BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Binding of Islet Amyloid Polypeptide to Supported Lipid Bilayers and
Amyloid Aggregation at the Membranes

Kenji Sasahara,*" Kenichi Morigaki,i’§ Takashi Okazaki,* and Daizo Hamada'

"Division of Structural Biology (G-COE), Department of Biochemistry and Molecular Biology, Graduate School of Medicine, Kobe
University, Kobe 650-0017, Japan

*National Institute of Advanced Industrial Science and Technology (AIST), Ikeda 563-8577, Japan
SResearch Center for Environmental Genomics, Kobe University, Kobe 657-8501, Japan

© Supporting Information

ABSTRACT: Amyloid deposition of human islet amyloid polypeptide (hIAPP)
in the islets of Langerhans is closely associated with the pathogenesis of type II
diabetes mellitus. Despite substantial evidence linking amyloidogenic hIAPP to
loss of f-cell mass and decreased pancreatic function, the molecular mechanism
of hIAPP cytotoxicity is poorly understood. We here investigated the binding of
hIAPP and nonamyloidogenic rat IAPP to substrate-supported planar bilayers
and examined the membrane-mediated amyloid aggregation. The membrane
binding of IAPP in soluble and fibrillar states was characterized using quartz
crystal microbalance with dissipation monitoring, revealing significant differences
in the binding abilities among different species and conformational states of
IAPP. Patterned model membranes composed of polymerized and fluid lipid
bilayer domains were used to microscopically observe the amyloid aggregation of
hIAPP in its membrane-bound state. The results have important implications for
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lipid-mediated aggregation following the penetration of hIAPP into fluid membranes. Using the fluorescence recovery after
photobleaching method, we show that the processes of membrane binding and subsequent amyloid aggregation are accompanied
by substantial changes in membrane fluidity and morphology. Additionally, we show that the fibrillar hIAPP has a potential ability
to perturb the membrane structure in experiments of the fibril-mediated aggregation of lipid vesicles. The results obtained in this
study using model membranes reveal that membrane-bound hIAPP species display a pronounced membrane perturbation ability
and suggest the potential involvement of the oligomeic forms of hAPP in membrane dysfunction.

Human islet amyloid polypeptide (hIAPP) is a 37-residue
peptide hormone, the major constituent of amyloid fibrils
deposited in the pancreatic islets associated with type II
diabetes mellitus (T2DM).' > Insoluble fibrillar deposition of
hIAPP in the extracellular space of pancreatic pf-cells is
observed in more than 90% of T2DM patients and strongly
associated with f-cell degeneration and loss.*> hIAPP is
synthesized in pancreatic ff-cells and cosecreted with insulin.®
Although the exact physiological function of hIAPP remains
under investigation, it is believed to control plasma glucose
levels via regulation of glucagon and insulin secretion and
gastric emptying.7’8

In vitro studies have shown that both hydrophobic and
electrostatic interactions play an important role in amyloid fibril
formation.” It is well established that highly amyloidogenic
hIAPP is spontaneously converted to fibrillar structures through
amyloid nucleation when diluted into physiological buffers
containing salts.'"’ The conversion is accelerated by the
presence of lipid membranes, particularly those containing
negative charges. Although the molecular mechanism of such
an acceleration remains elusive, it is possible that lipid
membrane-induced changes in the conformation of polypep-
tides might help the nucleation of amyloid fibrils."*~**
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Several studies have shown that early amyloid oligomers or
prefibrillar species of hIAPP are more toxic to cultured cells
than its mature amyloid fibrils.">>° In contrast, mouse and rat
IAPP are much less toxic than hIAPP."**'”** This lower
toxicity is usually attributed to the inability of IAPPs to convert
to amyloid fibrils because of the presence of three prolines at
positions 25, 28, and 29 (Figure la). Furthermore, mice and
rats do not naturally develop T2DM, but transgenic rats (or
mice) that express hIAPP have a strong propensity to develop
T2DM characterized by amyloidogenesis and loss of S-cell
mass.”* Currently, a prevailing view is that aggregated hIAPP
has cytotoxic properties and that the interactions of
amyloidogenic hIAPP with f-cell membranes play a significant
role in T2DM pathogenesis.>>*°

Generally, membrane damage induced by the formation of
pore-like channels in the lipid membranes or detergent-like
action of soluble amyloid oligomers or their prefibrillar species
is thought to provoke cellular dysfunction or death in T2DM,
Alzheimer’s disease, Parkinson’s disease, and other amyloid
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Figure 1. Comparison of sequences human and rat IAPP and
schematic of the patterned lipid membrane. (a) The peptides are
amidated at the C-terminus and have a disulfide bond between
residues 2 and 7. The six amino acid residues colored red represent the
differences between the two sequences. (b) The fabrication process of
the patterned bilayers used in this study comprises four steps: (i)
formation of a monomeric bilayer of the diacetylene phospholipid
(DiynePC) on a solid substrate, (ii) lithographic photopolymerization
by UV light, (iii) removal of the unpolymerized bilayers, and (iv)
refilling the empty areas with new lipid bilayers. The chemical
structure of DiynePC and its photopolymerization scheme can be
found in the literature.*'~**

diseases.”” % Besides, there is substantial evidence that signal
cascades leading to apoptosis are triggered by amyloidogenic
proteins causing cellular insults.>*™>* Despite recent eforts
toward biophysical characterization of the different stages of
amyloid aggregation,'>**~3 we still lack the detailed character-
ization of membrane-mediated amyloid aggregation and the
concomitant effects on various physicochemical properties of
lipid membranes. In this context, it is an active area of research
to elucidate the causes of membrane damage triggered by
amyloido%enic IAPP and their role in the pathology of
T2DM.>5*

Substrate-supported planar bilayers (SPBs) have been widely
used as cell-surface models for investigating membrane
characteristics in many studies ranging from the research on
the properties and function of lipid bilayers to the examination
of membrane—protein interactions.”” ~*° Recently, Morigaki et
al. have developed a novel micropatterning method for SPBs
using a lithographic photopolymerization technique in which
the polymerized bilayer of 1,2-bis(10,12-tricosadiynoyl)-sn-
glycero-3-phosphocholine (DiynePC) forms an int%rated
matrix with embedded fluid bilayers (Figure 1b).*'~* The
polymeric lipid bilayer domains act not only as a barrier to
confine fluid lipid bilayers in defined areas but also as a
framework to support embedded membranes. The fluid bilayer
domains retain the physicochemical properties such as lateral
mobility of lipid molecules similar to those of cellular
membranes. This patterned bilyer system was used in this
study to examine the binding of hIAPP and rat IAPP (rIAPP)
to fluid bilayer domains and to investigate the membrane-
mediated amyloid aggregation. Moreover, quartz crystal
microbalance with dissipation monitoring (QCM-D) and
fluorescence recovery after photobleaching (FRAP) measure-
ments were conducted to characterize the mass and viscoelastic
properties of membrane-bound IAPP and the concomitant
changes in membrane fluidity and integrity. Using lipid vesicles,
we also investigated the affinity of fibrillar hIAPP for the
membrane. We focused on how amyloid aggregation of hIAPP
is induced at SPBs and its effect on membrane properties.
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B MATERIALS AND METHODS

