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a  b  s  t  r  a  c  t

Membrane  interactions  with  �-amyloid  peptides  are  implicated  in  the  pathology  of  Alzheimer’s  dis-
ease  and  cholesterol  has  been  shown  to be  key  modulator  of  this  interaction,  yet  little  is  known  about
the  mechanism  of this  interaction.  Using  atomic  force  microscopy,  we  investigated  the  interaction  of
monomeric  A�1–40 peptides  with  planar  mica-supported  bilayers  composed  of DOPC and  DPPC  con-
taining  varying  concentrations  of  cholesterol.  We  show  that below  the  bilayer  melting  temperature,  A�
monomers  adsorb  to,  and  assemble  on,  the  surface  of  DPPC  bilayers  to  form  layers  that  grow  laterally  and
eywords:
-Amyloid peptide
tomic force microscopy
odel phospholipid membranes
OPC

normal  to  the  bilayer  plane.  Above  the bilayer  melting  temperature,  we  observe  protofibril  formation.  In
contrast,  in  DOPC  bilayers,  A�  monomers  exhibit  a  detergent-like  action,  forming  defects  in  the bilayer
structure.  The  kinetics  of both  modes  of interaction  significantly  increases  with  increasing  membrane
cholesterol  content.  We  conclude  that  the  mode  and  rate  of  the interaction  of A� monomers  with  lipid
bilayers  are strongly  dependent  on  lipid  composition,  phase  state  and  cholesterol  content.
PPC
holesterol

. Introduction

Neurodegenerative Alzheimer’s disease (AD) is characterized by
he presence of extracellular senile plaques of which the main pro-
ein constituent is �-amyloid (A�)  peptides (Selkoe, 1991; Irvine
t al., 2008). The peptides are generated by cleavage of membrane-
ound amyloid precursor protein by proteases and vary in length
etween 38 and 42 residues, with the 40 and 42 residue pep-
ides being the most common isoforms associated with amyloid
laques (Haass et al., 1992; Hartmann et al., 1997). Neurotoxicity is
ssociated with isoforms containing the �29–35 region and stud-
es have shown that both soluble oligomers and insoluble mature

brils (but not the soluble monomers) are neurotoxic (Pike et al.,
993; Walsh et al., 1997, 1999, 2002). A body of evidence has also
ccumulated showing that A� preparations interact with both

Abbreviations: A�, �-amyloid peptide; DOPC, 1,2-Dioleoyl-sn-glycero-
-phosphocholine; DPPC, 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine; AFM,
tomic force microscopy; AM,  amplitude modulation; FM,  frequency modulation;
LS,  quasielastic light scattering.
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model membranes and cells to form cationic selective ion chan-
nels. Associated with this is an increase in cytosolic calcium levels
and cell degradation (Arispe et al., 1993a,b; Bhatia et al., 2000;
Demuro et al., 2005; Kawahara et al., 1997; Lin et al., 1999; Nag
et al., 2010). The differing A� preparation methods employed in
many cases makes it difficult to assign the observed effects to a
particular A� aggregation state.

Whilst cellular membrane studies may  be considered to be
more physiologically relevant, the use of model membranes allows
the study of A� interactions with membranes of controlled com-
position. The nanometer scale imaging resolution afforded by
atomic force microscopy (AFM) is particularly well suited to
the study of planar membrane interactions with small peptides
such as A�. A previous AFM study of the interaction of A�1–42
deposited onto phase separated mica-supported membranes com-
posed of DOPC and DPPC showed A� aggregation onto the DPPC
phase but not the DOPC phase (Choucair et al., 2007). Another
AFM study of A�1–40 deposited onto mica-supported membranes
composed of total brain lipid extracts and also onto DMPC mem-
branes showed membrane disruption via fibril growth (Yip and
McLaurin, 2001). Other AFM studies have shown the forma-
tion of pore-like structures in supported DOPC bilayers formed

from A� peptides pre-sonicated with lipid vesicles (Quist et al.,
2005).

