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Deposition of amyloid b peptide in human brain in the form of senile plaques is a neuro-
pathological hallmark of Alzheimer’s disease (AD). Levels of a phospholipid breakdown
product, glycerophosphocholine (GPC), also increase in AD brain. The effect of GPC on

amyloid b(1–40) peptide (Ab) aggregation in PBS buffer was investigated by circular dichro-
ism and fluoresence spectroscopy; interactions of Ab and GPC with the intact erythrocyte
membrane was examined by fluoresence spectroscopy. Fluorescamine labeled Ab studies

indicate GPC enhances Ab aggregation. CD spectroscopy reveals that Ab in the presence of
GPC adopts 14% more b-sheet structure than does Ab alone. Fluorescamine anisotropy
measurements show that GPC and Ab interact in the phospholipid head-group region of

the erythrocyte membrane. In summary, both soluble Ab and GPC insert into the phospho-
lipid head-group region of the membrane where they interact leading to b-sheet formation
in soluble Ab which enhances Ab aggregation.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
type of senile dementia (1). The neuropathological
hallmark of AD is progressive deposition of amyloid
b-sheet peptides in the form of senile plaques (SP)
(2). Amyloid precursor protein (APP), a ubiquitous
membrane protein, is cleaved to give amyloid b pep-
tide, a 39–42 amino acid residue, 4 kDa peptide. The

40 amino acid residue peptide (Ab) is examined in
this study. Ab and its fragments, at micromolar con-
centrations, are toxic to cultured neuronal cells, dem-
onstrating a link between Ab and AD neurochemical
lesions (3). Several studies demonstrate direct interac-
tions of Ab with neuronal membranes (2,4,5).

Postmortem nuclear magnetic resonance (NMR)
studies demonstrate that levels of degradation prod-
ucts of membrane phospholipids, phosphodiesters
(PDE), such as glycerophosphocholine (GPC),
increase in AD brain compared with control subjects
(6–11); other studies demonstrate distinct changes in
the mole fractions of membrane phospholipids in AD
brain (12). In vivo 31P MRS studies of AD subjects
also demonstrate increased levels of PDEs in AD
subjects (13). The NMR PDE findings have been con-
firmed by classical neurochemical analyses of AD
brain which also demonstrate elevated levels of GPC
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(14). Previous light scattering studies demonstrated
that GPC enhances Ab aggregation (15). The present
study examines by fluorescence spectroscopy the
interaction of Ab and GPC with the intact erythro-
cyte membrane to determine a possible pathophysio-
logical role for elevated levels of GPC in AD. CD
spectroscopy studies monitored the conversion of sol-
uble Ab from a-helical to b-sheet structures in the
absence or presence of GPC. The present study also
uses fluorescamine labeled Ab to monitor Ab aggre-
gation in the presence or absence of GPC.

EXPERIMENTAL PROCEDURES

Materials. Ab(1–40) was purchased from Recombinant

Peptide Technologies (Atlanta, GA, USA). The naturally occur-

ring l-isomer of GPC was purchased from Sigma (St. Louis,

MO, USA). The fluoroprobes, fluorescamine, N-(5-dimethyl-

aminonaphthalene-1-sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine, triethylammonium salt (DPPE-ANS),

12-(9-anthroyloxy) stearic acid [12(9)AS], and 2-(3-(diphenyl-

hexatrienyl)propanoyl) -1-hexadecanoyl-sn-glycero-3-phosphocho-

line (PPC-DPH) were purchased from Molecular Probes (Eugene,

OR, USA).

Fluorescence Studies with Intact Erythrocyte
Membranes. All fluorescence spectroscopy studies were per-

formed on a Perkin Elmer LS55 spectrofluorometer at 25�C.
Four fluorophores were used to monitor erythrocyte membrane

molecular motion at different and distinct membrane sites

(Fig. 1) (16) under four experimental conditions: PBS buffer only;

Ab in PBS buffer; GPC in PBS buffer; and Ab + GPC in PBS

buffer. Stock solutions of 1mM DPPE-ANS in methanol,

200 mM fluorescamine in 100% acetone, 1.0 mM 12(9)AS in

100% ethanol, and 1.0 mM PPC-DPH in 1,4-dioxane were used

for fluorescence studies. The excitation (Ex) and emission (Em)

frequencies used for the fluorophores are: DPPE-ANS

(Ex ¼ 340 nm, Em ¼ 520 nm); fluorescamine (Ex ¼ 385 nm,

Em ¼ 490 nm); 12(9)AS (Ex ¼ 365 nm, Em ¼ 460 nm); and

PPC-DPH (Ex ¼ 362 nm, Em ¼ 455 nm). Ab was dissolved in

PBS, pH 7.40 to obtain a 10 lM solution, kept at 10�C over-

night, and incubated 24 h at 37�C for aggregation. GPC was dis-

solved in PBS (pH 7.4) to obtain a 50 mM stock solution.