Materials. Diacetylene phospholipid [1,2-bis(10,12-tricosa-
diynoyl)-sn-glycero-3-phosphocholine (DiynePC)], 1,2-dioleo-
yl-sn-glycero-3-phosphocholine (DOPC), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), and 1,2-dioleoyl-sn-glyc-
ero-3-phospho-L-serine (DOPS) were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). Texas Red 1,2-dihexadeca-
noyl-sn-glycero-phosphoethanolamine (TR-PE) and thioflavin
T (ThT) were purchased from Molecular Probes (Eugene,
OR) and Wako Pure Chemical Industries Ltd. (Osaka Japan),
respectively. C-Terminally amidated synthetic IAPP of human
and rat were purchased from Peptide Institute, Inc. (Osaka,
Japan); their purity was >95% according to the elution pattern
of reversed-phase high-performance liquid chromatography. All
other chemicals were of reagent grade. The standard buffer [SO
mM phosphate buffer (pH 7.2) and 100 mM sodium chloride]
was passed through a filter (pore size, 0.22 pm) and used
throughout the experiments. Pure (deionized and distilled)
water was used for the preparation of all solutions.

Preparation of IAPP in the Soluble and Fibrillar
States. IAPP was dissolved in dimethyl sulfoxide (DMSO) at
4 mg/mL and diluted with pure water to a concentration of 0.4
mg/mL (102 uM). Freshly diluted IAPP was used as the
soluble form. Amyloid fibrils of hIAPP at 0.1 mg/mL (25.6
uM) were spontaneously formed in the standard buffer
incubated at 37 °C overnight. IAPP solutions were used
immediately after preparation. The solution conditions of IAPP
are summarized in Table 1.

Table 1. Solution Conditions Used and States of IAPP

solvent
IAPP
state of DMSO (%) concentration
IAPP buffer® (v/v) pH (uM)
fibrillar + 0.68 (0.49)° 72 7.0 (5.0)°
hIAPP
soluble — (water)?  0.68 (0.49) 6.8-7.3 7.0 (5.0)
hIAPP
soluble — (water)?  0.68 (0.49) 6.8—7.3 7.0 (5.0)
rIAPP

“Consisting of S0 mM sodium phosphate and 100 mM NaCl (pH
7.2). *Pure water. “IAPP solutions at 5.0 and 7.0 4M contain DMSO
at 0.49 and 0.68% (v/v), respectively.

Preparation of Lipid Vesicles and Formation of SPB.
Stock solutions of DOPC, DOPS, and DMPC were prepared
by dissolving the lipids in chloroform at a concentration of 10
mg/mL. In the experiments using SPBs, the DOPC/DOPS
solution (4/1, w/w) was mixed with a TR-PE fluorescence
marker in the same solvent at a molar concentration of 1.0% of
the total amount of lipids. The lipid ratio was chosen because it
resembles the composition of zwitterionic lipids and ne§ative1y
charged lipids of the membrane of pancreatic islet cells.™ After
evaporation of chloroform under a stream of nitrogen gas, the
dried film was kept for 4 h in a vacuum desiccator to remove
any residual solvent. The film was hydrated in the standard
buffer to yield a total lipid concentration of 1.0 mg/mL. After
five freeze—thaw cycles, the resultant lipid suspension was
stored in the dark at 4 °C. The lipid suspension was extruded
21 times through a polycarbonate filter (pore size, SO nm)
using a mini-extruder (Avanti Polar Lipids, Inc.) just before use.
Vesicle suspensions in buffer were introduced into the glass
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substrate to form SPBs by a self-assembly process (vesicle
fusion).

For turbidity measurements, dried films of four types of lipids
[ie, DOPC, DOPS, DOPC/DOPS (4/1), and DMPC] were
similarly prepared without adding TR-PE and mixed with pure
water to yield a lipid concentration of 10 mg/mL, followed by
mild agitation to ensure complete mixing and hydration of
lipids. The lipid suspensions were extruded 21 times through a
filter (pore size, 100 nm).

QCM-D Measurements. QCM-D measurements were
conducted using a Q-Sence D300 system with a QAFC 302
axial flow chamber (Q-sence, Goteborg, Sweden). Quartz
crystals coated with a thin SiO, layer were used as the sensors
(Q-sence). The sensor mounted to the measurement chamber
was filled and equilibrated with degassed buffer. All injections
(approximately 2 mL) of solutions were made by opening a
valve between the container and the chamber, which allowed a
gravitationally driven rapid exchange of the solutions covering
the sensor. Prior to each measurement, the sensor crystals were
cleaned by immersion in a 0.1 M sodium dodecyl sulfate (SDS)
solution for 30 min at 30 °C, rinsed with pure water, dried with
nitrogen, and subjected to UV/ozone treatment for 20 min
(PL16-110, Sen Lights Corp., Toyonaka, Japan). During the
measurements, the sensor crystal was oscillated at its resonance
frequency of S MHz and three overtones (1S5, 25, and 3S
MHz). Shifts in frequency (Af), which measure the
accumulation of mass onto the sensor surface, and dissipation
(AD), which measures properties related to the viscoelastic
properties of the adlayer, were monitored as a function of time.
The interval for data acquisition was 0.4 s. The temperature
during the experiments was kept at 21.8 °C. All data presented
here were recorded at 25 MHz (i.e., the fifth overtone).

Substrate Cleaning. The substrates [microscopy glass
slides (Matsunami, Osaka, Japan)] were cleaned using a
commercial detergent solution [0.5% Hellmanex/water (Hell-
ma, Miihlheim, Germany)], rinsed with pure water, immersed
in an aqueous solution containing NH,OH [0.23% (w/v)] and
H,0, [4.96% (w/v)] at 65 °C for 10 min, and rinsed again with
pure water. The substrates were then dried in a vacuum oven
for 30 min at 80 °C and further cleaned by UV/ozone
treatment for 20 min.

