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ABSTRACT: Amyloid deposits, composed primarily of the 37-residue islet amyloid polypeptide (IAPP), are
observed near pancreatic S-cells of type II diabetics, with their presence strongly correlating with a loss of
p-cell mass and decreased pancreatic function. Although -cell membranes have been implicated as the likely
target of amyloidogenic IAPP toxicity, interactions between membranes and IAPP in the fibrillar state have
not been well characterized. In this study, turbidity measurements were conducted to provide a detailed
description of the binding reaction between IAPP fibrils and lipid vesicles made from phosphatidylcholine.
The kinetic data representing the rate and extent of the fibril—vesicle binding reaction are described well by an
empirical double-exponential equation. The extent of binding was found to increase with increasing amyloid
fibril concentration. Modification of the vesicle composition significantly altered the observed binding
reaction kinetics, with the change quantified using the parameters obtained from the double-exponential
fitting analysis. When the vesicles contained a significant amount of the lipid phosphatidylglycerol,
substantial sedimentation of the vesicles under gravity was detected following the initial binding reaction.
To rationalize the observed kinetic binding data, we developed a mesoscopic simulation model based on a
hard particle representation of the species involved. In light of the observed data and simulation predictions,

the potential roles of IAPP amyloid fibrils in membrane binding are discussed.

The deposition of proteins into fibrillar amyloid is associated
with the pathogenesis of various diseases, including Alzheimer’s
disease, Parkinson’s disease, prion disease, and type II diabetes
(1, 2). Amyloid fibrils are commonly described as being several
micrometers long, being 7—12 nm in diameter, and possessing a
common structural motif consisting of cross-f-sheet structures, in
which individual S-strands are perpendicular to the fibril axis (/, 2).
Human islet amyloid polypeptide (IAPP,' also known as amylin) is
a 37-residue peptide (Figure 1) that is the major constituent of
amyloid fibrils deposited in the pancreatic islets associated with
type 11 diabetes mellitus (T2DM) (3—9). IAPP is synthesized in
pancreatic S-cells and cosecreted with insulin in response to the
same stimuli (/0). In advanced stages of T2DM, amyloid fibrils of
IAPP are extracellularly deposited near -cells in more than 90% of
patients (4—6). Substantial evidence has suggested that lipid
membranes are the likely target of amyloidogenic IAPP and its
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fibrillation is responsible for the death of S-cells (7, 11, 12).
Although causative factors for the conversion of the normally
soluble IAPP to fibrillar aggregates remain unknown, chemical
analyses of tissue-extracted fibrillar deposits from a number of
diseases have provided evidence that constituent parts of cellular
lipids can be incorporated into these deposits, suggesting a possible
role for lipids in enhancing and/or facilitating aggregation of the
protein into amyloid fibrils in vivo (13, 14).

A number of studies about the effects of toxic IAPP on S-cell
death have indicated that oligomeric or prefibrillar species exhibit
higher levels of cytotoxity than mature fibrils (15—20). Although
it is still not clear whether the fibrils themselves or their inter-
mediate states cause cell death, a major hypothesis is that
amyloidogenic species of IAPP, such as prefibrillar states and/
or structured protofibrils, cause membrane damage through
porelike action (channels) (/6, 20) or through detergent-like
permeabilization (17, 21), resulting in cytotoxicity. Cytotoxity
by membrane damage associated with amyloid fibrillation has
also been suggested for other amyloidogenic peptides and
proteins related to Alzheimer’s disease, Parkinson’s disease,
and prion disease (/8—20).

In vitro experiments have previously established that amyloid
fibrillation is significantly accelerated in the presence of lipid
membranes, particularly those containing negative charges, for
example, for Af (22, 23), prion (24), a-synuclein (25, 26), and
IAPP (27—30). The fibrillation of IAPP has been demonstrated
to occur upon dilution of monomeric IAPP into a physiological
buffer (37, 32), with this reaction strongly promoted by the
presence of negatively charged lipid membranes (27—30, 33, 34).

©2010 American Chemical Society
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Human IAPP KCNTATCATQRLANFLVHSSNNFGA T LSSTNVGSNTY

FIGURE 1: Amino acid sequence of human IAPP. The peptide is
amidated at the C-terminus and has a disulfide bond between residues
2 and 7.

