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ABSTRACT: In the nervous system, a myelin sheath that originates
from oligodendrocytes or Schwann cells wraps around axons to
facilitate electrical signal transduction. The interface between an axon
and myelin is maintained by a number of biomolecular interactions.
Among the interactions are those between GD1a and GT1b
gangliosides on the axon and myelin-associated glycoprotein (MAG)
on myelin. Interestingly, these interactions can also inhibit neuronal
outgrowth. Ganglioside−MAG interactions are often studied in cellular
or animal models where their relative concentrations are not easily
controlled or in assays where the gangliosides and MAG are not
presented as part of fluid lipid bilayers. Here, we present an approach to
characterize MAG−ganglioside interactions in real time, where MAG,
GD1a, and GT1b contents are controlled and they are in their in vivo
orientation within fluid lipid bilayers. Using a quartz crystal
microbalance with dissipation monitoring (QCM-D) biosensor functionalized with a supported lipid bilayer (SLB) and MAG,
we detect vesicular GD1a and GT1b binding and determine the interaction kinetics as a function of vesicular ganglioside content.
MAG-bound vesicles are deformed similarly, regardless of the ganglioside or its mole fraction. We further demonstrate how MAG−
ganglioside interactions can be disrupted by antiganglioside antibodies that override MAG-based neuron growth inhibition.

In the nervous system, axons are insulated by myelin sheaths
that originate from oligodendrocytes or Schwann cells. The

interface between an axon and the myelin sheath, known as the
periaxonal space, is a 9−12 nm-wide gap1 that is home to many
molecular interactions crucial for maintaining myelin and axon
integrity as well as efficient signal transduction. One example is
myelin-associated glycoprotein (MAG) binding to GD1a and
GT1b gangliosides and Nogo receptor 1 (NgR1) on the
surface of the axon.2 MAG is a part of a family of proteins
known as sialic acid binding immunoglobulin-type lectins
(Siglecs), which are transmembrane proteins that bind
sialylated molecules and are involved in cellular signaling and
adhesion. Unlike other Siglecs, which are primarily involved in
immune system function,3 MAG is exclusively expressed in the
nervous system, and it is the only Siglec to be found there.4

Specifically, MAG is found on the innermost wrap of myelin
and is among the proteins responsible for adhering myelin to
the axon.5,6 MAG recognizes sialic acids with an α2,3 linkage,
such as those found on the terminal galactose of GD1a and
GT1b gangliosides,7 and ganglioside binding is thought to
stabilize MAG dimerization.5 In nervous system repair, binding
of MAG to gangliosides and NgR1 initiates the RhoA signaling
cascade in neurons, which ultimately leads to growth cone
collapse and inhibition of neurite outgrowth.8 Therefore, MAG
is one of the myelin-associated molecules that present an
obstacle to nervous system repair in response to neuro-

degenerative diseases or traumatic nervous system injury.9 A
number of studies have shown that inhibiting MAG−
ganglioside interactions can result in an enhanced neurite
outgrowth in vitro and in animal models of nervous system
injury.10−12

Previous research on the interactions between MAG and
gangliosides have employed a variety of assays including
immunoassays, surface plasmon resonance,5 cellular adhesion
assays,13 and neurite outgrowth assays.5,10,14 Although these
assays have provided valuable insights into MAG−ganglioside
interactions, they can suffer from some drawbacks. Specifically,
some of these assays lack fluid lipid bilayer membranes for
MAG and gangliosides to reside in, the MAG and ganglioside
orientations are uncontrolled, and they lack the ability to
detect molecular interactions in real time to evaluate kinetics.
To overcome these drawbacks, it is desirable to design a
biomimetic system where MAG and gangliosides are
immobilized with precisely controlled orientations and are
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associated with separate but interacting fluid lipid bilayer
membranes. Integrating this system into a surface-based
biosensor platform can enable binding measurements with
temporal resolution sufficient for determining binding kinetics.
Quartz crystal microbalance with dissipation monitoring

