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Alzheimer’s disease is an age-related neurodegenerative disorder with its toxicity linked to the generation of amyloid-� peptide (A�).
Within the A� sequence, there is a systemic repeat of a GxxxG motif, which theoretical studies have suggested may be involved in both
peptide aggregation and membrane perturbation, processes that have been implicated in A� toxicity. We synthesized modified A�
peptides, substituting glycine for leucine residues within the GxxxG repeat motif (GSL peptides). These GSL peptides undergo �-sheet and
fibril formation at an increased rate compared with wild-type A�. The accelerated rate of amyloid fibril formation resulted in a decrease
in the presence of small soluble oligomers such as dimeric and trimeric forms of A� in solution, as detected by mass spectrometry. This
reduction in the presence of small soluble oligomers resulted in reduced binding to lipid membranes and attenuated toxicity for the GSL
peptides. The potential role that dimer and trimer species binding to lipid plays in A� toxicity was further highlighted when it was
observed that annexin V, a protein that inhibits A� toxicity, specifically inhibited A� dimers from binding to lipid membranes.
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Introduction
Alzheimer’s disease (AD) is a degenerative brain disorder that
accounts for 50 –70% of late-onset dementia (Evans et al., 1989).
It is exemplified by the presence of extracellular neuritic (amy-
loid) plaques and intracellular neurofibrillary tangles (Gorevic et
al., 1986). The primary constituent of amyloid plaques are aggre-
gated amyloid-� peptides (A�) (Glenner and Wong, 1984; Mas-
ters et al., 1985; Joachim et al., 1988). A� is a 4 kDa peptide
product derived from the amyloid precursor protein (APP)
(Selkoe, 2001; Sisodia and St George-Hyslop, 2002) and its gen-
eration is closely related to AD pathogenesis (Dudal et al., 2004;
Stern et al., 2004; Armstrong, 2006). Recent studies have impli-
cated small soluble oligomers such as dimers, trimers, and do-
decamers, which form during A� aggregation, as being the main
culprits of A� toxicity and AD pathogenesis (Walsh et al., 1997,
2002; Hartley et al., 1999; McLean et al., 1999; Rosenblum, 2002;
Relini et al., 2004; Walsh and Selkoe, 2004; Lesné et al., 2006).

Given the significant role for A� oligomerization in AD
pathogenesis, it is important to identify the sequence motifs
within A� that modulate peptide oligomerization and toxicity.
Recent literature has implicated a motif within A� as being po-

tentially responsible for the conformational transition that pre-
cedes the oligomerization of A� (Liu et al., 2005). This motif
comprises four glycine residues found within the A� 25–37 seg-
ment (Fig. 1) and is known as the GxxxG repeat motif. Theoret-
ical studies have indicated that this motif might facilitate the
conversion of �-helical or random coiled A� to �-sheet and
eventually fibril formation (Liu et al., 2005). The GxxxG repeat
motif is also thought to be involved in modulating membrane
helix– helix interactions (Russ and Engelman, 2000; Kleiger et al.,
2002). Munter et al. (2007) demonstrated that transmembrane
dimerization of APP has a direct effect on APP processing and
specifically implicated the G29xxxG33 (A� sequence numbers)
motif within APP, as playing a significant role in modulating APP
dimerization, processing, and A� generation (Munter et al.,
2007).

The role of the GxxxG motif in A� oligomerization and tox-
icity was investigated using glycine-substituted-to-leucine (GSL)
peptides (Fig. 1). These GSL peptides have single amino acid
alterations at the respective glycine residues. Biophysical charac-
terization of these GSL peptides suggest that alterations within
the GxxxG repeat motif increase the rate of fibril formation, lead-
ing to a decrease in the concentration in solution of small soluble
oligomers, particularly dimers and trimers. Furthermore, a re-
duction in the ability of these oligomers to bind to lipid mem-
branes was observed. The differential membrane binding ability
of the different A� dimers correlates well with the toxicity of their
respective peptides. This critical role of dimers in A� toxicity was
confirmed with annexin V. The capacity of annexin V to reduce
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dimer binding to synthetic membranes correlates to its ability to
inhibit A� toxicity (Lee et al., 2002).

Materials and Methods
Materials
N �-Fmoc-L-OH amino acids, DMF ( N, N-dimethylformamide), and
HBTU [2-(1 H-benzotriazole-1-yl)-1,1,3,3-tetramethyluroniumhexa-
fluoro-phosphate] were purchased from Auspep. DIEA ( N, N-
diisopropylethylamine) and HPLC-grade piperidine were purchased
from Merck. Resin, Fmoc-L-Ala-PEG-PS was purchased from Applied
Biosystems. TES (triethylsilane), hexafluoroisopropanol (HFIP), triflu-
oroacetic acid (TFA), and DBU (1,8-dizabicyclo[5.4.0]undec-7-ene)
were purchased from Sigma-Aldrich. All solvents used were of synthesis
grade.