IAPP carries three positive charges at its N-terminus at neutral
pH, which induces a strong attractive interaction with the
negatively charged lipid headgroups (35—38). Although the
molecular mechanism of such an acceleration remains elusive,
it is presumed that lipid membrane-induced changes in the
conformation of polypeptides could possibly promote fibril
formation by enhancing nucleation (39). In vivo, phosphatidyl-
serine (PS) is highly enriched on the cytoplasmic face of the lipid
membrane, and studies conducted with rodent pancreatic islets
indicated that PS comprises 4—14 mol % of the total phospho-
lipid content (40). Furthermore, it has been suggested that
alterations in lipid metabolism associated with T2DM cause
changes in the lipid environment that may induce pathological
effects involving amyloidogenic IAPP (28, 41).

The current viewpoint is that membrane disruption and
concomitant f-cell death are caused by toxic IAPP amyloid
oligomers, and that relatively mature amyloid fibrils are biolo-
gically inert (8, 15—20). On the other hand, states of association
between extracellular IAPP amyloid fibrils and 5-cell membranes
have also been observed in which the fibrils were often oriented to
p-cell membranes (12, 35, 42, 43). However, at present, the exact
identity of the membrane-bound forms of fibrillar IAPP along
with a detailed characterization of the binding reaction has not
been fully elucidated. In this study, we report our findings on the
binding reaction between lipid vesicles and IAPP amyloid fibrils,
placing our focus on understanding the mechanism of the IAPP
fibril—membrane interaction. Vesicles made from the predomi-
nant plasma membrane phospholipid, phosphatidylcholine (PC),
were used as our core model membrane to which other lipids,
including PS, were added.

MATERIALS AND METHODS

Materials. Egg yolk L-a-phosphatidylcholine (PC) and bovine
brain sphingomyelin (SM) were purchased from Sigma Chemical
Co. (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-(phospho-L-serine)
sodium salt (COATSOME MS-8181LS: DOPS) and 1,2-dimyri-
stoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] sodium salt (COAT-
SOME MG-4040LS: DMPG) were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). Human IAPP and
amyloid S-peptides [AS(1—42) and AB(25—35)] were purchased
from Peptide Institute, Inc. (Osaka, Japan), their purity being
>95% according to the elution pattern of high-performance liquid
chromatography. The lipids and peptides were used without
further purification. 5(6)-Carboxyfluorescein (CF) was obtained
from Merck (Darmstadt, Germany). NaCl and sodium phos-
phates of analytical grade were obtained from Nakalai Tesque
Inc. (Kyoto, Japan). Thioflavin T (ThT), dimethyl sulfoxide
(DMSO), and chloroform were obtained from Wako Pure Che-
mical Industries Ltd. Pure (deionized and distilled) water was used
for the preparation of all the solutions. Three stock solutions of
0.25 M sodium phosphate buffer (pH 7.2), a 1 M NaCl solution,
and a 100 uM ThT solution were prepared using pure water and
passed through a filter (pore size, 0.2 um).

Formation of IAPP Amyloid Fibrils. IAPP was dissolved
in dimethyl sulfoxide (DMSO) at 4 mg/mL and diluted with pure
water to create a 0.4 mg/mL stock solution. Amyloid fibrils of
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IAPP were formed spontaneously when small volumes of an
IAPP stock were added to polymerizing buffer [S0 mM sodium
phosphate and 100 mM NaCl (pH 7.2)] at 37 °C and incubated
overnight (final concentration of IAPP of 78 ug/mL).

Preparation of Lipid Vesicles. Five types of lipid vesicles
were prepared as follows. PC and PC/SM and PC/DOPS
mixtures were dissolved in chloroform, while DMPG and PC/
DMPG mixtures were dissolved in a chloroform/methanol
mixture at a 2/1 (v/v) ratio. The mixing ratio of two lipids was
1/1 (w/w). After evaporation of organic solvents under atmo-
spheric pressure, dried films were placed in a vacuum desiccator
for 4 h to completely evaporate any residual solvent. Pure
water was added to the dried films to yield a lipid concentration
of 5—10 mg/mL, followed by mild agitation to ensure complete
mixing and hydration of the lipids. The lipid suspensions in pure
water were extruded 21 times through a polycarbonate filter of
100 (or 50) nm pore sizes by a mini-extruder (Avanti Polar Lipids
Inc., Birmingham, AL). The sizes of the vesicles were confirmed
according to dynamic light scattering measurements (DLS-6500,
Otsuka Electronics Co., Ltd.).