Each of the anisotropy experiments were carried out with

the addition of the following volumes of fluorophore stock solu-

tions and incubation times: 12 ll DPPE-ANS (30 min); 10 ll
12(9)-AS (15 min); 12 ll PPC-DPH (30 min); and 20 ll fluoresc-
amine (9 min). We have not used whole blood for our fluores-

cence studies. Human blood (5 ll) was taken and diluted to 4 ml

in all four cases (whole blood is diluted by 800%). Case (1)

Whole blood (5 ll) was diluted to 3.9 ml of PBS buffer for the

PBS buffer only experiment. Case (2) Whole blood (5 ll) was

diluted with 2 ml of PBS buffer and 1.9 ml of Ab in PBS buffer

for the Ab experiment. Case (3) Whole blood (5 ll) was diluted

with 3.9 ml of PBS buffer and 80 ll of GPC stock solution for

the GPC only experiment. Case (4) Whole blood (5 ll) was

diluted with 2 ml of PBS buffer, 1.9 ml of Ab stock solution and

80 ll of GPC stock solution for the Ab + GPC experiment. The

overall concentration of Ab was 5 lM and GPC was 1 mM in

respective experiments with intact erythrocytes.

Fluorescamine Ab aggregation studies. Fluoresc-

amine labeled Ab was used to monitor the deposition of Ab
(Fig. 2). Fluorescamine does not fluoresce until it reacts with pri-

mary and secondary amines in soluble Ab. Freshly prepared Ab
in PBS buffer (pH 7.4) was mixed with fluorescamine resulting in

Fig. 1. Schematic showing membrane regions labeled by the fluorophores used in this study.
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a 1:62.5 (Ab: fluorescamine) mole ratio. The excitation (385 nm)

and emission spectra (490 nm) were recorded with and without

GPC (Fig. 2) at three time points. The overall Ab concentration

was 23 lM and the overall GPC concentration was 2 mM.

Circular Dichroism Measurements. CD spectra

were recorded with an Aviv CD spectrometer at 25�C, spectral
range of 190–260 nm, resolution of 0.2 nm, bandwidth of 1 nm,

and a scan speed of 100 nm/min with 2 s response time. A 1 mm

quartz cell was used. The overall Ab concentration was 41 lM
and GPC concentration was 540 lM in PBS buffer, pH 7.4. CD

data were collected on freshly prepared solutions and after

10 days. CD data were analyzed using the CONTINLL program

from a web-based software package (http://www.cryst.bbk.ac.uk/

cdweb/html/home.html) (17–19).

RESULTS

Both Ab and GPC alter the anisotropy of
DPPE-ANS in the erythrocyte membrane. In addi-
tion there was a marked synergistic effect of
Ab + GPC on DPPE-ANS anisotropy (Fig. 2).
The anisotropies of fluorescamine, 12(9)AS and
PPC-DPH were not altered by either or
Ab + GPC and a comparative analysis of the four
fluorophores is given in Fig. 3.

Figure 4 shows the fluorescence intensity (both
absorption and emission) of fluorescamine-labeled
Ab in PBS buffer (pH 7.4) with and without GPC
taken at 30 min, 28 h, and 118 h. The fluorescence
intensity is on an arbitrary scale. The fluorescence
intensity is reduced over time due to Ab aggregation
and precipitation to the bottom of the cuvette and
out of the light path; the decrease in fluorescence
intensity (dotted line, Fig. 4) is more pronounced in
the presence of GPC than in the absence of GPC.

Figure 5 shows the CD spectra of Ab in PBS
buffer in the presence or absence of GPC taken on
freshly prepared solutions (1–2 h) and at 10 days.
Ab in PBS buffer at pH 7.4 adopts a random coil
conformation; however, with time, the spectra
change with less negative ellipticities at wave-
lengths below 195 nm and more negative elliptici-
ties at wavelengths around 216 nm, indicative of
more b-sheet structure; b-sheet structure produc-
tion is enhanced in the presence of GPC as evi-
denced by more negative ellipticity at 216 nm.
Analysis of CD data (19) indicates that Ab
assumes 14% more b-sheet conformation in the
presence of GPC compared to Ab in the absence
of GPC.

Fig. 2. The effect of GPC, Ab, and GPC + Ab on the fluorescence anisotropy of DPPE-ANS in intact human erythrocytes.
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Fig. 3. The effect of GPC, and GPC + Ab on the fluorescence anisotropy of fluorescamine, DPPE-ANS, PPC-DPH and 12(9)AS in
intact human erythrocytes. DPPE-ANS was the only fluorophore that demonstrated significant changes in fluorescence with intact human
erythrocytes (PBS vs PBS+GPC+Ab, p ¼ 0.0003 and PBS+GPC vs PBS+GPC+Ab, p<0.0001).