Methods
Peptide synthesis. Continuous-flow Fmoc-SPPS (solid-phase peptide
synthesis) was used for all syntheses. A�42 and the GSL peptides were
synthesized on a 0.1 mmol scale using Fmoc-L-Ala-PEG-PS resin as a
solid support on an Applied Biosystems Pioneer Synthesizer as described
previously (Tickler et al., 2001). GSL peptides were synthesized using the
same method as wild-type (WT) A�, with single amino acid substitution
of glycine to leucine residues in the GxxxG repeat motif. G25L, G29L,
G33L, and G37L had leucine replacements at position 25, 29, 33, and 37,
respectively.

Preparation and incubation/aggregation of A� peptides. A� peptides
were dissolved in HFIP at a concentration of 1 mg/ml (w/v) to induce a
monomeric and helical conformation of the peptides (Smith et al., 2006)
Aliquots of 100 �l were dried under vacuum. Dried samples were stored
at �20°C.

Samples used for analysis were prepared in the following way: 100 �g
aliquots of peptides were dissolved in 50 �l of 20 mM NaOH (w/v) at pH
11 and sonicated for 15 min. After this, the sample was dissolved in 50 �l
of 10 mM phosphate buffer (PB) (w/v) at pH 7.4 (10 mM Na2HPO4 and
NaH2P04) and 400 �l of milliQ H2O. The solution was filtered using 20
�m Minisart RC4 filters (Sartorius) to ensure preformed aggregates �20
�m were removed. The peptide concentration in solution was deter-
mined using a combination of amino acid analysis and spectrophotomet-
ric methods. The calculated molar extinction coefficient values of WT,
G25L, G29L, G33L, and G37L were 144,999, 167,142, 143,588, 180,000,
and 191,605 L � mol �1 � cm �1, respectively, when using the absorbance
value of 214 nm. This was performed to account for any loss of peptide
caused by the removal of aggregated material during filtration. Samples
were diluted to 10 �M (w/v) and incubated at 37°C shaking at 1400 rpm
to induce fibril formation. Incubated samples were measured for various
static parameters.

Thioflavin T binding assay for the generation of amyloidogenic structures.
A kinetic aggregation assay was performed using the “Simple read” pro-
gram on a Varian Cary Eclipse Fluorescence Spectrophotometer (Smith
et al., 2006). A� peptides, prepared as described above, were diluted in 10
mM PB, pH 7.4 to a final concentration of 10 �M with thioflavin T (ThT)
to 20 �M. Excitation and emission wavelength were at 444 and 480 nm,
respectively. Excitation and emission slit widths were both at 5 nm. The
photomultiplier was set to 680 V. The signal was normalized by subtract-
ing the signal with buffer containing ThT alone and dividing by the
maximum signal seen with WT A�.

Far UV circular dichroism spectroscopy. Circular dichroism (CD) spec-
troscopy was performed on a Jasco J815 CD spectropolarimeter. Mea-
surements were performed in the far UV with the CD signal being re-
corded in a 0.1 cm path length Helma quartz cuvette. Investigation of
secondary structure during aggregation was performed at a protein con-
centration of 10 �M (w/v) (Smith et al., 2006). A composite buffer con-
taining 1 mM PB (w/v), 2 mM NaOH (w/v) at pH 7.4 was used in all
measurements. Measurements were recorded at 37°C from 185 to 260
nm with a 1 nm bandwidth, 0.1 nm resolution, interval speed of 500
nm/min, and a response time of 1 s. Peptide measurements were sub-
tracted from background readings to give a normalized spectrum. Spec-
tra were converted from machine units in millidegrees, to delta epsilons
(Lobley et al., 2002). After delta epsilon conversion, deconvolution of the
resulting spectra was achieved using a CDSSTR analysis program pro-
vided in the Dichroweb database (Lobley et al., 2002). Using this pro-
gram, the relative amounts of random coil, �-helix, �-sheet, and �-turn
were determined from the normalized contribution of each secondary
structure element function to the observed spectrum after curve fitting.

Primary neuronal cultures. Mouse cortical neuronal cultures were pre-
pared as described previously under sterile conditions (Barnham et al.,
2003; Ciccotosto et al., 2004). Briefly, embryonic day 14 BL6J�129sv
mouse cortices were removed, dissected free of meninges, and dissoci-
ated in 0.025% (w/v) trypsin in Krebs’ buffer. The dissociated cells were
triturated using a filter-plugged fine pipette tip, pelleted, resuspended in
plating medium (minimum Eagle’s medium, 10% fetal calf serum, 5%
horse serum), and counted. Cortical neuronal cells were plated into poly-
D-lysine-coated 48-well plates at a density of 150,000 cells/well in plating
medium. All cultures were maintained in an incubator set at 37°C with
5% CO2. After 2 h, the plating medium was replaced with fresh Neuro-
basal medium containing B27 supplements, geneticin, and 0.5 mM glu-
tamine (all tissue culture reagents were purchased from Invitrogen unless
otherwise stated). This method resulted in cultures highly enriched for
neurons (�95% purity) with minimal astrocyte and microglial contam-
ination, as determined by immunostaining of culture preparations using
specific marker antibodies (data not shown).