Turbidity Measurements. Turbidity measurements were
conducted in investigating the kinetics of the binding reaction
between amyloid fibrils and lipid vesicles at pH 7.2 and 25 °C.
The vesicles in pure water were diluted to the desired concentra-
tions with the stock solutions of phosphate and NaCl at pH 7.2
(final buffer of 50 mM phosphate and 100 mM NaCl) before
being mixed with amyloid fibrils. The fibril solution including the
same buffer was manually added to the vesicle solution in a test
tube, and the sample solution was agitated for 3 s using a
benchtop vortex mixer. Immediately after the mixed sample
solution had been placed into a quartz cuvette (path length of
10 mm), time-dependent changes in solution turbidity were
measured for 1 h [recorded as the apparent absorption at
600 nm (Absgy)] using a JASCO V-550 spectrophotometer.
The time interval from the initiation of mixing to the first measure-
ment was 40 s (i.e., dead time of the kinetic measurement). The
turbidity of the samples 24 h after mixing was measured following
agitation for 3 s using the same vortex mixer. The temperature of
the sample was maintained at 25 &+ 0.1 °C by circulating water
from a thermostat bath.

Data Analysis. The time-dependent appearance of solution
turbidity following the mixing of amyloid fibrils and vesicles was
fitted to a single exponential (eq 1) or double exponential (eq 2).

A(t) = A(e0) + AA exp( —kappt) (1)

A(t) = A(e0) + AA; exp( —ki,appt) + Ads exp( —ko, appt) (2)

where A(f) and A(e) are the observed values of the turbidity
values at time ¢ and infinite time, respectively, and A4 and k,,,,
refer to the amplitude and the apparent rate constant of the
observed phases, respectively.

ThT Fluorescence Measurements. Aliquots of a 20 ug/mL
protein solution were mixed with 100 M thioflavin T (ThT),
resulting in a solution containing 19 ug/mL protein and 5 uM
ThT. The intensity of the fluorescence from ThT in the mixed
solution was monitored with a JASCO FP-6500 spectrofluoro-
meter using a quartz cell with a light path of 5 mm. ThT
fluorescence was excited at 445 nm (5 nm slit width), and the
emission was recorded at 485 nm (5 nm slit width). The
temperature of the sample solutions was maintained at 25 +
0.1 °C by circulating water from a thermostat.
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F1GURE 2: Dependence of PC vesicle concentration on the binding reaction with IAPP fibrils at 25 °C and pH 7.2. (a) Time-dependent changes in
solution turbidity of IAPP fibrils (25 ug/mL) and PC vesicles at various concentrations (0—3.0 mg/mL): vesicle concentrations of 0 (1), 0.1 (2), 0.25
(3),0.5(4),1.0(5),1.5(6),2.0(7),2.5(8),and 3.0 mg/mL (9) (from bottom to top). Black and red symbols represent the experimental data and the
best fit of each data set to eq 2, respectively. (b) Apparent absorbance of the vesicle solutions and mixed fibril/vesicle solutions. The apparent
absorbance of the PC vesicle solutions without IAPP fibrils was measured twice within 24 h of dilution with the buffer: just after the dilution (O)
and after 24 h (®). Apparent absorbances of the fibril/vesicle solutions after being mixed for 24 h in panel a are indicated before (O) and after (A)
subtraction of the turbidity of the respective PC vesicle components. (¢) Residues between the observed and fitted values. The observed values of
sample 5 in panel a were fitted to eqs 1 and 2, and the residues from the fittings to eq 1 (black symbols) and eq 2 (red symbols) were estimated. (d)
Dependence of apparent rate constants, & ,pp, and k» ,p,p,, on the PC vesicle concentration. Two k,p,, values were evaluated by fitting the data in
panel a to eq 2, in which &, and ks ,p,, Were assigned to the fast and slow phase, respectively.

RESULTS

Binding Reaction between IAPP Fibrils and PC Vesicles.
Binding reactions between IAPP fibrils and PC vesicles were
monitored at 25 °C by the time-dependent appearance of solution
turbidity, measured as the apparent absorbance at 600 nm
(Absggo). Solutions of amyloid fibrils and lipid vesicles were
made up in identical buffers at pH 7.2 (50 mM phosphate and
100 mM NacCl). Images of IAPP fibrils prepared in the poly-
merizing buffer were acquired by electron microscopy and
revealed morphology typical of amyloid fibrils (Figure S1 of
the Supporting Information). Vesicles prepared by extrusion
through a filter with a pore size of 100 nm were used except in
the cases specified. Binding reactions were induced by addition of
a solution of TAPP fibrils (final concentration of 25 ug/mL) to PC
vesicle solutions at various concentrations, followed by conti-
nuous absorbance measurement for 1 h. As one can see in
Figure 2a, the time-dependent turbidity of the mixed solutions
significantly increased with increasing concentrations of PC
vesicles (lines 2—9), compared to that of the fibril solution
without the vesicles (line 1).

