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beta-Amyloid (AB) is the primary protein component of senile plaques in Alzheimer's disease (AD) and is
believed to play a role in its pathology. To date, the mechanism of action of AR in AD is unclear. We and others
have observed that AP interacts either with or in the vicinity of the a6 sub-unit of integrin, and believe this
may be important in its interaction with neuronal cells. In this study, we used confocal microscopy and flow
cytometry to explore the residue specific interactions of AR40 with the cell surface and the a6 integrin receptor
sub-unit. We probed the importance of the RHD sequence in AR40 and found that removal of the residues or their

gg:::ﬁi;loid mutation using the AB8-40 or the D7N early onset AD sequence, respectively, led to a greater interaction between
Alzheimer AR40 and an antibody bound to the a6-integrin sub-unit, as measured by fluorescence resonance energy transfer
Cellular interaction (FRET). These results suggest that the RHD sequence of AB40 does not mediate AR-o6 integrin interactions.
Integrin However, the cyclic RGD mimicking peptide, Cilengitide, reduced the measured interaction between AR40 fibrils
Residue without the RHD sequence and an antibody bound to the a6-integrin sub-unit. We further probed the role of

FRET electrostatic forces on AR40-cell interactions and observed that the AR sequence that included the N-terminal
segment of the peptide had reduced cellular binding at low salt concentrations, suggesting that its first 7 residues
contribute to an electrostatic repulsion for the cell surface. These findings contribute to our understanding of AR-
cell surface interactions and may provide insight into development of novel strategies to block Ap-cell interac-
tions that contribute to pathology in Alzheimer's disease.

Published by Elsevier B.V.

1. Introduction

The B-amyloid (AB) peptide is a major protein component of senile
plaques found in the brains of Alzheimer’s disease patients (AD) [1]. AR
was first sequenced nearly 20 years ago and has long been believed to
play a role in the pathology of AD, however, the mechanism by which
it contributes to AD pathology is still under investigation [2,3]. At this
time, there is no consensus about the mechanism by which AR interacts
with cells, whether or not certain interactions are specific or non-
specific, and if all modes of AR binding/interaction with the cell lead
to some biological response. Careful probing of the AR-cell interaction
is a first step in understanding how AR leads to memory loss in
Alzheimer’s disease.

There have been reports of many different receptors involved in Ap-
cell attachment and interactions associated with AP biological activity
and toxicity. Monomeric and fibrillar AR has been found to bind scaven-
ger receptor classes A and B1 [4,5], the serpin enzyme complex (SEC-R)
[6], the formyl peptide chemotactic receptor (FPR) [7,8], heparan sulfate
proteoglycans [9,10], the insulin receptor and os3;-integrin [11].The
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receptor for advanced glycation end products (RAGE) was found to be
to a possible cell surface receptor for AR42 fibrils [12].The toxic effects
of AR have been reported to be mediated through interaction with
a7-type nicotinic acetylcholine receptors (nAChR) [13] and certain
Ca®* permeable and impermeable receptors (NMDA and AMPA,
respectively) [14,15]. AR has also been reported to bind to the Ephrin
type-B receptor 2 (EphB2) [16], the amylin-3 receptor (AMY3) [17],
and the cellular prion protein (PrP€) [18,19]. In addition, APP (amyloid
precursor protein), the P75 neurotrophin receptor (P75NTR), the
CLAC-P/collagen type XXV (collagen-like Alzheimer amyloid plaque
component precursor/collagen XXV) and CD36-complex, involving
CD36, agPq-integrin and CD47 have been reported to bind the fibrillar
form of AP [20-23]. Finally, a1 integrins [24,25] and 1 integrins [11,
26] have been implicated in AB-cell membrane interactions linked
with AD.

There have also been numerous reports that AR interacts with cells
through a non-specific, non-receptor mediated mechanism [27-30].
Electrostatic interactions have been implicated in AR binding to specific
cell membrane components (negatively charged phospholipids and
gangliosides) [31,32], and also in AR toxicity [33]. Hence, AB binding
to the cell and its subsequent toxicity are possibly mediated through
nonspecific physicochemical interaction as well as specific binding
with receptors on cell membranes.
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Of interest in understanding the mechanism of AP interaction with
cells is not just where on the cell that the peptide binds and how, but
also which residues on the AR peptide are important for this interaction.
Residues Y10, K28 and H13 and H14 have been implicated in stabilizing
the AP membrane interaction, providing an electrostatic attraction
with the negatively charged cell membrane, and in the stabilization of
a membrane spanning pore, respectively [34-36]. In our laboratory,
we have found that the residues in the vicinity of K28 and N27 and
V36-V40 have been implicated in APR4O0 fibril-cell interactions via com-
putational docking methods [37] and in vitro verification [Keshet,
Peshesk 2014 in preparation]. Residues 1-16 have been shown to give
rise to the unique structural difference between aggregated species via
hydrogen exchange methods [38]. Other residues associated with
mutations linked to early-onset AD, such as the D7N (Tottori-Japanese)
mutation [39], may be important in AR cell interactions, however, their
significance is not yet known.

We and others have shown that AP interacts with or near the a6
subunit of integrin receptor, in model cell lines, neurons, and glia [40,
41]. Others have shown how this interaction may be important in sig-
naling associated with NMDA- R and could have implications for learn-
ing and memory in AD [42]. Understanding the mechanism of AR-
integrin interactions is a first step in designing new molecules that
block the interaction and potentially attenuate the AR-integrin associat-
ed signaling events that contribute to Af> neurotoxicity [43,44].

We used this background as a basis to explore the residues on Ap
that are important in Ap-integrin interactions. We set out to examine
if AP4O0 fibrils interacted with the integrin through the RHD sequence
(an integrin-affinity binding sequence), and found not only that the
specific sequence did not contribute to AB-cell interactions, but that
electrostatic interactions at the N-terminal region instead may be
important in AR —cell interactions.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Fisher (Pittsburgh, PA) or Sigma
Aldrich (St. Louis, MO), unless otherwise specified. Cell culture reagents
were obtained from Invitrogen (Carlsbad, CA). Primary antibodies for
Integrin subunits: Integrin o6 (C-18) goat polyclonal antibody, Integrin
a1 Antibody (R-19) goat polyclonal IgG antibody, Integrin 31 Antibody
(N-20) goat polyclonal antibody and their secondary antibody probe
Donkey anti-goats IgG-FITC antibody were purchased from Santa Cruz
Biotechnologies. All AR peptides (AB40, N-terminus Carboxytetra-
methylrhodamine (TAMRA) labeled-ApR40, AR 8-40, D7N-AR40 and
G33L-AB) were purchased from AnaSpec (San Jose, CA).

2.2. AB fibril preparation

AP40 stock was prepared by first completely dissolving the peptide
in hexafluoroisopropanol (HFIP) (5 mg/mL), aliquoting sufficient
peptide for individual experiments into small tubes, then evaporating
off HFIP under vacuum until dry. AB40 films prepared this way were
then stored at — 80 °C until use. AR40 stock solutions were prepared
by dissolving AB40 at 10 mg/ml in ddH20 with 0.1% Trifluoroacetic
acid (TFA) for 45-60 min. The stock was diluted in PBS (138 mM Nadl,
10 mM Na,yHPOy, 2.7 mM KCl, and 1.8 mM KH,PO,) to a final concentra-
tion of 100 pM, and was gently mixed using a rotator for 24 h at 37 °C.
Analogous methods were used to prepare fibrils from AR mutants.