Cell viability assays. The neuronal cells were allowed to mature for 6 d
in culture before commencing treatment using freshly prepared Neuro-
basal medium plus B27 supplements minus antioxidants. For the treat-
ment of neuronal cultures, freshly prepared soluble A� stock solutions
were diluted to the final concentration in Neurobasal medium. The mix-
tures were then added to neuronal cells for up to 4 d in vitro. Cell survival
was monitored by phase contrast microscopy, and cell viability was
quantitated using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium) or MTS assay, as
described previously (Ciccotosto et al., 2004). Briefly, the medium was
replaced with fresh Neurobasal medium supplemented with B27 lacking
antioxidants and 10% v/v MTS (Promega) was added to each well and
incubated for 3 h at 37°C in a 5% CO2 incubator. Plates were gently
shaken, and a 150 �l aliquot from each well was transferred to separate
wells of a 96-well plate. The color change of each well was determined by
measuring the absorbance at 490 nm using a PerkinElmer Wallac Victor
Multireader, and background readings of MTS incubated in cell-free
medium were subtracted from each value before calculations. The data
were normalized and calculated as a percentage of untreated vehicle con-
trol values. Vehicle control in this study consists of 4 mM NaOH in PBS
buffer.

Surface enhanced laser desorption/ionization–time of flight–mass spec-
trometry. Surface enhanced laser desorption/ionization–mass spectrom-
etry (SELDI-MS) experiments were performed on H50 ProteinChip ar-
rays (Bio-Rad), which have a hydrophobic surface comprising six carbon
molecules (C6) (Davies et al., 1999).

Detection of oligomers. Arrays were washed twice with 5 �l of 10 mM

PB, pH 7.4, on a shaking table for 2 min. PB was then wicked off, and 10
�M peptide samples (prepared as described above) were loaded onto the
arrays and allowed to incubate for 2 h, while shaking. Samples were
wicked off and arrays were washed twice with PB, followed by two 1 min
washes with 1 mM HEPES, pH 7.2. The arrays were air dried and matrix
was applied. One microliter of 50% �-cyano-4-hydroxycinnamic acid
(CHCA) (w/v) matrix in 50% acetonitrile (v/v) and 0.5% TFA (v/v) was

Figure 1. Sequence of A� peptides: WT and GSL peptides.
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applied twice to each array with arrays being air dried between each
application (Guerreiro et al., 2006). The matrix, which is an energy-
absorbing molecule, facilitates desorption and ionization of peptides in
the MS. Arrays were then analyzed by surface enhanced laser desorption/
ionization–time of flight–mass spectrometry (SELDI-TOF MS), and re-
sulting spectra were examined using ProteinChip software, version 3.2.1.
Various oligomeric forms of the peptides based on the time of flight
detector can be separated according to their mass-to-charge (m/z) ratio.
This translates to a spectral view with peaks representing peptides of
different molecular masses. Area under the curve (AUC) of each peak was
used to quantify the level of binding for each peptide.

Synthetic lipid binding assay. A novel lipid binding assay was designed
to mimic detection of specific oligomers of A�42 WT and GSL peptides
binding to lipid membranes. Liposomes [small unilamellar vesicles
(SUVs)] were prepared as described below. Arrays were initially washed
with 5 �l of 30 mg/ml CHAPS (3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate) (w/v) and immediately wicked off. This
was followed by three washes with 5 �l of 10 mM PB on a shaking table for
2 min. After washing, 5 �l of liposomes at 20 mM were placed onto the
arrays forming a monolayer of lipids. Control arrays had PB on the
hydrophobic surface instead of lipid. Arrays were incubated at 37°C for
2 h to allow for sufficient binding of lipid onto the hydrophobic surface of
the chip. The arrays was washed with 10 mM PB to remove unbound lipid,
and peptide samples at 50 �M were loaded onto the arrays and allowed to
incubate for 5 min. Samples were removed, chips were washed with 10
mM PB twice, followed by two 1 min washes with 1 mM HEPES at pH 7.2.
The chips were then air dried and 1 �l of 50% CHCA (w/v) in 50%
acetonitrile (v/v) and 0.5% TFA (v/v) was applied onto each spot twice
with arrays being air dried between each application. Chips were then
analyzed by SELDI-TOF MS, and resulting spectra were examined using
ProteinChip software, version 3.2.1. Oligomers binding to the surface of
either the lipid or the hydrophobic surface (control arrays) can be sepa-
rated according to their m/z ratio. AUC for each peptide was used to
quantify the level of oligomer binding to either the lipid layer or the H50
surface. The integrity of the lipid layer was determined by using melittin
as a positive control and BSA as a negative control.