The origin of the discrepancies between AFM studies is uncer-
tain, but again, differing A� preparation methods employed makes

dx.doi.org/10.1016/j.chemphyslip.2011.11.011
http://www.sciencedirect.com/science/journal/00093084
http://www.elsevier.com/locate/chemphyslip
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t difficult to assign the observed effects to a particular A� aggre-
ation state.

Cholesterol has been shown to play a key role in the patho-
enesis of Alzheimer’s disease, with experiments showing that
holesterol both directly interacts with A� and also modulates
he activity of � and � secretase enzymes (Avdulov et al., 1997;
odovitz and Klein, 1996; Harris, 2008; Shobab et al., 2005; Wahrle
t al., 2002). In an AFM study, exogenous cholesterol enhancement
f total brain lipid extract increased membrane disruption whereas
holesterol depletion by methyl-�-cyclodextrin eliminated mem-
rane association with A�1–40 (Yip et al., 2002).

In order to gain insight into the mechanism of the A�-
embrane interaction, we investigate the interaction between
�1–40 monomers and mica-supported membranes composed of

he saturated lipid DPPC and the unsaturated lipid DOPC whilst
ystematically varying the membrane cholesterol content. We
mployed HPLC isolated monomers fractions of A�1–40 in order
o assign any observed membrane interactions to this aggregation
tate.

We opted to use A�1–40 rather than A�1–42 as its lower rate of
brillation would be more amenable to study by the relatively slow
ca. 4 min/frame) AFM imaging technique.6 We  employed zwitte-
ionic lipids for this study as they were shown not to significantly
lter the predominantly random coil structure of low molecular
eight (LMW)  A� solutions, unlike anionic lipids which can induce

he formation of �-sheet structures (Terzi et al., 1995; McLaurin and
hakrabartty, 1997; Snyder et al., 1994).

We show that the associative interaction of A�1–40 monomers
ith DPPC bilayers is dependent on the phase state of the bilayer

nd see a significant increase in the kinetics of association with
ncreasing membrane cholesterol content. In DOPC bilayers we
ee extensive disruption of the membrane structure by A�1–40,
he rate of which drastically increases with increasing membrane
holesterol content. The results have widespread implications for
� interactions with membrane systems, such as lipid rafts, which
ontain high proportions of saturated lipids and cholesterol.

. Materials and methods

.1. Isolation of A  ̌ monomers

Synthesized and purified A�1–40 was purchased as a lyophilized
owder from Dr. James I. Elliott at Yale University (New Haven,
T) and stored at −80 ◦C before use. To prepare A� monomers, the
ried powder was dissolved in an equal mixture of 0.1% NH3OH
nd 100 mM  Tris–HCl, pH 8.0, and then diluted to the required con-
entration (usually 2 mg/ml) by the addition of sodium phosphate
uffer (pH 7.0) to give a final sodium phosphate concentration of
0 mM.  The solution was then centrifuged at 15,000 rpm for 1.5 h.
uasielastic light scattering of these samples was  performed on an
LV CGS 3 compact goniometer system (ALV GmbH), with a scat-

ering angle of 90◦. This was to ensure that no large aggregates
ere present in the sample. The monomeric peptide was  then iso-

ated by HPLC (Shimadzu), equipped with an autosampler, diode
rray detector and fraction collector. Separation was  performed
sing a 5/150 Superdex 75 column (GE Healthcare) using 10 mM
odium buffer as the mobile phase and a flow rate of 0.3 ml/min.
he protein was detected at 280 nm.  The fraction containing pep-
ide monomers was collected and the concentration of the sample
as determined by UV–visible absorbance using a molar extinction

oefficient of 1490 cm−1 M−1. Samples were snap-frozen immedi-

tely after concentration determination. Samples were defrosted
nd filtered through 20 nm Anatop filters (Whatman) immediately
efore AFM experiments. A� monomers were added into the lipid
ilayer at concentrations ranging from 4 to 9 �M.
 of Lipids 165 (2012) 142– 150 143

