets of the four mAbs were synthesized chemoenzymatically in multimilligram quantities usingC. jejuni enzymes involved in
LOS biosynthesis.
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RESULTS

Gangliooligosaccharide Synthesis. Starting withâ-D-Galp-
(1,4)-â-D-Glcp-S-Phe, we synthesized multimilligram quanti-
ties of oligosaccharides corresponding to the glycan com-
ponent of gangliosides GD3, GM1a, GD1a, and GT1a
(Figure 1), using the enzymes CgtA, CgtB, Cst-I, and Cst-
II. These four derivatives correspond to the principal
ganglioside targets of the mAbs isolated from mice injected
with C. jejuni LOS, as determined by ELISA (5). Two-
dimensional homo- and heteronuclear NMR spectra were
acquired to confirm their structure and to assign the chemical
shift of 1H and 13C resonances. These assignments are
provided as Supporting Information.

Binding Kinetics of Gangliooligosaccharides with Their
Corresponding mAbs. SPR was used to confirm whether the
mAbs, raised against bacterial LOS, would interact specif-
ically with chemoenzymatically synthesized ganglioside
derivatives. Oligosaccharides were injected over immuno-
globulins immobilized at high density by amine coupling,
on CM5 sensor chips. Binding was assayed individually with
GM3-, GD3-, GM2-, GM1a-, GD1a-, and GT1a-S-Phe. For
the mAb GB1, a response was observed only upon injection
with GD1a-S-Phe, and analysis of the equilibrium data for
their interaction yielded aKD of 20 µM (Figure 2). GB2 was
found to interact only with GM1a-S-Phe (KD ) 10 µM) and
FS3 with only GT1a-S-Phe (KD ) 10 µM). The dissociation
rates (koff) governing mAb/oligosaccharide binding were also
determined to be in the range of 0.5 and 1 s-1 for the GM1a-
S-Phe/GB2 and GT1a-S-Phe/FS3 pairs, respectively, while
thekoff for GB1 binding to GD1a-S-Phe was too rapid to be
determined (Figure 2). There was effectively no quantifiable
interaction of the mAb FS1 with any of the gangliooligosac-
charides, including the thiophenyl derivatives of GD3 and
GT1a, which were shown to react with this antibody on the
basis of ELISA. It is likely that, for FS1, monovalent
interaction with its corresponding antigens was too weak to
be characterized by this technique.

STD Attenuation of Oligosaccharide Resonances upon
Interaction with mAbs. STD NMR has been applied as a
method to assay for protein binding to libraries of potential
targets (22, 23) and, in investigations with aims similar to

ours, as a means of mapping the binding epitope of a ligand
at atomic resolution. The recognition characteristics of several
carbohydrate- (22, 24-33), peptide- (34-36), and nucle-
otide-binding proteins (37) have been studied using STD
NMR. STD signals arise as a result ofthrough-space
intermolecular magnetization transfer from selectively satu-
rated resonances of a macromolecule to a bound ligand.

When GB1, GB2, and FS3 were incubated in the presence
of their targeted oligosaccharides, there were observable STD
signals. Plots of relative saturation levels as a function of
saturation time for specific oligosaccharide resonances are
presented in Figure 3. On the basis of SPR analysis, there
was negligible binding of FS1 to any of the chemoenzy-
matically synthesized gangliooligosaccharides. ELISA mea-
surements showed that this mAb recognizes the disialosyl-
containing molecules GT1a and GD3 (5). STD spectra
acquired for FS1 in the presence of either GD3-S-Phe or
GT1a-S-Phe are consistent with saturation transfer from mAb
resonances to the oligosaccharide, confirming that this mAb
recognizes the glycan component of these two gangliosides
(Figure 3C). These STD signals are not a result of nonspecific
interaction, as incubation of FS1 with either GD1a-S-Phe
or GM1a-S-Phe did not give rise to observable saturation
transfer.

For STD NMR to be used effectively to provide an epitope
map, ligand protons in close proximity to the macromolecule
must experience a higher degree of saturation than those
situated at a greater distance. Unfortunately, in some
instances, all of the ligand protons will experience a similar
STD response, irrespective of their proximity to the mac-
romolecule. This occurs as a result of a relay of saturation
from proton to proton within the ligand, also referred to as
spin diffusion, and is the result of a slow ligand dissociation
rate (koff). For two of the antibody/oligosaccharide combina-
tions, FS3/GT1a and GB2/GM1a, there was uniform satura-
tion of the oligosaccharide proton resonances (Figure 3A).
For these two systems, intramolecular spin diffusion appears
to have prevented effective epitope mapping. When GB1 and
FS1 were incubated with their targeted oligosaccharides,
however, there was a differential buildup of magnetization
transfer to the ligand protons (Figure 3B,C). In these two