Annexin inhibition of oligomeric lipid binding. Inhibition of oligomers
binding to the lipid coated H50 array in the presence of annexin V was
essentially performed as described above. To test whether annexin V
altered the lipid binding of A�, an equal ratio of annexin V was incubated
for 10 min on the lipid surface before the addition of A�42. All binding
experiments were performed in triplicate.

Liposome (SUV) preparation. SUVs were prepared as described previ-
ously (Smith et al., 2006). Lipids, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-choline (POPC) and 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (POPS), were dissolved in chloroform and dried. Lipids were
resuspended in 10 mM PB with final lipid concentration of 41 mM. Solu-
tions were placed in a 37°C shaker in the presence of acid-washed glass
beads for 30 – 45 min, followed by sonication for 15 min and a freeze–
thawing process (five times) using liquid nitrogen. The suspension was
extruded through polycarbonate membranes (Nuclepore; 100 nm pore
size) on an extruder apparatus (Avanti Polar Lipids) at 37°C.

Results
The GxxxG mutant peptides have reduced neurotoxic activity
To determine whether the GxxxG repeat motif modulates A�
toxicity, mouse cortical cultures treated with either 15 �M WT or
GSL peptide were measured for cell viability by MTS assay. A�42

WT peptide decreased neuronal cell viability to 41.4 � 1.7% (Fig.
2). The G25L and G29L peptides were significantly less toxic ( p �
0.05 and p � 0.01, respectively) to neuronal cells exhibiting
72.7 � 6.8 and 81.2 � 3.8% cell viability, respectively, whereas
G33L and G37L ( p � 0.01 for both peptides) treated cells exhib-
ited minimal toxicity (95.9 � 4.0 and 90.9 � 9.6% cell viability,
respectively). A range of assays was performed to ascertain which
biophysical properties associated with changes to the GxxxG mo-
tif best correlated with the reduced toxicity and cell binding.

Time-dependent aggregation profiles of A� peptides; GSL
peptides have increased rate of �-sheet and fibril formation
Initial ThT measurements of WT A�42 indicated minimal forma-
tion of amyloidogenic material (Fig. 3A) at day 0; the ThT signal
is expressed as percentage of maximum WT fluorescence. Corre-
sponding EM detected small globular structures on day 0 (sup-
plemental Fig. 1A, available at www.jneurosci.org as supplemen-
tal material). These structures exhibited diameters ranging from
12 to 24 nm. This was consistent with “pseudospherical” struc-
tures as described by Goldsbury et al. (2000). CD spectroscopy
indicated that these structures were predominately random
coiled (Fig. 3B). As incubation time increased, the peptide under-
went conformational changes forming predominately �-sheet
structures (Fig. 3C). After 7 d, there was an extensive network of
fibrils (supplemental Fig. 1D, available at www.jneurosci.org as
supplemental material). The appearance of fibrils correlated with
maximum ThT fluorescence (Fig. 3A). These results on A� amy-
loid formation are in accordance with previously published stud-
ies on A� aggregation (Klunk et al., 1989; Jarrett and Lansbury,
1992; Sunde et al., 1997; Kowalewski and Holtzman, 1999; Tjern-
berg et al., 1999; Kirkitadze et al., 2001).

G25L had similar initial ThT fluorescence to that of the WT
peptide; however, differences were observed at later stages of ag-
gregation. Initially, G25L had low initial ThT fluorescence (Fig.
3A) and an unordered structure, as indicated by CD spectroscopy
(Fig. 3B). These structures underwent conformational changes
from random coil to �-sheet during the course of aggregation, as
indicated by CD spectroscopy (Fig. 3C). The increase in �-sheet
content of G25L was similar to the WT peptide. However, after a
day, there was a sharp increase in ThT fluorescence, which was
much more intense than that observed for the WT peptide (Fig.
3A), indicating that amyloidogenic material was being generated
faster than for WT A�. By day 7, there was a network of fibrils
observed (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material) similar to that of WT. Although the final
fibril network is similar to WT, the ThT and CD data indicated
that G25L had a much faster rate of aggregation.

The G29L peptide had an aggregation profile similar to that of
WT. The ThT fluorescence on day 0 was minimal (Fig. 3A).
Pseudospherical structures (supplemental Fig. 3A, available at
www.jneurosci.org as supplemental material) were seen on this
day with no ordered structure (Fig. 3B). ThT fluorescence grad-

Figure 2. Cell viability assay after treatment with A� peptides. Primary cortical neurons
were grown at low density (1.25 � 10 5 cells/cm 2) for 6 d, and the viability of these cells after
peptide treatment was determined by measuring the inhibition of MTS reduction. Cortical
neurons were treated with 15 �M peptide for 96 h in serum-free media. Results are expressed as
percentage of cell viability with mean � SEM. Cell toxicity assays were done in triplicate and
repeated at least three times. A one-way ANOVA using Tukey’s multiple-comparison tests com-
paring WT to other GSL peptides was performed (*p � 0.01; **p � 0.001).
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ually increased, reaching a maximum on day 7 (Fig. 3A). After 7 d
of incubation, fully formed fibrils were present (supplemental
Fig. 3D, available at www.jneurosci.org as supplemental mate-
rial). The fibril formation process of G29L was therefore seen to
follow a similar trend as WT.