(QCM-D)15 is a surface-based sensing technique that can
monitor adsorption of molecules or particles on surfaces,
including supported lipid bilayer (SLB)-functionalized surfa-
ces, as a function of time.16−20 Here, we describe a QCM-D-
based approach to monitor MAG−ganglioside interactions in
real time using a system that mimics the periaxonal space
through the use of supported lipid bilayers and vesicles (Figure
1). Our system uses a SiO2-coated QCM-D chip onto which a

SLB is formed. Then, the extracellular domain of MAG with a
polyhistidine tag is conjugated to the SLB via lipids with NTA-
nickel headgroups. This makes the sensor chip a model of the
myelin membrane where the lipids and MAG are diffusionally
mobile, and MAG is conjugated to the surface with the proper
orientation. Phospholipid vesicles that include gangliosides, to
mimic the lipid composition of the axon, are then injected into
the flow cell and their binding to the MAG-functionalized
surface is detected as a frequency shift in the QCM-D signal.
We found that the presence of GD1a or GT1b in the vesicles is
required for binding to MAG. Furthermore, vesicle adsorption
kinetics depend on the ganglioside mole fraction, and the
amount of vesicle deformation upon MAG binding is
independent of ganglioside mole fraction. Finally, we show
that monoclonal antibodies similar to those that override
MAG-based inhibition of neuronal growth can inhibit the
binding of GD1a and GT1b to MAG.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. All vesicles were prepared from

the following lipids: 1-palmitoyl-2-oleoyl-glycero-3-phospho-
choline (POPC), nickel-loaded 1,2-dioleoyl-sn-glycero-3-[(N-
(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (DGS-
NTA), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE), GM1 (ovine
brain) (Avanti Polar Lipids, USA), GD1a (bovine brain),
GT1b (bovine brain), and GD1b (bovine brain) (Sigma-
Aldrich). Bovine serum albumin (BSA) was purchased from
Sigma-Aldrich. Histidine-tagged recombinant mouse MAG
protein was obtained from Sino Biological. Cholera toxin B
subunit (CTB) was purchased from ThermoFisher Scientific.
GD1a-1, GT1b-2b, GM1-1a, and GD1b-1s antibodies were
purchased from the Developmental Studies Hybridoma Bank
at the University of Iowa. Two buffers were used in this work:

“Tris1” (10 mM Tris, 150 mM NaCl, pH 7.0) and “Tris3” (10
mM Tris, 150 mM NaCl, 2.2 mM CaCl2, pH 7.0). All buffer
chemicals were purchased from Sigma-Aldrich or Thermo-
Fisher Scientific.

Preparation of Lipid Vesicles. Lipids were dissolved in
chloroform or a chloroform/methanol mixture at the desired
molar ratios and subsequently underwent solvent evaporation
under vacuum. The dried lipid films were rehydrated with
Tris1 to a concentration of 1 mg/mL, vortexed, and bath
sonicated for 10 min prior to extrusion (Mini-Extruder, Avanti
Polar Lipids) through a 50 nm pore filter (polycarbonate track
etch membranes, Avanti Polar Lipids). Lipids were extruded
with 23 passes. Vesicles (POPC/1% DGS-NTA) for SLB
formation were diluted to a total lipid concentration of 0.1 mg/
mL with Tris3. Vesicles (POPC, POPC/GD1a, and POPC/
GT1b) used in MAG binding studies were prepared in Tris1 as
described above and then diluted with additional Tris1 to
either 0.1, 0.2, or 0.4 mg/mL. Vesicle concentrations were
calculated based on the total amount of lipid in a sample (0.1,
0.2, or 0.4 mg/mL), the molecular weight of POPC, the mean
vesicle radius from dynamic light scattering (DLS), an area per
lipid of 64 Å2, and a 39 Å bilayer thickness.21

