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ABSTRACT Disruption of the integrity of the plasma membrane by amyloidogenic proteins is linked to the pathogenesis of
a number of common age-related diseases. Although accumulating evidence suggests that adverse environmental stressors
such as unbalanced levels of metal ions may trigger amyloid-mediated membrane damage, many features of the molecular
mechanisms underlying these events are unknown. Using human islet amyloid polypeptide (hIAPP, aka amylin), an amyloido-
genic peptide associated with 8-cell death in type 2 diabetes, we demonstrate that the presence of Ca®* ions inhibits membrane
damage occurring immediately after the interaction of freshly dissolved hIAPP with the membrane, but significantly enhances
fiber-dependent membrane disruption. In particular, dye leakage, quartz crystal microbalance, atomic force microscopy, and
NMR experiments show that Ca®" ions promote a shallow membrane insertion of hIAPP, which leads to the removal of lipids
from the bilayer through a detergent-like mechanism triggered by fiber growth. Because both types of membrane-damage mech-
anisms are common to amyloid toxicity by most amyloidogenic proteins, it is likely that unregulated ion homeostasis, amyloid

aggregation, and membrane disruption are all parts of a self-perpetuating cycle that fuels amyloid cytotoxicity.

INTRODUCTION

Islet amyloid polypeptide (IAPP) is a member of a class of
peptides that have the ability to form insoluble, 3-sheet-rich
aggregates known as amyloid (1). Amyloid deposits
frequently accumulate in the tissues of patients with
common age-related degenerative diseases, and have been
linked to impaired cellular functioning. In particular,
IAPP-rich amyloid deposits are found in the extracellular
space of the islets of Langerhans in patients with type 2 dia-
betes mellitus (T2DM) but not in the islets of nondiabetic
age-matched patients (2). IAPP aggregates are known to
be toxic to @ cells (3-6), supporting the idea that they
play a key role in the depletion of pancreatic islets in
T2DM (7,8). This linkage among IAPP aggregation, (-cell
toxicity, and T2DM is supported by the correlation between
the toxicity of IAPP peptides derived from different species
and the prevalence of a diabetes-like pathology (9). For
example, whereas exogenous human IAPP (hIAPP) is
strongly cytotoxic when applied to cells, the corresponding
rat sequence (rfIAPP) is not (10,11). Although rats do not
normally develop T2DM, mice transgenic for hIAPP
develop a diabetes-like pathology if fed a high-fat diet (9).
These findings suggest that S-cell failure caused by hIAPP
is likely to a play a role in the development of T2DM in
humans (12).

It has been suggested that hIAPP exerts its toxicity by
damaging the integrity of phospholipid membranes (13-
15). The mechanism of membrane disruption is still
debated, and confusion exists regarding both the mechanism
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of membrane disruption and the species of hIAPP involved
(16,17). Several studies have proposed that membrane
disruption is initiated by the binding of prefibrillar oligo-
mers to the membrane surface, either through the formation
of transmembrane oligomeric pores (13,18-20) or by a
nonspecific ion permeation process (18). Other studies
have proposed that membrane disruption is caused by
membrane fragmentation through the growth of amyloid
fibrils on the membrane surface (21-23). Recently, it was
proposed that both mechanisms are not mutually exclusive
and both are likely to be involved in the process of
membrane disruption by IAPP (24). A number of reports
have further shown that IAPP-membrane interactions are
significantly affected by several factors, such as membrane
electrostatic properties, metal ions, pH, and IAPP concen-
tration (25,26).

Although the notion that hIAPP is toxic under certain
conditions has largely been accepted, the proximal molec-
ular events that link the formation of toxic IAPP aggregates,
membrane damage, and the induction of apoptotic events
into @ cells are still under intense debate. It has been demon-
strated that amyloid peptides can destabilize Ca®>" homeo-
stasis in cells by forming unregulated cation-selective
channels across the plasma membrane (the channel hypoth-
esis) (27,28). In line with the cation channel hypothesis, it
has been reported that IAPP induces substantial intracellular
[Ca”]i elevations in GT1-7 cell lines (29). Furthermore, an
increase of [Ca2+]i levels in diabetic subjects has also been
reported (30,31). Notably, dysregulation of [Ca®"]; in the
cells of several tissues occurs spontaneously during aging
(32,33). Impaired intracellular Ca*" signaling is known to
affect a number of membrane-related functions, including
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membrane domain organization, vesicular trafficking, and
membrane fusion (34,35), as well as the binding of cytosolic
proteins to membranes that contain negatively charged
phospholipids. These data suggest a possible correlation
among Ca”" dyshomeostasis, abnormal hIAPP—membrane
interaction, and, eventually, impaired hIAPP trafficking.
Previous studies have shown that Ca®" ions may differently
affect the binding properties of hIAPP and rIAPP to model
lipid membranes (36). However, despite considerable in-
terest in this field, a rigorous description of these phe-
nomena is lacking.