The fibril formation profiles that differ the most from WT
were those of G33L and G37L, especially during the initial stages
of incubation. Although there was a similar transition of second-
ary structure from random coil on day 0 to predominately
�-sheet thereafter (Fig. 3B,C), these two peptides had a greater
rate of fibril formation as shown in the ThT studies (Fig. 3A). This
indicated that these peptides underwent rapid fibril formation
once in solution. EM studies showed fibrils of a different mor-
phology compared with the WT were detected after 7 d of aging
(supplemental Figs. 4, 5, available at www.jneurosci.org as sup-
plemental material) with aggregates showing smaller more
branched fibrils than observed for WT A�.

Detection of soluble oligomers using SELDI-TOF MS; GSL
peptides have reduced concentrations of small soluble
oligomers
SELDI-TOF MS is a mass spectroscopy method allowing for de-
tection of oligomers based on their differential molecular
weights. The hydrophobic nature of the peptides facilitates their

interaction with the carbon molecules on the surface of the H50
ProteinChip array used in this study. Therefore, by using SELDI-
TOF MS, the different oligomeric states formed during aggrega-
tion of the various A� peptides were compared and correlated
with toxicity.

In addition to the monomer, this method detected a range of
WT oligomeric species, ranging from dimeric species up to oc-
tamers (Fig. 4A) with the most predominate species present be-
ing the dimer when A� was aged for a day; a representative com-
plete SELDI-MS TOF spectrum is shown in supplemental Figure
6 (available at www.jneurosci.org as supplemental material).
There were distinct differences in the oligomeric profile of the
GSL peptides compared with WT A�. Although all oligomeric
species up to an octamer were detected for the WT, only species
up to trimers were detected for the GSL peptides. In addition,
there was a reduction in the levels of these oligomers compared
with the WT (Fig. 4B). The GSL dimers were not as pronounced
as that of the WT, with monomer levels being much higher than
that of dimers. This indicated that there has been a reduction in
the quantity of smaller oligomers for the GSL peptides present in
solution compared with the WT.

A� aggregation has long been recognized as a necessary con-
dition for toxicity and it has been hypothesized that dimers and
trimers of A� are the principal toxic species (Podlisny et al., 1995;
Roher et al., 1996, 2000; McLean et al., 1999); therefore, we ex-
amined whether there was a correlation between the levels of
detectable monomer and the various oligomeric species with the
toxicity of the respective peptides. The data shown in Figure 4
indicate that there is a negative correlation between the levels of
monomer and toxicity (r 2 � 0.96; p � 0.004) (Fig. 4C), whereas
there is a highly significant positive correlation between the levels
of dimer (r 2 � 0.8267; p � 0.05) and trimer (r 2 � 0.996; p �
0.0005) (Fig. 4D,E) of the various peptides and their respective
toxicity levels. In addition, it was observed that a dose-dependent
increase in toxicity of A� was accompanied by a similar dose–
response increase in the percentage of dimers present in the A�
solution (Fig. 4F). At 5 �M, A� WT cell viability was 92% with
corresponding monomer and dimer levels of 46 and 54%, respec-
tively, whereas at 15 �M, A� WT cell viability was at 52% with
corresponding monomer and dimer levels at 12 and 87%, respec-
tively. This further demonstrates the crucial role small soluble
oligomers may play in A� toxicity.

Detection of small oligomers bound to lipid surface by
SELDI-TOF MS; GSL have reduced oligomers detected on the
lipid membranes
The SELDI-TOF MS method was extended to investigate the in-
teraction of oligomeric species with membrane surfaces because
various studies have shown a correlation between lipid interac-
tions and A� toxicity (Kayed et al., 2004; Ambroggio et al., 2005).

Detection of oligomeric forms of A� peptides on a membrane
surface was accomplished using a novel method developed in our
laboratory (Giannakis et al., 2008). H50 ProteinChip arrays were
coated with liposomes; the carbon molecules on the surface were
able to interact with the hydrophobic chains of the lipids via
hydrophobic interactions, thereby coating the surface of the chip
with a lipid monolayer. Oligomers binding to the lipid surface
were then detected by mass spectroscopy. As a positive control,
melittin, a bee venom protein that is known to bind to lipid
membranes, demonstrated selective binding to the lipid-coated
arrays, which confirmed the integrity of the lipid layer, whereas
BSA (negative control) showed minimal binding to the lipid sur-

Figure 3. A, Discontinuous ThT fluorescent measurement of A�42 WT, G25L, G29L, G33L,
and G37L (n � 3) over a course of 7 d. Fluorescence of peptides is normalized to maximum
wild-type fluorescence (100%). Excitation wavelength was 444 nm, whereas emission wave-
length is 480 nm. Both excitation and emission slit size was 5 nm. Error bars indicate SEM.
Secondary structure transitions of A�42 peptides at day 0 (B) and day 7 (C) are shown. ThT and
CD assays were done at least three times.
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face. The converse was true for the H50
arrays not coated in lipid (Giannakis et al.,
2008).