2.2. Lipid bilayer preparation

Synthetic 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
cholesterol were purchased from Sigma–Aldrich. Solutions of
DPPC, DOPC and cholesterol were prepared in chloroform to con-
centrations of 5 mM.  Appropriate volumes of lipids and cholesterol
solutions were vortexed in a glass vial under Argon gas and dried
under an Argon gas flow. The sample was then placed in a vacuum
desiccator for at least 40 min to remove solvent traces. Sodium
phosphate pH 7.0 buffer solution was added to give a final sample
concentration of 1 mg  ml−1 and the sample vortexed at 1400 rpm
at room temperature (DOPC) or 50 ◦C (DPPC) for 30 min  to hydrate
and disperse the lipid film. Unilamellar vesicles were obtained by
the extrusion method. The solution of hydrated lipid multilayer
was passed through a nucleopore polycarbonate membrane
with 50 nm mean pore diameter 11 times, yielding a solution of
unilamellar vesicles of uniform size, using a miniextruder system
(Avanti Polar Lipids). High-grade V-1 muscovite mica discs (SPI
supplies) were glued onto a Teflon disc (Supelco) mounted on a
glass slide and cleaved with adhesive tape immediately before
use. Supported bilayer were formed on the mica substrates using
the vesicle fusion method where 100 �l of lipid vesicles solution
was immediately deposited onto the freshly cleaved mica surface
and incubated at room temperature (DOPC) or 50 ◦C (DPPC) for
30 min  and 2 h, respectively. The vesicles solution was  rinsed by
fluid exchange seven times with fresh buffer before the substrate
holder was  placed in the AFM for imaging.

2.2.1. AFM imaging
The AFM measurements were performed using an MFP-3D-SA

AFM (Asylum Research, Santa Barbara, CA) operated in amplitude
modulation (AC) mode. SNL cantilevers (Bruker) having nominal
spring constants of 0.24 N m−1 and nominal tip radii of 2 nm were
used for imaging of A� samples on mica and of DPPC bilayers. DNP
cantilevers (Bruker) having nominal spring constants of 0.32 N m−1

and nominal tip radii of 20 nm were used for imaging of DOPC
bilayers. Typical AC mode AFM parameters used in the experiments
were drive frequencies of 14.5 kHz, free root-mean-square (RMS)
cantilever oscillation amplitudes of 500 mV  and RMS amplitude
imaging setpoints of 300–490 mV,  with scan rates of 1–2 Hz.

3. Results

3.1. A  ̌ size characterization

We employed quasielastic light scattering (QLS) to character-
ize the size distribution of A� aggregates within the suspensions
prepared for the experiments and separated A� monomers from
the suspension using HPLC. A typical fitted output of quasielastic
light scattering experiments of a total A� suspension is shown if
Fig. 1 A. The typical average hydrodynamic radius was  7 nm, consis-
tent with values determined previously using QLS and small angle
neutron scattering (SANS) (Walsh et al., 1999; Yong et al., 2002).
This represents a polydisperse mixture of A� monomers and small
(LMW)  oligomers. The hydrodynamic radius of the A� monomers
was determined to be 1.5 nm (Fig. 1A). The contribution to the QLS
scattering intensity from even small amounts of LMW oligomers
(with larger hydrodynamic radii) can result in small increases in the
hydrodynamic radius determined for the monomer. The HPLC elu-
tion profile in Fig. 1B indicates effective separation of A� monomers

from the higher order oligomers. Monomeric A� solution (after
snap-freezing and thawing, post HPLC) was  deposited on mica and
imaged in phosphate buffer as shown in Fig. 1C. Features hav-
ing globular morphology can be seen with a height distribution of
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Fig. 1. (A) Graph showing the distribution of hydrodynamic radii of the total A�
mixture before HPLC as determined by quasielastic light scattering. (B) Typical
chromatograph obtained in the separation of A� monomers from higher molec-
ular weight oligomers using HPLC prior to AFM experiments (C) AFM height image
o
p

1
w
(
h
T
v

monomers aggregated on the surface of the bilayer and grew later-
f  the HPLC-isolated A� monomers deposited on a mica substrate and imaged in
hosphate buffer.