FIGURE 2: Binding kinetics for the interaction of the mAbs with their associated gangliooligosaccharides as determined by SPR. Displayed
are sensorgram overlays for the binding of (A) GD1a-S-Phe with GB1, (B) GM1a-S-Phe with GB2, and (C) GT1a-S-Phe with FS3 at
oligosaccharide concentrations ranging from 2 to 200µM. Insets show the steady-state affinity curves used to determine theKD for each
of the antigen/mAb systems. Dissociation rates (koff) were also obtained from the sensorgram data; however, in the case of GD1a-S-Phe/
GB1,koff was more rapid than the detection limit for the instrument (>1 s-1). Each mAb was probed with the complete array of oligosaccharides
that were synthesized (i.e., GM3-, GD3-, GM2-, GM1a-, GD1a-, and GT1a-S-Phe); however, binding was only observed for these three
oligosaccharide/mAb combinations.
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cases, resonances which exhibit a strong STD response
correspond with those that are in closest proximity to the
immunoglobulin upon binding.

GB1 Interacts Closely with Sites on Multiple Residues of
GD1a-S-Phe. Strong STD signals are observed for several
resonances of GD1a-S-Phe, and these are located primarily
in the two NeuAc residues (Figure 4). The most prominent

peak in the STD spectra arises from theN-acetyl methyl
resonances of the two NeuAc residues (Figure 4B). Interest-
ingly, the equatorial and axial H3 protons of the same two
residues are among the most weakly enhanced in the
molecule. TheN-acetyl methyl protons of GalNAc are not
significantly enhanced (Figure 4B). Among the well-resolved
peaks in the H-ring and anomeric region of the STD spectra,

FIGURE 3: STD signals resulting from gangliooligosaccharide binding to the mAbs. Shown are representative build-up curves resulting
from the interaction of (A) GM1a-S-Phe with GB2, (B) GD1a-S-Phe with GB1, and (C) GD3-S-Phe with FS1. GM1a-S-Phe resonances are
only weakly enhanced in STD spectra and exhibit a uniform build-up rate. Similar uniform STD build-up curves are obtained for GT1a-
S-Phe binding to FS3 (data not shown). In contrast, GD1a-S-Phe and GD3-S-Phe protons exhibit differential build-up rates as a result of
binding to GB1 and FS1, respectively, thereby providing insight into ganglioside recognition. The residues are labeled on the basis of the
structures presented in Figure 1.

FIGURE 4: Close antigenic contacts between GD1a-S-Phe and GB1 are distributed over several residues of the oligosaccharide. Displayed
are the (A) H-ring and (B)N-acetyl regions of a 1D1H spectrum of GD1a-S-Phe (top) overlaid with an STD spectrum obtained from the
GD1a-S-Phe/GB1 complex (bottom). Well-resolved peaks within the spectra are labeled according to the GD1a-S-Phe structure presented
in Figure 1. (C) Color-coded model of the oligosaccharide component of GD1a based on levels of STD attenuation. Atoms shaded in red
correspond to the most strongly attenuated resonances of the glycan (80-100%). Blue coloring corresponds to those that were weakly
saturated (0-40%) and yellow for those with relative values between 40% and 80%. Atoms are colored only if accurate integration
measurements could be made for their corresponding peaks in the STD spectra. The percent saturation is normalized with respect to the
most strongly saturated resonance in the glycan, which was assigned a value of 100%. The molecular model for the oligosaccharide component
of GD1a is based on a Monte Carlo energy minimization calculation.
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most of the strong STD signals are from protons in the
exocyclic side chain of the NeuAc residues (Figure 4A),
whereas the majority of the protons from the four neutral
sugars forming the backbone of the molecule are generally
the more weakly enhanced. To help to rationalize the STD
data, an energy-minimized structure representing the glycan
component of GD1a was constructed and color-coded on the
basis of the relative levels of saturation (Figure 4C). In the
model, the oligosaccharide residues are oriented such that
the branched NeuAc residues extend, in a perpendicular
orientation, from the backbone plane formed by the neutral
residues. The portions appearing in red represent the regions
that bind most closely with GB1, and these are found mainly
within the NeuAc residues.