Here, we evaluate the effect of Ca®* on the interaction of
hIAPP with membrane using a combination of physico-
chemical techniques. In particular, our results show that
the presence of Ca”" ions strongly modulates the type of
membrane disruption that is induced by hIAPP. Using
dye-leakage experiments, quartz crystal microbalance with
dissipation monitoring (QCM-D), and NMR, we observed
that a high concentration of Ca®" decreases the ability of
prefibrillar hIAPP species to insert into the bilayer and
disrupt the membrane. On the contrary, the presence of
Ca”" enhances the membrane disruption from the elonga-
tion of hIAPP fibers on the surface of membranes by a
detergent-like mechanism. Membrane fragmentation was
confirmed by the detection of small lipid aggregates that
are characteristic of a detergent-like mechanism. Taken as
a whole, the results suggest that Ca*" concentration could
be one of the cofactors that are able to modulate the mech-
anism of membrane disruption, favoring one mechanism at
the expense of the other.

Although the model membranes used in this study are
a simplification of the complexity of a biological membrane,
we believe that our results will help elucidate the largely
debated mechanism that underlies the toxicity of hIAPP,
which is essential for enabling the design of specific drugs
to prevent and/or alleviate T2DM.

MATERIALS AND METHODS
Materials

Full-length hIAPP and rIAPP with an amidated C-terminus (>95% purity)
were purchased from Anaspec (San Jose, CA) and used for all experiments
except those involving NMR spectroscopy. For the NMR experiments,
we used uniformly '’N-labeled hIAPP in the free acid form (rPeptide,
Bogart, GA). 1,2-Palmitoyl-oleoyl-sn-glycero-3-phosphocholine (POPC),
1,2-palmitoyl-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-myristoyl-
2-hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol) (LysoPg), and N-dode-
cylphosphocholine (DPC) were purchased from Avanti Polar Lipids with
a purity of 99% and used without further purification. 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP), 6-carboxyfluorescein, thioflavin T (ThT),
MnCl,, CaCl,, MgCl,, and HEPES were purchased from Sigma-Aldrich
(St. Louis, MO) with a purity of at least 99% and used for buffer prepara-
tion. Peptides were dissolved in HFIP (1.5 mg/ml) before use to break up
any preformed aggregates present in the solution. Aliquots of the peptide
stock solution were lyophilized overnight. Next, the lyophilized powder
was dissolved in the buffer or, alternatively, added to lipid dispersions up
to the desired lipid/peptide molar ratio as reported elsewhere (37). Pre-
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formed hIAPP fibers were used for some measurements and prepared by
incubating 0.1 mg of hIAPP in 500 uL of buffer overnight. The same
HEPES buffer was used in all experiments. All buffer solutions were
filtered by using a 0.2 um filter before use.

Preparation of Model Membranes

Model membranes were prepared as described elsewhere (38). Briefly, lipid
solutions in CHCl; were dried under a stream of dry nitrogen gas and evap-
orated under high vacuum to dryness in a round-bottomed flask. To obtain
multilamellar vesicles (MLVs), the resulting lipid film was hydrated with an
appropriate amount of HEPES buffer (10 mM buffer, 100 mM NaCl, pH
7.4) and dispersed by vigorous stirring in a water bath set at 4°C above
the gel-liquid crystalline phase transition temperature of the lipid. The final
concentration of lipids was 200 uM in each case. To obtain large unilamel-
lar vesicles (LUVs), the MLVs were extruded through polycarbonate filters
(pore size = 100 nm or 1000 nm; Nuclepore, Pleasanton, CA) mounted in
a mini-extruder (Avestin, Ottawa, ON, Canada) fitted with two 0.5 ml
Hamilton gastight syringes (Hamilton, Reno, NV). Samples were typically
subjected to 23 passes through two filters in tandem as recommended
elsewhere (39). An odd number of passages were performed to avoid
contamination of the sample by vesicles that might not have passed through
the filter.