Preparation of Patterned DiynePC Bilayers. DiynePC
dissolved in pure water at 3.0 mM was subjected to five freeze—
thaw cycles. The resulting lipid solution was homogenized by
sonication for 1 min and deposited onto a glass slide to form a
bilayer of DiynePC by a self-assembly process (vesicle fusion).
Polymerization of DiynePC bilayers was conducted by UV
irradiation using a mercury lamp (UVE-502SD, Ushio, Tokyo,
Japan) as the light source. The intensity of applied UV was
typically 10 mW/cm? at 254 nm, and the irradiation dose was 4
J/cm®. The desired pattern was transferred to the DiynePC
bilayer during polymerization by illuminating the sample
through a mask (a quartz slide with a patterned chromium
layer coating), which was placed directly on the bilayer.* After
UV irradiation, nonpolymerized DiynePC molecules were
removed from the substrate by immersion in a 0.1 M SDS
solution at 30 °C for 30 min and rinsing with pure water. The
patterned and polymerized DiynePC substrates were stored in
pure water at 4 °C in the dark.

Incorporation of a DOPC/DOPS/TR-PE Suspension
into the Corrals Surrounded by Polymerized DiynePC
Bilayers. A vesicle suspension (DOPC/DOPS/TR-PE, total
lipid concentration of 1 mg/mL, 150 uL) was brought into
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contact with the patterned DiynePC bilayer and incubated for
30 min at room temperature. The sample was rinsed extensively
with pure water. Then, a flow cell was assembled; a coverslip
was attached to the glass slide with the patterned bilayers using
double-sided adhesive tapes, and a narrow space with an inlet
and outlet was created over the patterned bilayers. To exchange
the solutions covering the bilayer, solutions (150 uL) of the
buffer or peptide (7 uM) were introduced using a micropipet at
the inlet and sucked using a piece of filter paper at the outlet.

Fluorescence Microscopy Observation. Microscopic
observations were made using an Olympus BXSIWI upright
microscope with a 60X water immersion objective (NA 0.90,
Olympus) and a xenon lamp (AH2-RX-T, Olympus).
Polymeric DiynePC bilayers were examined using an Olympus
U-MNIBA2 filter set (excitation wavelength, 470—490 nm;
emission wavelength, $10—550 nm). TR-PE fluorescence was
examined using an Olympus U-MWIY?2 filter set (excitation
wavelength, 545—580 nm; emission wavelength, >610 nm).
Thioflavin T fluorescence was examined using an Olympus U-
MNBV2 filter set (excitation wavelength, 420—440 nm;
emission wavelength, >475 nm). Fluorescence microscopy
images were collected using a CCD camera (DP30BW,
Olympus) and processed using MetaMorph (Molecular
Devices, Sunnyvale, CA).

FRAP Analysis Using the Boundary Profile Evolution
(BPE) Method. For the FRAP measurements, homogeneous
SPBs without any pattern were used. A 150 uL aliquot of
vesicle solution was pipetted onto a glass slide and incubated at
room temperature for 30 min to form a lipid bilayer. After the
bilayer was carefully rinsed with pure water, a flow cell was
assembled, and solutions of the peptide and buffer were
introduced into the cell in the same manner as in the
experiments using the patterned bilayers. Fluorescence images
of TR-PE in the lipid bilayer were acquired using a fluorescence
microscope. Photobleaching was performed through a
rectangular slit, keeping the shutter open for 30 s without an
ND filter (at the full power of the lamp). Fluorescence recovery
at the boundary region between the bleached and unbleached
areas was monitored by taking 10 successive images after
photobleaching (every S s for lipid membranes and every 1S s
for lipid/IAPP membranes). The collective boundary profiles
were fitted to a Gaussian error function (erf) using Origin
(Origin Lab Corp., Northampton, MA) for determining
diftusion depth w, which is defined as follows:

inbleached ~ Fbleached

=erf( )+1
w = VDI

where F(x, t) is the profile evolution with time t after
photobleaching, Fyj,qeq and Fyjpleachea are the fluorescence
intensities of the bleached and unbleached regions, respectively,
xy, is the position of the boundary, and x — x;, represents the
distance to the boundary. w* values were plotted versus time .
The diffusion coefficient of fluorescent molecules D was
determined from the slope of linear dependence.***
Turbidity Measurements. Turbidity measurements were
conducted to investigate the kinetics of the binding reaction
between hIAPP amyloid fibrils and lipid vesicles at pH 7.2 and
25 °C. The vesicles without TR-PE in pure water were diluted
to the desired concentrations with the stock solutions of
phosphate and NaCl at pH 7.2 (final buffer concentrations of
50 mM phosphate and 100 mM NaCl) before mixing with

2 F(xJ t) B Fbleached
F

x_.xb
2w
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amyloid fibrils. The fibril solution containing the same buffer
was manually mixed with the vesicle solution in a test tube and
agitated for 3 s using a benchtop vortex mixer. The mixed
sample was transferred to a quartz cuvette (path length of 10
mm). Using a JASCO V-550 spectrophotometer (JASCO Co.,
Tokyo, Japan), time-dependent changes in solution turbidity
were measured for 1 h as the apparent absorption at 600 nm
(Absggo)- The time interval from the initiation of mixing to the
first measurement was 40 s. The turbidity of the samples 24 h
after mixing was measured following agitation for 3 s using the
vortex mixer. The temperature of the sample was maintained at
25 + 0.1 °C using a thermostatic water bath.

B RESULTS

QCM-D Experiments. The formation of SPB and the
subsequent exposure of the model membrane to IAPP solutions
were monitored by QCM-D. A typical QCM-D profile
obtained for vesicle fusion is shown in Figure 2a. At 240 s,
the sensor surface was exposed to the vesicle solution (0.1 mg/
mL), resulting in a rapid and large decrease in frequency, f, and
an increase in energy dissipation, D. As the adsorbed vesicles
spread and transformed into SPB, an increase in f was observed
(between approximately 330 and 470 s) because the trapped
water inside the vesicles was lost.*”*® Simultaneously, the
adsorbed layer became more rigid, and the dissipation
approached zero. After the signals stabilized (>470 s), the
sensor surface was rinsed with buffer to remove free vesicles
and check for bilayer stability (mark 0 in Figure 2a), causing
inappreciable changes in f and D corresponding to desorption
of the free vesicles. The values for Af (approximately 28 Hz)
and AD (near zero) after the rinse corroborated the formation
of the planar bilayer (Figure 2a), which are in agreement with
previously published results.**"*’

The QCM-D signals, resulting from exposure of SPB to the
fibrillar hIAPP, soluble hIAPP, and soluble rIAPP, are shown in
panels a—c of Figure 2, respectively. The buffer covering SPBs
was replaced with each solvent of IAPP samples (see Table 1)
(mark 1). This solution exchange caused the small shifts in f
and D because of changes in the viscoelastic property of the
aqueous phase covering the sensor. Then, the SPBs were
exposed to IAPP solutions at 7 uM (mark 2). No detectable
changes in f and D were observed in the case of hIAPP fibrils
(Figure 2a). However, we observed a rapid decrease in f and a
rapid increase in D when the soluble hIAPP solution was
injected onto SPB (Figure 2b). With time (approximately 7400
s), the signals showed asymptotic curves typical of a saturable
process. The injection of soluble rIAPP caused a quick, small
decrease in f and a slight increase in D (Figure 2c). The signals
stabilized much faster than those observed for soluble hIAPP.

