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ABSTRACT Our knowledge of the molecular events underlying type 2 diabetes mellitus—a protein conformational disease
characterized by the aggregation of islet amyloid polypeptide (IAPP) in pancreatic g cells—is limited. However, amyloid-mediated
membrane damage is known to play a key role in IAPP cytotoxicity, and therefore the effects of lipid composition on modulating
IAPP-membrane interactions have been the focus of intense research. In particular, membrane cholesterol content varies with aging
and consequently with adverse environmental factors such as diet and lifestyle, but its role in the development of the disease is
controversial. In this study, we employ a combination of experimental techniques and in silico molecular simulations to shed light
on the role of cholesterol in IAPP aggregation and the related membrane disruption. We show that if anionic POPC/POPS vesicles
are used as model membranes, cholesterol has a negligible effect on the kinetics of IAPP fibril growth on the surface of the bilayer. In
addition, cholesterol inhibits membrane damage by amyloid-induced poration on membranes, but enhances leakage through fiber
growth on the membrane surface. Conversely, if 1:2 DOPC/DPPC raft-like model membranes are used, cholesterol accelerates fi-
ber growth. Next, it enhances pore formation and suppresses fiber growth on the membrane surface, leading to leakage. Our results
highlight a twofold effect of cholesterol on the amyloidogenicity of IAPP and help explain its debated role in type 2 diabetes mellitus.

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is an increasingly alarming
global health threat. To date, several reports have shown a
clear link between dietary type and the risk of T2DM (1).
Hyperlipidemia is one of the many nutritional factors that
contribute to the etiopathogenesis of T2DM (2). Actually,
the relationship between T2DM and obesity and high plasma
levels of free fatty acids (FFAs) suggests that abnormal lipid
metabolism may induce hyperglycemia and $-cell failure (3).
In addition to FFAs, plasma cholesterol is often elevated in
obese patients (4), and foods rich in cholesterol are normally
considered to play a causative role in T2DM (5,6).
Cholesterol is a major component (30-50 mol %) of
mammalian plasma and internal cell membranes (7,8). It is
known to regulate glucose metabolism in adipocytes (9) by
altering the properties of membrane microdomains (rafts)
and by activating several transcription factors (10), but the mo-
lecular events that link cholesterol and T2DM remain to be
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elucidated. Cholesterol significantly affects membrane prop-
erties, participates in lipid bilayer packing, and contributes
to the formation of lipid rafts, which float in the more-fluid
lipid domains that are enriched in unsaturated hydrocarbon
chains (11). Lipid rafts are also involved in the regulation of
many cell signaling pathways by increasing the local concen-
tration of specific proteins at selected membrane sites (11).

Islet amyloid polypeptide (IAPP) is a 37-residue peptide
that is secreted by (-cells of the pancreatic islets of Langer-
hans (12). IAPP has a remarkable propensity to aggregate
into insoluble amyloid fibrils, which are found in the islets
of 90% of patients with T2DM (13). IAPP has a predominantly
random coil structure in water (14). However, several studies
have confirmed that IAPP forms an «-helical conformation in
the N-terminal domain, with a rigid disulfide linkage bridging
Cys2 and Cys7 (15-19). Other studies support the hypothesis
that IAPP amyloid aggregation initiates with an «-helix to
B-sheet conversion, and that this conversion may be acceler-
ated by anionic lipid membranes (15,16,20,21).

Islet amyloid deposits are clearly linked to T2DM patho-
genesis (22-25) but are also present in some nondiabetic indi-
viduals (17,26). Although some early studies showed that
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TAPP amyloid fibrils are toxic to 8-cells (27), clinical evidence
and subsequent reports have suggested that mature IAPP fi-
brils are inert and that the oligomeric intermediates are the
most cytotoxic species (28). The oligomeric amyloid interme-
diates have been suggested to insert into and then disrupt the
cell membrane by forming ion-channel structures (29-35),
and cell membrane poration has been proposed to be a univer-
sal mechanism for amyloid toxicity (12,36). However, pore
formation is not the only possible mechanism by which
IAPP may permeabilize the cell membrane. A large number
of experiments have provided evidence for nonspecific bind-
ing of amyloid oligomers to the lipid bilayer surface (37,38),
and detergent-like membrane disruption by the growing amy-
loid fibrils on the lipid bilayer surface (39). More recently, it
was proposed that these two mechanisms are not necessarily
mutually exclusive and may be involved simultaneously in
IAPP-mediated membrane damage (35,40). Other recent
studies have reported on the pivotal role played by cholesterol
in modulating the interaction of IAPP and lipidic membranes
(41-43). It was observed that cholesterol catalyzes IAPP am-
yloid aggregation on the plasma membranes of PC12 cells
(44). Furthermore, transgenic mice lacking Abcal (ATP-bind-
ing cassette transporter 1, which removes excess cholesterol
from cell membranes) exhibit an abnormal glucose tolerance
(45,46). These findings point unequivocally to a key role
played by membrane cholesterol in damaging pancreatic
B-cells and, even more importantly, identify cholesterol as a
potential pathogenic link between T2DM and atherosclerosis,
the most common cause of death in people with diabetes. The
presence of lipid rafts in pancreatic 3-cells (47) and in human
extracellular amyloid fibrils (48) further confirms the role of
cholesterol in the pathogenesis of T2DM. Nevertheless, the ef-
fect of cholesterol on TAPP-mediated membrane-damage
mechanisms is not well understood.