We confirmed the stability of PC vesicles by monitoring the
change in solution turbidity over a 24 h period (Figure 2b). No
detectable recorded change in Absgg, confirmed the stability of
the vesicles over this time region (filled and empty circles in
Figure 2b), with the size of the vesicles being considerably smaller

than the transition size determined by Pozharski et al. (44) at
which turbidity becomes independent of the increasing size and
dependent on the lipid weight concentration only. Absg, values
were taken from the samples in Figure 2a, 24 h after initiation of
mixing, and plotted versus the vesicle concentration (squares in
Figure 2b). These corresponding values corrected for contribu-
tion of starting vesicle concentration are also shown (triangles in
Figure 2b). The latter values indicate asymptotic behavior typical
of a saturable process. Taken together, the experimental demon-
stration of the stability of the vesicle turbidity and the experi-
mental observation of a stable end point for the vesicle—amyloid
interaction imply that the time-dependent traces of turbidity
recorded for 1 h in Figure 2a represent a nondestructive binding
reaction between IAPP fibrils and PC vesicles.

Additionally, the stability of the vesicles associated with IAPP
fibrils was confirmed via examination of the leakage of PC vesicles
loaded with carboxyfluorescein (CF). The CF release kinetics was
investigated after the vesicles were mixed with IAPP fibrils
(Figure S2 of the Supporting Information). Dye release was not
observed for the vesicles incubated with IAPP fibrils over the time
period of 48 h as well as the fibril-free vesicle solution. In contrast,
when the PC vesicles were incubated with a detergent [i.e., sodium
dodecyl sulfate (SDS)], the fluorescence intensity increased con-
siderably as a result of the release of the encapsulated dye to bulk
solvent, indicating that the disruption of membranes had occurred.
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F1GURE 3: Dependence of IAPP fibril concentration on the binding
reaction with PC vesicles at 25 °C and pH 7.2. (a) Time-dependent
changes in the apparent solution absorbance of TAPP fibrils at
various concentrations (0—30 ug/mL) and PC vesicles (3.0 mg/
mL): fibril concentrations of 0 (1), 5 (2), 10 (3), 15 (4), 20 (5), 25
(6), and 30 ug/mL (7) (from bottom to top). Black and red symbols
represent the experimental data and the fitted values, respectively. (b)
Apparent solution absorbance after mixing for 1 and 24 h. The
apparent solution absorbance of the samples in panel a was plotted vs
the concentration of IAPP fibrils after subtraction of that of the
respective PC vesicle components: after 1 h (H) and 24 h (@).
Similarly, the apparent solution absorbance was plotted for the
samples including the PC vesicles extruded through a 50 nm pore:
after 1 h (O) and 24 h (O). Solid and dotted lines were linearly best
fitted to the filled and empty symbols, respectively.

The turbidity data presented in Figure 2a were subjected to
nonlinear least-squares regression analysis in terms of a single
exponential (eq 1) or sum of exponential processes (eq 2). As can
be noted by the residual plot (Figure 2c), the data were fit by a
sum of two exponential processes (red lines in Figure 2a). The two
apparent rate constants obtained by the best fit to eq 2 corre-
sponded to a fast phase (k; ,pp) and a slow phase (k3 upp). When
plotted against vesicle concentration (Figure 2d), k; 5, roughly
increased with increasing vesicle concentration, whereas ks ,pp
was largely independent of vesicle concentration.

To further examine the binding reaction between fibrils and
vesicles, a reverse assay format was adopted. In this approach,
IAPP fibril solutions at various concentrations were added to a
solution of PC vesicles at 3.0 mg/mL and the apparent absor-
bance at 600 nm (Absgy) was recorded (black symbols in
Figure 3a) (best fit agreement to eq 2 colored red). Vesicle-
corrected Absg values of the sample solutions, measured 1 h (H)
and 24 h (@) after mixing, were plotted versus the concentration
of the fibrils in the samples (Figure 3b). These plots indicated a
linear dependence of solution turbidity on fibril concentration.
To further test this apparent linear dependence, we repeated the
same experiment using PC vesicles extruded through a different
pore size of 50 nm and made the same plot for the resultant
Absggy values. This second experiment also showed a linear
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dependence of Absgg on the fibril concentration (empty symbols
in Figure 3b). Figure 3b suggests that the extent of binding of PC
vesicles to the surface of amyloid fibrils is enhanced in direct
proportion to the concentration of IAPP fibrils when they exist
under conditions of excess vesicle concentration.