FS1 Binds to the Terminal NeuAc Residue of GD3-S-Phe
and GT1a-S-Phe. The interaction of FS1 with its correspond-
ing gangliooligosaccharides gave rise to STD spectra that
were consistent with a tightly confined interaction site. FS1
binding to both GD3-S-Phe and GT1a-S-Phe is limited
almost exclusively to the terminal sialic acid of the disialosyl
moiety in these molecules. The STD spectra for both
complexes are almost identical, indicating that FS1 recog-
nizes the same site in these two ganglioside derivatives
(Figure 5B,D). Among the protons that give rise to well-
resolved signals in GD3-S-Phe and GT1a-S-Phe, only H3eq

and theN-acetyl methyl group of the terminal NeuAc are
present in the STD spectra, whereas prominent peaks
belonging to protons from the other residues are clearly

absent. There is some saturation response from theN-acetyl
methyl resonance belonging to the penultimate NeuAc
residue of the disialosyl moiety (Figure 5B,D); however, the
relative attenuation is significantly diminished in comparison
with that observed for this methyl group in the terminal
residue (Figure 3C). There is a complete absence of
saturation transfer to any of the remaining resonances of the
subterminal NeuAc of the disialosyl moiety.

Further inspection of the STD spectra for the binding of
GD3-S-Phe and GT1a-S-Phe to FS1 demonstrates that the
close interaction between the immunoglobulin and these two
ganglioside derivatives is limited to theN-acetylmannosami-
nyl portion of the terminal NeuAc; there is no close contact
with protons found in the exocyclic side chain of this residue
(Figure 6). This interaction profile is highlighted when STD
spectra for GD3-S-Phe/FS1 are overlaid with selective
TOCSY spectra of GD3-S-Phe, where only resonances from
the terminal NeuAc residue are excited (Figure 6B,C). The
peaks arising from protons in theN-acetylmannosaminyl ring
(i.e., H3, H4, H5, and H6) are present in the STD spectrum,
while, remarkably, there is no saturation transfer to any of
the protons of the exocyclic side chain (i.e., H7, H8, and
H9) (Figure 6D). Inspection of the STD-TOCSY spectrum
(Figure 6E) acquired for the GD3-S-Phe/FS1 pair reveals
that cross-peaks are confined to protons in theN-acetyl-
mannosaminyl ring of the terminal NeuAc. The STD-TOCSY
results confirm that FS1 interaction is limited to this segment

FIGURE 5: FS1 interacts with the terminal NeuAc residue of both GD3-S-Phe and GT1a-S-Phe. Most resonances in 1D1H spectra of (A)
GD3-S-Phe and (C) GT1a-S-Phe are noticeably absent from the corresponding STD spectra of (B) GD3-S-Phe/FS1 and (D) GT1a-S-Phe/
FS1 complexes, with the exception of those from the terminal NeuAc residue of the disialosyl moiety. Resonances are labeled on the basis
of the gangliooligosaccharide structures presented in Figure 1.
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of GD3-S-Phe. A similar pattern is observed in STD spectra
of the GT1a-S-Phe/FS1 complex.

DISCUSSION

We have studied the binding characteristics of four mAbs,
which were raised against LOS from the GBS- and FS-
associatedC. jejuni strains, CF90-26 and CF93-6, respec-
tively. SPR was used to demonstrate that these immunoglo-
bulins are cross-reactive with the carbohydrate portion of
specific gangliosides and provided measures of their binding
kinetics. STD NMR was used to elucidate the molecular basis
for the interaction of two mAbs (FS1 and GB1) with their
targeted oligosaccharides.

SPR Analysis of mAb/Gangliooligosaccharide Interaction.
SPR is a technique well suited to establish whether anti-
carbohydrate antibodies possess unusual binding affinities
or kinetics for gangliosides. This is because SPR enables
the determination of equilibrium and kinetic values governing
antibody/antigen interaction. We have demonstrated that
chemoenzymatically synthesized gangliooligosaccharides can
be utilized for this purpose, by providing the first measure-
ments of binding constants for cross-reactive antibodies. The
mAbs GB1, GB2, and FS3 showed strong binding specificity
for their associated gangliooligosaccharide derivatives. The

observed dissociation equilibrium constants (KD) were on
the order of 10-20 µM (Figure 2). These values correspond
to a relatively weak binding affinity, typical of anti-
carbohydrate mAbs (38). With one antibody, FS1, we did
not observe quantifiable levels of interaction with any
thiophenyl derivative, although we know, from ELISA and
STD NMR experiments, that this antibody does specifically
recognize the glycan component of GT1a and GD3. The
monovalent binding affinity of FS1 for these two oligosac-
charides appears to be too weak for characterization by SPR.