To address this issue, we employed a combination of mo-
lecular dynamics (MD) and experimental techniques to inves-
tigate the effect of cholesterol on IAPP-evoked membrane
disruption using raft-like 1,2-dioleoyl-sn-glycero-3-phospho-
choline/1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DOPC/
DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
sodium salt (POPC/POPS) large unilamellar vesicles
(LUVs). Our data demonstrate that the presence of choles-
terol strongly modulates the mechanism of membrane
disruption induced by IAPP. In particular, we observed an
enhancement of pore formation in raft-like DOPC/DPPC
membranes and an increase in a detergent-like mechanism
in POPC/POPS LUVs.

MATERIALS AND METHODS
Materials

Human IAPP (IAPP) was purchased from Bachem (Bubendorf, Switzerland)
with a purity of >99%. POPC, POPS, DPPC, and DOPC were purchased
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from Avanti Polar Lipids (Alabaster, AL). Cholesterol, 6-carboxyfluores-
cein, thioflavin T (ThT), and 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP)
were purchased from Sigma-Aldrich (St. Louis, MO) with a purity of 99%.

MD simulations

All-atom MD simulations were performed for four different membrane
systems. Each system had the same 1:2 molar ratio for DOPC/DPPC but
different cholesterol concentrations (0, 20, 30, and 40 mol %). POPC/
POPS (7:3) was also simulated. The initial structure of the lipid bilayer
was obtained by using the CHARMM-Gui (49-51) website. All simulated
bilayers were symmetric with regard to lipid composition and were
adequately hydrated with 32 water molecules per lipid in the presence of
0.1 M NaCl. The overall charge neutrality was preserved by adding Cl™
counterions to the lipid bilayer. The atomistic simulations were carried
out using GROMACs 5.0.4. The CHARMM36 force field (52,53) was
used. Water molecules were described using the TIP3P model (54). The
temperature was maintained at 298 K for all simulations to mimic the exper-
imental setup, using a Nosé-Hoover thermostat (55,56) with a coupling
constant of 1 ps. The temperatures of the solute and solvent were controlled
independently. Periodic boundary conditions were used in all three direc-
tions. The pressure was kept constant with a semi-isotropic scheme, mean-
ing that the pressure in the x and y directions was coupled separately from
the pressure in the z direction. A Parrinello-Rahman barostat (57,58) was
used to keep the pressure at 1 atm, with a pressure coupling constant of
5 ps and a compressibility of 4.5 x 107> bar~'. Long-range electrostatic in-
teractions beyond the nonbonded interaction cutoff of 1.2 nm were treated
by using the particle mesh Ewald scheme and the Verlet cutoff scheme as
recommended elsewhere (59). The LINCS algorithm (60) was used to
constrain hydrogen bonds, allowing a time step of 2 fs. The systems were
first energy minimized using a steepest-descent algorithm, followed by an
equilibration simulation in the isothermal isobaric (NpT) ensemble until
a stable average area per molecule was obtained. MD simulations of all
of the lipid bilayer systems were carried out for 300 ns. The first 150 ns
were considered a sufficient equilibration time and only the last 150 ns of
each trajectory were included in the analyses. For analysis and visualiza-
tion, the VMD package (61) and GROMACS (62) analysis tools were
used. The bilayer thickness was calculated using Memb plugin 1.1 (63), a
VMD plugin.

Preparation of model membranes

In this study, we used LUVs composed of POPC/POPS (7:3 molar ratio) or
DOPC/DPPC (1:2 molar ratio). For each set of LUVs, we prepared samples
containing increasing amounts of cholesterol (0, 20, 30, and 40 mol %).
Model membranes were prepared as described elsewhere (64). Briefly, ali-
quots of lipid stock solutions in chloroform were dried by using a stream
of dry nitrogen gas and evaporated under high vacuum to dryness in a
round-bottomed flask. To obtain multilamellar vesicles (MLVs), the result-
ing lipid film was hydrated with an appropriate amount of phosphate buffer
(10 mM buffer, 100 mM NaCl, pH 7.4) and dispersed by vigorous stirringin a
water bath. LUVs were obtained by extruding the MLVs through polycar-
bonate filters (pore size = 100 nm; Nuclepore, Pleasanton, CA) mounted
in a mini-extruder (Avestin, Ottawa, Canada) fitted with two 0.5 mL Hamil-
ton gas-tight syringes (Hamilton, Reno, NV). The samples were typically
subjected to 23 passes through two filters in tandem, as recommended else-
where (65). An odd number of passages were performed to avoid contamina-
tion of the sample by vesicles that might not have passed through the filter.