Formation of SLB on QCM-D Sensor Chip. The
apparatus used consisted of a QCM-D (Q-Sense E1 Explorer,
Biolin Scientific) utilizing a 5 MHz AT-cut quartz crystal. The
SiO2-coated QCM-D sensor chips were prepared by UV-ozone
treatment (ProCleaner Plus, Bioforce Nanosciences), a
subsequent soak in 2% (w/v) sodium dodecyl sulfate solution,
extensive rinse with DI water, blowing dry with N2 gas, and a
final UV-ozone treatment. The sensor chips were mounted in
the QCM-D flow cell, and Tris1 buffer was flowed over them
within 5 min. The temperature of the flow cell and the flow
rate were held constant at 23.0 °C and 0.1 mL/min,
respectively. The injection sequence for supported bilayer
formation was Tris1, 0.1 mg/mL vesicles in Tris3, Tris1.
Frequency and dissipation were monitored at the 1st, 3rd, 5th,
7th, 9th, and 11th overtones, with all analysis performed using
the 3rd overtone. To assess if SLBs were continuous and
defect-free, BSA in Tris1 was injected following SLB
formation.

Protein Functionalization of SLB. Histidine-tagged
MAG with a concentration of 10 nM in Tris1 was flowed
over a continuous SLB containing 1% DGS-NTA until a
frequency shift of −30 Hz. Injection of the MAG was followed
by Tris1 to wash away any unbound protein.

Vesicle Binding Monitored by QCM-D. For ganglio-
side−MAG binding studies, vesicles with a total lipid
concentration ranging from 0.1 to 0.4 mg/mL in Tris1 were
injected and followed by Tris1 only. For antiganglioside
antibody inhibition studies, vesicles ranging from 0.1 to 0.2
mg/mL were exposed to various concentrations (1−50 nM) of
antiganglioside antibodies for 1 h, prior to injection over a
functionalized SLB containing histidine-tagged MAG. Injection
sequence for antibody inhibition studies was the following:
vesicles co-incubated with antiganglioside antibodies in Tris1,
Tris1.

Fluorescence Recovery after Photobleaching Meas-
urements. Glass coverslips were cleaned with an aqueous 2%
(v/v) Hellmanex III solution at 35 °C, rinsed with ultrapure
H2O, and then dried under N2 gas. Polydimethylsiloxane
(PDMS) elastomer wells were bonded to the coverslips by
treatment of both surfaces with a plasma cleaner (Harrick
Plasma, Ithaca, NY) using gases at approximately 250 mTorr

Figure 1. Vesicular gangliosides bind SLB-conjugated MAG. A SLB
containing DGS-NTA is formed on a QCM-D sensor chip, and then
histidine-tagged MAG is conjugated to the surface (left). Vesicles
containing GD1a or GT1b are injected and bind the surface via
ganglioside−MAG interactions (right).
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for 1.5 min. Vesicles to form SLBs for microscopy contained
either POPC and 1 mol % NBD-PE or POPC with 1.0 mol %
NBD-PE and 1 mol % DGS-NTA. The vesicles were diluted to
0.1 mg/mL in Tris3 buffer and were added to the PDMS wells
within 10 min, and then incubated for 15 min. After
incubation, excess vesicles were removed by washing with
Tris1 buffer and immediately imaged using an inverted
microscope (Eclipse Ti, Nikon) equipped with a 100× oil
immersion objective with a 1.49 numerical aperture.
Fluorescence was excited using a LED light engine (Aura II,
Lumencor), a FITC filter set (Chroma), and images were
captured with a 2048 × 2048 pixel sCMOS camera (Orca
Flash 4.0 v2, Hamamatsu). Each sample was photobleached
using a 405 nm laser (50 mW) pulse for 2 s, and fluorescence
recovery was captured at 1 s intervals for 120 s. After FRAP of
the lipid bilayer, 10 nM histidine-tagged MAG was added to
the chamber and incubated for 15 min. After incubation, excess
MAG was removed by washing, and lipid diffusion was again
analyzed via FRAP. Lipid diffusion coefficients and mobile
fractions were calculated using the Hankel transform method
and MATLAB code described by Jönsson et al.22 FRAP images
were processed using the Fiji ImageJ package.23