2.2.1. Carboxytetramethylrhodamine (TAMRA) labeled-Af3 preparation

To prepare fluorescently labeled Ap fibrils for use in fluorescence
resonance energy transfer and binding experiments, 1% by mass
N-terminally labeled TAMRA-AB40 was incorporated into fibrils. A
stock solution of 10 mg/mL TAMRA labeled AP, dissolved in DMSO,
was thawed from storage at —80 °C. TAMRA-AP in DMSO was then

added to unlabeled AP (wild type or mutants) that was freshly dissolved
in 0.1% (v/v) TFA as prepared above, such that 1% of AB40 contained the
N-terminal TAMRA label. The resulting solution was diluted to 100 LM in
PBS and gently mixed for 24 h to form AB4O0 fibrils that are uniformly
labeled and bound with the TAMRA-AB mixed in with the preparation.

2.3. Cell culture

SH-SY5Y cells were purchased from ATCC (Manassas, VA, USA). Cells
were maintained in a humidified incubator with 5% CO, at 37 °C in
Minimal Essential medium supplemented with 10% fetal bovine serum
(Invitrogen), 2% Penicillin-Streptomycin and 2% Fungizone.

Prior to each experiment, 50,000 or 100,000 cells per well were
seeded in a 96-well plate and were allowed to adhere to wells for
24 h. When needed, cells were differentiated for 72 h by removal of
Minimal Essential Media (MEM) and replacement with Neurobasal
serum free medium (Neurobasal ATM medium, 3 mM L-glutamine,
100 U/ml penicillin, 100 pg/ml streptomycin, and 4 mM B-27).

2.4. Fluorescence resonance energy transfer (FRET)

A series of FRET experiments was performed in which we examined
energy transfer between a TAMRA chromophore attached to the N
terminus of A40 fibrils and an FITC chromophore attached to a second-
ary antibody, which was bound to a primary antibody bound to the o6
subunit, the a1 subunit, or the 31 subunit of the integrin receptor as a
function of different modification or mutations in the AR40 fibril.
We take energy transfer as a measure of binding and/or proximity
of binding of AR to the integrin receptor subunit. For the pair of
fluorophores uses in this study, we would expect to see a 50% energy
transfer if the two fluorophores are within the Forster radius (Rg) of
the donor and acceptor fluorophore pair (Fluorescein isothiocyanate
and Tetramethylrhodamine) or in this case 55 A°. In our experiments,
since our donor and acceptor fluorophores are on the N-terminus of
the AP peptide and a secondary antibody bound to a primary antibody
bound to the a6/at1/B1 subunit of the integrin receptor, we can only
probe for interactions in the vicinity of these integrin receptors, which
could be many receptors in a focal adhesion, or even an integrin con-
taining lipid raft.

24.1. FRET procedure

For the FRET experiments, SY5Y cells were plated at a density of
10,000 cells per well in cover plate wells (Nalge Nunc International/
Thermo Fisher (Pittsburgh, PA, USA)). The cells were fed with MEM
which was then replaced with serum free Neurobasal media to induce
differentiation for 72 h prior to imaging. The cells were fixed with 4%
paraformaldehyde for 15 min, and then blocked with 2% bovine serum
albumin (BSA) buffer. Aggregated and labeled AP at 100 uM was then
added to each well, such that it covered the surface completely and
was then incubated for 2 h at 37 °C. The unbound AP was removed by
careful rinsing of the wells, following which the cells were labeled
with primary antibody specific for the subunit of integrin (1:50 for
3 h) and secondary antibody labeled with FITC (1:500 for 1 h at room
temp or overnight at 4°). They were further labeled with 5 uL DAPI
(380 nM in PBS, stains the nucleus exclusively) after permeabilization
with 0.4% Triton X100 buffer. The wells were mounted with drops of
mounting media and allowed to dry to prepare the slides for FRET
imaging.

We examined the transfer between fluorescently labeled AP fibrils
(AP 1-40, 8-40, N27P, G33L and D7N mutants) and the fluorophore
attached to the secondary antibody associated with the specific subunit
of the integrin receptor using the Leica SP5 FRET wizard.

Cells were viewed through a Leica SP5 confocal microscope at
63,000 x magnification and regions of interest (ROI) were identified
that had both donor (secondary antibody-FITC) and acceptor (APB-
TAMRA) labeling. Approximately 100 regions of interest (ROIs) were
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identified per sample. FRET was measured in the ROIs by measuring
the initial donor fluorescence, then photo bleaching the receptor by
increasing acceptor laser intensity to 70% and bleaching 15 frames per
sample, and then measuring the donor fluorescence after photo
bleaching. If energy transfer was occurring due to the proximity of
the two fluorophores, then donor fluorescence would increase upon
acceptor photo bleaching.

Efficiency of energy transfer was calculated using a function embed-
ded in the FRET Acceptor bleaching (AB) wizard in Leica LAS software as
follows:

Dpost—Dpre
FRET ;5 = {7@?0“ } .

where Dy refers to the donor fluorescence intensity post acceptor
bleaching and Dy, refers to the donor fluorescence intensity prior to
acceptor bleaching.

The FRET values are then represented as box plots, with the box
being an interquartile range, the median value represented as a line
inside the box and the bottom section of the box representing data
falling between the 25th and 50th percentile of the data, while the top
section represents the data falling in the 50th to 75th percentile of the
data (if the FRET scores were ranked by numerical value). Outliers are
represented as asterisks and the lines or whiskers from the box bars
represent the spread of the data (minimum to maximum).

The circle with a cross inside the box is the mean of the sample data.
FRET.¢ measurements were rejected if donor or acceptor pixel intensity
values were below 5 or above 255 (near the minimum or maximum
values possible in the measurement system). FRET.¢ values, where the
acceptor was not photo bleached were also rejected and not included
in the representation of the data. Statistical analysis of the data was per-
formed by using the Mann-Whitney test for the FRET efficiency values
of each sample versus control. The box plots and Mann-Whitney test
were chosen as the means of result representation and statistical

analysis because FRET.s and AR-cell binding data were found to be
typically non-normally distributed.

2.5. TEM imaging

Structures of the various aggregated peptides were captured by
using Transmission Electron Microscope (TEM) Imaging. Unlabeled
AP40 wild type and mutant peptides were aggregated as described
above. 10 pl of samples was dropped gently on the carbon coated
Formvar grids, 200 mesh (TedPella, Redding, CA) for 3 min, and then
washed in ddH20 for 10 s, after which 10 pl solution of 1% Uranyl ace-
tate in ddH20 was dropped on the grids for 2 min. Grids were viewed
using a Zeiss-10CA microscope (Zeiss, Germany) equipped with an
Olympus Morada (Melville, NY) digital camera, using an accelerating
voltage of 60 kV. Images were taken at the Keith R Porter Imaging
Facility at UMBC. Images were taken randomly throughout grids, such
that individual fibrils could be clearly visualized and at magnifications
of up to x160,000. Three images were captured per type of AP
sequence.

2.6. AB3—cell binding assay

SH-SY5Y cells were seeded at 100,000 cells per well for binding
assays. Cells were adhered to the well over the course of 24 h, after
which, the cells were fixed for 30 min with 4% paraformaldehyde (4%
PFM) in PBS in order to minimize cell loss during AB40 incubation.
The PFM was then removed and cells were washed thrice with PBS.

TAMRA labeled AP40 fibrils (wild type or mutations/deletions) were
added to SH-SY5Y such that the final concentration in the well was
50 pM, based on initial unlabeled A> monomer concentration. AR fibrils,
and cells were incubated for 2 h at 37 °C, after which excess AP was
washed away with PBS; and cells were detached from wells by mechan-
ical scraping.