IAPP preparation

To prevent the presence of any preformed aggregates, IAPP was initially
dissolved in HFIP at a concentration of 1 mg/mL and then lyophilized
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overnight. For dye leakage and ThT experiments, the lyophilized powder
was dissolved in dimethyl sulfoxide to obtain a stock solution with a final
concentration of 250 uM. Each stock solution of IAPP was used imme-
diately after preparation. For circular dichroism (CD) and atomic force
microscopy (AFM) experiments, the lyophilized powder was dissolved in
100 microL 0.1 M HCl at 4°C to a final concentration of 100 microM (stock
solution). Aliquots of stock solution were then added to the buffer (pH 7.4)
to a final IAPP concentration of 10 microM.

ThT measurements

The kinetics of amyloid formation was measured via the well-known
ThT assay. Samples were prepared by adding 1 uL of the 250 uM dimethyl
sulfoxide peptide stock solution to 100 uL of 10 mM phosphate buffer
solution (pH 7.4, 100 mM NaCl, containing 10 uM ThT). Experiments
were carried out in Corning 96-well nonbinding surface plates. Time traces
were recorded using a Varioskan plate reader (ThermoFisher, Waltham,
MA) with Aeec = 440 nm and A, = 485 nm at 25°C, and the samples
were shaken for 10 s before each reading.

Membrane leakage experiments

Membrane leakage experiments were performed by measuring the leakage
of 6-carboxyfluorescein dye from LUVs. Dye-filled LUVs were prepared
by hydrating the dry lipid film with the solution containing 6-carboxy-
fluorescein (70 mM 6-carboxyfluorescein, pH 7.4) according to the proce-
dure described above. To remove nonencapsulated 6-carboxyfluorescein,
we placed the solution containing LUVs on a Sephadex G50 column
(Sigma-Aldrich) and eluted it using the phosphate buffer solution to ensure
that the osmotic pressure would not destabilize the LUVs over time. We
checked the final concentration of lipids by using the Stewart assay
(66). Membrane damage was quantified by the increase in fluorescence
emission intensity of 6-carboxyfluorescein due to its dilution (dequench-
ing) in buffer as a consequence of membrane leakage, as described else-
where (67).

CD experiments

We evaluated the binding of IAPP with lipid vesicles by titrating a fresh
solution of 10 uM IAPP with LUVs of varying membrane composition.
A conformational transition from random coil to «-helix occurs when
IAPP binds a membrane. Thus, a decrease in the ellipticity at 222 nm
can be used to evaluate the affinity of IAPP for binding with a mem-
brane (67). We carried out measurements by recording the ellipticity
at 222 nm for 30 s for each lipid/protein ratio, and then plotted the
average data as a function of lipid concentration. All measurements
were carried out in 10 mM phosphate buffer solution (100 mM NaF,
pH 7.4) at T = 25°C.

AFM measurements

Liquid imaging in the AC mode was performed with a Cypher atomic force
microscope (Asylum Research/Oxford Instruments, Goleta, CA). We used
BioLever Mini BL-AC40TS (Olympus, Tokyo, Japan) AFM probes with
30 kHz resonance frequency in liquid and 0.1 N m™' spring constant
(free oscillation amplitude of 20 nm; set point at ~70% of the free oscilla-
tion amplitude; scan rate 2.44 Hz). For supported lipid bilayer (SLB) depo-
sition, freshly cleaved mica dishes were immersed in the lipid vesicle
solutions, sonicated for 30 min, and then copiously rinsed with 10 mM
phosphate-buffered saline. For imaging of lipid bilayer-fibril interactions,
a total of 2 uLL of IAPP solution was spotted on the SLB on mica samples
covered by 100 uL of phosphate-buffered saline to obtain a final IAPP
concentration of 10 uM.
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RESULTS

Cholesterol enhances the kinetics of IAPP fiber
formation in raft-containing 1:2 DOPC/DPPC lipid
bilayers

We initially examined the kinetics of IAPP fiber formation
in the presence of 250 uM (1:2 mol ratio) DOPC/DPPC
membranes by varying the amount of cholesterol from
0 to 40 mol %. These lipid membranes are characterized
by the presence of cholesterol-rich microdomains that
resemble raft-like structures with higher thickness and
decreased fluidity (68). The presence of cholesterol in
DOPC/DPPC membranes significantly affected the amy-
loid fiber-formation kinetics, as shown by ThT curves
(Fig. 1 A). In particular, the lag time was significantly
reduced as the cholesterol concentration was increased,
and the presence of cholesterol also reduced the fiber elon-
gation rate (i.e., the slope of the ThT fluorescence curve).
Moreover, the increasing cholesterol content reduced the

—LUV DOPC/DPPC 1/2 250 yM

—LUV DOPC/DPPC 1/2 + Cholesterol 20% 250 uM
—LUV DOPC/DPPC 1/2 + Cholesterol 30% 250 uM
—LUV DOPC/DPPC 1/2 + Cholesterol 40% 250 uM
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FIGURE 1 IAPP fiber-formation kinetics and disruption of DOPC/DPPC

LUVs. (A) Fiber formation measured in the presence of 250 uM of 1:2
DOPC/DPPC LUVs containing 0% (black), 20% (red), 30% (blue), and
40% (green) cholesterol. IAPP concentration was 2.5 uM for all samples.
(B) TIAPP induced release of 6-carboxyfluorescein from LUVs composed
of 250 uM (1:2 molar ratio) DOPC/DPPC containing 0% (black), 20%
(red), 30% (blue), and 40% (green) cholesterol. Experiments were
performed at 25°C in 10 mM phosphate buffer, 100 mM NaCl, pH 7.4.
All results are the average of three experiments. To see this figure in color,
go online.



total amount of fibers. This behavior could be explained by
the increased negative curvature, which is associated with
raft domains and is known to promote peptide binding and
fiber formation (67).