The sensor surface was then rinsed with the solvent (mark
3), and the solvent was replaced with the buffer (mark 4). As
shown in Figure 2a, the signals returned to the values obtained
for the bilayer equilibrated with the buffer, which indicates that
hIAPP fibrils have a low binding affinity for the membrane. On
the other hand, we observed a rapid decrease in f and an
increase in D in the experiment using soluble hIAPP, promptly
followed by asymptotic behavior (Figure 2b). Of note, the shifts
in f and D detected after buffer injection (mark 4) were larger
than those corresponding to the buffer—solvent exchange
(mark 1). This result indicates that a reaction associated with
an increase in mass occurs upon addition of the buffer. Further
injections of the buffer caused no pronounced signal changes
(mark S). Interestingly, in the experiment using rIAPP (Figure

6911

(a)
0 , .
(l) 1 2 3 4 440
a0 11
130 o
N -60| o
T ~
< 120 %
< 90 3
110 =
-120 }
_QLE_—l— 40
-150 1 1 1
0 1000 2000 3000
Time (s)
0 (b)
T
-30
f 130 o
N -60} V]
§ {20 ¥
< -90} E;l
110 =
-1 20#
= 10
-150 . . n "
0 3000 6000 9000 12000
Time (s)
0 (c)
12 3 45
11 A
-30 - S G
130 o
N -60| Q
T =~
E 120 3
< -90} E,‘I
110 =
-120
ﬂ— - {0
_'._Iﬂ
-150 . h
0 3000 6000 9000
Time (s)

Figure 2. Binding of 7 uM IAPP to SPB analyzed by QCM-D.
Changes in the resonant frequency (Af, black traces) and dissipation
(AD, blue traces) for the binding of three IAPP samples to SPB were
monitored as a function of time: (a) amyloid fibrils of hIAPP, (b)
soluble hIAPP, and (c) soluble rIAPP. Marks 0—5 represent times of
injection (see the text).

2c), replacement of the solvent with the buffer caused an
increase in both f and D (mark 4). Of note, the resulting value
for Af (approximately 25 Hz) after solution exchange (mark 4)
is smaller than that (approximately 28 Hz) detected for bilayer
formation under identical buffer conditions. Further addition of
the buffer did not cause a noticeable Af or AD (mark S). As
these results suggest that the addition of the buffer to the
membrane-bound rIAPP might cause the loss of lipid from the
bilayer, we proceeded to examine this process in our next
experiment described below.

In short, the comparative QCM-D profiles (Figure 2a—c)
indicate that in contrast with the low binding affinity of hIAPP
fibrils, the membrane binding affinity of soluble hIAPP is
significant, with adsorption higher than that of nonamyloido-
genic rIAPP. We repeated the same experiments with IAPP
samples at S uM (different concentration). Binding character-
istics very similar to those obtained at 7 yM were observed
(Figure S1 of the Supporting Information).
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Binding of IAPP to Patterned Composite Membranes.
Fluid lipid bilayers (DOPC/DOPS/TR-PE) were introduced
into the square-shaped areas surrounded by the polymeric
bilayers of DiynePC (Figure 1b). Panels a and b of Figure 3
show fluorescence micrographs of the patterned bilayer in the
flow cell before adding the peptide while the membranes are in
contact with pure water. The polymerized bilayer appeared
green because of the fluorescence from the electronic
conjugation of the diacetylene polymer backbone, whereas
the fluid membrane surface showed red fluorescence from TR-
PE within the membrane.*” The membrane fluidity in the
square-shaped areas surrounded by the polymeric bilayers was
confirmed using the FRAP technique (Figure S2 of the
Supporting Information).

Three types of peptide solutions (i.e., hIAPP fibrils, soluble
hIAPP, and rIAPP) or a buffer solution was injected onto the
surface of the patterned bilayer in the flow cell. A diagnostic
amyloid dye, thioflavin T,>® was included in all solutions to
observe the formation of amyloid aggregates on the membrane.
In the case of hIAPP fibrils, we microscopically examined the
patterned bilayer after incubation for 30 min following the
injection of the fibril solution. The images of fluorescence from
ThT, TR-PE, and the polymerized membrane were acquired at
different wavelengths (see panels c and d of Figure 3 for ThT
and TR-PE, respectively). The amyloid fibrils were distributed
on the patterned bilayer with no evidence of selective affinity
for the fluid or polymerized bilayers (Figure 3c,d). This is
consistent with the binding behavior of hIAPP fibrils
demonstrated by QCM-D (Figure 2a).

We obtained some intriguing results when a solution of
soluble hIAPP with S uM ThT (no buffer components) was
injected onto the patterned bilayer and the membrane was
examined after incubation for 90 min. Although the fluid
bilayers were visible via examination of TR-PE fluorescence, the
fluorescence intensity decreased considerably upon injection of
soluble hIAPP (Figure 3f). Importantly, ThT fluorescence was
undetectable under the conditions employed (Figure 3e). To
trigger amyloid aggregation, the standard buffer was injected
onto the patterned membrane and the membrane was
examined again after incubation for 30 min. ThT staining was
clearly visible in the square-shaped areas (Figure 3g). ThT
fluorescence intensity was comparable to that observed for
hIAPP fibrils in Figure 3c, while TR-PE fluorescence was
slightly enhanced after the addition of the buffer (Figure 3h).
The results shown in panels e and g of Figure 3 suggest that
amyloid aggregation was induced from the membrane-bound
hIAPP in the fluid bilayer domains of the patterned bilayer after
mixing with the buffer components.