STD NMR Studies of mAb/Gangliooligosaccharide Inter-
action. When each of the four antibodies was incubated in
the presence of its targeted oligosaccharide, there were
observable STD signals (Figure 3). However, this technique
could not provide an epitope map for the interaction of GB2/
GM1a-S-Phe or FS3/GT1a-S-Phe because the ligand protons
of the oligosaccharides experienced uniform levels of satura-
tion. It is likely that this can be attributed to spin diffusion.
In other words, following saturation transfer to the oligosac-
charide protons in close proximity to the protein, there was
a relay of the saturation effect to the other ligand protons
before dissociation. Bax and colleagues (39) have calculated
that, for the interaction of an antigen with an antibody (MW
≈ 150000), the effects of spin diffusion may become

FIGURE 6: FS1 interacts with theN-acetylmannosaminyl portion of the terminal NeuAc residue of GD3-S-Phe. (A) Protons from the
terminal NeuAc are labeled in a 1D1H spectrum of GD3-S-Phe. (B) Selective excitation of the H3eq resonance of the terminal NeuAc in
a 1D-TOSCY spectrum results in the transfer of magnetization to the other proton resonances within theN-acetylmannosaminyl ring (i.e.,
H3ax, H4, H5, and H6). (C) Further selective excitation of H6 in a 1D-TOCSY-TOCSY spectrum results in signal growth for the remaining
proton resonances found in the exocylic side chain (i.e., H7, H8, and H9). (D) The STD spectrum of the GD3-S-Phe/FS1 complex clearly
shows a strong signal from the protons in theN-acetylmannosaminyl ring and not the exocyclic side chain. A similar pattern was observed
for the GT1a-S-Phe/FS1 complex. (E) Cross-peaks in an STD-TOCSY spectrum arise from the H3ax-H3eq-H4-H5-H6 spin system,
demonstrating that interaction is confined to theN-acetylmannosaminyl ring.
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observable ifkoff is less than 200 s-1. Therefore, in antibody
recognition studies by STD NMR, a slowkoff is a critical
limiting factor. For the mAb/oligosaccharide complexes
where dissociation rates could be estimated from SPR
analysis, the GB1/GD1a-S-Phe pair had the most rapidkoff

and was the only system among the three where a differential
buildup in saturation transfer occurred (Figure 3B). It is
possible that the glycosidic bond linking two monosaccha-
rides could, in principle, isolate an intraresidual spin network
and thereby limit the effect of spin diffusion in STD studies
with oligosaccharide ligands (27). However, interresidual
distances separating protons on adjacent residues of an
oligosaccharide can be very small. For instance, in our
energy-minimized model of the glycan component of GD1a
(Figure 4C), the distance between protons across the glyco-
sidic bonds, including those involving sialic acid, was as
short as 2.0-2.5 Å. Our results suggest that intramolecular
spin diffusion can readily occur in studies with oligosac-
charides, and this can prevent effective epitope mapping by
STD NMR.

Epitope Map for the Interaction of GB1 with GD1a-S-
Phe. The STD NMR profile for the binding of GB1 with
GD1a-S-Phe is consistent with a broad distribution of relative
STD signals among the oligosaccharide protons (Figure 4).
GB1 interacts closely with several regions of GD1a-S-Phe.
Most of the strongly saturated protons are located in the two
NeuAc residues, which are spatially separated from each
other (Figure 4). There was also strong saturation of the H2
resonance belonging to the subterminalâGal residue. The
recognition of GD1a-S-Phe by GB1 is consistent with our
understanding of glycan binding by anti-carbohydrate anti-
bodies. On the basis of available crystallographic structures
(40-42), interaction sites are not defined, topologically, as
deep clefts or binding pockets. Protein-glycan contacts tend
to occur in shallow cavities, and the binding region can
accommodate interaction with parts of several residues of
an oligosaccharide (43).

Epitope Map for the Interaction of FS1 with Disialosyl-
Containing Oligosaccharides. FS1 binding with either GD3-
S-Phe or GT1a-S-Phe is confined narrowly to theN-acetyl-
mannosaminyl ring portion of the terminal sialic acid residue
(Figure 6). As opposed to the interaction profile observed
with GB1/GD1a-S-Phe, the saturation transfer resulting from
FS1 binding to its targeted oligosaccharides is best described
as anall-or-noneprocess, because only a small number of
ligand protons exhibited an STD response. It was surprising
to find in FS1 an antibody with such a confined antigen
recognition site. Nevertheless, the interaction profile provides
a mechanistic understanding for how a unique LOS-bound
ganglioside mimic can give rise to an antibody with binding
promiscuity for [RNeuAc-(2-8)-RNeuAc]-bound epitopes.

Serum anti-GQ1b IgG antibodies from FS patients invari-
ably cross-react with GT1a and sometimes with GD3, GD2,
GD1b, and GT1b (44). Antibodies with binding character-
istics similar to FS1 are perhaps responsible for the cross-
reactivity seen in the sera of FS patients. The limited
structural data regarding carbohydrate/antibody interaction,
however, make it difficult to speculate as to how unique the
recognition pattern for FS1 is. Such conclusions await further
crystallographic and NMR-based structural studies focused
on other FS-associated antibodies and, more generally, those
that are involved in carbohydrate recognition.
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