Cholesterol enhances pore formation in raft-
containing LUVs

Previous studies have shown that IAPP induces lipid mem-
brane disruption through a two-step mechanism (67,69).
The first step is correlated with pore formation, and the
second step is a detergent-like mechanism of membrane
disruption due to the growth of amyloid fibers on the
surface of the lipid bilayer (69). To gain more insights
into IAPP-induced membrane disruption, we performed
dye-leakage experiments on raft-containing DOPC/DPPC
LUVs prepared with various amounts of cholesterol
(Fig. 1 B). We observed dye release immediately after
the addition of IAPP, well before fiber formation occurred.
Of note, according to our MD simulations (vide infra) and
previous reports, the accumulation of cholesterol in raft
domains results in differences in the thickness of the
lipid-ordered (l,), cholesterol-enriched raft domains as
compared with the lipid-disordered (l3) domains in
DOPC/DPPC bilayers (70). As a result, there is a signifi-
cant strain on the boundary between the 1, and 14 domains,
and therefore this region is more vulnerable to membrane-
disrupting agents. An increase in cholesterol from 20 to
40 mol % increased the amount of dye that leaked from
the DOPC/DPPC LUVs (Fig. | B) because the length of
the boundary region was longer at the higher cholesterol
concentration. This observation is in agreement with recent
reports that lipid bilayers containing cholesterol-enriched
raft domains were easily disrupted by cationic antimicro-
bial peptides such as pexiganan (also known as MSI-78)
(71,72).

Cholesterol IAPP-Membrane Interaction

DOPC/DPPC membranes contain raft-like
domains

The flat morphology of the SLBs of DOPC/DPPC (1:2) in
the absence of IAPP is shown in Fig. 2 A. Multistacks of
SLBs without any segregation are observed. When 20%
cholesterol was added, small defects appeared on the lipid
bilayer surface, as shown in Fig. 2 B. Lipid rafts and
multidomain rafts appeared when the cholesterol content
was increased to 30% (Fig. 2 C) and 40% (Fig. 2 D),
respectively. These findings are consistent with an atom-
istic description of the lipid systems obtained from MD
simulations as shown in Figs. S1-S5 in the Supporting
Material.

Next, to shed light on the observed IAPP-induced dye
leakage from lipid vesicles, we acquired AFM micrographs
of SLBs containing 0, 20, 30, and 40% cholesterol after
1 h of incubation with IAPP. Representative AFM micro-
graphs of 1:2 DOPC/DPPC containing 30% cholesterol
are shown in Fig. 3. Lipid rafts surrounding the edge of fi-
brils (Fig. 3 A), as well as broken SBLs and pores, are visible
(Fig. 3 D). It is interesting to note that the system is highly
dynamic, as evidenced by the images acquired after 5 min
(Fig. 3 D) and 10 min (Fig. 3 E).

To observe the fiber-dependent effects on membrane
integrity, we monitored IAPP fiber formation on SBLs con-
taining 0, 20, 30, and 40% cholesterol after 6 h of incubation
(Fig. 4). The AFM images shown in Fig. 4 reveal that an
increasing amount of cholesterol decreased the amount of
IAPP fibers and disruption of the SBLs.

In the absence of cholesterol (Fig. 4 A), broken SBLs
could be observed (indicated as ») and the dimension of
the fibrils was ~10-15 nm. The sample containing 20%
cholesterol (Fig. 4 B) shows the insertion of an IAPP fibril
into a bilayer (indicated as a, ~10 nm in height) and fiber-in-
terrupted SBLs (indicated as »). With 30% cholesterol, the
higher amount of fibers (~15 nm in height) disrupted the

FIGURE 2 (A-D) AFM images of samples containing 1:2
DOPC/DPPC SLBs with 0% (A), 20% (B), 30% (C), and
40% (D) cholesterol. To see this figure in color, go online.
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A

SBLs, whereas samples containing 40% cholesterol showed
fibrils and largely damaged SLBs.

Cholesterol does not alter the kinetics of IAPP
fiber formation in raft-free POPC/POPS bilayers

It is known that cholesterol exerts a significant ordering ef-
fect on the acyl chains of phosphatidylserine-rich, fluid lipid
bilayers, with consequent changes in their propensity to
interact with amyloid-forming peptides (73,74). Thus, we
employed ThT assays to investigate IAPP fiber growth ki-
netics in the presence of POPC/POPS (7:3 molar ratio)
LUVs containing increasing amounts of cholesterol. The re-
sults (Fig. 5 A) show that the cholesterol concentration did
not significantly influence the kinetics of fiber formation,
which occurred in ~300 min for all samples, in agreement
with data reported in the literature (67).