Fig. 1. Representative confocal images of differentiated SH-SY5Y cells (60,000 ) for FRET imaging: (a) Nucleus of the cell stained with DAPI, a nuclei specific fluorescent stain, depicted
blue in color. (b) a6-integrin subunit fluoresces as green in this image and is labeled with Fluorescein Isothiocyanate (FITC) . (c) TAMRA-labeled fluorescent beta-amyloid 40 (WT) fibrils
show up as red in this image. (d) Nucleus, integrin and AB fluorescent stains overlaid in a single frame along with the bright field image frame and captured as a single overlay image. (e) &
(f) depict representative the regions of interest selected for FITC and TAMRA fluorescence captured as images, and upon which acceptor bleaching is performed.
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To measure binding at a pH or an ionic strength other than physio-
logical, fluorescently labeled AR fibrils were prepared as above,
but then centrifuged at 13,000 rpm, 20 min, to separate fibrils from
PBS buffer in which fibrils were prepared. The fibrils were then re-
suspended in 10 mM phosphate buffer with desired amounts of NaCl
and pH adjusted to the desired level. Subsequent washing prior to
flow cytometry was done with the same buffer as used to resuspend
fibrils. Phosphate buffers with pH of 2, 3, 7.4, 9 and 12, and NaCl concen-
trations of 0.02 M, 0.2 M, 0.4 M and 0.56 M were used in these set of
experiments.

Cell associated fluorescence intensity, indicative of AR fibril bound
to cells, was detected using a BD FACS Array (San Diego, CA) flow
cytometer. Cell samples were excited with a 635 nm laser and cell
associated fluorescence emission was collected using the red filter
(653-669 nm). The median fluorescence intensity of the cell population
was taken as a measure of the amount of AR bound to cell surface. Fluo-
rescence intensity measurements were corrected for the auto fluores-
cence of unlabeled cells. Care was taken to ensure that free fibrils that
might have been counted in the flow cytometer were gated such that
they were not included in the AP fibril-cell fluorescence.

3. Results and discussion

As a step in the development of agents that will block AR-cell inter-
actions and thereby attenuate AR toxicity, we and others have probed
receptors on the cell surface associated for Ap-cell interactions
[41,45-48] and residues on the AP fibril or oligomer responsible for
the AB-cell interaction [49-52].To that end we have explored AB-
interactions with cholesterol [45], sialic acid [53,54], and phospholipids
[55] associated with the cell membrane, as well as specific interactions

a

with certain receptors and signaling molecules [46,56], and identified
specific AP residues (K28) [50,56] or sequences (1-16, residues near
the C terminus) [41,50] as potential loci on the Ap fibril or oligomer
surface that participate in the Ap-cell interactions.

We and others have shown that AR binds to or in the vicinity of an
integrin receptor [40,57,58]. We hypothesized that this interaction
may be mediated through the RHD sequence on the N-terminus of the
APA4O0 fibril, a putative integrin binding sequence [41], and a part of the
AP peptide which is normally assumed to be unstructured and solvent
accessible even when AR is in fibril form [59]. We supposed that by
elucidating the AP residues involved in this interaction, we might be
able to develop new targets to block AP associated biological activity
mediated through the integrin interaction.

To that end, a series of FRET experiments was performed in which
we examined energy transfer between AR40 fibrils and an antibody
bound to specific subunits (6,1 and (31) of the integrin receptor as
a function of different modification or mutations in the AR40 fibril.
Since we did not label the integrin subunits directly, but rather used a
pair of primary and secondary antibodies to probe for regions of interest
on the cell surface, we can only conclude that AR bound near specific
subunits. We used SY5Y cells as our model system in these studies as
we and others have used them before to explore AR-cell interactions
in vitro [60-62]. SH-SY5Y cells have been shown to express a1, a3,
and 1 integrin subunits, as well as lower concentrations of a2, a4,
a5, a6, and aw, integrin subunits both when undifferentiated and
differentiated, though differentiation was found to increase expression
of integrin receptor subunits [63-66]. In earlier work, we have used
FRET to show that AR binds in the vicinity of the a6 subunit [Ramos,
Venkatasubramaniam and Good, submitted ]. We include the 31 subunit
because of its role in binding to the RGD sequence [67] and its potential
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Fig. 2. FRET.¢ between various AP peptides in aggregated form labeled with TAMRA (Acceptor flurophore), and at6-integrin subunit labeled with FITC (Donor fluorophore). (a) A Box and
whisker plot representation, with the box being an interquartile range, the median value represented as a line inside the box, the bottom part of the box representing data in the 25th to
50th percentile, the top part of the box representing data in the 50th to 75th percentile of the data if they are ranked numerically by their the FRET values. Outliers are represented as
asterisks and the lines or whiskers from the box bars represent the spread of the data (minimum to maximum). The circle with a cross inside the box is the mean of the sample data.
Mann-Whitney test between each sample and control (WT-AR) is used for statistical analysis (n = 200). (b) A frequency plot depict the various FRET.g value ranges for each peptide
and more dramatically depicts the larger subset population for 8-40 and Tottori Japan (D7N) AP with FRET.g of greater than 30%. Black bars represent WT AP, dark grey bars represent
8-40, horizontally angled and lined bar represents N27P AR, white bar Leu33 (G33L) AP, and the dotted bar represents Tottori-Japan (D7N).
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relevance to Alzheimer’s [11,26]. We include a1 because of its abun-
dance on the cell surface, and because it has not to our knowledge
been implicated in Alzheimer’s, making it an appropriate control.

Fig. 1 shows a group of representative confocal micrographs that
show the overlap of AR40 fibril and a6 integrin staining, as well as
typical areas or regions of interest chosen for FRET measurements. In
Fig. 2, we show energy transfer between AP and the antibody bound
to the a6 integrin subunit for several AB fibril sequences with and with-
out the putative RHD integrin binding domain (residues 5 to 7 of the AR
sequence). We included in these experiments A38-40, and AB40 D7N,
peptides with missing or mutated RHD sequences along with ApR40
G33L and N27P, peptides with mutations in the [3-turn region that we
did not anticipate being associated with integrin binding or peptide
aggregation. Fig. 2(a) shows box and whisker plots of the energy trans-
fer for all n (50 to 200) regions of interest measurements, where the
average (cross), median (line), 75% & 25% quartiles (end of the box
plots) and range of data (whiskers) are depicted. We chose this represen-
tation given that the data were not normally distributed. As can be seen
in Fig. 2a, significantly greater energy transfer was seen between the
AP sequences without the RHD sequence (AP 8-40 and AR D7N) and
the antibody bound to the integrin subunit (p < 0.01) than sequences
with the RHD sequence. To further illustrate this point, we show the frac-
tion of the sample measurements taken with different observed FRET
ranges (Fig. 2b). As can been seen in Fig. 2b, almost 50% of the population
had measured FRET efficiencies of greater than 30% for AB8-40 and Ap
D7N, while for all other AR sequences, a much smaller fraction of the
population had high FRET efficiencies.

We wanted to explore if the observed energy transfer and by exten-
sion the AP fibril-cell surface binding, was specific for an integrin, even
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though the interaction did not appear to be mediated by the RHD
sequence on APB. Therefore we tried to block the interaction using the
cyclic RGD peptide, cilengitide that is known to inhibit certain integrin
receptors [68,69].