In the nonamyloidogenic rIAPP experiment, the procedure
was the same as that for soluble hIAPP. After the addition of
soluble rIAPP followed by the buffer injection, ThT staining
was undetectable (Figure 3i). Interestingly, after the addition of
the buffer, we observed some surface irregularities in the
square-shaped areas, as shown by TR-PE fluorescence (Figure
3j); the phenomenon is examined in more detail below.

FRAP Experiments. To evaluate the changes in membrane
fluidity after peptide binding, we performed FRAP measure-
ments, in which homogeneous SPBs without patterned
polymeric bilayers were used. In the image shown in Figure
4a, the left-hand area is photobleached to determine the lateral
diffusion coefficient of TR-PE molecules within the bilayer (see
below). Subsequently, soluble hIAPP was injected onto the
bilayer under the microscope. After incubation for 90 min, a
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Figure 3. Binding of 7 uM IAPP to the patterned membranes. (a and
b) Fluorescence micrographs of the patterned bilayer on a glass
substrate. (a) Green fluorescence from the bilayer of polymerized
DiynePC. (b) Red fluorescence from TR-PE within DOPC/DOPS
bilayers incorporated in the corrals surrounded by the polymerized
bilayer. (c and d) Fluorescence micrographs of the patterned bilayer
after the addition of the hIAPP fibril solution. (c) Blue fluorescence
from ThT. (d) Red fluorescence from TR-PE. (e—h) Fluorescence
micrographs of the patterned bilayer after the addition of soluble
hIAPP and buffer. (e and f) ThT fluorescence (nondetectable) (e) and
TR-PE fluorescence (f) after addition of soluble hIAPP. (g and h) ThT
fluorescence (g) and TR-PE fluorescence (h) after addition of buffer
following the addition of hIAPP. (i and j) Fluorescence micrographs of
the patterned bilayer after the addition of soluble rIAPP and buffer. (i)
ThT fluorescence (nondetectable) and (j) TR-PE fluorescence after
addition of buffer following the addition of rIAPP. The size of corrals
is 20 ym X 20 pum. All images were obtained using the same
illumination and processing.
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Figure 4. Changes in membrane state and fluidity upon addition of soluble hIAPP. (a—c) Fluorescence micrographs of the bilayer on a glass
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fluorescence image of the lipid bilayer. (b and c) Images of the bilayer after the addition of soluble hIAPP (b) and buffer (c). (d—f) FRAP data
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Figure 5. Changes in membrane state and fluidity upon the addition of soluble rIAPP. (a) A TR-PE fluorescence image of the lipid bilayer. (b and c)
Images of the bilayer after the addition of soluble rIAPP (b) and buffer (c). (d—f) FRAP data for the samples in panels a—c, respectively.

nonbleached area was selected on the peptide-bound SPB for
FRAP measurements (Figure 4b). The fluorescence intensity
decreased after peptide addition (right-hand area in Figure 4b).
Then, the buffer was injected onto the peptide-bound SPB to
trigger amyloid aggregation at the bilayer. The sample was
examined after incubation for 30 min followed by photo-
bleaching of different parts of SPB (Figure 4c). Interestingly,
the TR-PE fluorescence intensity recovered to some extent
after the addition of the buffer (right-hand area in Figure 4c),
which is consistent with the behavior of TR-PE fluorescence in
panels f and h of Figure 3.

Figure 4d—f shows the fluorescence recovery profiles for the
boundary region between the bleached and unbleached areas,
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plotted for successive images acquired after photobleaching
(panels d—f correspond to the samples in panels a—c,
respectively). The representative data of FRAP experiments,
performed three times at different spots of each SPB, are
presented in Figure 4. The average diffusion coefficient for the
bilayer was 1.07 + 0.20 um®/s (Figure 4d). Taking into account
different experimental factors, such as lipid species and the type
of substrate, this value agrees with the previous result (i.e.,, 1.3—
2.7 um?/s) reported for lipid bilayers on a substrate.***® The
diffusion coefficient became almost zero (0.004 + 0.004 pm?/s)
after the binding of soluble hIAPP (Figure 4e). Intriguingly,
after the addition of the buffer, membrane fluidity partially
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recovered (0.20 + 0.10 um?/s) as did the TR-PE fluorescence
intensity (Figure 4f).

Aggregation of hIAPP on SPB was visualized from its
membrane-bound state under the same solution conditions as
in the FRAP experiment in Figure 4b, in which two kinds of
buffer solutions at pH 7.2 and 5.0 containing ThT (S M) were
added to induce aggregation on the membrane (Figure S3 of
the Supporting Information). The fluorescence images of ThT
were acquired during incubation after the addition of the buffer
solutions. These observations indicated that hIAPP aggregates
self-assemble on the membrane during the prolonged
incubation, which might be affected by the membrane fluidity
as observed in Figure 4f (Figure S3 of the Supporting
Information).

The experiments were repeated using soluble rIAPP at 7 yM.
Fluorescence imaging after peptide addition showed drastic
changes in surface morphology (Figure Sa,b). The injection of
buffer onto the membrane-bound rIAPP induced a partial
removal of the bilayer from the surface, resulting in extensive
membrane defects and weaker fluorescence (Figure Sc).
Membrane fluidity was evaluated for respective samples of
rIAPP (Figure Sd—f). After the binding of soluble rIAPP, the
lateral diffusion coefficient decreased (0.06 + 0.05 pm?/s)
compared with the value (1.10 + 0.20 um?®/s) calculated for the
intact bilayer (Figure Sd,e). Drastic changes in the surface
morphology caused by the addition of the buffer to the
membrane-bound rIAPP resulted in irregular boundary profiles,
which hampered the determination of the diffusion coeflicient
(Figure Sf).

Binding of hIAPP Amyloid Fibrils to Lipid Vesicles. In
our previous work, we measured turbidity to investigate the
kinetics of binding between hIAPP amyloid fibrils and lipid
vesicles of egg yolk phosphatidylcholine and found that these
vesicles bind specifically to the fibrils.>' In contrast, this study of
SPBs showed no noticeable affinity of hIAPP amyloid fibrils for
DOPC/DOPS membranes (Figures 2a and 3c). On the basis of
these results, we assumed that employing entities with different
morphological features, such as vesicles, might affect the affinity
of fibrillar hIAPP for membranes. To examine this assumption,
we investigated the binding of hIAPP fibrils to the lipid vesicles
formed from DOPS or DOPC by the time-dependent changes
in solution turbidity using the previously described method.>!
The hIAPP fibril solutions at various concentrations were
added to DOPS vesicles, and the turbidity at 600 nm (Abs,)
was recorded (Figure 6a). The time-dependent turbidity of the
mixture significantly increased with increasing concentrations of
the fibrils (lines 2—7) compared with that of the vesicle
solution without the fibrils (line 1). Absgg, values measured 40
s, 1 h, and 24 h after mixing were plotted after subtraction of
the values for the vesicle components versus the concentration
of the fibrils (Figure 6b). The plots showed a linear dependence
of solution turbidity on fibril concentration.