Binding Reaction between PC Vesicles and AB Amyloid
Fibrils. 1t is widely accepted that the fibrillization of the AfS
peptide (composed of 40—42 amino acids) plays an important
role in the pathogenesis of Alzheimer’s disease (23). To examine
the binding reaction of other amyloid fibrils with PC vesicles, the
time dependence of Absggy was also recorded for amyloid fibrils
formed from Ap(1—42) and AS(25—35) (Figure S3 of the
Supporting Information). For the sake of comparison, the same
measurement was conducted for IAPP fibrils under identical
conditions (Figure S3). The time-dependent appearance of solu-
tion turbidity was observed for the two AS amyloid fibrils;
however, its magnitude was less than that for IAPP fibrils,
implying a weaker binding affinity of PC vesicles for Aff amyloid
fibrils.

Effect of Fibrillation State of IAPP on the Binding
Reaction with PC Vesicles. The effect of the fibrillation state
of IAPP on the binding reaction with PC vesicles was examined
using a modified turbidity assay. First, 0.4 mg/mL solutions of
IAPP including water and DMSO (see Materials and Methods)
were mixed with PC vesicles dispersed in water and the poly-
merizing buffer (or pure water), resulting in solutions containing
20 ug/mL TAPP and 2.0 mg/mL PC vesicles and buffer compo-
nents at several concentrations (0—15 mM). Turbidity measure-
ments were conducted for respective solutions just after mixing.
Incubation of the buffer-free solution showed no noticeable
increase in Absgy (line 1 in Figure 4a). As indicated by the
increase in Absg, acceleration of the vesicle—amyloid binding
interaction was promoted by increased amounts of buffer
components (Figure 4a). A diagnostic amyloid-sensitive dye,
thioflavin T (ThT) (45), was employed to determine whether the
acceleration of turbidity development corresponded to an in-
crease in the level of amyloid fibril formation (Figure 4b). A ThT
fluorescence assay was conducted for the samples shown in
Figure 4a immediately after results had been recorded. The
results show that ThT fluorescence was enhanced by increasing
amounts of polymerizing buffer components present at initiation
(Figure 4b), indicating that the acceleration of the binding
reaction between vesicle and amyloid observed in Figure 4a is
due to an increasing extent of buffer-induced amyloid fibril
formation.

Effects of Lipid Composition on the Binding Reaction.
Lipid composition is considered to be one of the primary factors
determining the extent to which membranes facilitate the fibrillar
aggregation of peptides or proteins (23—30). To gain information
about the effects of vesicle composition on the binding reaction
with TAPP fibrils, PC vesicles containing zwitterionic sphingo-
myelin (SM) [i.e., (PC+SM) vesicles; mixing ratio of 1/1 (w/w)]
were prepared for the turbidity assay. Sphingomyelin is a major
sphingolipid of mammalian cells and an important component of
the plasma membranes of eukaryotic cells (46). A solution of
IAPP fibrils (final concentration of 25 ug/mL) was added to
(PC+SM) vesicle solutions, and the turbidity was recorded as
shown in Figure 5a. The binding reaction was detected through
the time-dependent traces of Absgg, which were fitted to eq 2 (red
marks in Figure 5a). Compared to the binding behavior of PC
vesicles, slower increases in Absgy, were observed during the
initial stage (~1000 s) of the binding reaction. This behavior may
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FiGure 4: Binding reaction of PC vesicles with buffer-induced IAPP
fibrils at 25 °C. (a) Time-dependent appearance of the apparent
solution absorbance of buffer-induced IAPP fibrils and PC vesicles.
Fibrillation was induced by mixing the polymerizing buffer at the
different final concentrations with the aqueous solution containing
dissolved IAPP and dispersed PC vesicles: buffer-free (1), 0.5 mM
phosphate and 1 mM NaCl buffer (2), 1.7 mM phosphate and
3.4 mM NacCl buffer (3), and 5 mM phosphate and 10 mM NaCl
buffer (4). The concentrations of IAPP and PC vesicles were 20 ug/
mL and 2.0 mg/mL, respectively. (b) Changes in ThT fluorescence
intensity. The ThT fluorescence assay was conducted for the samples
1—4 in panel a which were taken out immediately after the comple-
tion of the apparent absorbance measurements. Samples 1—4 corre-
spond to those used in panel a. Sample 5 consisted of IAPP fibrils
formed in polymerizing buffer at 37 °C overnight.

be attributable to intrinsic structural differences between SM and
PC at the interfacial region due to traits relating to SM’s reduced
mobility and tendency to cluster within the vesicle and the
different hydrophobic natures of the two lipids.

