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Abstract. Interactions betweenβ-amyloid (Aβ) peptides and neuronal membranes play an important role in Alzheimer’s dis-
ease (AD). Using surface plasmon resonance we assayed a kinetic model to study the interactions of Aβ25-35, Aβ40 and
Aβ42 with surfaces containing single glycolipids (Asialo-GM1, GM1, GD1a or GT1b). The larger peptides interacted with
gangliosides stronger than Aβ25-35, which showed some significant bindings solely at high concentrations under acidic con-
ditions. Only the interactions at low Aβ concentrations were useful to calculate the kinetic constants. The affinities increased
at low pH. The specificity, but not the affinity correlated with the number of sialic acids in the ganglioside sugar moiety. The
most important finding in this study, was a special group of sensorgrams with linear association phases that appeared for the
interactions of Aβ with the membranes containing gangliosides, due to the following process: when Aβ is injected at a critical
concentration, the first molecules that interact with the gangliosides remain fixed on the membrane. Next Aβ molecules bind
to these fixed molecules, so that for each Aβ molecule bound, new binding sites are activated on the surface in a linear ratio,
which explains the linear shape of the sensorgrams. This way a laminar-arranged Aβ accumulate is progressively formed on
the membrane surface and fixed there. These linear sensorgrams were not observe with asialo-GM1 or DMPC, which indicates
the main role of sialic acid in these interactions. This model for progressive Aβ deposition could simulate the initial stage of
the Aβ peptide accumulation on cell surfaces.
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1. Introduction

Alzheimer’s disease (AD), the major form of progressive senile dementia in the elderly, is pathologi-
cally characterized by the deposition of abnormal fibrous protein in senile plaques and in neurofibrillary
tangles in the brain. The main component of the senile plaques,β-Amyloid (Aβ) protein [1] (a family of
39–43-residue peptides) is a fragment derived from a much larger amyloid precursor protein (APP) [2,3].

Several studies indicate that Aβ neurotoxicity may be mediated, in part, by direct interactions between
Aβ and membrane lipids: Arispe et al. [4,5] have showed that Aβ40 forms cation-selective channels
across artificial planar bilayers formed from acidic phospholipids and across excised membrane patches
from immortalized hypotalamic GnRH neurons (GT1-7 cells), and they have speculated that the non-
regulated Ca2+ influx through these spontaneous channels may provide a mechanism to explain exci-
toxicity [6]. More recently, they have proved that Aβ40 applied to GT1-7 neurons elevates intracellular
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Ca2+ levels [7]. Terzi et al., using biophysical techniques, have demonstrated that at high concentra-
tions (200µM), Aβ25-35 and Aβ40 form β-sheet structures upon the addition of phosphatidylcholine
(PC)/phosphatidylglycerol (PG) vesicles under neutral conditions [8,9].

In particular, the interaction of Aβ with the membrane glycolipids has been studied. Using fluores-
cent dye it was demonstrated that Aβ40 and Aβ42 disrupt PC vesicles only when the liposomes contain
gangliosides [10,11], and that these peptides bind selectively to membranes, depending on the type of
sugar moiety in the gangliosides. Moreover, the ability of the gangliosides to prevent Aβ from beta-sheet
conformation has been also investigated using circular dichroism. At acidic pH, beta-sheet formation
predominates for Aβ40 and Aβ42 when they interact with PC vesicles containing single gangliosides
or even mixed gangliosides. At neutral pH, alpha-helix conformation predominates when the peptides
interact with PC vesicles containing mixed gangliosides, and beta-sheet formation predominates when
they interact with single gangliosides [11,12]. It has been also demonstrated by using Fourier Trans-
form Infrared-Polarized Attenuated Total Reflection (FTIR-PATR) spectroscopy, that Aβ40 forms an
antiparallel beta-sheet, the plane of which lies parallel to the membrane surface, inducing dehydration of
lipid interfacial groups and perturbation of the acyl chain orientation. This suggests that Aβ40 imposes
negative curvature strain on ganglioside-containing lipid bilayers, thereby disturbing the structure and
function of membranes [13].