Figure 5 shows the differential binding
affinity of the oligomers to the lipid mono-
layer. For the WT peptide, only mono-
mers, dimers, and trimers could be de-
tected binding to the lipid monolayer (Fig.
5A), although mass spectrometry analysis
of the peptide in solution indicated that up
to octamers were present in solution (Fig.
4A). However, assessment of the AUC val-
ues revealed only small levels of dimers
and trimers of G25L and G29L bound to
the lipid monolayer, whereas G33L and
G37L peptides had minimal oligomer
binding to the lipid with only monomers
detected (Fig. 5C). Therefore, one of the
obvious differences between WT and the
GSL peptides is the lipid binding ability of
the dimeric species. Whereas predomi-
nately dimeric species of WT were de-
tected on the lipid after a day of aging (Fig.
5B), there is a significantly lower level of
G25L and G29L dimers detected, with
minimal binding of G33L and G37L
dimers to the lipid surface (Fig. 5C).

Given that small soluble oligomers of
A� have previously been implicated as the
toxic species via membrane interactions
(Podlisny et al., 1995; Roher et al., 1996,
2000; MacKenzie and Engelman, 1998;
McLean et al., 1999; Walsh et al., 2002;
Kayed et al., 2004; Tickler et al., 2005; Le-
sné et al., 2006), the ability of dimer and
trimer of each peptide to bind to the lipid,
as detected by SELDI-TOF MS, was corre-
lated to toxicity (Fig. 6B,C). Correlations
of dimer and trimer to toxicity gave r 2 val-
ues of 0.96 and 0.90, respectively. Further-
more, monomers were seen to be nega-
tively correlated to toxicity (r 2 � 0.956;
p � 0.004) as seen in Figure 6A.

Annexin V inhibition of oligomeric
lipid binding
Annexin V, which has a high affinity for
phosphatidylserine lipid head groups, has
previously been shown to inhibit A� tox-
icity by stopping A� binding to cell mem-
branes (Lee et al., 2002). To investigate
whether annexin V was able to alter the
oligomeric profile of A� binding to lipid
membranes, the binding of oligomeric A�

Figure 4. A, Detection of oligomeric A� species using SELDI-TOF MS. Oligomeric species up to octamers were detected for WT
A�. Oligomeric species of up to trimer were observed for G25L, G33L, and G37L peptides. Tetramers were also detected for G29L.
B, Areas under the curve of peaks as seen in A were used to quantify oligomers. The values shown here are expressed as percentage
of total oligomeric detection after a day of aging. This assay was performed in duplicates and repeated at least three times.
Correlation of the amount of monomer dimer and trimer present with toxicity are shown in C–E, respectively. The quantity of
detected oligomers by SELDI-TOF MS after a day of incubation is represented on the y-axis and correlated to cell toxicity on the
x-axis. Statistically significant correlation of monomer (r 2 � �0.96; p � 0.0035) (C), dimer (r 2 � 0.83; p � 0.03) (D), and
trimer (E) detected during aggregation to toxicity (r 2 � 0.99; p � 0.0004). F, Graph showing concentration-dependent decrease
in cell viability to A�42 WT. Concentrations of 5 and 15 �M A� were used. Similarly, monomers and dimers were also analyzed

4

after a day of incubation using SELDI-TOF MS on a H50 hydro-
phobic surface at these concentrations. SELDI-TOF MS analy-
sis revealed a similar dose-dependent decrease in the per-
centage of monomers present in the A� solution as well as a
concentration-dependent increase in the percentage of
dimers. Error bars indicate SEM.
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to lipid membranes as determined by SELDI-TOF MS was re-
peated in the presence of annexin V. The results shown in Figure
7 indicated that, in the presence of annexin V, there was a large
and specific decrease in the amount of dimer and trimer of WT
A�42 bound to the lipid, a 70 and 85% reduction, respectively;
however, because of the relatively small amounts of trimer ob-
served, only the reduction in dimer reached statistical signifi-
cance ( p � 0.009). Importantly, there was no decrease in the
amount of monomer bound to the lipid in the presence of an-
nexin V, implying that the inhibition of dimeric and trimeric A�
was through inhibiting a specific interaction between the oli-
gomers and the lipid and that the nature of this interaction is

different than the interaction that the
monomer has with the lipid.