Cilengitide has been reported to inhibit integrin interactions when
applied in the micromolar range in vitro, and has reported high specific-
ity for av3 and av35 with activity against as3; [70,71]. Surprisingly
we found that cilengitide significantly reduced energy transfer for the
two peptides that did not have the RHD sequence (AP 8-40 and AR40
D7N), as shown in Fig. 3(a) and (b). Without cilengitide, approximately
15% of the sampled regions of interest had the lowest levels of energy
transfer between the integrin subunit and wild type AR40, AB8-40
and AP D7N (Fig. 2b), while with cilengitide, 50% of population had
the lowest FRET levels with the same 3 AR sequences (wild type AP,
AP 8-40, and AP D7N; Fig. 3b). We also see that cilengitide enhanced
FRET between G33L AP and the antibody bound to the a6 integrin
receptor subunit (Fig. 3). This suggests that the cilengitide did not just
displace our antibody bound to the a6 integrin subunit, but instead
displaced some but not all AB fibrils, depending upon their sequence.

One explanation for our observations that AR sequences without
the RHD sequence showed greater FRET efficiencies with the integrin
receptor subunit, but that a cyclic RGD peptide could block these same
peptides (but not all AR peptides) from interacting with the cell is
that the different AR sequence resulted in the formation of different
AR fibril structures, which give rise to the differences in cell interaction
and energy transfer. To explore this hypothesis, we examined the struc-
ture of the AP peptides to ensure that all of the AP peptides used still
formed fibrils. TEM images of the AP fibrils are included in Supplementary
data (Fig. 1). No qualitative differences in macroscopic structure of the
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Fig. 3. FRET.¢ post exposure to cilengitide (RGD mimicking cyclic peptide, 5 M, 24 h). (a) A box and whisker plot representation. Mann-Whitney test between each sample and control
(WT-Ap without cilengitide) is used for statistical analysis (n = 50). (b) A frequency plot is used to depict the various FRET.¢ value ranges for each peptide and more dramatically depicts
the larger subset population for WT 1-40, 8-40 and Tottori Japan (D7N) AP with FRET.g of less than 30%. Black bars represent WT AP, dark grey bars represent 8-40, horizontally angled and
lined bar represents N27P AP, white bars Leu33 (G33L) AP, and the dotted bars represents Tottori-Japan (D7N).
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AR fibrils (wild type, AR 8-40 and AR D7N) were observed. Others have
reported that the AB D7N mutation leads to altered rates of fibril elon-
gation [72,73], which should lead to differences in fibril length but not
necessarily changes in fibril structure relative to wild type AR40 fibrils.

A second possibility is that the differences in observed energy trans-
fer with the different AP fibrils resulted from differences in electrostatic
interactions of AP with the cell surface. There have been a number of
reports suggesting that electrostatic interactions are important in AR-
cell interactions and toxicity [74-77]. The cell surface is generally
regarded as negatively charged [78]. The first 7 residues of the AR
sequence, DAEFRHD, contain 3 negatively charged amino acids under
physiological conditions. Removal of these first 7 residues should
decrease potential electrostatic repulsion between the AP fibril and
the cell surface. The D7N mutation would replace one negatively
charged amino acid with a neutral amino acid. To explore the potential
impact of electrostatic interactions on our results, we examined the
binding of AR-40 and AP 8-40 fibrils to the cell surface as a function of
salt concentration and pH. These results are depicted in Fig. 4(a) and
(b), respectively. As can be seen in Fig. 4(a), as salt concentration
present during binding was increased, binding of AR 40 to the cell
increased, while binding of Ap 8-40 decreased. As ionic strength (and
salt concentration) is increased, one would expect increased shielding
of charges such that electrostatic effects would diminish at higher salt
concentrations. Thus, we conclude that full length Ap40 fibrils
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Fig. 4. Binding assay to depict relative fraction of cells bound to AR, (a) across varying salt
concentrations (b) across varying pH. A box and whisker plot representation, with the box
being an interquartile range, the median value represented as a line inside the box and the
box ends representing the 25th and 75th quartile values of the data. Outliers are
represented as asterisks and the lines or whiskers from the box bars represent the spread
of the data (minimum to maximum). The circle with a cross inside the box is the mean of
the sample data.

experiences electrostatic repulsion while AR8-40 fibrils experienced
electrostatic attraction with the cell surface. The greater change in bind-
ing to the cell surface at the different salt concentrations observed for
the AR8-40 fibril compared to the full length AR40 fibril suggests that
there are more charges involved in the AP8-40—cell surface interaction.

To further probe the role of charges on the AR surface on Ap-cell
binding, we examined the effects of changing pH. We expected that
above the pKa of the basic amino acid residues or below the pKa of
the acidic residues, we might see changes in binding because of changes
in electrostatic interactions. As seen in Fig. 4(b), binding of the full
length AR40 fibril to the cell surface decreased as the pH increased,
suggesting that as the peptide became more negatively charged (at
increasing pH), binding diminished. Binding of AR 8-40 was greatest
at physiological pH, and decreased as pH increased or decreased. This
result is more difficult to interpret, but might suggest that changing
the balance of charges on the APR8-40 sequence or the cell surface
diminish the APR8-40 fibril electrostatic interaction with the surface.
These experiments measured binding of AP to the entire cell surface,
and were not specific for binding at or near the integrin receptor
subunit, however, they may suggest mechanisms of attraction that
play a part in the more specific AR-integrin interactions.

Along these same lines, when we showed that cilengitide, the cyclic
RGD peptide, attenuated some AR-integrin interactions, we may not
have been specifically blocking the RHD binding site on the cell surface
as we proposed, but instead may have been altering some non-specific
interactions, especially when using cilengitide at relatively high concen-
trations. Cilengitide has functional groups which could pick up both a
positive and negative charge depending upon the environment [79],
and as well as an aromatic ring that could contribute to hydrophobic
interactions [80].

A third possible explanation for our observations that AP sequences
without the RHD sequence show greater FRET efficiencies with the
integrin receptor subunit, but that a cyclic RGD peptide could block
these same peptides (but not all AP peptides) from interacting with
the cell is that AR interacts through sequences other than the RHD
sequence, and potentially with a receptor other than the integrin recep-
tor subunit. RGD is a recognition site which can be recognized by the
majority of 31-integrins, but not all integrin subunits. Af> does not con-
tain any other canonical integrin receptor binding sites, but some of the
integrin binding sequences are unknown [81]. We used an antibody to
an a6-integrin subunit, which typically interacts with laminin via an
unknown sequence (but not RGD) [24].

AP40 may have been binding to something other than an integrin
when we observed energy transfer between the AR40 fibril and the
antibody bound to the a6-integrin subunit. FRET efficiency is related
to the distance donor and acceptor fluorophore, thus our results indi-
cate only that mutations in the AR sequence impact the distance been
the AP fibril and a secondary antibody bound to an integrin receptor
subunit. The actual Ap-cell interaction which is impacted by the muta-
tions and deletions in the N terminus may be with a molecule in the
vicinity of the a6-integrin receptor subunit. AR may be binding to
another molecule co-localized with the integrin receptor subunit,
including other integrin receptor subunits other than the a6 subunit,
other receptors found within a focal adhesion, and/or receptors found
within a lipid raft in which the integrin subunit is localized. We have
previously found that AR binds in cholesterol rich, sialic rich regions of
the cell surface [45], which, along with co-localization with an integrin
receptor could suggest that AB binds to a receptor within a lipid raft
on the cell surface.