We repeated the experiment using DOPC vesicles (Figure S4
of the Supporting Information) and prepared a similar plot for
the resultant Absgy, values, again showing a linear dependence
of Absgy, values on the fibril concentration (Figure 6c). This
binding behavior is very similar to the binding between hIAPP
fibrils and vesicles formed form egg yolk phosphatidylcholine.>!
As reported previously,”' these results demonstrate the binding
of the vesicles to the surface of amyloid fibrils, the extent of
which is enhanced in direct proportion to the concentration of
hIAPP fibrils (in the presence of excess vesicles).
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Figure 6. Effect of hIAPP fibril concentration on binding with lipid
vesicles at 25 °C and pH 7.2. (a) Time-dependent changes in the
apparent solution absorbance (Absgy,) for hIAPP fibrils at various
concentrations (0—30 ug/mL) and DOPS vesicles (3.0 mg/mL).
Fibril concentrations were 0 (1), 5 (2), 10 (3), 15 (4), 20 (5), 25 (6),
and 30 pg/mL (7), from bottom to top, respectively. (b and c) Abs,
measured 40 s, 1 h, and 24 h after mixing. (b) The Abs, values for
the samples in panel a were plotted (after subtraction of Absg, for the
vesicle components) vs the concentration of hIAPP fibrils: after 40 s
(O), 1 h (O), and 24 h (A). (c) Similarly, the Absgy, values were
plotted for the samples containing the DOPC or DMPC vesicles: after
40s (O), 1h (O), and 24 h (A) for DOPC vesicles and after 1 h (X)
and 24 h (@) for DMPC vesicles. Panels b and c show the linear best
fits to the respective marks. (d) Time-dependent values of Absgy, for
buffer-induced hIAPP fibrils and DOPS/DOPC vesicles. Fibrillation
was induced by mixing the aqueous solution containing dissolved
hIAPP and dispersed vesicles with the buffer solution at the different
final concentrations: buffer-free (1), 0.5 mM phosphate and 1 mM
NaCl buffer (2), 1.7 mM phosphate and 3.4 mM NaCl buffer (3), and
S mM phosphate and 10 mM NaCl buffer (4). Line S represents the
time dependence of Absg, for the rIAPP sample under the same
conditions as in the experiment represented by line 4. The
concentrations of IAPP and vesicles were 30 ug/mL and 3.0 mg/
mL, respectively.

To obtain additional information about the effect of lipid
type on the binding reaction, we used the vesicles formed from
dimyristoylphosphatidylcholine (DMPC), which has shorter
hydrophobic alkyl chains and a higher gel—liquid crystalline-
phase transition (23 °C) than DOPC (—20 °C). We observed
the time-dependent changes in Absgy, values for DMPC
vesicles (Figure SS of the Supporting Information). However,
the changes were much smaller than those for DOPS and
DOPC vesicles, probably reflecting a weaker binding affinity of
DMPC vesicles for hIAPP fibrils (Figure 6c).

We also investigated the effect of the fibrillation state of
hIAPP on the binding reaction with DOPC/DOPS (4/1)
vesicles using a modified turbidity assay. First, a 0.4 mg/mL
solution of soluble hIAPP in water and DMSO (see Materials
and Methods) was mixed with DOPC/DOPS vesicles dispersed
in water. Different amounts of the standard buffer (or pure
water) were added to the solution, giving solutions containing
30 pug/mL hIAPP and 3.0 mg/mL DOPC/DOPS vesicles and
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buffer components at several concentrations (0—15 mM). We
measured solution turbidity immediately after mixing. The
buffer-free solution showed no noticeable increase in Absg,
values (line 1 in Figure 6d). However, the turbidity value
increased with increasing amounts of buffer (lines 2—4 in
Figure 6d). We also confirmed the adsorption of soluble hIAPP
to the lipid vesicles in the absence of the buffer components
(Figure S6 of the Supporting Information).

To determine whether the increase in Absg,, values
corresponds to an increase in the level of amyloid fibril
formation, we conducted the ThT fluorescence assay for
samples 1—4 shown in Figure 6d immediately after turbidity
had been recorded. The results showed enhanced ThT
fluorescence for the samples with increased buffer content
(Figure S7 of the Supporting Information), confirming that the
accelerated turbidity changes observed in Figure 6d can be
attributed to the increased level of buffer-induced amyloid fibril
formation. The modified turbidity assay was also conducted for
soluble rIAPP. No noticeable increase in Absgy, values was
observed in the presence of the buffer components (line S in
Figure 6d).

B DISCUSSION

Binding of Soluble IAPP to SPBs. As shown in Figure 2b,
soluble hIAPP exhibits a pronounced ability to bind to SPB, as
demonstrated by the decrease in the oscillation frequency, f,
and its distinctive asymptotic curve. The addition of buffer at
the membrane-bound stage triggers amyloid aggregation at the
membrane (Figure 3g and Figure S3 of the Supporting
Information) and causes a further decrease in the oscillation
frequency. The membrane binding of hIAPP and subsequent
buffer addition are accompanied by the increase in dissipation,
D, as a result of the changes in the viscoelastic and frictional
properties of the adsorbing surface (Figure 2b). As the
mechanically coupled mass measured by QCM-D also reflects
the mass of water involved in the reactions at the membrane,
the decrease in f values associated with amyloid aggregation
suggests that water molecules might be trapped inside or
between the amyloid aggregates.>”

In contrast, soluble rIAPP exhibits the membrane binding
behavior lacking marked asymptotic traces (Figure 2c).
Interestingly, a slight increase in f was observed upon the
addition of buffer to rIAPP in the membrane-bound state; the
final Af value (~25 Hz) was smaller than the value (~28 Hz)
detected for the bilayer formation under identical conditions
(Figure 2c). This result implies that some lipid components
were extracted from the bilayer on the sensor, which was
verified by fluorescence imaging (Figures 3j and Sc,f).

hIAPP and rIAPP carry three positive charges at the N-
terminal region at neutral pH (N-terminus, K1, and R11).
Adsorption of soluble hIAPP and rIAPP onto negatively
charged lipid membranes has been also studied by other
authors. The reported results demonstrate that the positively
charged N-terminus is responsible for the insertion of IAPP
into negativelgr charged lipid membranes mainly via electrostatic
interactions.'>**>* Both hIAPP and rIAPP form a transient a-
helical structure after membrane binding. In the case of hIAPP,
in this structure, the N-terminal region (residues 1—22) takes
part in secondary structure formation whereas the C-terminal
region (residues 23—37) remains in the disordered
state, 13145456

The results of this study reveal very different levels of
peptide—membrane interactions for the two IAPP species, as
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demonstrated by the QCM measurements (Figure 2) and
microscopic observation (Figures 3—S). In particular, it is
noteworthy that the binding behavior of the soluble hIAPP is
associated with a much larger decrease in the oscillation
frequency than the changes observed for rIAPP. Thus, the data
indicate that additional factors other than the electrostatic
interactions play an important role in determining the mode of
hIAPP—SPB binding.