However, cholesterol enhanced the fiber elongation rate
and the total amount of fibers that formed. This result is
consistent with previous reports showing that cholesterol
is deeply embedded in the hydrophobic core of the lipid
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FIGURE 3 (A-D) AFM images at 1 umz scan size of
(A) height in two dimensions (z scale = 10 nm), (B)
amplitude, (C) phase, and (D) height in three dimen-
sions (z scale = 10 nm) of 1:2 DOPC/DPPC SLBs con-
taining 30% cholesterol after 1 h of incubation with 10
uM IAPP. (E-G) Time-lapse images of height (4 um?
scan size; z scale = 15 nm) of samples containing
1:2 DOPC/DPPC SLBs and 30% cholesterol after (E)
1 h, (F) 65 min, and (G) 70 min of incubation with
10 uM IAPP. Features labeled as (a), (b), (c), and (d)
refer to fibril, lipid raft, broken SLB, and holes in the
lipid bilayer, respectively. To see this figure in color,
go online.

bilayer (75,76) and therefore does not modify the properties
of the membrane surface. Otherwise, any significant change
in the negative charge density on the LUVs should have
significantly influenced the kinetics of fiber formation, as
suggested in the literature (77).

Cholesterol suppresses pore formation and
enhances fiber-dependent POPC/POPS bilayer
disruption by IAPP

Fig. 5 B illustrates the IAPP-induced disruption of 7:3
molar ratio POPC/POPS LUVs. The experimental results
reveal a two-step membrane-disruption process, as reported
in a previous study (67). The membrane interaction with
TAPP induces significant dye leakage even in the lag phase
(0-300 min in Fig. 1 B, black trace), i.e., before the for-
mation of amyloid fibers (first step). Then, in the second
step (¢ > 300 min in Fig. 1 B), the fiber formation induces
increasing dye leakage that reaches a maximum after
400 min, thus paralleling the ThT fluorescence results
shown in Fig. 5 A. Interestingly, the presence of cholesterol



inhibits the first (pore-forming) step of the IAPP-induced
membrane disruption, whereas the step associated with fiber
elongation is enhanced by cholesterol in a dose-dependent
way. This behavior is likely due to a cholesterol-induced
increase in the lateral pressure of the lipid bilayers, as
noted above (78). Thus, cholesterol enhances the order of
lipid acyl chains, resulting in a rigidifying effect on the
membranes, with a concomitant inhibition of IAPP insertion
into the lipid bilayers to form pores. As a result, this effect
enhances the propensity to disrupt membranes through
a detergent-like mechanism induced by the growth of fibers
on the membrane surface (79). Indeed, as shown in Fig. 5 B,
the presence of cholesterol reduces the lag time of IAPP
fiber formation and increases the amount of dye that is
released upon IAPP-mediated membrane disruption.

Cholesterol suppresses the coil-to-helix
transition of IAPP in POPC/POPS bilayers

The structural features of IAPP have a great influence
on its membrane-damaging potential, and therefore it is
important to capture membrane-bound IAPP conforma-
tions. To address this issue, we performed CD experiments
by titrating a freshly prepared solution of IAPP with 7:3
POPC/POPS LUVs (Fig. 6).

The interaction of IAPP with the membrane surface was
previously shown to result in an increase of a-helical structure
(77,80). As shown in Fig. 6 B, IAPP exhibits a random-coil
structure in buffer and transitions to a helical structure upon
its interaction with POPC/POPS LUVs. Thus, the changes
in molar ellipticity observed at 222 nm can provide a quanti-
tative estimate of the interaction of IAPP with the membrane
surface (67). The experimental results shown in Fig. 6 A sug-
gest that the extent of the random-coil-to-helix transition of
IAPP is decreased with increasing amounts of cholesterol.
Although the addition of 20 mol % cholesterol to POPC/

Cholesterol IAPP-Membrane Interaction

FIGURE 4 (A-D) AFM images of 1:2 DOPC/DPPC SLBs af-
ter 6 h of incubation with 10 uM IAPP: (A) 0%, (B) 20%, (C)
30%, and (D) 40% cholesterol. To see this figure in color, go
online.

POPS LUVs significantly reduced the extent of the helical
structure of IAPP, an increase in the cholesterol concentration
to 30 mol % and beyond significantly suppressed the coil-to-
helical-structure transition of IAPP (Fig. 6 B). These observa-
tions suggest that the presence of cholesterol rigidifies the
acyl chains of lipids and therefore inhibits the insertion of
IAPP into lipid bilayers, which is in excellent agreement
with the dye-leakage data showing an inhibition of pore for-
mation (Fig. 5). These results are also in agreement with pre-
vious NMR studies that showed that the N-terminal region of
IAPP forms a transmembrane helix in membranes in the
absence of cholesterol to enable pore formation, which is
the first step of the membrane-disruption process (16,81). In
addition, it is likely that the presence of cholesterol in the hy-
drophobic core of the POPC/POPS bilayer also exerts a rigid-
ifying effect on the membrane surface, which forces the
peptide to aggregate instead of allowing it to form a helix as
observed for >30% cholesterol (Fig. 6). This interpretation
is also in agreement with the increased dye leakage in the
second step of the membrane-disruption process, as shown
in Fig. 3. The random-coil-to-a-helix transition was not
clearly observed in the presence of 1:2 DOPC/DPPC LUVs
(Fig. 6 C). In this case, we observed an increase in the 3-sheet
content that was proportional to the percentage of cholesterol.
All samples exhibited a §-sheet conformation after 24 h of
incubation (data not shown).