Membrane Leakage Experiments

Membrane leakage experiments were carried out by using 6-carboxyfluor-
escein-filled LUVs of POPC/POPS (molar ratio 7:3, final concentration
200 uM). Dye-filled LUVs of POPC/POPS were prepared by hydrating
the dry lipid film with the buffer solution containing 6-carboxyfluorescein
(10 mM Hepes, 70 mM 6-carboxyfluorescein, pH 7.4) according to the
procedure described above. To remove nonencapsulated 6-carboxyfluores-
cein, after extrusion, the solution containing LUVs was placed on a Sepha-
dex G50 gel exclusion column (Sigma-Aldrich) and eluted using the final
buffer (10 mM Hepes, 100 mM NaCl, pH 7.4). The first colored band con-
taining the separated dye-containing vesicles was collected. The use of
10 mM Hepes, 70 mM 6-carboxyfluorescein, pH 7.4 inside the LUVs,
and of Hepes 10 mM, 100 mM NaCl, pH 7.4 in the outside buffer ensured
that the osmotic pressure would not destabilize the LUVs over time (Fig. S1
in the Supporting Material). The final concentration of lipids was checked
by using the Stewart assay (40). Samples were prepared initially by diluting
the dye-filled vesicles solution with buffer solution (10 mM HEPES buffer
solution, 100 mM NacCl, pH 7.4) to a final concentration of 200 uM. Finally,
1 uL of the peptide stock solution was added to 100 uL of LUVs solution
(final peptide concentration 2 uM, lipid concentration 200 uM, and a CaCl,
or MgCl, concentration of 50, 100, 200, or 400 uM where present). Pre-
formed fibers, where present, were added at a concentration of 1uM.
Membrane damage was quantified by detecting the increase in fluorescence
emission intensity of 6-carboxyfluorescein due to its dilution (dequenching)
in buffer as a consequence of the membrane leakage. Experiments were
carried out in Corning 96-well, nonbinding surface plates. Time traces
were recorded with a BioTek Synergy 2 plate reader using a 494 excitation
filter and a 520 emission filter at room temperature, and samples were
shaken for 10 s before each read. The fraction leaked was calculated as
follows:

(I - Iy

Fraction leaked =
(Lo — Io)

where I is the emission intensity of the sample, I is the emission intensity
obtained in the absence of peptide (baseline control), and I is the emis-
sion intensity obtained after adding Triton X-100 (a detergent), which acted
as a positive control to give 100% leakage. All measurements were done in
triplicate.



Calcium Modulates hIAPP/Membrane Interactions

NMR Paramagnetic Quenching

The degree of solvent exposure when hIAPP was bound to membranes in
the presence of Ca>" was estimated by paramagnetic quenching with
MnCl,. The degree of quenching was determined by comparing 2D
ISN-"H band-selective optimized flip-angle short transient (SOFAST)-het-
eronuclear multiple-quantum correlation (HMQC) spectra of hIAPP bound
to the detergent LysoPG in the presence of increasing concentrations of
MnCl,. LysoPG was selected because of its relatively close structural simi-
larity to the phospholipids used in this work (structure shown in Fig. S2);
the affinity of calcium for the PG headgroup is roughly similar to that of
PS (41). The isotopically labeled peptide used in this experiment was ob-
tained from a recombinant source (rPeptide) and is not amidated at the
C-terminus, unlike the physiologically expressed peptide used in the re-
mainder of the experiments; however, the effect of amidation on membrane
binding is relatively minor (42). All NMR spectra were collected on a 900
MHz Bruker Avance NMR spectrometer equipped with a triple-resonance
z-gradient cryogenic probe optimized for 'H detection. The SOFAST tech-
nique was used for fast data acquisition to reduce the probability of artifacts
arising from aggregation (43). Two-dimensional (2D) SOFAST-HMQC
spectra of IAPP in solution (20 mM Tris buffer, 25 or 50 mM NaCl, pH
7.4, 80 uM hIAPP) were acquired using 128 t; experiments, four scans,
and a 100 ms recycle delay. In the absence of detergent, data were recorded
at 4°C to avoid the fast aggregation and line broadening that occurs at
higher temperatures in the absence of detergent. Experiments with lysoPC
and DPC were recorded as above but with 64 scans and at 20°C, using a 156
uM concentration of hIAPP (78 uM for experiments with Mg?") and
25 mM lysoPG or 100 mM DPC. Experiments with calcium were recorded
using 12.5 mM CaCl,, 20 mM Tris buffer, and 25 mM NaCl at pH 7.4.
Experiments without calcium were recorded under the same condition
except that 50 mM NaCl was used.