Recent studies of membrane interactions of rat and human
IAPP,_,, fragments (residues 1—19, with a substitution of
arginine for histidine at residue 18) with dodecylphosphocho-
line detergent micelles show that hIAPP, o is buried deep
within the micelles while rIAPP,_j, is located at the micelle
surface, although both peptides fold into similar helical
conformations.”**” The authors have suggested that deproto-
nation of H18 in hIAPP is important for its orientation while
binding to the micelle surface. In this regard, we observed the
membrane-mediated aggregation of hIAPP from its membrane-
bound state by adding the different buffer solutions at pH 7.2
and 5.0 (Figure S3 of the Supporting Information). The result
showed that the solution condition at pH 7.2 tends to promote
aggregation in the initial stages of incubation. Thus, it is
possible that deprotonation of H18 has a bearing on the QCM-
D data for the two full-length peptides obtained in our study,
but the extent of the contribution is unclear.

Recently, Rosa and colleagues have studied membrane
interactions of an amyloidogenic peptide with the sequence
corresponding to the 12—18 N-terminal regions of hIAPP and
its variants.”® Their results suggest that complex factors, such as
size and hydrophobic and/or electrostatic character of the side
chain and p-sheet propensity, act synergistically to affect
interpeptide aggregation and peptide—membrane interactions.
In light of the binding characteristics of IAPP reported
previously,'>'**>75% we infer that the marked membrane
affinity of soluble hIAPP observed in Figure 2b can be
attributed to the conversion of the peptide into membrane-
associated secondary structure (a-helical structure), occurring
deep within the bilayer, whereas rIAPP adopts the secondary
structure partly at the membrane surface. We presume that the
addition of buffer (Figure 2c, mark 4) alters the balance of
electrostatic and hydrophobic factors affecting the lipid—rIAPP
aggregates, partially detaching the aggregates from the bilayer
surface (Figure Sc,f).

Amyloid Aggregation on the Micropatterned Model
Membranes. The peptide sequence within residues 20—29 of
hIAPP is considered to be a highly amyloidogenic region.”®
This region also exhibits the largest sequence variations
between IAPP species.”® It has been reported that the
formation of a-helical, membrane-bound hIAPP exposes a
highly amyloidogenic stretch of residues 20—29 to an aqueous
environment. This exposure promotes amyloid aggregation by
the combined effects of the increased local concentration, the
enhanced orientation of the peptide, and the low-dielectric
environment near the membrane.'*>> Thus, the a-helical,
membrane-bound oligomeric states have been suggested as
possible intermediates in the amyloid aggregation of hIAPP at
lipid membranes, but their topology and stoichiometry remain
clusive, 13145456

In this study, we demonstrate amyloid aggregation of soluble
hIAPP at the square-shaped areas of fluid bilayers of the
patterned membrane (Figure 3g) and the growth of aggregates
on homogeneous SPB (Figure S3 of the Supporting
Information). These observations have important implications
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for the membrane-mediated aggregation following the pene-
tration of soluble hIAPP into the fluid membranes. Recently, it
has been reported that elongation of hIAPP fibrils at the
membrane, but not the fibrils themselves, could cause
membrane disruption, possibly by increasing the membrane
curvature or by the incorporation of lipid into the growing
fibrils.® Furthermore, it has been proposed that membrane
composition is a key factor in regulating hIAPP aggregation on
lipid membranes.®" Chemical analyses of fibrillar deposits found
in tissues in a number of amyloid diseases suggest that lipid
constituents of cells can be incorporated into the growing
fibrils.* Therefore, it seems reasonable to postulate that
amyloid aggregation of the membrane-bound forms of hIAPP
damages the membrane structure by incorporating the lipid
components into the forming agégregates in a membrane
composition-dependent manner.*~*

Changes in Membrane Fluidity and Morphology. The
fluidity of lipid bilayers is critical to biological functions in cell
membranes. Formation of lipid microdomains (e.g., lipid rafts)
and assembly of membrane proteins into signaling coméplexes
are influenced by the lateral mobility of lipid membranes.®* The
diffusion measurements have been widely applied to character-
ize lipid mobility for both model lipid bilayers and cell
membranes.***%®~% In this study, we quantitatively evaluated,
using FRAP measurements, the effects of membrane binding
and amyloid aggregation of IAPP on lateral diffusion of TR-PE
within the bilayer (Figures 4 and S). The diffusion coefficient
decreases substantially after the membrane binding of soluble
hIAPP and rIAPP, with hIAPP species being more effective
under the same conditions. As the extent of reduction in the
membrane fluidity depends on the nature of interactions
between obstacles (e.g, membrane-bound peptide) and
diffusing lipid molecules,****% the decrease in the extent of
lateral diffusion presented in Figure 4e can be attributed to
various factors, including the amount, location, and con-
formation of membrane-bound IAPP.