AFM reveals prefibrillar and fibrillar IAPP
aggregates on the surface of POPC/POPS
bilayers

It is known that the morphology of IAPP assemblies may
significantly affect their ability to interact with membrane.
To shed light on this process, we obtained AFM images of
samples containing IAPP in the presence of 7:3 POPC/
POPS SLBs at different cholesterol concentrations (Fig. 7)
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—LUV POPC/POPS 7/3 250 uM

—LUV POPC/POPS 7/3 + Cholesterol 20% 250 uM
—LUV POPC/POPS 7/3 + Cholesterol 30% 250 uM
—LUV POPC/POPS 7/3 + Cholesterol 40% 250 uM
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FIGURE 5 IAPP fiber-formation kinetics and membrane disruption in the
presence of POPC/POPS LUVs. (A) ThT fluorescence showing IAPP amy-
loid fiber formation was measured in the presence of 250 uM POPC/POPS
(7:3 molar ratio) LUVs, pure containing 0% (black curve) or containing
20% (red curve), 30% (blue curve), or 40% (green curve) cholesterol. The
TAPP concentration was 2.5 uM for all samples. (B) Fraction of carboxy-
fluorescein dye that leaked from 250 uM (7:3 molar ratio) POPC/POPS
LUVs due to membrane disruption induced by IAPP. Release of 6-carboxy-
fluorescein from LUVs composed of 250 uM POPC/POPS (7:3 molar ratio),
pure containing 0% (black curve) or containing 20% (red curve), 30% (blue
curve), or40% (green curve) cholesterol, induced by 2.5 uM IAPP. The IAPP
concentration was 2.5 uM for all samples. All experiments were performed at
25°C in 10 mM phosphate buffer with 100 mM NaCl, pH 7.4. Results are the
average of three experiments. To see this figure in color, go online.

after 700 min of incubation. The AFM images show amyloid
fibers interacting with the lipid membrane surface, whereas
fibrils that formed in solution are eliminated during sample
preparation. It is evident that the amount of fibers on the
surface of SLBs increases with the cholesterol content, in
accordance with the dye-leakage results. Globular structures
observed in samples with low concentrations of cholesterol
(Fig. 7 A) are probably small-sized IAPP aggregates depos-
ited on the surface of the bilayer.

The presence of cholesterol increases the
number of domains and decreases their size in
DOPC/DPPC membranes

Our experimental data indicate that IAPP exhibits different
behaviors when it interacts with different micro-structured
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model membranes with and without rafts. Raft-contain-
ing membranes inhibit the lag phase and increase the ki-
netics of fibril formation, enhance pore-like structures,
and change the fibril morphology as compared with mem-
branes that contain no rafts. To further describe these two
types of lipid bilayers at a molecular level, we performed
all-atom MD simulations on DOPC/DPPC/Chol bilayers.
Fig. 8 shows the positions of DOPC, DPPC, and choles-
terol in a bilayer obtained during the last 150 ns of
300 ns MD simulations, and Fig. 9 shows the correspond-
ing bilayer thickness profile obtained with increasing
cholesterol contents.

Different domains containing DPPC (red) and DOPC
(blue) appear in the absence of cholesterol (Fig. 8 A). As
expected, the DPPC domains are thicker (~50 A) than the
DOPC domains (~38 A), as reported in Fig. 9.

By increasing the amount of cholesterol (Fig. 8, green) up
to 30 mol %, we observed an increase in the number of
domains but a decrease in the domain size (Fig. 8). The large
lipidic domain seemed to disappear in a sample with 40 mol
% of cholesterol (Fig. 8 D), and a flat thickness profile was
observed (Fig. 9 D). Notably, according to a previous exper-
imental report (82), cholesterol essentially is more soluble
in a high-melting-temperature lipid (DPPC) and at a high
concentration forms domains by locating itself in the hy-
drocarbon core (Fig. S1) at the borderline of the DPPC
and DOPC domains. To gain quantitative insight into the
cholesterol interaction with lipid hydrocarbon chain, we
evaluated the order parameter Scp and radial distribution
function g(r).

Order parameters for the four systems were calculated to
quantify the grade of order/disorder of lipids (Fig. S1). Scp
increases with an increasing cholesterol percentage: its
value tends to be 0.5 when C; is parallel to the z axis of
the lipid bilayer. This evidence is consistent with previous
data (83-86) obtained from NMR experiments and simula-
tions that showed that cholesterol preferentially interacts
with the border of DPPC instead of exhibiting a random dis-
tribution, and the size of DPPC domains decreases with
increasing cholesterol concentration.