 ± 0.2 nm and diameters of 16.2 ± 3.3 nm.  The measured diameters
ill also be convoluted with the tip radius of the AFM cantilever

nominally 2 nm,  maximum 12 nm)  and therefore the measured

eights are considered to provide a more accurate size indication.
he measured heights compare with ca. 2 nm as measured in a pre-
ious AFM study of LMW  A� (Losic et al., 2006). We  do not exclude
 of Lipids 165 (2012) 142– 150

the existence of extremely small proportions of LMW  oligomers in
the A� solutions used, although a previous study of A�1–40 aggre-
gation has shown a lack of detectable oligomerization at the low
A� concentrations used in this study (4–9 �M)  over the timescales
of our measurements (less than 1 h) (Snyder et al., 1994).

3.2. Interactions between A  ̌ and DPPC bilayers

We  initially investigated the effect of A� on DPPC bilayers
formed on mica substrates. Fig. 2A shows a 10 �m × 10 �m scan of
the DPPC bilayer, pre-A� incubation, imaged at 26.4 ± 0.1 ◦C. The
bilayer covered 97.8% of the surface area and formed micrometer-
sized domains which arise from differing azimuthal tilt directions
of the lipid acyl chains forming the domains (Rinia et al., 2000).
It should also be noted that DPPC bilayers formed on mica sub-
strates at this temperature show mesoscale positional molecular
order associated with being in a pseudocrystalline pre-transition
phase (Sheikh et al., 2011). The depth of defects associated with
these domain boundaries showed two  distributions; the first with
a depth of 4.3 ± 0.3 nm and 0.7% surface area coverage assigned
to the underlying mica substrate, and the second with a depth of
1.5 ± 0.2 nm and 1.4% surface area coverage attributed to a single
lipid monolayer. There is also a small 0.1% surface area coverage
of extraneous material of height less than 5 nm.  The bilayer thick-
ness is consistent with the saturated DPPC acyl chains of the bilayer
being predominantly in an extended trans conformation and is also
in good agreement with previous AFM and X-ray diffraction stud-
ies (Rinia et al., 2000; Sheikh et al., 2011; Yarrow et al., 2005; Sun
et al., 1994). A� monomers at a concentration of 4 �M were incu-
bated with DPPC bilayers and imaged in phosphate buffer at pH
7 at temperatures varying between 26 and 44 ◦C with representa-
tive images shown in Fig. 2B–D. At a temperature of 26.4 ± 0.1 ◦C
we observed the formation of isolated rounded layers formed by
A� assembly having a height of 5.5 ± 0.5 nm (above the bilayer sur-
face) and with diameters of ca. 400 nm. The A� assemblies formed
within 10 min  of injection of A� into the AFM fluid cell and continu-
ous imaging of the same area over 60 min  showed that the height of
the assemblies did not vary significantly over this time. The surface
area covered by A� (as defined by the height of protruding features
over 1 nm)  increased slowly over this time from 0.26% to 0.68%.

We imaged the A�-DPPC interaction at increased tempera-
ture. Up to the main chain melting transition temperature (Tm)
of the DPPC bilayer (42 ◦C), we did not observe a significant dif-
ference in height or morphology compared to that seen at 26 ◦C
over a period of 60 min. However, within 5 min of A� incubation
at 44 ± 0.1 ◦C, we  observed the formation of short, curved fibril-
lar structures (Fig. 2C), the surface coverage of which increased to
1.17% after 45 min  (Fig. 2D). The heights of these protofibrillar struc-
tures were 4.4 ± 0.4 nm with lengths up to 200 nm.  EM studies of
A�1–40 morphology show that oligomerization results in the for-
mation of protofibrils with diameters of 5 nm and lengths of ca.
100 nm,  suggesting that the structures seen here are protofibrils
(Fraser et al., 1992).