Dynamic Light Scattering. Vesicle sizes were measured
by DLS. An ALV/CGS-3 Compact Goniometer System
spectrometer was used to collect DLS measurements in
triplicate. Lipid vesicles were diluted to 0.22 mg/mL in Tris1
buffer prior to analysis.
Zeta Potential Measurements. Zeta potential measure-

ments were obtained using a ZetaPALS Zeta Potential
Analyzer (Brookhaven Instruments Corp.). Extruded vesicles,
prepared with the desired lipid compositions as described
above, were diluted to 0.22 mg/mL in 0.01 M NaCl. The
temperature was held constant at 25 °C. Data reported are as
the mean ± standard deviation for each vesicle composition
from a total of 20 measurements per sample.
Statistical Analysis. All curve fitting and analysis were

done using the Prism 8, GraphPad software with a minimum of
n = 3.

■ RESULTS AND DISCUSSION

Biosensor Functionalization. The first step in creating a
biosensor that mimics myelin is to form a SLB on a SiO2-
coated QCM-D sensor chip. To form SLBs, precursor vesicles
were first prepared that contained POPC only or POPC with
1% DGS-NTA to conjugate histidine-tagged MAG. All lipid
compositions are expressed as mole %. The vesicles were
injected into the QCM-D flow cell where they spontaneously
ruptured on the SiO2 surface of the sensor chip (Figure 2a).
Both vesicle types resulted in SLBs that had final frequency
and dissipation values that are indicative of a continuous
uniform membrane film. The POPC SLB had a final frequency
shift (ΔF) of −28.3 Hz and a final dissipation shift (ΔD) of
0.55 × 10−6. These values agree with accepted frequency and
dissipation shift ranges for a continuous SLB film.24,25 The
presence of the DGS-NTA resulted in a slightly more negative
frequency shift plateau, indicative of a slightly more dense and/
or thick SLB (Figure 2a). The formation of a continuous,
defect-free SLB was verified by the negligible frequency shift,
i.e., mass accumulation, after the injection of BSA over the
POPC/DGS-NTA SLB (Figure S1). BSA adsorbs to bare
SiO2,

26 thus the lack of BSA adsorption after SLB formation
confirms a defect-free supported lipid bilayer.

Next histidine-tagged MAG was conjugated to the SLB. The
DGS-NTA in the SLB was held at 1%, and MAG was injected
until ΔF reached approximately −30 Hz (Figure 2b). After
MAG-SLB conjugation, the QCM-D frequency signal
remained constant for more than 3 h, confirming the stability
of the MAG conjugation to the SLB (Figure S2). There was no
detectable conjugation of MAG to the SLB lacking DGS-NTA
(Figure 2b). The introduction of imidazole caused the
frequency to return to near baseline by displacing MAG
(Figure S2). Together, this confirms that the MAG is
conjugated to the SLB via the DGS-NTA lipid and the
conjugation is stable. Fluorescence recovery after photo-
bleaching (FRAP) experiments show that the SLBs retain
fluidity after MAG conjugation (Figures S3 and S4). The
conjugation of MAG to the functionalized SLB has very
minimal effects on SLB fluidity (Table S1).

Detection of Ganglioside Vesicles Binding to MAG on
SLBs. To mimic axon-myelin membrane−membrane inter-
actions, we injected ganglioside-containing vesicles over SLBs
with and without conjugated MAG. The fraction of ganglio-
sides in the vesicles ranged from 0 to 4% and the total lipid
concentration of the vesicle suspensions ranged from 0.1 to 0.4
mg/mL. Vesicles were characterized by DLS and a zeta
potential analyzer. Vesicle diameters were determined by DLS
and ranged from 110 to 150 nm (Figure S5a). GD1a and
GT1b both possess sialic acid groups and have charges of −2
and −3, respectively. Vesicles containing 4% GT1b yielded the
negative largest zeta potential among all vesicles, and zeta
potentials became less negative as the ganglioside concen-
tration was decreased, as expected (Figure S5b). Figures 3 and
4 show the frequency shift (plotted as |ΔF|) as a function of
time for vesicles containing 1−4% GD1a and GT1b binding to
MAG. As vesicles with GD1a or GT1b bound to the MAG-
functionalized surface, the dissipation signal increased
continuously and then reached a plateau concurrent with the
frequency shift (Figure S6). This suggests the vesicles bind to
MAG and remain intact rather than rupture.24 The injection of
vesicles was followed by an injection of Tris1 buffer. During
the infusion of the buffer, a small fraction of vesicles desorbed
in all cases, and the vesicles containing 1% GD1a desorbed the
most, as a fraction of their maximum frequency shift. The lack
of significant vesicle desorption for most compositions
indicates that MAG−ganglioside mediated vesicle−SLB
adhesions are mostly permanent, at least under the conditions
studied here. The near-permanent nature of these contacts is
likely driven by multiple MAG−ganglioside interactions per