We evaluated the radial distribution function to under-
stand the degree of order of DPPC molecules in the bilayer
and how cholesterol perturbs this order (Fig. S2). We
calculated the radial distribution function by considering
the DPPC-DPPC distance and carbon atom C8 of the sn
2 hydrocarbon chain. The data obtained show a long-range
order for DPPC in the absence of cholesterol. This long-
range order is lost when cholesterol reaches a concentra-
tion of >30%. This finding is an index of the decrease
in the DPPC cluster size with increasing cholesterol
concentration.

The diffusivity constant (K) (87) and area/molecule (A)
of DOPC/DPPC (1:2) at different cholesterol contents are
shown in Table 1. In agreement with a previous study
(88), the DOPC/DPPC mixture has K and A values typical
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of the 1, phase and these values remain constant, within
statistical uncertainty, with increasing percentages of
cholesterol.

DISCUSSION

Previous studies have shown that the lipid membrane inter-
action with IAPP plays a very important role in islet cell
toxicity and T2DM (17,89). However, the role played by
cholesterol in the development of amyloid disease is un-

B

50.000 nm

clear, as several studies reported conflicting results indi-
cating that cholesterol may either protect membranes
against amyloid-mediated permeabilization or affect the
membrane integrity (90,91). In particular, although many
evidences point to cholesterol as a causative agent of
T2DM, its exact role in IAPP-evoked membrane damage
and fibrillogenesis is still under debate (92). Previous ex-
periments have demonstrated that IAPP aggregates in the
presence of 1:2:1 DPPC/DOPC/Chol (model raft-contain-
ing membranes), but not in pure DOPC bilayers (93). In

FIGURE 7 (A-D) AFM images of POPC/POPS SLB
(7:3 molar ratio) samples containing 10 uM IAPP with
0% (A), 20% (B), 30% (C), or 40% (D) cholesterol. To
see this figure in color, go online.
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contrast, pure POPC membrane is damaged in the presence
of IAPP (94), and more recent CD and ThT fluorescence ex-
periments have shown that zwitterionic lipid vesicles con-
taining 30% cholesterol (7:3 DOPC/Chol) may inhibit
TAPP fibril aggregation (95). In this study, we investigated

B

Y(Angstrom)
Y(Angstrom)

20 a0 60 80 100

¥ (Angstrom)

X (Angstrom) X (Angstrom)

FIGURE 9 (a—d) Projection of a thickness profile in the xy plane of a
phospholipid bilayer containing a 1:2 molar ratio of DOPC/DPPC, aver-
aged after 150 ns of atomistic MD simulations with the following contents
of cholesterol: (@) 0%, (b) 20%, (c) 30%, and (d) 40%. The thickness profile
was evaluated by considering the average phosphorus-to-phosphorus dis-
tance. To see this figure in color, go online.
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FIGURE 8 (A-D) CPK representations of a phos-
pholipid bilayer containing a 1:2 molar ratio of
DOPC/DPPC, averaged after 150 ns of atomistic MD
simulations with the following contents of cholesterol:
(A) 0%, (B) 20%, (C) 30%, and (D) 40%. Blue, DOPC;
red, DPPC; green, cholesterol. To see this figure in
color, go online.

the IAPP-membrane interaction using two different model
lipid membrane systems: 7:3 POPC/POPS and raft-forming
1:2 DOPC/DPPC LUVs. Here, we show that an increased
amount of cholesterol in 7:3 POPC/POPS model membranes
has a negligible effect on the kinetics of IAPP fibril growth,
whereas it inhibits pore formation and increases the deter-
gent-like mechanism. In contrast, cholesterol significantly
enhances both fiber (with significantly reduced lag time)
and pore formation in raft-containing 1:2 DOPC/DPPC
membranes. Moreover, the protein aggregate morphology

TABLE1 Diffusivity and Area of Molecules in 1:2 DOPC:DPPC
Raft Membranes Containing Various Amounts of Cholesterol
Over the Last 150 ns of Simulation

DOPC

Membrane Composition DPPC Cholesterol

DOPC/DPPC K A K A K A

27 (4) 55(3) 20(10) 48(2) - -
11(9) 55(2) 10(30) 48 (3) 9(11) 31 (2)
11(64) 47 (3) 7(29) 46(2) 8(25) 27 (1)
13 (31) 47(2) 10(50) 46 (3) 9(56) 27 (1)

0% cholesterol

20% cholesterol
30% cholesterol
40% cholesterol

Diffusivity K x 10* (m%s) and area per molecule A (Az/molecule) of
DOPC/DPPC (1:2) raft membranes with different cholesterol contents
during the last 150 ns of simulation. Statistical uncertainty is expressed
as a percentage in parentheses. K and A are given in the units of m*/s and
in A%/molecule, respectively. Statistical uncertainty is expressed as percent-
age in parenthesis.



is strongly influenced by the presence of rafts in the mem-
brane, as revealed by AFM results.