A kinetic study allows to better characterize the molecular mechanism underlying the interactions of
Aβ with the gangliosides in the cell membrane.

Gangliosides are glycosphingolipids concentrated especially in neuronal membranes [14–16]. Thus,
they require cell surface-like presentation to understand their real behavior. We have used in our exper-
iments Surface Plasmon Resonance (SPR) [17] with an HPA sensor chip which allows the presentation
of glycolipids in a bilayer microenvironment [18] to study the interaction of Aβ25-35, Aβ40 and Aβ42
with liposomes containing asialo-GM1, GM1, GD1a or GT1b at pH 7.4 and 7.0, and under the acidic
conditions that characterize AD. Moreover, we have evaluated how the aging of Aβ peptides affects these
interactions.

2. Methods

2.1. Materials

Peptides Aβ25-35, Aβ40, Aβ42 and the monosialoganglioside GM1, the disialoganglioside GD1a, the
trisialoganglioside GT1b, and the asialo-GM1 were purchased from Sigma, USA. Then-Octylglucoside
(n-OG) was from Wako, Japan. Dimyristoyl Phosphatidylcholine (DMPC) was purchased from NOF
Corp., Japan, and Liposofast apparatus and polycarbonate filters from Avestin, Inc., Canada. Biosensor
system BIACORE 2000 and BIAevaluation 3.1 software used for data analysis were from BIACORE,
Sweden. All the reagents used in the experiments were of analytical grade.

2.2. Liposomes containing single gangliosides

The liposomes were prepared as explains Reference [19]. Briefly, DMPC and pure gangliosides were
dissolved in chloroform and mixtures containing DMPC/ganglioside (final ganglioside concentration,
20%) were dried in glass vials under vacuum. The mixtures were resuspended by vortexing in HEPES
buffer pH 7.4 and placed in a sonic bath for 30 s. Suspensions containing the liposomes were extruded
through polycarbonate filters in the Liposofast and injected immediately on the sensor chip flow cells.
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2.3. HPA chip preparation

The HPA sensor docked in the BIACORE 2000 biosensor system was washed with 20µl of 20 mM
n-OG. Then, 30µl of liposome solution were fused at 1µl/min to the surface of the sensor flow cells
to form flat hybrid bilayers and 5µl of 10 mM NaOH were injected to remove the incompletely fused
liposomes. 10 mM HEPES buffered saline, pH 7.4, which contained 150 mM NaCl was used as a run-
ning buffer. All the experiments were performed at 25◦C. The liposomes containing only DMPC or
asialo-GM1 were used as controls to determine the non-specific binds and the specificity for sialic acid,
respectively.

2.4. Injection conditions

In all of the cases the Aβ peptides were used immediately after being dissolved and for each exper-
iment new peptides from the same lot were used. All the procedures with the peptides were made on
ice. The peptides were injected on the HPA flow cells (15µl at 5 µl/min flow rate) using the multi-
channel pathway to shorten the experiment, in order to minimize the effects of Aβ aggregation; thus
the sensorgrams were obtained simultaneously for each surface containing glycolipids. Within one set
of experiments using the same peptide, the sensor chip surfaces were regenerated with HEPES buffer.
After each set of experiments the inlet system was carefully washed with a detergent, 50 mM NaOH and
distilled water and the flow cell surfaces were regenerated as follows: distillated water – 50 mM NaOH
– distilled water.

2.5. pH effect

Aβ25-35, Aβ40 and Aβ42 were individually dissolved in a 10 mM HEPES buffer, pH 7.4, 7.0, 6.5
or 6.0, to obtain concentrations from 400 to 3.65µg/ml, and the same buffers were used as running
buffers and buffers for regeneration. The peptides were injected simultaneously on the four flow cells.
Specificity and kinetic parameters were determined from the sensorgrams for each peptide concentration
as described below.