Figure 2. Biosensor functionalization. (a) QCM-D frequency (blue)
and dissipation (red) signals show that vesicles composed of POPC
alone or POPC/1% DGS-NTA adsorb and spontaneously rupture to
form SLBs on SiO2-coated sensor chips. (b) QCM-D frequency shift
showing the conjugation of MAG to a SLB composed of POPC/1%
DGS-NTA (dark blue). MAG does not adsorb on to a SLB composed
solely of POPC (light blue).
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vesicle. Multivalent particle-surface interactions are well-
established as a mechanism for enhanced receptor-mediated
particle-surface binding, especially when individual interactions
are weak.27 Vesicles containing 1% GD1a and 1% GT1b were
also injected over a POPC/1% DGS-NTA SLB lacking MAG.
This resulted in negligible binding, confirming that the binding
results presented here are a result of protein−lipid interactions
and not lipid−lipid interactions (Figure S7).
Vesicles composed of POPC, POPC with 2% GD1b, and

POPC with 2% GM1 do not bind MAG-conjugated SLBs
(Figure S8). This confirms MAG’s specificity for gangliosides
with α2,3-sialic acid linkages, which are found between the
sialic acids on the terminal galactose in GD1a and GT1b but
are absent in GD1b and GM1. Previously, Collins and
coworkers investigated the adherence of Chinese hamster
ovary cells and COS-1 kidney fibroblasts transfected to express
MAG to substrates coated with various gangliosides. They
observed that these cells strongly adhered to substrates with
GD1a and GT1b but had significantly lower adherence to
substrates with GD1b and GM1.13 Thus, our SLB−vesicle
binding assay recapitulates cellular adhesion studies in a system
where ganglioside and MAG content can be tightly controlled.
A quantitative evaluation of the vesicle adsorption kinetics

was conducted by fitting the curves to the following equation:

|Δ | = |Δ | − τ−F F e(1 )t
max

/
(1)

where |ΔF| is the absolute value of the frequency shift as a
function of time, |ΔFmax| is absolute value of the maximum
frequency shift, t denotes time, and τ is the characteristic

adsorption time.28 The values of τ decreased as function of
ganglioside concentration and were generally smaller for
vesicles with GT1b compared to equivalent vesicles with
GD1a. The characteristic adsorption time (τ) is inversely
proportional to the observed rate constant for vesicle
adsorption (kobs = 1/τ), and kobs = kaCv + kd, where Cv is the
vesicle concentration, and ka and kd are the rate constants for
association and dissociation, respectively.29 A plot of 1/τ vs Cv
(Figure 5) reveals the vesicle dissociation constant, KD,

because KD = kd/ka. We calculated KD values for 1, 2, and
4% GD1a vesicles as (2.2 ± 1.8) × 10−10 M, (2.2 ± 0.6) ×
10−10 M, and (8.5 ± 6.0) × 10−10 M, respectively. For 1, 2, and
4% GT1b vesicles, the KD values were (1.9 ± 1.0) × 10−10 M,
(1.9 ± 0.4) × 10−10 M, and (2.3 ± 0.6) × 10−11 M,
respectively. A summary of kinetic data is provided in Table
S2. Previous MAG−ganglioside binding studies have suggested
that GD1a and GT1b bind MAG equivalently;13 however, no

Figure 3. QCM-D detection of vesicles with GD1a binding to MAG-
conjugated SLBs. Binding curves showing absolute value of frequency
shift, |ΔF|, as a function of time for vesicles containing 1, 2, and 4%
GD1a. Total lipid concentrations are (a) 0.1 mg/mL, (b) 0.2 mg/mL,
and (c) 0.4 mg/mL. Dashed lines during the association phase are fits
to eq 1.