To investigate if AR bound to other integrin receptor subunits, we
repeated our FRET experiment with AR and the 31 subunit of the integrin
receptor, which has been implicated in the AR-«6 integrin subunit inter-
action [21], as well as other AR cell interactions [11,26], and with AR and
the a1 subunit of the integrin receptor, which has not been implicated in
AD. We performed the experiments with the Ap 40, A 8-40, and AR
D7N fibrils in the absence and presence of cilengitide. The results from
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these experiments are shown in Figs. 5 and 6. We found that the average
energy transfer between all AR sequences and either the 31 or al
integrin receptor subunit was less than 10%, and no more than 5% of all
regions tested had energy transfers at greater than 30%. In an unrelated
study, we measured FRET efficiencies of 10% or less between AR40 fibrils
and antibodies bound to GalC and the transferrin receptor, two receptors
thought to be irrelevant and abundant on the cell surface [Ramos,
Venkatasubramaniam and Good, submitted]. These results suggest that
AP does not bind near the a1 or 31 subunit, or that the antibody used
to fluorescently label the receptor blocks the site of AR binding. The rel-
atively high energy transfer between AP and antibodies bound to the o6
integrin receptor subunit compared to the a1 and 31 receptor subunits
suggests that the a6 subunit marks a specific location on the cell surface
for AP interactions. We still cannot conclude that AR interacts directly
with the a6 subunit, but only that the peptide interacts with the vicinity
of some but not all integrin receptor subunits.

It is probable that AR interacts with the cell surface via both specific
and non-specific interactions. Specific AB-integrin interaction may
have functional consequences given the role of integrin in FAK/Src
activation, and cell cycle activation, and eventual cell death [26,82].

A. Venkatasubramaniam et al. / Biochimica et Biophysica Acta 1838 (2014) 2568-2577

RGD containing peptide-integrin interactions are linked to increases
in N-methyl-p-aspartate receptor (NMDA-R) mediated synaptic trans-
mission [83] and long term potentiation [84,85]. Thus, AR-integrin
interactions could impair molecular processes associated with learning
and memory. Non-specific interactions including electrostatic interac-
tions also play a role in AB-cell surface binding.

In this work we show that that AR binds in the vicinity of the o6
subunit of the integrin receptor, and that the interaction is attenuated
in the presence of a cyclic RGD peptide. We show that the seven N
terminal residues on the AR sequence contribute to an electrostatic
repulsion with the cell surface, and that if those residues are deleted
or mutated, the AR—cell interaction is enhanced, as is the AR-integrin
interaction (or interaction with the receptor in the vicinity of the
integrin). While our results suggest that the first 7 amino acids are not
central to the AB-integrin interaction, they play an important role in
non-specific electrostatic interactions. Being able to manipulate AP
electrostatic interactions may be an important avenue to modulate AR
neurotoxicity associated with Alzheimer’s disease.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2014.06.011.
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Fig. 5. FRET. between various AP peptides in aggregated form labeled with TAMRA (Acceptor flurophore), and a1-integrin subunit labeled with FITC (Donor fluorophore). FRET was
measured in the absence or presence of cilengitide (indicated as RGD in figure). Cilengitide, when present, was added at 5 uM prior to the addition of the AP. (a) A box and whisker
plot representation. Mann-Whitney test between each sample versus WT-AR is used for statistical analysis (n = 50). (b) A frequency plot depicts the various FRET. value ranges for

each peptide, depicting the larger subset of the population to have a FRET. of less than 10%. Black bars represent wild type (WT

) AP, dark grey bars 8-40 AP,slashed line bars D7N Ap,

light grey bars representWT A and cilengitide, dotted bars 8-40 AB and cilengitide and white bars are D7N AR and cilengitide.
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Fig. 6. FRET. between various AP peptides in aggregated form labeled with TAMRA (Acceptor flurophore), and 31-integrin subunit labeled with FITC (Donor fluorophore) FRET was
measured in the absence or presence of cilengitide (indicated as RGD in figure). Cilengitide, when present, was added at 5 uM prior to the addition of the AP. (a) A box and whisker
plot representation. Mann-Whitney test between each sample and WT-AB is used for statistical analysis (n = 50). (b) A frequency plot depicts the various FRET.¢ value ranges for
each peptide, with the larger subset of the population having FRET. less than 10%. Black bars represent Wild type (WT) AP, dark grey bars 8-40 AP,slashed line bars D7N AP, light
grey bars representWT AP and cilengitide, dotted bars 8-40 AP and cilengitide and white bars are D7N AR and cilengitide.

Acknowledgements

This work was supported by a grant from the National Science Foun-
dation (CBET 0828009 to TAG). The Leica Confocal Microscope used in
FRET studies was obtained with funds from an NSF MRI award (MRI
0722569); Theresa Good was supported by NSF as an IPA and participated
in this research as part of her independent research and development.
The authors gratefully acknowledge the help of Chere Petty in performing
microscopy studies, and Neil Agarwal in conducting a portion of the FRET
studies.

References

[1] CL. Masters, G. Simms, N.A. Weinman, G. Multhaup, B.L. McDonald, K. Beyreuther,
Amyloid plaque core protein in Alzheimer disease and Down syndrome, Proc.
Natl. Acad. Sci. 82 (1985) 4245-4249.

[2] A.P. Yonelinas, The nature of recollection and familiarity: a review of 30 years of
research, ]. Mem. Lang. 46 (2002) 441.

[3] J. Hardy, D.J. Selkoe, The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics, Science 297 (2002) 353-356.

[4] J.ElKhoury, S.E. Hickman, C.A. Thomas, ].D. Loike, S.C. Silverstein, Microglia, scavenger
receptors, and the pathogenesis of Alzheimer's disease, Neurobiol. Aging 19 (1998)
$81-584.

[5] J. Husemann, J.D. Loike, T. Kodama, S.C. Silverstein, Scavenger receptor class B type |
(SR-BI) mediates adhesion of neonatal murine microglia to fibrillar beta-amyloid, J.
Neuroimmunol. 114 (2001) 142-150.

[6] K.Boland, M. Behrens, D. Choi, K. Manias, D.H. Perlmutter, The serpin-enzyme com-
plex receptor recognizes soluble, nontoxic amyloid-{3 peptide but not aggregated,
cytotoxic amyloid-3 peptide, J. Biol. Chem. 271 (1996) 18032-18044.

[7] D. Lorton, beta-Amyloid-induced IL-1 beta release from an activated human mono-

cyte cell line is calcium- and G-protein-dependent, Mech. Ageing Dev. 94 (1997)

199-211.

Y. Le, W. Gong, H.L. Tiffany, A. Tumanov, S. Nedospasov, W. Shen, N.M. Dunlop, J.L.

Gao, P.M. Murphy, ]J.J. Oppenheim, ].M. Wang, Amyloid (beta)42 activates a G-

protein-coupled chemoattractant receptor, FPR-like-1, ]. Neurosci. 21 (2001) RC123.

D. Giulian, LJ. Haverkamp, J. Yu, W. Karshin, D. Tom, J. Li, A. Kazanskaia, J.

Kirkpatrick, A.E. Roher, The HHQK domain of 3-amyloid provides a structural

basis for the immunopathology of Alzheimer's disease, J. Biol. Chem. 273 (1998)

29719-29726.

H. Scharnagl, U. Tisljar, K. Winkler, M. Huttinger, M.A. Nauck, W. Gross, H. Wieland,

T.G. Ohm, W. Marz, The betaA4 amyloid peptide complexes to and enhances the

uptake of beta-very low density lipoproteins by the low density lipoprotein

receptor-related protein and heparan sulfate proteoglycans pathway, Lab. Investig.

79 (1999) 1271-1286.