Fig. 4. Fluorescence intensities of fluorescamine-labeled Ab in the presence and absence of GPC over time. Absorption and emission
curves taken at less than 1 h, 28 h, and 113 h are represented by colored lines (red, blue, green, respectively). Curves with dotted lines rep-
resent experiments done in the absence of GPC.
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DISCUSSION

Intact human erythrocytes provide an excellent
cellular system in which to investigate the effects of
exogenously added molecules on membrane struc-
ture, dynamics and function. Our erythrocyte fluo-
rescence experiments were carried out with diluted
whole blood (5 ll whole blood is diluted to 4000 ll
with PBS buffer, a 800% dilution of whole blood).
Previous experiments (16) determined that the pro-
cedure used in the present study isolates erythro-
cytes (�6.0 · 106/cc) without damaging the
erythrocyte membrane which can occur with
repeated washing due to removal of erythrocyte
membrane glycolipids and glycoproteins. The
removal of these cell membrane constituents was
determined by fluorescamine labeling of unwashed
erythrocytes and washed erythrocytes in which the
washings were examined for fluorescamine fluores-
cence. These studies demonstrated that PBS
washing (centrifugation) removed fluorescence
labeled proteins from the erythrocyte surface. Fur-
thermore, 31P NMR analysis demonstrates that
erythrocyte labeled with the fluorescamine used in
this study does not alter erythrocyte high-energy
phosphate metabolism or cellular membrane perme-
ability (20). Thus, intact human erythrocytes pro-
vide an easily accessible cellular model membrane
system for investigating membrane interactions of
Ab, GPC, and Ab–GPC complexes.

Several recent studies have shown that Ab inter-
acts with membranes (21,22). However, to best of our
knowledge this is the first study that systematically
examined under minimally or non-perturbing condi-
tions, the interactions of GPC or Ab + GPC on
three different erythrocytes regions (membrane sur-
face monitored by fluorescamine, head-group region
monitored by DPPE-ANS and hydrocarbon core
monitored by PPC-DPH and 12(9)AS). As demon-
strated by Fig. 3 only the phospholipid head-group
region (DPPE-ANS) is altered by GPC or
Ab + GPC. The erythrocyte membrane surface and
hydrocarbon core remain unperturbed. Our study
therefore demonstrates that both Ab and GPC inter-
act predominantly with the erythrocyte head-group
region with significant alterations of the molecular
dynamics of that region.

The DPPE-ANS fluorophore inserts into the
phospholipid head-group region of membranes
(16,20). The mobility of the phospholipid head
group region of the membrane is reflected by
DPPE-ANS anisotropy which is inversely propor-
tional to molecular mobility (23). The increase in
DPPE-ANS anisotropy in intact human erythro-
cytes with Ab addition reflects insertion of Ab into
the phospholipid head group region of the mem-
brane, decreasing molecular mobility. The pro-
nounced further increase of DPPE-ANS anisotropy
in the presence of Ab plus GPC suggests that GPC
is interacting with Ab forming an Ab–GPC complex
and the complex inserts into the head-group region
of the membrane resulting in additional restricted
movement of DPPE. Our finding of reduced mobil-
ity of DPPE-ANS due to Ab is consistent with
published results of reduced mobility due to Ab
deposition using a different fluorophore, 1,6 diphenyl-
hexa-1,2,3-triene (DPH) (24,25).

The more negative ellipticity of the CD spec-
trum of Ab + GPC compared with Ab alone indi-
cates the addition of GPC results in more b-sheet
secondary structure for Ab in the presence of GPC.
We have studied the interaction of Ab peptide with
GPC by two dimensional NMR and 31P NMR
spectroscopy. In brief, we have studied by heteronu-
clear single quantum coherence (HSQC) spectros-
copy of 15N labeled Ab(1–40) peptide and monitor
all the amide peaks with time (data not shown). It
is observed that due to Ab interaction with GPC,
there is a structural change (evident from intensity
and chemical shift change of amide peaks of Ab
peptide) which progresses with time and the Ab
amide peak intensity diminished along with forma-

Fig. 5. CD spectra of Ab in the presence or absence of GPC at
two time points, 1–2 h and 10 days. Ab only (blue curve, 1 h),
Ab + GPC (red curve, 2 h), Ab only (magenta curve, 10 days),
Ab + GPC (green curve, 10 days).
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tion of a precipitate in the bottom of the sample
tube.

In our earlier work, aggregation of Ab was
measured by a light scattering method (absorption
at 400 nm) (15). This methodology is based on mea-
suring the turbidity due to insoluble, aggregated Ab
(26). Increased Ab deposition was demonstrated
with increased GPC concentration. The binding of
fluorescamine to soluble Ab reported here provides
a more sensitive method to detect soluble Ab and
the time-dependent conversion of soluble Ab into
aggregated Ab. This is an important new method to
monitor the conversion of soluble Ab into fibrillar
Ab. Other fluorescence methods have focused on
aggregated Ab. LeVine (27) reported that thiofla-
vine T (ThT) dye serves as a biological marker (28)
to identify Ab deposition. ThT binds to aggregated,
fibrillar Ab; however, ThT does not bind to the sol-
uble form of Ab. Binding of ThT to fibrillar Ab
increases the excitation profile of ThT from 385 nm
(excitation) and 445 nm (emission) of the free dye
to 450 nm (excitation) and 482 nm (emission) of the
Ab bound dye. In summary, Ab and GPC both
interact with the head-group region of the erythro-
cyte membrane.
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