It has been reported previously that a net negative charge of
the membrane significantly accelerates the fibrillation of cationic
IAPP compared to zwitterionic membranes (27—30). To impart
negative charge to PC vesicles, 50% (w/w) dioleoylphosphati-
dylserine (DOPS) was included in PC vesicles as the anionic
phospholipid component [i.e., (PC+DOPS) vesicles]. Similar to
the preceding case, a solution of IAPP fibrils (final concentration
of 25 ug/mL) was added to these vesicle solutions at several
different concentrations and the binding reaction monitored
(Figure 5b). The results indicate greater increases in Absg
development during the initial time stage of 0—1000 s than those
measured for PC vesicles not containing DOPS.

The stability of the two vesicle types used for panels a and b of
Figure 5 was checked according to the method used in Figure 2b.
For the (PC+DOPS) vesicles shown in Figure 5b, the observed
Absgg values after incubation for 24 h were plotted versus the
vesicle concentration before and after subtraction of the con-
tribution of turbidity from the respective vesicle components
(Figure 5c). The ki upp and ky 4, values obtained from nonlinear
least-squares regression analysis of the data shown in panels a

Sasahara et al.

and b of Figure 5 using eq 2 were plotted against the respective
vesicle concentrations (along with the PC data from Figure 2d)
(Figure 5d). The vesicle concentration dependence of the ki upp
values corresponding to the rapid phase of the binding reaction
varied significantly with the alteration in lipid composition,
particularly for negatively charged (PC+DOPS) vesicles,
whereas that of &, ., values did not show a large variation for
the three types of vesicles studied.

Sedimentation of Vesicles following Binding by IAPP
Fibrils. Phosphatidylglycerol is the most abundant anionic
phospholipid present in the prokaryotic cell membrane and has
been extensively studied as a model for the negatively charged
biomembrane (47). Dimyristoylphosphatidylglycerol (DMPG)
contains a short hydrophobic alkyl chain, and its gel—liquid
crystalline phase transition occurs at ~24 °C (47). To investigate
the binding behavior of vesicles containing DMPG by IAPP
fibrils, DMPG was included in PC vesicles [i.e., (PC+DMPG)
vesicles; mixing ratio of 1/1 (w/w)]. Following addition and
mixing of IAPP fibrils (final concentration of 25 ug/mL) with
the (PC+DMPG) vesicle solutions, a rapid increase in Absgy) was
observed (Figure 6a). The stability of vesicles was verified using
the same method as in Figures 2b and 5S¢ (Figure 6b). For the
samples in Figure 6a, the Absg values after 1 h () and 24 h (O)
were plotted as a function of vesicle concentration, showing that
the Absggy values after 24 h were generally smaller than those
after 1 h over a large vesicle concentration range (Figure 6b). This
result strongly suggests that the amyloid vesicle complexes
sedimented under gravity to a significant extent.

To examine more closely the amyloid—vesicle complex sedi-
mentation process, vesicles consisting solely of DMPG were
prepared and mixed with the solution of IAPP fibrils at several
concentrations (Figure 6¢). Compared to the small Absgq, values
recorded for the DMPG vesicle solutions without fibrils, the
mixed samples revealed a remarkable increase in Absgy, during
the time regime from 0 to 3000 s, probably due to high-order
association between vesicle-coated amyloid fibrils, followed by a
decrease in Absggy over the time regime from 3000 to 7000 s
(Figure 6¢). The observed maximum in Absgq increased with an
increase in fibril concentration (traces 1—>5 in Figure 6¢).

Very similar behavior was also observed for the mixed solu-
tions of DMPG vesicles and amyloid fibrils of AS(1—42),
although the enhancement of turbidity was less pronounced
and a longer incubation period was needed to detect the
sedimentation of the vesicle—amyloid complex from the kinetic
trace of the apparent absorbance (Figure 6d). To test the
hypothesis that the vesicle—amyloid complexes were sedimenting
under gravity due to their very large sizes, images of the
sedimented fractions were taken using an optical microscope
upon completion of experiments shown in panels ¢ and d of
Figure 6. These observations indicated the presence of enormous
aggregates of the vesicles and amyloids (see Figure S4 of the
Supporting Information for the sample in Figure 6c). Conse-
quently, the results in panels ¢ and d of Figure 6, together with the
binding data obtained in this study, show that amyloid fibrils of
IAPP and Ap have an ability to form both low-order and high-
order association complexes with lipid vesicles.