M.L. Matter, Z. Zhang, C. Nordstedt, E. Ruoslahti, The 531 integrin mediates

elimination of amyloid-{> peptide and protects against apoptosis, J. Cell Biol. 141

(1998) 1019-1030.

S. Askarova, X. Yang, W. Sheng, G.Y. Sun, J.C. Lee, Role of Ap-receptor for advanced

glycation endproducts interaction in oxidative stress and cytosolic phospholipase

A2 activation in astrocytes and cerebral endothelial cells, Neuroscience 199

(2011) 375-385.

[8

[9

[10]

[11]

[12]


http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0005
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0005
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0005
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0010
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0010
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0015
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0015
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0020
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0020
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0020
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0025
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0025
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0025
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0030
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0030
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0030
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0035
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0035
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0035
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0045
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0045
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0045
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0045
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0045
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0050
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0050
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0050
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0055
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0055
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0055
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0055
image of Fig.�6

2576

[13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]
[23]

[24]

[25]

(26]

[27]

[28]

[29]

A. Venkatasubramaniam et al. / Biochimica et Biophysica Acta 1838 (2014) 2568-2577

A.V. Kamynina, K.M. Holmstrom, D.O. Koroev, O.M. Volpina, A.Y. Abramov,
Acetylcholine and antibodies against the acetylcholine receptor protect neurons
and astrocytes against beta-amyloid toxicity, Int. ]. Biochem. Cell Biol. 46 (2013)
899-907.

Z. Qiu, D.L. Gruol, Interleukin-6, 3-amyloid peptide and NMDA interactions in rat
cortical neurons, J. Neuroimmunol. 139 (2003) 51-57.

H. Tozaki, A. Matsumoto, T. Kanno, K. Nagai, T. Nagata, S. Yamamoto, T. Nishizaki,
The inhibitory and facilitatory actions of amyloid-p3 peptides on nicotinic ACh
receptors and AMPA receptors, Biochem. Biophys. Res. Commun. 294 (2002) 42-45.
N.-W. Hu, T. Ondrejcak, M.J. Rowan, Glutamate receptors in preclinical research on
Alzheimer's disease: update on recent advances, Pharmacol. Biochem. Behav. 100
(2012) 855.

W. Fu, A. Ruangkittisakul, D. MacTavish, ].Y. Shi, K. Ballanyi, ].H. Jhamandas, Amyloid
beta (Abeta) peptide directly activates amylin-3 receptor subtype by triggering
multiple intracellular signaling pathways, . Biol. Chem. 287 (2012) 18820-18830.
J-W. Um, S.M. Strittmatter, Amyloid-p induced signaling by cellular prion protein
and Fyn kinase in Alzheimer disease, Prion 7 (2013) 37-41.

N.D. Younan, CJ. Sarell, P. Davies, D.R. Brown, J.H. Viles, The cellular prion protein
traps Alzheimer's Abeta in an oligomeric form and disassembles amyloid fibers,
FASEB J. 27 (2013) 1847-1858.

J. Herz, U. Beffert, Apolipoprotein E receptors: linking brain development and
alzheimer's disease, Nat. Rev. Neurosci. 1 (2000) 51.

M.E. Bamberger, M.E. Harris, D.R. McDonald, J. Husemann, G.E. Landreth, A cell
surface receptor complex for fibrillar beta-amyloid mediates microglial activation,
J. Neurosci. 23 (2003) 2665-2674.

D.L. Pettit, Z. Shao, J.L. Yakel, beta-Amyloid(1-42) peptide directly modulates nico-
tinic receptors in the rat hippocampal slice, ]. Neurosci. 21 (2001) RC120.

Y. Verdier, B. Penke, Binding sites of amyloid beta-peptide in cell plasma membrane
and implications for Alzheimer's disease, Curr. Protein Pept. Sci. 5 (2004) 19-31.
D.E. Hall, L.F. Reichardt, E. Crowley, B. Holley, H. Moezzi, A. Sonnenberg, C.H.
Damsky, The alpha 1/beta 1 and alpha 6/beta 1 integrin heterodimers mediate
cell attachment to distinct sites on laminin, J. Cell Biol. 110 (1990) 2175-2184.
K.L. Anderson, A. Ferreira, a1 integrin activation: a link between B-amyloid
deposition and neuronal death in aging hippocampal neurons, ]. Neurosci. Res. 75
(2004) 688-697.

H.-Y. Han, ].-P. Zhang, S--Q. Ji, Q.-M. Liang, H.-C. Kang, R.-H. Tang, S.-Q. Zhu, Z. Xue,
av and 31 integrins mediate AB-induced neurotoxicity in hippocampal neurons
via the FAK signaling pathway, PLoS One 8 (2013) e64839.

T.A. Good, RM. Murphy, Aggregation state-dependent binding of 3-amyloid peptide
to protein and lipid components of rat cortical homogenates, Biochem. Biophys. Res.
Commun. 207 (1995) 209.

K. Simons, D. Toomre, Lipid rafts and signal transduction, Nat. Rev. Mol. Cell Biol. 1
(2000) 31-39.

R. Ehehalt, P. Keller, C. Haass, C. Thiele, K. Simons, Amyloidogenic processing of
the Alzheimer 3-amyloid precursor protein depends on lipid rafts, ]. Cell Biol. 160
(2003) 113-123.

[30] J. Fantini, N. Garmy, R. Mahfoud, N. Yahi, Lipid rafts: structure, function and role in

(31]

(32]

(33]

(34]

[35]

(36]

[37]

(38]

(39]

[40]

[41]

[42]

HIV, Alzheimer's and prion diseases, Expert Rev. Mol. Med. 4 (2002) 1-22.

P.T. Wong, Characterization of amyloid-f interactions at the membrane interface:
implications for pathogenesis. implications for pathogenesis, Biological
ChemistryUniversity of Michigan, 2009, (vol. PhD).

E.Y. Chi, S.L. Frey, KY. Lee, Ganglioside G(M1)-mediated amyloid-beta fibrillogenesis
and membrane disruption, Biochemistry 46 (2007) 1913-1924.

C. Hertel, E. Terzi, N. Hauser, R. Jakob-Rotne, ]. Seelig, J.A. Kemp, Inhibition of
the electrostatic interaction between beta-amyloid peptide and membranes
prevents beta-amyloid-induced toxicity, Proc. Natl. Acad. Sci. U. S. A. 94 (1997)
9412-9416.

R. Liu, C. McAllister, Y. Lyubchenko, M.R. Sierks, Residues 17-20 and 30-35 of
beta-amyloid play critical roles in aggregation, J. Neurosci. Res. 75 (2004) 162-171.
M. Bokvist, F. Lindstrém, A. Watts, G. Grobner, Two types of Alzheimer's 3-amyloid
(1-40) peptide membrane interactions: aggregation preventing transmembrane
anchoring versus accelerated surface fibril formation, J. Mol. Biol. 335 (2004)
1039-1049.

J.P. Lee, E.R. Stimson, J.R. Ghilardi, P.W. Mantyh, Y.-A. Lu, A.M. Felix, W. Llanos, A.
Behbin, M. Cummings, 1H NMR of Abeta amyloid peptide congeners in water
solution. conformational changes correlate with plaque competence, Biochemistry
34 (1995) 5191-5200.

B. Keshet, ].J. Gray, T.A. Good, Structurally distinct toxicity inhibitors bind at com-
mon loci on R-amyloid fibril, Protein Sci. 19 (2010) 2291.

A. Zhang, W. Qi, T.A. Good, E/J. Fernandez, Structural differences between Al?(1-40)
intermediate oligomers and fibrils elucidated by proteolytic fragmentation and
hydrogen/deuterium exchange, Biophys. J. 96 (2009) 1091.