3.3. Interactions between A  ̌ and DPPC bilayers containing
cholesterol

We formed DPPC bilayers incorporating 33 mol% of choles-
terol and imaged the time sequence of the interaction with A�
monomers (at a concentration of 4.6 �M)  by continuous scanning
of the same areas at 25 ± 1 ◦C and representative images of the
interaction are shown in Fig. 3A–F. We  observed that the amyloid
ally. We  saw a drastic increase in the initial kinetics (within 14 min)
of bilayer surface area coverage by A� monomers compared to that
seen with pure DPPC bilayers, with an increase of two orders of
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Fig. 2. AFM height images showing adsorption of A� monomers on the surface of DPPC bilayers imaged in phosphate buffer. (A) Pre-A� incubation, T = 26 ◦C. (B) Post-A�
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ncubation, T = 26 ◦C, t = 14 min. (C) Post-A� incubation, T = 44 ◦C, t = 5 min. (D) Post
� monomers form isolated, nanometer-sized, rounded assemblies whereas above

agnitude (Fig. 3G). It can also been seen from Fig. 3G that the
inetics of subsequent layer formation is also faster. The A� layer
nitially forms with a height of 3.6 ± 0.4 nm above the bilayer sur-
ace, suggesting increased incorporation of the A� assembly into
he headgroup region of the bilayer and an increase in affinity of A�
ith DPPC bilayers in the presence of cholesterol. This is supported

y previous studies showing increased bilayer incorporation of A�
ith increasing cholesterol/phospholipid ratio (Gershfeldt, 1978).

he thickness of the A� layer was also seen to increase with time
Fig. 3H), a phenomenon which was not observed for pure DPPC
ilayers over the timescales studied. Incubation of monomeric A�
at a concentration of 4.6 �M)  with DPPC bilayers having a choles-
erol concentration of 50 mol% also resulted in the formation of
ayered assemblies of A� monomers. Again, the initial kinetics
f layer formation was rapid, with an initial layer thickness of
.3 ± 0.4 nm over a surface area of ca. 1.5% forming within 5 min  of

ncubation with A� monomers (Fig. 4A). The subsequent area cov-
rage increased more slowly to ca. 1.9% over 40 min  probably as a
esult of depletion of the A� solution. At this cholesterol concentra-
ion, bilayer defects were observed with depth of ca. 4.5 nm and A�

onomers were seen to absorb to the mica through these defects.
he A� layer heights suggest incorporation of the A� assembly into
he bilayer in the presence of cholesterol. We  observed a signifi-
ant change in the observed height of the A� layer with imaging
orce. Successive scans of the same area (Fig. 4A) showed that with

ven a small change (ca. 50 pN) of imaging force, the measured
ilayer height fell to 0.7 ± 0.4 nm (Fig. 4B). Subsequently lower-

ng the imaging force by the same amount resulted in the bilayer
eight recovering to approximately the same height (4.9 ± 0.7 nm)
cubation, T = 44 ◦C, t = 45 min. Below the bilayer melting temperature of 42 ◦C, the
ilayer melting temperature, the A� monomers form protofibrillar structures.

(Fig. 4C). We  also captured images of the phase response of the
AFM cantilever during imaging and these are shown in Fig. 4D–F
for the height images shown in Fig. 4A–C. The phase change of the
cantilever oscillation during imaging is related to the energy dis-
sipation of the AFM cantilever arising from dissipative tip-sample
interactions (Cleveland et al., 1998). Fig. 4D and F shows slightly
higher dissipation in regions of the bilayer containing defects where
A� monomers have adsorbed to the mica substrate as well as
regions where A� monomers have adsorbed to the lipid bilayer.
In comparison, the phase image taken with slightly higher imaging
force (Fig. 4B) shows similarly higher dissipation in the defect areas
(as a result of the higher imaging force) but lower dissipation in the
region where the A� assembly has incorporated into the bilayer.