DISCUSSION

Recent studies have shown that lipid membranes can signi-
ficantly increase the rate of IAPP fibrillation, with the degree of
rate enhancement being strongly dependent upon the lipid
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and IAPP fibrils at 25 °C and pH 7.2. (a and b) Time-dependent

appearance of the apparent solution absorbance of IAPP fibrils (25 ug/mL) and (PC+SM) (a) and (PC+DOPS) (b) vesicles at various

concentrations: vesicle concentrations of (a) 0.5 (1), 1.0 (2), 1.5 (3), and 2.0
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samples in panel b. The apparent absorbance of vesicle solutions without the fibrils was measured twice in a similar way in Figure 2b: just after the
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before (O0) and after (A) subtraction of that of the attendant vesicle components. (d) Dependence of k/ ,p,, and & ,p,, On vesicle concentration. The
kapp values were obtained by fitting the data set in panels a and b to eq 2. Filled squares (k ,pp) and empty squares (k3 opp) Were from panel a, and
filled triangles (k) ,pp) and empty triangles (k, ,pp) Were from panel b. Filled and open circles were the same as in Figure 2d.

concentration and charge density of the membranes (27—30). A
simple interpretation of such a finding is that lipid membranes
preferentially stabilize amyloid in the aggregated or fibrillar state.
In this study, measurements of the time dependence of solution
turbidity provided a detailed description of the binding reaction
between IAPP fibrils and lipid vesicles. As shown in Figure 3b,
the extent of binding between IAPP fibrils and PC vesicles was
significantly enhanced by increasing the amount of IAPP fibrils
under conditions of vesicle excess, suggesting a binding mode that
involved adsorption of a PC vesicle to the surface of the IAPP
fibril. Furthermore, the incubation of IAPP fibrils with PC
vesicles containing anionic DOPS resulted in a more rapid
increase in Absggy over the time range of 0—1000 s compared
to that observed with PC vesicles (Figure 5b), indicating a strong
electrostatic component to the binding process. The turbidities
generated by solutions of vesicles and amyloid/vesicle mixtures
were shown to be stable for at least 24 h, consistent with the
results from the vesicle leakage assay (Figure S2 of the Support-
ing Information). Taken together, all of these results suggest that
the membrane environments may help drive the fibrillation of
soluble IAPP by lowering the overall free energy of the protein
in the fibrillar state. Our experimental observation of the
stable membrane-bound forms of TAPP fibrils is in line with
the results reported by Kinnunen et al. (48), which demonstrated
that prolonged incubation of IAPP fibrils with anionic lipids
causes the wrapping of the cationic IAPP fibrils by the lipid
membrane.

As shown in this study, the time-dependent traces of turbidity
were described well by a sum of two exponential processes,
yielding two rate constants (kj ,pp and ks ,pp). Currently, we do
not have any experimental data to explain why the turbidity
traces are described well by a double exponential. However, we
tried to provide a possible rationalization using a mesoscopic
simulation model based on treatment of the vesicle amyloid
interaction as an interaction between cylindrical and spherical
geometric objects (see the kinetic model of vesicle binding to
amyloid fibrils in the Supporting Information). The model
calculates the probability function regulating the binding of
vesicles to amyloid fibrils using a hard particle overlap criterion
in conjunction with a Monte Carlo sampling process (Figure S5
of the Supporting Information). In this model, the probability
function value decreases with increasing numbers of bound
vesicles, producing in the simulated kinetic binding curves both
arapid and a slow phase like the ones characterized by &, ,p, and
ks app in this work. The introduction of this probability function
into a rate equation describing the binding reaction could
reproduce the turbidity data detected experimentally on some
level (Figure S6 of the Supporting Information).