2.6. Kinetics of Aβ-ganglioside interaction

Association and dissociation rate constants were calculated by nonlinear fitting of the primary sensor-
gram data [20] using the BIA evaluation 3.1 software. The dissociation rate constant (koff ) was derived
using the equation

Rt = Rt0e−koff (t−t0), (1)

whereRt is the response at timet andRt0 is the amplitude of the initial response. The association rate
constant (kon) can then be derived using the equation

Rt =
[
konCRmax

(
1− e−(konC+koff)t

)]
/(konC + koff ), (2)

whereRt represents the response at timet, Rmax is the maximum response;C, the concentration of
peptide in solution andkoff , the dissociation rate constant.
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Affinities were calculated from rate constants:

KD = koff/kon = 1/KA . (3)

KD is the dissociation constant andKA, the affinity constant.

2.7. Seeding effect

Aβ25-35, Aβ40 and Aβ42 (12.5µM in HEPES, pH 7.4) were injected on sensor surfaces after indi-
vidual incubation for 3 h at 37◦C in a block incubator.

3. Results

3.1. HPA chip preparation

The liposomes were prepared from DMPC and single glycolipids and then injected onto the flow cells
to form bilayer membranes on the surfaces of the HPA sensor chips. The HPA sensor chip was selected
because in experiments with liposomes it has shown about a ten times higher capacity for molecular bind-
ing as liposomal surface, than the commonly used CM5 sensor chip [21]. Monolayer surfaces containing
the glycolipids which were obtained injecting NaOH on the bilayer surfaces, typically showed RU val-
ues around 2000 for DMPC, GM1 20% and asialo-GM1 20% and about 1000 for polysialogangliosides
(GD1a and GT1b, 20% and 15%, respectively). Liposomes containing GT1b 15% were selected for ex-
periments because their monolayer yields with respect to the bilayer were higher than for GT1b 20%
due to the fact that the higher hydrophobicity/hydrophilicity ratio facilitates a better liposomes packing.
All the prepared surfaces provided a stable baseline for the determination of Aβ binding specificity and
kinetics.

3.2. Aβ-ganglioside binding kinetics

SPR was used to evaluate the interaction of Aβ peptides with the surfaces containing gangliosides.
The profiles of Aβ40, Aβ42 and Aβ25-35 binding the surfaces at pH 7.4 are shown in Figs 1, 2 and 3,
respectively.

For Aβ40 (Fig. 1) the interactions depended on the number of molecules of sialic acid in the ganglio-
side sugar moiety because the kinetics of the Aβ40 binding to surfaces containing monosialo ganglio-
sides and polysialo gangliosides were different. For surfaces containing GD1a or GT1b, the sensorgrams
showed normal shapes at low Aβ40 concentrations, but at 5.8µM, the association phase of the sensor-
grams became linear and the dissociation was slow. At 11.5µM the sensorgrams recovered the normal
shape and RU values dramatically increased with a rapid association rate, but the dissociation was still
slow. From this concentration on, theRmax decreased with the increasing Aβ40 concentration and the
dissociation phases became faster, which indicates that at higher concentrations the interactions peptide–
peptide in solution predominate. The RU values for the interactions of Aβ40 at 5.8µM with GT1b were
higher than those with GD1a. In the sensorgrams describing the interaction of Aβ40 with surfaces con-
taining GM1 (Fig. 1A), the linear shape did not appear, but from 23.1µM on, theRmax decreased due to
the effect of peptide–peptide interactions in Aβ40 solution.
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Fig. 1. Overlays plots of Aβ40 at different concentrations at pH 7.4 binding to surfaces containing (A) GM1, (B) GD1a or
(C) GT1b fused to HPA sensor chip.

For Aβ42 (Fig. 2), at 5.5µM the association phase of the sensorgrams became linear in the interactions
with all the surfaces containing gangliosides, with the highestRmax values for GM1- and the lowest for
GD1a-containing surfaces. Similarly to Aβ40, at higher Aβ42 concentrations the specificity decreased
with the increasing concentration.