Therefore, we can conclude that IAPP-mediated mem-
brane leakage is modulated by cholesterol through its effects
on the membrane’s physicochemical properties. In a recent
study, Krause et al. (96) addressed these issues by using the
nearest-neighbor recognition methodology. Specifically, the
authors proposed a push-pull mechanism in which interac-
tions of cholesterol with unsaturated phospholipid chains
are characterized by repulsive (push) or attractive (pull)
forces. Our simulation data (Fig. 7) resemble the push-pull
mechanism, since cholesterol accumulates preferentially
near DPPC. We also show that cholesterol has a tendency
to form aggregates with a linear morphology (most evident
in a sample containing 40% cholesterol) and is mainly
located at the boundary of the DPPC and DOPC domains
(Fig. 7 D). Moreover, cholesterol contained within the
DOPC/DOPS bilayer is randomly distributed, as observed
elsewhere (97).

Our simulations reveal that raft-containing membranes
are characterized by very different thicknesses and acyl-
chain order parameters. The DOPC domain is character-
ized by a low thickness, low acyl-chain order parameter,
and high area/molecule. In comparison, DPPC domains
have a higher thickness, higher order parameter, and
smaller area/molecule. This characteristic of raft mem-
branes is seen in a surface view where the segregation of
different lipid domains is evident. In contrast, a mem-
brane without rafts (DOPC/DOPS) exhibits a homogeneous
surface with lipids and cholesterol randomly distributed
(Fig. S4).

A comparison of the MD and AFM results suggests that
the membrane architecture may act as switch between
pore formation and the detergent-like mechanism of IAPP.
In particular, the small DOPC domains with a low thickness
and order parameter and large area/lipid (the so-called 14
phase) show morphological features that are supposed to
favor pore-forming protein aggregates. In contrast, the large
lipid domains of DPPC with a high thickness and order
parameter and small area/lipid (the 1, phase) do not favor
a host-IAPP interaction and aggregate formation.

In conclusion, it is conceivable that the effect of choles-
terol on IAPP penetration into membranes depends on
a delicate equilibrium among 1) peptide-membrane elec-
trostatic interactions, 2) a better match of the peptide hy-
drophobic domain with the bilayer thickness, and 3) the
rigidifying effect of cholesterol on the lipid bilayer.
Thus, it is likely that in 7:3 POPC/POPS bilayers the
rigidifying effect of cholesterol prevails, which results in
the inhibition of IAPP membrane binding and disruption.
By contrast, hydrophobic effects likely dominate in raft-
containing membranes, where cholesterol promotes
IAPP-membrane interactions. The balance of all these
forces is strictly dependent on the lipid composition, and
thus it is not surprising that many studies have reported

Cholesterol IAPP-Membrane Interaction

a variety of effects of cholesterol on different model
membranes.

SUPPORTING MATERIAL

Five figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(16)30397-6.
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Figure S1. Location of cholesterol in a lipid bilayer obtained after 300 ns molecular dynamics
simulation of DPPC/DOPC containing 40% of cholesterol.



—- 0% —m- 0%
0,38 i —8—20% PERGE o ——20%
0.36 1 A 30% | 0454 A 30%
0.34 ] /!" \; ¥ 40% 2 Xy W 40%
0,32 ’ N 0,40 4 / 2
0,30 4
0.28 4
0,26 4
0,24 4
0,22 4
0,20 4
0,18 4
0.16 4
0,14 4
0,12 4
0,10 4
0,08 4
0,06 4
0,04 4

0.35 4 F/f/."

N\
.
»
0,30 4 / Pl \.\\

© 0,25 4
0,20 4 :/
0,15

0,10

'SCD

T T T T T T T T T 1 005 T T T T T T T T 1

4 c s
03 ] A Soic —W—0% | o045+ DPPG —m— 0%
0,36 ) ®20% v
0,34 A 'S e —h—30%|  0.40 A’tL;}t‘*\ —&— 30%
0.32 A 40% b Gt . "T}\ ¥ 40%

; / \ v 40% . .
0,30 *Y/ i 035 J 4"” g

0,28 4

'SCD

0,26 4
0,24 4
0,22 4
0.20 4
0,18 4
0,16 4
0,14 4
0,12 4
0,10 4
0,08 4
0,06 4
0.04

0,25
o

0,30

0,20 o

0,15 o

0,10

0,05

0.02 +——-+—"F—"—""—""—"TF"—T"—T"—T—"—17—— — 17

Figure S2. Order parameters (-Scp) of DOPC/DPPC/Cholesterol lipid bilayers calculated from MD
simulations. Scp was evaluated as averagedover last 50 ns of simulations by takingboth leaflets into
account. DOPC carbon-carbon double bond of sn2 (black) and sn3 (red) hydrocarbon chains are
between C9-C10.
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Figure S3. Radial distribution function of DPPC in mixture with DOPC and a varyingamount of
cholesterol: 0% black; 20% red; 30% blue and 40% cyan. R(g) was calculated for C8 carbon atom
of DPPC-DPPC.



Figure S4. Top view of phospholipid distribution in aDOPC:DOPS (7:3) lipid bilayers after 300 ns
of molecular dynamic simulations.
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Figure S5. Thickness profile of DOPC:DOPS (7:3) lipid bilayers after 300 ns of molecular dynamic
simulations.
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