Figure 4. QCM-D detection of vesicles with GT1b binding to MAG-
conjugated SLBs. Binding curves showing the absolute value of
frequency shift, |ΔF|, as a function of time for vesicles containing 1, 2,
and 4% GT1b. Total lipid concentrations are (a) 0.1 mg/mL, (b) 0.2
mg/mL, and (c) 0.4 mg/mL. Dashed lines during the association
phase are fits to eq 1.

Figure 5. Determination of kinetic constants. The inverse of
characteristic adsorption time (1/τ) for (a) GD1a and (b) GT1b
vesicle binding plotted as a function of the vesicle concentration.
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estimates of binding constants have appeared in the literature.
Qualitatively, our results agree with earlier studies; however,
the advantageous use of a real-time biosensor allows us to
extract binding kinetics that show the binding rate for GT1b >
GD1a. The KD values we determined indicate high-affinity
binding between vesicular gangliosides and SLB-conjugated
MAG. The especially tight binding is facilitated by multivalent
vesicle−SLB interactions. In fact, the KD values measured here
are over an order of magnitude smaller than for shiga toxin-
conjugated lipid particles binding to Gb3 glycolipids in cell
membranes.29

Vesicle Deformation upon Binding. Vesicles can
significantly deform upon adsorption to surfaces,30 and
QCM-D can be used to determine the extent of deformation.31

The interplay between adhesion and bending energies governs
vesicle adsorption and subsequent deformation.32 While our
dissipation data suggest that vesicles with GD1a or GT1b do
not rupture upon binding to MAG-functionalized SLBs
(Figure S6), we sought to determine if their ganglioside
content effected the extent of deformation by plotting ΔD vs
ΔF. The more vesicles are deformed upon adsorption, the less
energy they will dissipate because a more deformed vesicle
layer is more tightly coupled to the surface and thus has lower
viscoelasticity. In plots of ΔD vs ΔF for vesicular adsorption, a
larger slope is indicative of a less deformed (more viscoelastic)
vesicular layer. Other groups have utilized this approach to
determine the extent of adsorbed vesicle deformation and/or
rupture33 or the relative rigidity of an adsorbed layer of virions
bound to glycosphingolipid containing SLBs.34

For a given ganglioside concentration, the slopes for GD1a
and GT1b are not significantly different (Figure 6). This

suggests that GT1b and GD1a vesicles bind MAG with a
similar adhesive strength and there are no significant
differences in vesicle deformation between GT1b and GD1a
vesicles possessing the same ganglioside mole fraction. As the
ganglioside mole fraction varies, the slopes of the plots for
GD1a and GT1b do not significantly change, which means that
there is no significant difference in vesicle deformation as a
function of ganglioside surface coverage. For comparison, the
plots of ΔD vs ΔF for the adsorption of these vesicles on SiO2
have significantly lower slopes (Figure 6), which indicates that
the vesicles deform significantly more on SiO2 than they do on
MAG-functionalized SLBs. We expect vesicles with these
compositions to significantly deform on SiO2 surfaces because
they will eventually rupture to form a SLB on SiO2.