The RU values and affinity for the Aβ interactions with DMPC or asialo-GM1 surfaces were low.
Only the interactions with at higher Aβ concentrations gave slightly higher RU, due to the interactions
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Fig. 2. Overlays plots of Aβ42 at different concentrations at pH 7.4 binding to surfaces containing (A) GM1, (B) GD1a or
(C) GT1b fused to HPA sensor chip.

peptide–peptide in solution, but in no cases was the linear shape observed for the interactions of Aβ with
these glycolipids which do not contain sialic acid (Fig. 4).

Under acidic conditions, all the experiments gave lower RU than those at neutral pH. Besides, the
sensorgrams became linear at lower Aβ concentrations, even for the interaction of Aβ40 with surfaces
containing GM1, where the linear shape was not observed at all at the neutral pH nor pH 7.4 (Fig. 5).



T. Valdes-Gonzalez et al. / Aβ-glycolipid interactions 247

Fig. 3. Sensorgrams of Aβ25-35 (12.5µM) binding to surfaces containing GM1, GD1a, GT1b or DMPC alone at pH (A) 7.0,
(B) 6.5 and (C) 6.0.

The interactions of Aβ25-35 with the ganglioside-containing surfaces under neutral conditions
(Fig. 3A) were characterized by low specificity at any concentration. Nevertheless, with the decreasing
pH, the RU values increased, the association phases of the sensorgrams became linear, and the dissoci-
ation phases, slower (Fig. 3B,C). At pH 6.0 the linear shape dramatically increased for the interactions
with surfaces containing GD1a and GT1b.
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Fig. 4. Sensorgrams for interactions of (A) Aβ40 with asialo-GM1-containing surfaces and (B) Aβ42 and (C) Aβ25-35 with
DMPC surfaces at pH 7.4.

3.3. Aβ-ganglioside affinity

With this experimental model we tried to simulate the interactions of Aβ with glycolipids in vivo,
minimizing the damage of the surfaces. Thus, we used drastic surface regeneration only after each set
of experiments had finished, which imply that within one set of experiments with the same peptide
at the same pH, the surfaces containing gangliosides were not regenerated completely. It means that,
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Fig. 5. Overlays plots representing the critical concentrations at which the linear shape appears at pH 6.5 and 6.0 for the
interaction of (A) Aβ40/GM1, (B) Aβ40/GT1b, (C) Aβ42/GM1 and (D) Aβ40/GT1b.

especially in the case of injections at higher Aβ concentrations, peptides were not completely removed
from the surfaces. This fact brings the inconvenience of heterogeneous interactions, because Aβ binds
not only to gangliosides, but also bind to each other on the surfaces, which made difficult to obtain
useful quantitative data. Because of that, in this study to calculate the affinities (1/KD) we used only the
kinetic constants for the interactions of Aβ at low concentrations, where the effect peptide–peptide is no
significant and in no case the kinetic constants corresponding to the linear sensorgrams were used in the
calculations (Table 1). Although these affinity values are useful parameters to compare the interactions of
the different Aβ peptides with surfaces containing gangliosides in our experiments, due to the complexity
of the interactions should not be taken as absolute data.

As Table 1 shows, in most of the cases, the affinity values were high, especially at low pH and in general
were stronger for Aβ40 than for Aβ42. At pH 7.4 and 7.0 the 1/KD were higher for the interactions with
polysialo than with the monosialo-ganglioside. At pH 6.5 the affinity constants were similar for GM1 and
GT1b and at pH 6.0, Aβ peptides showed the lowest affinity with GT1b. The 1/KD values for surfaces
containing GD1a, in general, remained unchanged. The low pH promoted an increase in the affinity of
the interactions with gangliosides, especially for Aβ42.
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Table 1