Y. Hori, T. Hashimoto, Y. Wakutani, K. Urakami, K. Nakashima, M.M. Condron, S.
Tsubuki, T.C. Saido, D.B. Teplow, T. Iwatsubo, The Tottori (D7N) and English (H6R)
familial Alzheimer disease mutations accelerate AP fibril formation without
increasing protofibril formation, J. Biol. Chem. 282 (2007) 4916.

S. Sabo, M.P. Lambert, K. Kessey, W. Wade, G. Krafft, W.L. Klein, Interaction of
beta-amyloid peptides with integrins in a human nerve cell line, Neurosci. Lett.
184 (1995) 25-28.

.P.D.d. Ramos, (Publication No. AAT 3359086). Role of beta-amyloid structure
and residue accessibility in cell interactions associated with Alzheimer's disease,
Chemical and biochemical engineeringUniversity of Maryland, Baltimore County,
Maryland, United States, 2009, p. 242, (vol. Ph.D.).

G. Uhasz, B. Barkoczi, G. Vass, Z. Datki, A. Hunya, L. Fulop, D. Budai, B. Penke, V.
Szegedi, Fibrillar Abeta (1-42) enhances NMDA receptor sensitivity via the integrin
signaling pathway, J. Alzheimers Dis. (2010) 1055-1067.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

(64

[65]

[66]

[67]

[68]

[69]

[70]

Q. Wang, L. Klyubin, S. Wright, 1. Griswold-Prenner, M.J. Rowan, R. Anwyl, Alpha v
integrins mediate beta-amyloid induced inhibition of long-term potentiation,
Neurobiol. Aging 29 (2008) 1485-1493.

X. Bi, C.M. Gall, J. Zhou, G. Lynch, Uptake and pathogenic effects of amyloid beta
peptide 1-42 are enhanced by integrin antagonists and blocked by NMDA receptor
antagonists, Neuroscience 112 (2002) 827-840.

S.S.-S. Wang, D.L. Rymer, T.A. Good, Reduction in cholesterol and sialic acid content
protects cells from the toxic effects of 3-amyloid peptides, J. Biol. Chem. 276 (2001)
42027-42034.

D.L. Rymer, T.A. Good, The role of g protein activation in the toxicity of amyloidogenic
APB-(1-40), Ap-(25-35), and bovine calcitonin, J. Biol. Chem. 276 (2001) 2523-2530.
A. Copani, V. Bruno, G. Battaglia, G. Leanza, R. Pellitteri, A. Russo, S. Stanzani, F. Nicoletti,
Activation of metabotropic glutamate receptors protects cultured neurons
against apoptosis induced by beta-amyloid peptide, Mol. Pharmacol. 47 (1995)
890-897.

M. Yaar, S. Zhai, P.F. Pilch, S.M. Doyle, P.B. Eisenhauer, R.E. Fine, B.A. Gilchrest, Binding
of beta-amyloid to the p75 neurotrophin receptor induces apoptosis. A possible
mechanism for Alzheimer's disease, J. Clin. Invest. 100 (1997) 2333-2340.

A. Zhang, W. Qi, T.A. Good, EJ. Fernandez, Structural differences between APR(1-40)
intermediate oligomers and fibrils elucidated by proteolytic fragmentation and
hydrogen/deuterium exchange, Biophys. J. 96 (2009) 1091-1104.

B. Keshet, ].J. Gray, T.A. Good, Structurally distinct toxicity inhibitors bind at
common loci on 3-amyloid fibril, Protein Sci. 19 (2010) 2291-2304.

JJ. Balbach, Y. Ishii, O.N. Antzutkin, R.D. Leapman, N.W. Rizzo, F. Dyda, ]. Reed, R.
Tycko, Amyloid fibril formation by AB16-22, a seven-residue fragment of the
Alzheimer's 3-amyloid peptide, and structural characterization by solid state
NMRf, Biochemistry 39 (2000) 13748-13759.

1. Kheterpal, M. Chen, K.D. Cook, R. Wetzel, Structural differences in AR amyloid
protofibrils and fibrils mapped by hydrogen exchange-mass spectrometry with
on-line proteolytic fragmentation, J. Mol. Biol. 361 (2006) 785-795.

C.B. Cowan, G.L. Coté, T.A. Good, Development of photocrosslinked sialic acid
containing polymers for use in AP toxicity attenuation, Biomaterials 29 (2008)
3408-3414.

D. Patel, J. Henry, T. Good, Attenuation of 3-amyloid induced toxicity by sialic acid-
conjugated dendrimeric polymers, Biochim. Biophys. Acta Gen. Subj. 1760 (2006)
1802-1809.

S.S.S. Wang, T.A. Good, D.L. Rymer, The influence of phospholipid membranes on
bovine calcitonin secondary structure and amyloid formation, Protein Sci. 14
(2005) 1419-1428.

I. Ramos, D. Fabris, W. Qi, EJ. Fernandez, T.A. Good, Kinetic study of 3-amyloid
residue accessibility using reductive alkylation and mass spectrometry, Biotechnol.
Bioeng. 104 (2009) 181-192.

I. Ramos, Role of beta-amyloid structure and residue accessibility in cell interactions
associated with Alzheimer's disease, ProQuest, 2009.

T. Yamazaki, E.H. Koo, DJ. Selkoe, Cell surface amyloid beta-protein precursor colo-
calizes with beta 1 integrins at substrate contact sites in neural cells, . Neurosci.
(1997) 1004-1010.

A.T. Petkova, Y. Ishii, J.J. Balbach, O.N. Antzutkin, R.D. Leapman, F. Delaglio, R. Tycko,
A structural model for Alzheimer's 3-amyloid fibrils based on experimental
constraints from solid state NMR, Proc. Natl. Acad. Sci. 99 (2002) 16742-16747.

L. Agholme, T. Lindstrom, K. Kagedal, J. Marcusson, M. Hallbeck, An in vitro model
for neuroscience: differentiation of SH-SY5Y cells into cells with morphological
and biochemical characteristics of mature neurons, J. Alzheimers Dis. (2010)
1069-1082.

J- Kovalevich, D. Langford, Considerations for the use of SH-SY5Y neuroblastoma
cells in neurobiology, Methods Mol. Biol. 1078 (2013) 9-21.

S. Petratos, Q.-X. Li, AJ. George, X. Hou, M.L. Kerr, S.E. Unabia, I. Hatzinisiriou, D.
Maksel, M.-I. Aguilar, D.H. Small, The 3-amyloid protein of Alzheimer's disease
increases neuronal CRMP-2 phosphorylation by a Rho-GTP mechanism, Brain 131
(2008) 90-108.

D.L. Hynds, D.M. Snow, Fibronectin and laminin elicit differential behaviors from
SH-SY5Y growth cones contacting inhibitory chondroitin sulfate proteoglycans, J.
Neurosci. Res. 66 (2001) 630-642.

G. Turac, CJ. Hindley, R. Thomas, ].A. Davis, M. Deleidi, T. Gasser, E. Karaoz, J. Pruszak,
Combined flow cytometric analysis of surface and intracellular antigens reveals sur-
face molecule markers of human neuropoiesis, PLoS One 8 (2013) 1.

E.S.H. Choi, W.]. Rettig, E.A. Wayner, M.L. Srour, D.O. Clegg, Functional identification
of integrin laminin receptors that mediate process outgrowth by human SY5Y
neuroblastoma cells, J. Neurosci. Res. 37 (1994) 475-488.