3.4. Interactions between A  ̌ and DOPC bilayers

Lipids forming cellular plasma membranes may  contain fatty
acid chains that are saturated or unsaturated, with a study of neu-
ronal vesicles showing a membrane composition of predominantly
unsaturated fatty acids (Takamori et al., 2006). We  therefore per-
formed similar experiments to incubate a model lipid, DOPC (with
varying concentrations of cholesterol) with monomeric A� to see
if any differences arose from differing lipid acyl chain saturation. A
previous study using AFM by Choucair et al. (2007) using phase-
separated DOPC/DPPC bilayers and a pre-incubated A� solution

observed an interaction of A� with the DPPC phase only.

Being in the fluid phase, the DOPC bilayers (Fig. 5A) appeared rel-
atively featureless and defect free compared to DPPC bilayers due
to the higher lateral diffusion coefficients of the lipids molecules.
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Fig. 3. (A–F) Time sequence AFM height images showing the assembly of A� monomers on the surface of a DPPC bilayer containing 33 mol% cholesterol at T = 25 ◦C. The
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onomers assemble on the bilayer surface to form layered structures that grow bo
rea  coverage of the A� layer over time (� – DPPC bilayer, © – DPPC + 33 mol% ch
ilayer surface) over time.

ithin 10 min  of incubation with 6.9 �M A�, we saw the forma-
ion of defects of around 800 nm in diameter over a bilayer surface
rea of 0.8% (Fig. 5B). Subsequent defect growth was slower as
hown by the images of the same area shown in Fig. 5C and D,
aken 90 min  apart, probably as a result of A� depletion. Higher

agnification imaging of the defects, shown in Fig. 5C shows the
ormation of globular structures within the defects with approxi-

ate diameters of 40 nm and heights of up to 10 nm. The diameters
re convoluted by tip geometry and are therefore not accurate abso-
ute measurements of size, however as the heights are well above
hose of the bilayer (4.5 nm)  it is evident that a new type of structure
as formed, probably composed of both A� and lipid. Comparison

f the images shown in Fig. 5C and D (of the same defect) 90 min
part show the formation of new globular structures in regions
here membrane disruption has occurred. One of these globular

tructures is indicated in Fig. 5D in a region adjoining the edge of
he membrane defect where membrane regression is evident from
omparison with Fig. 5C.
.5. Interactions between A  ̌ and DOPC bilayers containing
holesterol

Increasing the cholesterol content of the DOPC bilayers resulted
n an increase in the rate of membrane disruption (Fig. 6). Fig. 6A–C
erally and normal to the bilayer surface. (G) Graph showing the increase in surface
rol bilayer). (H) Graph showing the increase in height of the A� layer (above the

shows images taken 10 min  after the incubation of DOPC bilayers
containing 10, 25 and 50 mol% cholesterol with 4.6 �M monomeric
A� where the area of bilayer coverage has decreased to 23, 6 and
0% respectively.

4. Discussion

Comparison of the monomeric hydrodynamic radius of 1.5 nm
determined by QLS and the measured AFM height of 1 nm suggests
that the monomer height is reduced by the imaging force of the tip
(c. 0.5 nN). The mechanical strength of peptides is determined by
secondary, supersecondary and tertiary structure. Monomeric A�
has been shown to have a predominantly random coil structure and
measurements of the elastic moduli of peptides with low structural
order show low elastic moduli (Walsh et al., 1999; Bitan et al., 2003;
Middleburg et al., 2008; Leon et al., 1998). This may  be reflected in
the height measurements, but as noted previously, small amounts
of LMW  oligomers (with larger hydrodynamic radii) can result in
small increases in the hydrodynamic radius as determined by QLS

for the monomer. The monomer size is therefore taken as between
these two bounds.

Given the measured monomer size, the heights of the amyloid
assembled on DPPC bilayers show the surface adsorption of an



K. Sheikh et al. / Chemistry and Physics of Lipids 165 (2012) 142– 150 147

Fig. 4. Sequential AFM height (A–C) and corresponding phase images (D–F) showing the assembly of A� monomers onto the surface of a DPPC bilayer (A and D) containing
50  mol% cholesterol to form a layered assembly. Increasing the AFM tip imaging force by 50 pN induces the A� assembly to insert into the core of the bilayer (B) to form a
structure that was less dissipative than the bilayer itself. Subsequently lowering the AFM tip imaging force by 50 pN results in the A� assembly reverting to its position on
the  surface of the bilayer, indicating that the insertion is reversible.