Affinity constants for the interactions of Aβ40 and Aβ42 with
ganglioside-containing surfaces at different pH

pH Ganglioside KD (M)
Aβ40 Aβ42

7.4 GM1 1.32× 10−6 1.4× 10−6

1.4∗∗ 2.2
GD1a 1.65× 10−7 1.1× 10−7

1.1 0.01
GT1b 2.89× 10−7 4.2× 10−7

3.0 1.5
7.0 GM1 1.29× 10−7 1.9× 10−6

0.5 0.9
GD1a 2.69× 10−7 3.3× 10−7

2.5 1.6
GT1b 1.63× 10−7 8.5× 10−7

0.9 5.3
6.5 GM1 5.72× 10−9 4.3× 10−9

1.4
GD1a 1.38× 10−7 4.3× 10−7

0.9 0.9
GT1b 6.20× 10−9 4.8× 10−9

0.3 1.4
6.0 GM1 4.69× 10−9 1.5× 10−10

1.2 2.1
GD1a 4.57× 10−8 1.7× 10−8

3.5 1.5
GT1b 8.62× 10−13 2.9× 10−10

0.9 3.1

The association rate (kon), the dissociation rate (koff) and
the real dissociation constant (KDR) are the mean values for
the interactions of Aβ40 at low concentrations (lower than
5.8µM).
∗∗Are the % of standard error.

3.4. Effect of seeding on Aβ binding to liposomes

It has been demonstrated that during the aging process, Aβ assembles into fibrils [22]. Under our ex-
perimental conditions the formation of Aβ aggregates was accelerated by incubation at 37◦C of freshly
dissolved Aβ at very low concentrations. A short time after incubation the interactions of Aβ with sur-
faces were measured, and it was found that the interactions of Aβ40 and Aβ42 with all the surfaces
(Fig. 6) increased. Even theRmax for the interactions with surfaces without gangliosides became very
high (about 10 times higher than for the interaction of peptides without incubation). For Aβ25-35, the
RU values increased, but less than in the cases of Aβ40 and Aβ42, suggesting that aggregate formation
due to incubation had a higher effect on the larger peptides than on Aβ25-35. All the interactions showed
fast association rates, but the dissociation rates were similarly rapid and the affinities very low, suggest-
ing that the formed aggregates only adsorb onto the liposome surfaces, being rapidly washed out after
the injections finished.
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Fig. 6. Effect of incubation on the Aβ-ganglioside interactions. (A) Aβ25-35, (B) Aβ40 and (C) Aβ42.

4. Discussion

Previous investigations have demonstrated that the gangliosides play a role in the interactions of Aβ
peptides with the cell membrane. In this study, using SPR, we simulated the interaction of Aβ with
cell membrane by consecutive injections of Aβ under different conditions, on ganglioside-containing
surfaces fused onto an HPA sensor chip.

As we detailed in the Results, the interactions of Aβ peptides with surfaces containing single gan-
gliosides depended on the Aβ concentration, the ganglioside sugar moiety, and the pH. Actually, only
the affinity constants calculated at low Aβ concentrations gave useful information about the interactions
with glycolipids, because at higher Aβ concentrations the Aβ–Aβ interactions “masked” the real values.
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The larger peptides, Aβ40 and Aβ42, interacted more with gangliosides than Aβ25, which showed some
significant interactions only at high concentrations and under acidic conditions. The ability of ganglio-
sides to interact with Aβ40 and Aβ42 is proportional to the negative charges in the membrane [11]. This
fact explains the different specificities observed in the interaction of Aβ with surfaces containing single
mono-, di-, or tri-sialogangliosides although these differences were not always observed for the affinity
constants. The acidic conditions promoted the increase of the affinities in general, and due to the fact that
for di- and tri-sialogangliosides more negative charged groups activate at low pH [23], the affinities of
Aβ for polysialo were more affected than those for the mono-sialo gangliosides.