P. Rossino, P. Defilippi, L. Silengo, G. Tarone, Up-regulation of the integrin alpha 1/
beta 1 in human neuroblastoma cells differentiated by retinoic acid: correlation
with increased neurite outgrowth response to laminin, Cell Regul. 2 (1991)
1021-1033.

E. Ruoslahti, RGD and other recognition sequences for integrins, Annual review of
cell & developmental biology, 1996.

D.A. Reardon, K.L. Fink, T. Mikkelsen, T.F. Cloughesy, A. O'Neill, S. Plotkin, M. Glantz,
P. Ravin, J.J. Raizer, K.M. Rich, D. Schiff, W.R. Shapiro, S. Burdette-Radoux, E.J.
Dropcho, S.M. Wittemer, J. Nippgen, M. Picard, L.B. Nabors, Randomized phase II
study of cilengitide, an integrin-targeting arginine-glycine-aspartic acid peptide,
in recurrent glioblastoma multiforme, J. Clin. Oncol. 26 (2008) 5610-5617.

D.A. Reardon, L.B. Nabors, R. Stupp, T. Mikkelsen, Cilengitide: an integrin-targeting
arginine-glycine-aspartic acid peptide with promising activity for glioblastoma
multiforme, Expert Opin. Investig. Drugs 17 (2008) 1225-1235.

N.C. Cheng, N. van Zandwijk, G. Reid, Cilengitide inhibits attachment and invasion of
malignant pleural mesothelioma cells through antagonism of integrins alphavbeta3
and alphavbeta5, PLoS One (9) (2014).


http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0065
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0065
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0070
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0070
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0070
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0075
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0075
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0075
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0085
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0085
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0090
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0090
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0090
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0095
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0095
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0100
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0100
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0100
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0380
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0380
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9000
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9000
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0110
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0110
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0110
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0115
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0115
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0115
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0385
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0385
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0385
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0120
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0120
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0120
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9010
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9010
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0130
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0130
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0130
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0135
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0135
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0390
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0390
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0390
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0140
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0140
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0145
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0145
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0145
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0145
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0150
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0150
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0155
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0155
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0155
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0155
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9005
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9005
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0165
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0165
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0165
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0165
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0170
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0170
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0170
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0170
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0175
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0175
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0175
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0395
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0395
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0395
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0395
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9535
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9535
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9535
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9020
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9020
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9020
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0190
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0190
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0190
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0195
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0195
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0195
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0200
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0200
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0205
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0205
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0205
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0205
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8885
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8885
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8885
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0215
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0215
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0215
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0220
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0220
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0225
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0225
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0225
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0225
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0225
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0230
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0230
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0230
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0235
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0235
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0235
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0240
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0240
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0240
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0245
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0245
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0245
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0250
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0250
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0250
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0400
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0400
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf2365
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf2365
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf2365
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0265
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0265
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0265
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8375
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0275
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0275
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0280
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0280
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0280
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0280
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0285
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0285
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0285
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9030
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9030
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9030
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0295
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0295
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0295
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9040
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0405
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0405
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0310
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0310
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0310
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0310
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0310
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0315
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0315
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0315
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9050
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9050
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9050

[71]

[72]

[73]

[74]

[75]
[76]

[77]

A. Venkatasubramaniam et al. / Biochimica et Biophysica Acta 1838 (2014) 2568-2577

C. Mas-Moruno, F. Rechenmacher, H. Kessler, Cilengitide: the first anti-angiogenic
small molecule drug candidate design, synthesis and clinical evaluation, Anticancer
Agents Med. Chem. (2010) 753-768.

K. Ono, M.M. Condron, D.B. Teplow, Effects ofthe English (H6R) and Tottori (D7N) fa-
milial Alzheimer disease mutations on amyloid beta-protein assembly and toxicity, J.
Biol. Chem. 285 (2010) 23186-23197.

Y. Hori, T. Hashimoto, Y. Wakutani, K. Urakami, K. Nakashima, M.M. Condron, S.
Tsubuki, T.C. Saido, D.B. Teplow, T. Iwatsubo, The Tottori (D7N) and English (H6R)
familial Alzheimer disease mutations accelerate Abeta fibril formation without in-
creasing protofibril formation, J. Biol. Chem. 282 (2007) 4916-4923.

C. Hertel, E. Terzi, N. Hauser, R. Jakob-Rotne, ]. Seelig, J.A. Kemp, Inhibition of the
electrostatic interaction between beta-amyloid peptide and membranes prevents
beta-amyloid-induced toxicity, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 9412-9416.
S. Sinha, D.H.J. Lopes, G. Bitan, A key role for lysine residues in amyloid beta-protein
folding, assembly, and toxicity, ACS Chem. Neurosci. 3 (2012) 473-481.

Y. Yoshiike, T. Akagi, A. Takashima, Surface structure of amyloid-beta fibrils contrib-
utes to cytotoxicity, Biochemistry 46 (2007) 9805-9812.

D.G. Smith, G.D. Ciccotosto, D,J. Tew, K. Perez, C.C. Curtain, ].F. Boas, C.L. Masters, R.
Cappai, KJ. Barnham, R. Cappai, Histidine 14 modulates membrane binding and

2577

neurotoxicity of the Alzheimer's disease amyloid-beta peptide,, ]. Alzheimers Dis.
189 (2010) 1387-1400.

R. Elul, Fixed charge in the cell membrane, J. Physiol. 189 (1967) 351.

Compound summary for: CID 176873, in: PubChem Compound, NCBI, 2005.

D.S.E. Murphy, Cell-extracellular matrix interactions in cancer, Springer, 2010.
D.H. Small, C.A. McLean, Alzheimer's disease and the amyloid [> protein, J.
Neurochem. 73 (1999) 443-449.

G. Frasca, V. Carbonaro, S. Merlo, A. Copani, M.A. Sortino, Integrins mediate (3-amyloid-
induced cell-cycle activation and neuronal death, J. Neurosci. Res. 86 (2008) 350-355.
B. Lin, A.C. Arai, G. Lynch, C.M. Gall, Integrins regulate NMDA receptor-mediated
synaptic currents, J. Neurophysiol. 89 (2003) 2874-2878.

U. Staubli, G. Lynch, Stable depression of potentiated synaptic responses in the
hippocampus with 1-5 Hz stimulation, Brain Res. 513 (1990) 113-118.

B.A. Bahr, U. Staubli, P. Xiao, D. Chun, Z.X. Ji, E.T. Esteban, G. Lynch, Arg-Gly-Asp-Ser-
selective adhesion and the stabilization of long-term potentiation: pharmacological
studies and the characterization of a candidate matrix receptor, J. Neurosci. 17
(1997) 1320-1329.


http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9160
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9060
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9080
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9090
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9090
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9090
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0335
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0335
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9110
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf9110
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf1345
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf1345
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf1345
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf1345
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0345
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf8405
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0415
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0350
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0350
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0355
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0355
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0360
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0360
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0365
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0365
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0370
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0370
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0370
http://refhub.elsevier.com/S0005-2736(14)00220-X/rf0370

	Role of N-�terminal residues in Aβ interactions with integrin receptor and cell surface
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Aβ fibril preparation
	2.2.1. Carboxytetramethylrhodamine (TAMRA) labeled-Aβ preparation

	2.3. Cell culture
	2.4. Fluorescence resonance energy transfer (FRET)
	2.4.1. FRET procedure

	2.5. TEM imaging
	2.6. Aβ–cell binding assay

	3. Results and discussion
	Acknowledgements
	References