35

Comparing the results in Figures 5 and 6 shows that the
vesicle adsorption rate increases as a function of ganglioside
mole fraction, but there is no significant difference in the
vesicle deformation. The increase in adsorption rate can be
explained by the higher probability of vesicle−MAG binding
for each vesicle-surface encounter; however, once a vesicle is
bound, the extent to which it is deformed is independent of the
ganglioside mole fraction. Interestingly, measurements with
giant vesicles have shown that bending rigidity for POPC
membranes decreases as the mole fraction of GM1 ganglioside
increases.36 This coupled with the notion that increased
number of ganglioside−MAG contacts would increase the
adhesion strength, one would expect that vesicles with higher
concentrations of gangliosides would deform more. However,
this is not observed in our system, perhaps because MAG
surface density, which is constant in our experiments, is the
limiting factor in causing vesicle deformation. MAG regulates
myelin−axon adhesion in concert with other proteins,
including contactin-associated protein (Caspr), contactin 1,
and neurofascin.37−39 A recently developed model of axon
myelination suggests that MAG−ganglioside interactions are
important for maintaining a contact between the leading edge
of myelin as it wraps around the axon.6 If the membrane−
membrane contacts governed by MAG−ganglioside interac-
tions were too tight, this process might not proceed. Our
results suggest membrane−membrane interactions governed
by MAG−ganglioside binding are strong enough to hold the
membranes together, but not strong enough to radically
deform the membranes, which is consistent with this model of
myelination.

Antiganglioside Antibodies Modulate MAG−Gan-
glioside Interactions by Competitive Inhibition. Anti-
bodies against GD1a and GT1b can block MAG’s ability to
inhibit neurite outgrowth.10 In addition, IgM antibodies that
bind GD1a and GT1b can promote neurite extension40,41 and
block the ability of myelin to inhibit neurite outgrowth.42 It has
been suggested that the IgMs cluster gangliosides in lipid rafts
and bring together signaling complexes that promote rather
than inhibit neuronal growth.41 Furthermore, the presence of
pathogenic antibodies against gangliosides are among the
hallmarks of Guillain−Barre ́ syndrome,43 an autoimmune
disorder of the peripheral nervous system that results in
dysfunction at the myelin−axon interface.44 Here, using our
SLB−vesicle binding approach, we investigated how anti-
ganglioside antibodies can inhibit the ganglioside−MAG
interactions. We first characterized the binding of antiganglio-
side antibodies to SLBs containing GD1a or GT1b. These
antibodies (GD1a-1 and GT1b-2b) were initially developed by
Schnaar and co-workers, and we use the same antibody

Figure 6. Dissipation shift as a function of frequency shift for vesicles
binding to MAG-conjugated SLBs. ΔD vs ΔF plots for (a) 1%, (b)
2%, and (c) 4% GD1a and GT1b vesicles binding to MAG-conjugated
SLBs and adsorption on SiO2 surfaces.
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nomenclature.45 We determined the dissociation constants for
GD1a-1 and GT1b-2b binding to SLBs with 1 and 2% GD1a
and GT1b (Figure S9), respectively. For GD1a-1 binding to 1
and 2% GD1a SLBs, we determined a KD of (9.67 ± 1.80) ×
10−11 M and (1.58 ± 0.20) × 10−11 M, respectively. For GT1b-
2b binding to 1 and 2% GT1b SLBs, the KD values were (3.11
± 2.61) × 10−8 M and (3.55 ± 2.50) × 10−8 M, respectively.
This agrees with prior results showing that GD1a-1 is a
stronger binder of GD1a than GT1b-2b is of GT1b.45 Given
the difference in ganglioside affinities of these two antibodies,
we predicted that GD1a-1 would be a more potent inhibitor of
GD1a−MAG interactions than GT1b-2b would be for GT1b-
MAG interactions.
For MAG−ganglioside binding inhibition experiments, SLBs

composed of POPC and 1% DGS-NTA were formed on the
QCM-D sensor and functionalized with MAG as described
above. The surface density of MAG on the SLB was held
constant at an average frequency shift of −30 Hz, as in
previous experiments. Vesicles (0.1 mg/mL total lipid) with 1
and 2% ganglioside were exposed to monoclonal antibodies
ranging in concentration from 1 to 50 nM prior to injection
into the QCM-D. In the presence of GD1a-1 antibody, the
binding of vesicles with 1% GD1a to MAG was inhibited in a
concentration-dependent fashion, with 50 nM GD1a-1
completely inhibiting binding (Figure 7a). When the vesicular
concentration of GD1a is raised by 2%, the MAG binding
inhibition is reduced due to the increased availability of GD1a
on the vesicle surface (Figure 7b). Control experiments show
that GD1a-1 does not bind MAG (Figure S10); therefore, the
inhibition of vesicle binding can be attributed solely to GD1a-1
binding GD1a on vesicles.
With 1% GT1b vesicles, the GT1b-2b antibody inhibits