Nevertheless, the most significant finding in our experiments are the two different groups of
Aβ-ganglioside interactions: those that promoted a linear shape of the sensorgrams and those that do
not. Our results suggest that the linear shape is related with the accumulation of Aβ on the membranes
according to the following kinetic process: at low concentrations Aβ interacts directly with the ganglio-
sides (the sensorgrams have normal curves at low concentrations with high affinity). With the increasing
Aβ concentration, some molecules remain bound to gangliosides even during the dissociation phase
after finishing the injection. The number of these Aβ molecules fixed to the gangliosides increases pro-
portionally with the concentration, to form an Aβ layer fixed on the surface containing gangliosides.
Consequently, from a determined concentration the newly injected Aβ does not bind only to the ganglio-
sides, but to the Aβ fixed on the surface. This way a laminar-arranged Aβ accumulate is progressively
formed on the membrane surface and fixed there. The affinity for these accumulate formations is de-
fined by the binding of Aβ in solution to Aβ fixed in the surface, where for each Aβ molecule bound,
new binding sites are activated on the surface in a linear ratio, which explains the linear shape of the
sensorgrams.

The dramatic increase of RU with the injection next to the critical concentrations is due to the fact
that at higher Aβ concentrations, the peptide–peptide aggregation in solutions increases and when Aβ is
injected, interacts with the Aβ molecules fixed on the liposome surfaces as aggregates. At much higher
concentrations, the effect of peptide–peptide aggregations in solution increases, producing larger Aβ–Aβ
aggregates with less interaction sites available due to steric effects. This explains the lower interaction of
Aβ with the liposome surfaces observed at those concentrations.

The fact that in general, GM1 presents more similarities with GT1b than with GD1a indicates that not
only the number of sialic acid in the sugar moiety is important, also their availability in the membrane
affects the interactions with Aβ. At pH 7.4 we did not observe the linear shape for Aβ40 with GM1 under
our conditions (GM1 liposome 20%), which indicates the lower ability of Aβ40 for accumulation on the
membranes. Maybe higher concentration of GM1 in the surfaces is necessary to observe the linear shape,
similar to the experiments on conformational changes where high percentage of GM1 in the liposomes
was required to make the changes observable [13].

The interactions with DMPC and asialo-GM1, showed faster dissociation rates, which indicates that
the peptides were completely removed from the surfaces after the injection have finished.

Experiments on Aβ aging indicated that very large aggregates formed due to incubation do not bind
to gangliosides, it means that Aβ forms the laminar-arranged deposition on the membranes containing
gangliosides only when Aβ interacts as Aβ molecules or as very small Aβ oligomers; larger aggregates
do not accumulate on the surfaces.

All these results taken together indicate that the interaction of Aβ with the uniform ganglioside-
containing surfaces, it means surfaces containing clusters of same kind of gangliosides, may promote
Aβ deposition. Actually, in the normal brain the gangliosides are presented in the membrane as a mix-
ture of different gangliosides, thus the probability of Aβ deposition under normal conditions could be
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low, according previous investigations [11]. Nevertheless, some neurological disorders that promote dra-
matic changes in the membrane ganglioside composition [24–28], may propitiate modifications in the
Aβ interaction with the cell surfaces and this way, Aβ deposition. It could be interesting to investigate
how Aβ interacts with surfaces containing the composition of membrane ganglioside in the normal brain,
as well as whether or not the imbalance in this normal composition is involved in the Aβ accumulation
on the cell membrane.

In summary, using SPR we have shown here that Aβ peptides interact with surfaces containing gan-
gliosides depending on Aβ concentration, ganglioside sugar moiety and pH. Two different kinds of in-
teractions are distinguished: the normal interactions and the interactions where the association phase of
the sensorgram become linear, which we associate with the accumulation of Aβ on the membranes. This
process is not unique for Aβ; in previous investigations concerning the interaction of several neuropep-
tides with gangliosides [19], we found that Substance P also gave lineal sensorgrams, when interacted
with uniform surfaces containing gangliosides.

The difference between the specificities and the affinities of the bindings indicates that not only the
number of sialic acid in the sugar moiety defines these interactions, but also their steric availability
in the membrane is important. We propose a mechanism to explain the formation of the Aβ laminar
accumulation on uniform ganglioside-containing surfaces, which simulate the initial stage of the Aβ
peptide accumulation on cell membrane.
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