Discussion
Alzheimer’s disease is a neurodegenerative
disorder that is related to protein misfold-
ing and aggregation. The aggregation pro-
cess induces fibril formation by A� pep-
tides; it is believed that along the
aggregation pathway toxic intermediates
such as small soluble oligomers are gener-
ated (Walsh et al., 2002; Walsh and Selkoe,
2004; Lesné et al., 2006). Because it has
been shown in theoretical studies that the
GxxxG repeat motif within the A� se-
quence may have a role in fibrillization,
investigation of peptides with alterations
in this motif may provide insight into how
aggregation of A� relates to toxic species
generation (Liu et al., 2005). In addition,
the GxxxG repeat motif has also been im-
plicated in helix– helix interactions in var-
ious membrane proteins (Russ and En-
gelman, 2000).

The GSL peptides used in this study
have leucine substitution at respective gly-
cine residues; leucine and not alanine was
used to replace the glycine residues be-
cause AxxxG and GxxxA motifs have also
been implicated in modulating protein/
protein interactions (Kleiger et al., 2002).
The GSL peptides were seen to undergo a
conformational transition to �-sheet and
form fibrillar material (Fig. 3). These re-
sults do not support the reported theoret-
ical studies undertaken by Liu et al. (2005),
who postulated that glycine residues
within the GxxxG repeat motif of A� facil-
itated amyloid formation and substitution
of these residues would inhibit fibril for-
mation (Liu et al., 2005). Not only were
these peptides capable of forming �-sheet
fibrils, these peptides formed more fibrils
and at a faster rate than the WT. This effect
on fibril formation may be attributable to
the increase in hydrophobicity; according
to the scale of Kyte and Doolittle (1982),
replacing a glycine residue with leucine
leads to a 0.15 increase in the mean hydro-
phobicity of the peptide. The effect of hy-
drophobicity on the rate of peptide aggre-
gation has been previously demonstrated

(Calamai et al., 2003; Chiti et al., 2003).
The lack of toxicity seen by these GSL peptides is consistent

with literature that shows that some effective inhibitors of A�-
induced toxicity appear to alter A� aggregation by increasing the
rate of peptide aggregation (Pallitto et al., 1999). The relationship
between rate of aggregation and toxicity shown in this study may
have parallels with plaque formation in vivo. Amyloid plaques,
although being the main pathological marker of AD, do not cor-
relate to disease progression, and it has been postulated that the
deposition of plaque is a protective mechanism against the toxic-
ity of soluble A� (Cuajungco et al., 2000). Plaque formation

Figure 5. A, Detection of oligomeric A� species binding to lipid via SELDI-TOF MS. Oligomeric species up to tetramers could be
seen binding to the lipid. Oligomers belonging to G25L and G29L peptides exhibit diminished ability to bind to lipid, whereas no
oligomeric species for G33L and G37L were detected on the lipid. Membrane consists of equal ratios of POPC and POPS (20 mM of
each lipid). B, Detection of wild-type A� oligomers binding to lipid via SELDI-TOF MS. A� WT dimeric species are found to be more
abundant on the lipid compared with monomeric and trimeric species. C, Dimers of each peptide were compared; dimers of the WT
are detected more readily on the lipid surface than the other GSL dimers. Values are quantified using the area under the curve for
oligomeric peak obtained by SELDI-TOF MS. The signals are expressed as percentage of total oligomers binding to the lipid after a
day of aging. The synthetic lipid binding assay was done in duplicate and repeated at least three times. A one-way ANOVA using
Tukey’s multiple-comparison tests comparing dimers of WT and GSL peptides was performed (*p�0.01). Error bars indicate SEM.
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could therefore be a process by which the
body attempts to deal with A� misfolding
and aggregation by partitioning A� pep-
tides into nontoxic aggregates via acceler-
ating fibril formation. Indeed, elements
that are associated with the plaques such as
zinc and neuroserpin are known to accel-
erate the aggregation of A� peptides and
have been shown to inhibit A� toxicity
(Cuajungco et al., 2000; Kinghorn et al.,
2006). Results seen here are also consistent
with those seen by Cheng et al. (2007) in
which transgenic mice carrying the A�
arctic mutation, which has the propensity
to increase A� fibrillization, had normal
neurological functions, although there was
an increase in plaque load (Cheng et al.,
2007).

Interestingly, accelerated fibril forma-
tion resulted in a decreased ability of these
peptides to generate small soluble oli-
gomers. Results obtained from SELDI-
TOF MS indicated that these GSL peptides
have much lower levels of dimers and tri-
mers than those of WT with minimal pres-
ence of “higher order” oligomers (Fig. 4)
during the early stages of aggregation. This
is consistent with the concentration-
dependent toxicity of WT A�, which
showed an increase in the percentage of
oligomers present at higher, more toxic,
peptide concentrations (Fig. 4F). Hence, there appears to be a
relationship between the formation of such small oligomeric spe-
cies and toxicity with monomer disappearance associated with
increased toxicity (Fig. 4C–E). This is in accordance with previ-
ous studies (Yankner et al., 1989; Stern et al., 2004) that indicated
that production of soluble oligomeric intermediates was respon-
sible for A� toxicity (Yankner et al., 1989; Stern et al., 2004;
Cappai and Barnham, 2007). Such oligomers have been shown to
be toxic in CNS slice cultures (Lambert et al., 1998) and inhibited
hippocampal long-term potentiation in rats (Walsh et al., 2002).
In particular, oligomers of low molecular weight such as dimeric
and trimeric forms of A� are prime suspects in instigating toxic-
ity. Putative dimers and trimers were detected in the culture me-
dia of Chinese hamster ovary cells expressing endogenous or
transfected amyloid APP (Podlisny et al., 1995). Likewise, dimers
and trimers isolated from AD brain amyloid deposits were able to
elicit neuronal death (Roher et al., 1996, 2000; McLean et al.,
1999).