It is noteworthy that IAPP fibril solutions contain a small
amount of DMSO (=<0.63%, v/v). However, as shown in
Figures 2b and Sc, Absg values for the mixed solutions of IAPP
fibrils and vesicles exhibited a tendency to be saturated as the
vesicle content increased. Furthermore, the solution turbidity
increased linearly against the amount of fibrils added to the
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FIGURE 6: Vesicle deposition by IAPP fibrils at 25 °C and pH 7.2. (a) Time-dependent appearance of the apparent solution absorbance of IAPP
fibrils (25 ug/mL) and (PC+DMPG) vesicles at various concentrations: vesicle concentrations of 0.5 (1), 1.0 (2), 1.5(3), 2.0 (4), and 3.0 mg/mL (5)
(from bottom to top). (b) Apparent absorbance of the vesicle solutions and the mixed fibril/vesicle solutions. The apparent absorbance of vesicle
solutions without the fibrils was measured twice in a similar fashion in Figure 2b: just after the dilution with the buffer (O) and after 24 h (@).
Apparent absorbances of the fibril/vesicle solutions after they had been mixed for 1 and 24 h in panel a are indicated: after 1 h (a) and after 24 h (O).
(c and d) Time-dependent variation in the apparent solution absorbance of DMPG vesicles (2.0 mg/mL) and IAPP fibrils (c) or AS(1—42) fibrils
(d) at several concentrations: (¢) TAPP fibril concentrations of 5 (2), 10 (3), 15 (4), and 20 ug/mL (5) and (d) A fibril concentrations of 10 (1), 15
(2), and 20 ug/mL (3). Trace 1 in panel ¢ represents the apparent absorbance trace of a DMPG vesicle solution without the fibrils.

vesicle solutions (Figure 3b). These results support the notion
that such a low concentration of DMSO has little effect on lipid
membrane structure, consistent with the previously reported
results (28, 49, 50).

In this study, PC vesicles were found to specifically bind to
IAPP amyloid fibrils. Additionally, the results in panels a and b
of Figure 4 demonstrate that PC vesicles can bind to just initiated
fibrillar species as well as mature fibrils (as demonstrated by the
increase in solution turbidity). With regard to the binding
reaction with PC vesicles, amyloid fibrils of AS(1—42) and
AB(25—35) exhibited behaviors similar to that shown by IAPP
fibrils (Figure S3 of the Supporting Information), although the
extents of binding were of lower magnitude. This result may
suggest that the binding of PC vesicles to amyloid fibrils is a
general behavior, the extent of which depends on the hydro-
phobicity and charge of the fibril surface or its morphology. As
shown in panels a and b of Figure 6, when PC vesicles included
anionic DMPG, sedimentation of the vesicles was detected from
the turbidity behavior after they were mixed with TAPP fibrils.
Substantial sedimentation of the vesicles was verified for the
interaction of the DMPG vesicle with IAPP fibrils as well as with
AB(1-42) fibrils (Figure 6c,d).

Disruption of the lipid membranes and formation of porelike
channels in the membranes by oligomeric or fibrillar species are
believed to make up a central mechanism of cytotoxicity of
amyloid aggregates in T2DM, Alzheimer’s disease, Parkinson’s
disease, and other amyloid-related diseases (18—20, 51, 52). With

an enhanced awareness of the potential cytotoxity of amyloid
oligomers in general, special attention has been placed on
understanding the mechanism of lipid membrane disruption
exerted by IAPP amyloid oligomers. It has been proposed that
transient a-helical conformations of membrane-bound IAPP are
precursors to the fibrillation (27, 34, 53). More recently, Engel
et al. have shown that growth of IAPP fibrils is responsible for
membrane disruption (54). Other recent research has indicated
that membrane disruption of toxic IAPP can occur in a manner
independent of its fibrillation (55). Solid-state NMR results
suggest that membrane fragmentation is induced by aggregation
of amyloidogenic fragments of IAPP on a lipid bilayer surface,
leading to peptide/lipid vesicles (56). Clarifying the causative
factors in membrane disruption by amyloidogenic IAPP is an
active area of investigation. In this study, we placed our focus on
understanding the membrane affinity of IAPP amyloid fibrils and
fibril-mediated aggregation of lipid vesicles. The results of our
study indicate that amyloid fibrils of TAPP and Af(1—42), which
are proteinaceous nanoscale linear aggregates, have a latent
ability to perturb lipid vesicles by binding to them, with this
binding ability being both peptide- and lipid-specific.
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SUPPORTING INFORMATION AVAILABLE

Additional materials and methods, TEM image of IAPP fibrils

(Figure Sl1), effect of IAPP fibrils on PC vesicle perme-
ability (Figure S2), binding of PC vesicles to A3 amyloid fibrils
(Figure S3), image of the IAPP fibril—DMPG vesicle complex
(Figure S4), kinetic model of vesicle binding to amyloid fibrils,
mode of interaction in the model (Figure S5), and model with
no higher-order intermolecular associations (Figure S6). This
material is available free of charge via the Internet at http://pubs.
acs.org.
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