In the case of hIAPP, the membrane fluidity recovers to some
degree after the buffer is added to induce amyloid aggregation
(Figure 4f), and a partial recovery of the TR-PE fluorescence
intensity is also observed (Figure 4c). As the change from water
to buffer did not affect significantly the membrane fluidity of
the bilayer (data not shown), this recovery suggests that
membrane fluidity is affected by the hIAPP binding process and
amyloid aggregation in the membrane-bound state. The
decrease in TR-PE fluorescence intensity upon hIAPP binding
might be ascribed to the self-quenching caused by the increase
in the local concentration of negatively charged TR-PE
associated with hIAPP molecules (Figure 4b). Considering
the possibility of specific interactions between TR-PE and
hIAPP, it could be argued that it is the lateral mobility of TR-
PE, and not the whole membrane fluidity, that is mostly
affected. Although the extent of this effect is not clear, we
suggest that after the majority of lipids are released from
hIAPP-bound forms upon buffer-induced aggregation of the
peptide, some of the lipid molecules are attracted or
incorporated into the aggregates. This might explain the fact
that the membrane fluidity recovers only partly (Figure 4cf).
The effect of fluorescence resonance energy transfer between
TR-PE and ThT should be small as we observed similar
changes in TR-PE fluorescence before and after the additions of
soluble hIAPP and buffer in Figures 3 and 4 (ThT was not used
in the experiments shown in Figure 4).
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When nonamyloidogenic rIAPP binds to the bilayer, small
irregular aggregates containing fluorescent lipids appear on the
surface (Figure Sb). As we observed that some lipids detach
themselves from the bilayer after buffer injection, we believe
that the aggregates might contain a substantial amount of lipids
(Figure Sc). This finding indicates the ability of rIAPP to
associate with the lipid membrane under the conditions that are
used. However, if we take into account that rIAPP is much less
toxic to f-cells than hIAPP,'>*'~?3 this association property
probably does not cause significant damage to the cell
membrane. In contrast, the cytotoxicity of hIAPP presumably
stems from its various abilities to perturb lipid membranes, as
discussed below.

Membrane Affinity of Fibrillar hIAPP. As shown in
Figure 6a—c, the solution turbidity representing the binding
between hIAPP fibrils and DOPS or DOPC vesicles is
significantly enhanced by increasing the amount of hIAPP
fibrils. In the initial stages (0—1000 s) of the incubation with
hIAPP fibrils, the increase in Absgy, is much more rapid for
DOPS vesicles than for DOPC vesicles, indicating the
electrostatic effect accelerating the initial binding process.
Although the DMPC vesicles also bind hIAPP fibrils, the level
of binding is much lower, as judged by the results of turbidity
measurements. We can conclude that the extent of binding
depends on the physicochemical properties of vesicles, such as
the different hydrophobic nature and phase transition behavior
of the lipids.

Intriguingly, the QCM-D experiments (Figure 2) showed
that the binding affinity of fibrillar hIAPP for SPB consisting of
DOPC and DOPS is very low under the same conditions that
were used in the turbidity assay. The differences between the
affinity of hIAPP fibrils for the vesicles and SPB may be
ascribed to their different diffusion behaviors. Small vesicles
(~100 nm) can move freely in solutions and frequently collide
with the fibrils; the fibrils are large (several micrometers), and
their diffusion toward the immobile SPB can be slow. The
membrane binding of hIAPP fibrils may also be affected by
other complex factors, such as lipid type and structural
differences between vesicles and SPBs (e.g, critical packing
parameter).

Potential Roles of Oligomeric hlIAPP in Membrane
Dysfunction. There is a growing body of evidence supporting
the hypothesis that amyloid oligomers, rather than the mature
amyloid fibrils themselves, are the primary cell-toxic spe-
cies.””"° Furthermore, the common structure of various
amyloid oligomers suggests a common mechanism of
cytotoxicity.”” Therefore, it is important to clarify how toxic
amyloid oligomers interact with cellular membranes and induce
cell death. As membrane damage caused by amyloidogenic
peptides under physiological conditions is a complex process in
which multiple oligomeric states are involved in a membrane
composition-dependent manner,"* 2>~ it is not likely that a
single common mechanism is solely responsible for the
amyloid-induced cytotoxicity of a given amyloidogenic
polypeptide.”!

As shown in Figure 4a—f, the FRAP data obtained in this
study using model membranes demonstrate that the adsorption
of soluble hIAPP to SPBs causes a significant reduction in the
membrane fluidity, which is crucial to various cellular
functions.**"® We also demonstrate amyloid aggregation of
hIAPP at the fluid lipid domains of the patterned membrane
(Figure 3g) and the time-dependent assembly of the aggregates
(Figure S3 of the Supporting Information). Amyloid
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aggregation of the membrane-bound hIAPP could result in
membrane damage by incorporation of lipids into the growing
aggregates.’”>®> Moreover, the results of the fibril-mediated
aggregation of the lipid vesicles (Figure 6) show that the
fibrillar hIAPP forms (including their initial states) might have a
lateral ability to perturb the membrane structure. These results
suggest that membrane-bound forms of hIAPP might be the
species that effectively exert toxic effects on cells; they can affect
the membrane fluidity, grow into larger fibrillar (or oligomeric)
forms in the membrane-bound state, and perturb lipid
components by attracting them (Figure 7a,b). In vivo, such

Figure 7. Simplified schematic representation of interactions of
amyloidogenic hIAPP with SPBs and lipid vesicles. (a) Adsorption or
insertion of soluble hIAPP either as a monomer or as an oligomer on
the surface of the membrane or into the membrane causes a substantial
decrease in membrane fluidity. Amyloid aggregation of the membrane-
bound hIAPP could result in membrane damage by extracting the
lipids and incorporating them into the aggregates. (b) Binding
between lipid vesicles and hIAPP in the fibrillar state leads to fibril—
lipid association (aggregation).

toxic effects of hIAPP are now postulated to be strictly
regulated by insulin that is secreted with the peptide, in the
process where the molar ratio of hIAPP to insulin is maintained
at about 1:100 in healthy f-cells and changes substantially (to
1:20) in diseased cells."®7>73

B ASSOCIATED CONTENT

© Supporting Information

Binding behavior of IAPP at S uM (Figure S1), membrane
fluidity of the patterned bilayer (Figure S2), aggregation of
hIAPP on PBS (Figure S3), turbidity measurements for DOPC
vesicle—hIAPP fibrils (Figure S4) and DMPC vesicle—hIAPP
fibrils (Figure SS), analysis of vesicle—hIAPP binding (Figure
S6), and a ThT fluorescence assay (Figure S7). This material is
available free of charge via the Internet at http://pubs.acs.org.
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hIAPP, human islet amyloid polypeptide; rIAPP, rat islet
amyloid polypeptide; T2DM, type II diabetes mellitus; SPB,
substrate-supported planar bilayer; DiynePC, diacetylene
phospholipid [1,2-bis(10,12-tricosadiynoyl)-sn-glycero-3-phos-
phocholine]; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine;
DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DMPC, 1,2-
dimyristoyl-sn-glycero-3-phosphocholine; TR-PE, Texas Red
1,2-dihexadecanoyl-sn-glycerophosphoethanolamine; QCM-D,
quartz crystal microbalance with dissipation monitoring;
FRAP, fluorescence recovery after photobleaching; DMSO,
dimethyl sulfoxide; SDS, sodium dodecyl sulfate; ThT,
thioflavin T.
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