Because these small oligomers are thought to exhibit their
toxic effects through membrane interactions, we extended the
SELDI-TOF MS system to investigate the interaction of these
oligomers with a lipid surface (Kayed et al., 2004; Tickler et al.,
2005; Smith et al., 2006). In this method, a monolayer of lipid was
coated onto the surface of a hydrophobic ProteinChip array. Any
species interacting with the lipid layer were detected via mass
spectroscopy. By using this novel assay, we were able to demon-
strate that there is a correlation between peptide toxicity and lipid
membrane binding propensity of A� dimers and trimers. This is
consistent with the concept that A� toxicity is manifested via its
interaction with neuronal cell membranes (Kayed et al., 2004;
Tickler et al., 2005; Smith et al., 2006). Investigating this lipid
system, we were only able to detect significant amounts of WT

monomeric, dimeric, and trimeric species on the lipid, although
there is a much greater range of oligomers present in the sample
solution (Fig. 5). WT dimers were the most abundant of all WT
species detected on the lipid membrane after a day of incubation
(Fig. 5B). This is consistent with in vivo studies showing that A�
dimers accumulate in lipid rafts at a time when memory impair-
ment begins in Tg2576 mice (Kawarabayashi et al., 2004). These
A� dimer levels increase steadily from 6-month-old mice and
become the major form of A� present in lipid rafts in 11-month-
old Tg2576 mice.

A reduction in the amount of detectable oligomers was ob-
served for the GSL peptides on the lipid surface with G33L and
G37L having no detectable oligomers on the lipid surface. There-
fore, the ability to generate significant quantities of oligomers
capable of binding to a lipid membrane correlates with the re-
spective toxicities of the various peptides (Fig. 6B,C). The nega-
tive correlation of monomer to toxicity (Fig. 6A) further vali-
dates the role of dimers/trimers in A� toxicity. This specificity of
the dimers/trimers for a role in A� toxicity was confirmed with
annexin V inhibition of oligomer binding to membranes. Lee et
al. (2002) have shown that annexin V is able to inhibit binding of
A� to lipid membranes by competitively binding to the nega-
tively charged phosphatidylserine (PS) head groups (Lee et al.,
2002). This inhibition resulted in attenuated A� toxicity (Lee et
al., 2002). Moreover, it has been reported that cells with exposed
PS were more sensitive to A� toxicity than non-PS-exposed cells
(Simakova and Arispe, 2007). Annexin V in this study was able to
specifically inhibit dimeric and trimeric species of A� from bind-
ing to a lipid surface with no effect on monomeric levels, suggest-
ing that the dimer/trimer binds to the lipid in a different manner
than the monomer. Studies performed by Kayed et al. (2004)
showed that binding of soluble oligomers to lipids increased con-

Figure 6. Correlation of membrane binding by monomeric, dimeric, and trimeric species with toxicity. The detection of
monomer, dimer, and trimer by SELDI-TOF MS on day 1 are represented on the y-axis and correlated to cell toxicity of peptides.
Statistically significant correlation of monomer (r 2 � �0.96; p � 0.004) (A), dimer (r 2 � 0.96; p � 0.041) (B), and trimer (C)
detected on lipid to toxicity (r 2 � 0.97; p � 0.013).
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ductance across the bilayer membrane (Kayed et al., 2004), an
indication of membrane disruption. However, fibrillar A� did
not have any effect on the membrane conductance, suggesting
limited lipid binding by these species.

In conclusion, the GxxxG repeat motif is reported here to
modulate the formation of oligomeric species of A�. Modifica-
tion of this motif led to increased rate in amyloid formation.
SELDI-TOF MS results showed that increased rate of fibril for-
mation led to a decrease in the formation of toxic oligomeric
species. In solution, A� peptides exist as inter-converting ensem-
ble of various oligomeric forms, and recent studies have impli-
cated dimers and trimers as the potential toxic species (Shankar et
al., 2008); our data provide evidence that is consistent with this
literature. The differential pattern of toxicity, oligomeric forma-
tion, and lipid binding ability of the GSL peptides along with the
specific inhibition of the lipid binding by annexin V implicate
dimeric and trimeric species of A� interacting with lipid mem-
branes as being key modulators of A� toxicity.
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