binding to MAG in a concentration-dependent manner, but, at
50 nM, a significant vesicle binding is still observed (Figure
7c); thus, GT1b-2b is a weaker inhibitor of GT1b−MAG
interactions compared to GD1a-1 inhibition of GD1a−MAG
interactions. Control experiments showed that the GT1b-2b
antibody does not bind MAG (Figure S10). Contrary to the
case with GD1a vesicles and the GD1a-1 antibody, when the
vesicular concentration of GT1b is 2%, the inhibition of MAG
binding by GT1b-2b antibody is negligible (Figure 7d). The
greater inhibition of GD1a−MAG binding by GD1a-1
compared to GT1b-2b inhibition of GT1b−MAG binding is
due to the higher affinity of GD1a-1 for GD1a. The KD for
GD1a-1 binding to GD1a is roughly three orders of magnitude
smaller. In neurite outgrowth assays, an antibody against GD1a
was a more powerful blocker of MAG-mediated neurite
outgrowth inhibition than was an antibody against GT1b.10

While the exact identity of the antibodies was not specified, we
assume them to be very similar to GD1a-1 and GT1b-2b since

the same research group developed these antibodies. Taken
together, these results show that monoclonal antibodies against
GD1a and GT1b can inhibit ganglioside−MAG binding, and it
is likely that this binding inhibition is responsible for the ability
of antiganglioside antibodies to block the inhibition of
neuronal outgrowth caused by myelin and MAG.

■ CONCLUSIONS

We demonstrate the development of a biosensor platform to
detect, in real time, the binding of gangliosides on lipid bilayer
vesicles to MAG conjugated to an SLB membrane. Our system,
where both gangliosides and MAG are associated with fluid
lipid bilayer membranes, is a realistic mimic of the interface
between myelin and axons in the nervous system. This
approach offers a level of control over the surface presentation
and concentration of the gangliosides and MAG that can
exceed that of traditional assays of binding between two
membrane-associated species. Furthermore, the use of a QCM-
D biosensor allows the determination of ganglioside−MAG
binding constants, which have not been measured to date. The
binding of ganglioside vesicles to MAG on SLBs is a
multivalent interaction, much the same way that the
interaction between the myelin and axon membranes involves
multiple MAG−ganglioside contacts. Multivalent ligand−
receptor interactions between surface-bound molecules can
display unique properties like a superselectivity that is
governed by the interplay between ligand and receptor surface
coverage, mobility, and binding strength.27,46 Through the use
of vesicles and supported lipid bilayers, these properties in the
context of myelination could be probed in a systematic fashion
using a system where the diffusional mobility of ligands and
receptors could be controlled by variation of the lipid
composition and/or the experimental temperature. The
binding of gangliosides by a number of toxins has been
investigated in depth, and emerging evidence shows other
components of the lipid membrane, particularly cholesterol,
can modulate ganglioside structure and toxin binding proper-
ties.47,48 The combination of ganglioside-rich vesicles and SLB-
conjugated proteins could be used to probe how various
agents, such as membrane cholesterol, can modulate
endogenous glycolipid−protein interactions using either the
QCM-D approach described here or other detection
techniques like total internal reflection fluorescence micros-
copy.49−51
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Figure 7. Ganglioside antibodies inhibit MAG binding. Inhibition of the binding of vesicles containing (a) 1% and (b) 2% GD1a to MAG by
GD1a-1 antibody. Inhibition of the binding of vesicles containing (c) 1% and (d) 2% GT1b to MAG by GT1b-2b antibody.
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