Fig. 5. AFM height images showing the formation of defects in DOPC bilayers arising from incubation with A� monomers. (A) Pre-A� incubation and (B) post-A� incubation,
t  = 14 min. (C and D) Higher resolution sequential images show the formation of globular structures at the growing defect boundary, showing detergent-like solubilization of
the  unsaturated lipid bilayer by the amphiphilic A� peptides.
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ig. 6. AFM height images showing the increased rate of bilayer solubilization in
holesterol. (A) 10 mol%, (B) 25 mol% and (C) 50 mol% cholesterol.

ligomeric A� assembly composed of no more than 7 monomers
n height above the bilayer surface. EM studies of A�1–40 mor-
hology show that oligomerization results in the formation of
rotofibrils with diameters of 5 nm,  suggesting that the surface
dsorption seen here is that of paranuclei, an end-on assembly of A�
onomers (Fraser et al., 1992). A previous study of A� oligomer-

zation determined that A�1–40 forms tetrameric paranuclei that
ssemble to form larger oligomers and protofibrils and our results
re consistent with this finding (Bitan et al., 2003). The mechanical
trength of the oligomeric assemblies is likely to be increased by an
ncrease in higher order structure, leading to reduced deformation
y the AFM tip during imaging (compared to that of monomers).
he measured heights of the oligomeric assemblies (4.4 ± 0.4 nm
o 5.5 ± 0.5 nm)  compared to protofibril diameters of 5 nm deter-

ined by EM (Fraser et al., 1992), suggest that the oligomeric
ssemblies do not penetrate the bilayer beyond the depth of the
eadgroup region (ca. 1 nm)  (Sheikh et al., 2011; Sun et al., 1994).

The formation of protofibrillar oligomers above the Tm of the
PPC bilayer was notable in relation to the known tendency of A� to

orm fibrillar structures in vivo. This suggests that the lipid bilayer
eeds to be in fluid rather than gel or crystalline phase state in
rder for the surface-bound A� paranuclei to orient in a manner
onducive to protofibril formation.

The difference of 1.1 nm between the height (above the sur-
ace) of A� assemblies formed at 26 ◦C and 44 ◦C suggests that an
ncreasing part of the adsorbed protofibrils are incorporated into
he headgroup region of the lipid bilayer when the bilayer is in the
uid phase. This is broadly consistent with the predictions of recent
olecular dynamics simulations of the interaction of A� monomers
ith DPPC bilayers (Strodel et al., 2010; Davis and Berkowitz, 2009).

 previous CD study has shown that increasing the temperature of
�1–40 peptides from 0 ◦C to 37 ◦C results in a reversible change

n conformation from random coil to �-strand transition without
ligomerization (Gursky and Aleshkov, 2000). Aging (for 12 h) at
7 ◦C, or increasing the solution temperature to 80 ◦C, resulted in
-sheet formation and oligomerization. The faster kinetics of the
rotofibril formation observed here strongly suggest that protofib-
il formation is induced by A� interactions with the fluid phase
PPC bilayer, rather than by the effect of the increased temperature
n the A� peptides per se.

Incorporation of cholesterol into DPPC bilayers (at a concentra-
ion of 33 mol%) had the effect of increasing the initial kinetics of
� area coverage on the bilayer surface by two orders of magni-

ude. The rapid kinetics associated with this increase, suggest that
his results from an increase in binding affinity of A� monomers for

he bilayer containing cholesterol (compared to pure DPPC bilay-
rs). Additionally the formation of these layers into domains may
uggest the sequestering of cholesterol in the bilayer domains asso-
iated with the A� assemblies, although we also saw the formation
 by A� monomers (t = 10 min) in DOPC bilayers containing increasing fractions of

of small layered assemblies in pure DPPC bilayers, and therefore
the observed increase in the initial kinetics of bilayer surface area
coverage may  be due to a change in the physical properties of
the bilayer itself as a results of cholesterol incorporation. Indeed
cholesterol is known to broaden the gel-fluid phase transition
of phosphatidylcholine bilayers (the ‘fluidizing’ effect) on phos-
phatidylcholine bilayers, an effect which is likely to facilitate the
increase in binding affinity and kinetics observed at this tempera-
ture (Gershfeldt, 1978; Mabrey et al., 1978).

In DPPC bilayers with high (50 mol%) cholesterol we saw
reversible insertion of the A� assembly into the hydrophobic core
of the bilayer triggered by small changes (ca. 50 pN) in imaging
force. Such small changes in imaging force would be extremely
unlikely to induce such a substantial change in height of the A�
assembly itself and variation of this magnitude was  not observed
in the imaging of isolated monomers on mica. This strongly sug-
gests that increasing membrane cholesterol content facilitates A�
assembly incorporated into the hydrophobic core structure of the
bilayer, forming a structure that is less dissipative than the bilayer
itself. This is in good agreement with the study by Ji and Wu (2002)
who showed that in the presence of cholesterol, A� is inserted into
the bilayer with an associated increase of approximately 60% in
�-helical content.

The formation of defects in DOPC bilayers contrasts with the
interaction of monomeric A� with DPPC bilayers, where oligomeric
assembly formation was observed on the surface of the bilayer. This
may  be in part related to the higher fluidity of the DOPC bilayer
compared to that of the DPPC bilayer, but is highly suggestive of a
different mechanism of interaction. In addition, the dimensions and
morphology of the globular structures detected are highly sugges-
tive of micelle formation. It is known from structural studies that
the A�1–40 forms an amphiphilic structure and that amphiphilic
peptides form micellar structures (Petkova et al., 2002; Zhang,
2003). Indeed A� has been shown by SANS to form micelle-like
spherocylindrical aggregates of 11 nm length (Yong et al., 2002).
Peptides with tendencies to form micellar structures exhibit mem-
brane destabilizing detergent action (Heerklotz and Seelig, 2001).
The observed interaction is therefore highly suggestive of bilayer
solubilization by micellar A� structures. Additionally, we see a sig-
nificant increase the rate of membrane disruption with increasing
bilayer cholesterol content.

Again, the fluidizing effect of cholesterol on phosphatidyl-
choline bilayers appears to have the same enhancing effect on the
affinity of A� for unsaturated DOPC bilayers as with saturated DPPC
bilayers, despite a difference in the mechanism of interaction.
In cellular studies, it has been shown that both soluble oligomers
and insoluble mature fibrils (but not soluble monomers) are neuro-
toxic (Walsh et al., 1997, 1999, 2002). Additionally, in vivo, neuronal
membranes contain fatty acid chains that are predominantly (but
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ot exclusively) unsaturated, with fatty acid chain lengths mainly
etween 32 and 40 carbon residues (Takamori et al., 2006). At a
hysiological temperature of 37 ◦C, this suggests that cellular satu-
ated lipids will be predominantly in the gel phase and unsaturated
ipids predominantly in the fluid phase.

Based on our findings, this would suggest that amyloid A�
onomers would form layered assemblies on saturated cellular

ipid domains in vivo. These assemblies may  act as nucleation cen-
ers for fibril formation, particularly at lipid domain boundaries.
n unsaturated lipid domains, our results suggest that the amyloid
� monomers would form membrane defects by lipid solubiliza-

ion. Although fluid cellular membranes are likely to be self-healing
t the low concentrations of amyloid A� monomers seen in vivo,
xposure to soluble A� monomers is likely to result in cell degra-
ation. What is less certain is what happens at domain boundaries
nd would be an interesting target for future research. Both effects
ould be enhanced by the relatively high cholesterol concentration

f neuronal cells.
These findings suggest that both the mechanism and kinetics of

nteraction between amyloid A� and lipid membranes are highly
ensitive to lipid composition, phase state and cholesterol content.
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