Lipid Sedimentation Assay

The amount of membrane fragmentation that occurred during amyloid fiber
formation was determined by a sedimentation assay using centrifugation to
sediment intact vesicles, followed by analysis of the supernatant to measure
concentrations of lipids removed from the membrane. Solutions of LUVs of
POPC/POPS (molar ratio 7:3, final concentration 1 mg/ml) were prepared
as described above. Larger LUVs with a diameter of 1000 nm were used
for these experiments because they can be sedimented easily at low speeds
by centrifugation. For each sample, hIAPP (final concentration 15 uM) was
incubated with 500 uL of the LUV solution in the presence or absence of
100 uM Ca*" for 24 hr to form amyloid fibers. To remove vesicles that
were not broken by fibers, the samples were centrifuged for 40 min at
14,000 rpm, and the supernatant, which contains lipids embedded with
fibers, was collected to measure the amount of lipid in solution.

The concentration of lipids in the supernatant was measured using the
Stewart assay, a colorimetric method based on the ability of phospholipids
to form a complex with ammonium ferrothiocyanate (40). A calibration
curve was first created for each LUV lipid composition using a series of
chloroform solutions with a known amount of lipids (volume 1 ml) treated
with 1 ml of a solution containing ferric chloride and ammonium thiocya-
nate. Each solution was then shaken for 20 s and the organic phase was
collected. The optical density of these standard solutions was read with
an UV-VIS spectrophotometer at 461 nm and plotted versus the lipid
concentration to obtain a linear calibration curve. The supernatant from
centrifugation of lipid samples was treated similarly after first diluting to
500 uL of chloroform before the extraction step. Solutions without hIAPP
were analyzed as a control. All measurements were made in triplicate.

QCM-D Measurements

QCM-D experiments were performed on a Q-Sense D300 quartz microbal-
ance (Q-Sense AB, Gothenburg, Sweden). The 5 MHz QCM sensor crystals
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with gold-on-chromium electrodes (area size 0.189 cm?) covered by silicon
dioxide were purchased from Q-Sense AB. The measurement chamber
(80 uL of volume) operated at 25 = 0.1°C in 10 mM HEPES buffer,
100 mM NaCl, pH 7.4. The instrument allowed simultaneous measure-
ments of frequency, F, and energy dissipation, D, for the fundamental
resonance frequency (n = 1, i.e., F = ~5 MHz) and the first three overtones
(n = 3, 5, and 7, corresponding to f = ~15, ~25, and ~35 MHz, respec-
tively). The resolution in F and D is + 0.1 Hz and 1x 107, respectively.
The data were collected in Qsoft 301 and analyzed in Qtools version
1.1.0.2 (both provided by Q-Sense AB). POPC/POPS (molar ratio 7:3) sup-
ported lipid bilayers (SLBs) were used. All other experimental conditions
were unchanged with respect to the membrane leakage experiments.

Atomic Force Microscopy Measurements

Film morphology and its roughness at the nanometer scale were investi-
gated by atomic force microscopy (AFM) on a Multimode Nanoscope
IITa (Digital Instruments, Santa Barbara, CA) with both 10 and 125 um
scanners. Images were acquired in tapping mode with a fluid cell filled
with phosphate buffer solution. Sharpened silicon nitride probes (Veeco)
with a radius of 30 nm and a nominal spring constant, k = 0.06 Nmfl,
were employed. Tapping mode in air imaging was performed by using
phosphorus N-doped silicon probes. The roughness estimation was made
on scan areas of 10 x 10 um?* by using Nanoscope RIII software in terms
of the standard deviation of heights (Rq). POPC/POPS lipid mixtures
(molar ratio 7:3) were used. All other experimental conditions were
unchanged with respect to the membrane leakage experiments.

RESULTS AND DISCUSSION

Ca?" lons Inhibit Dye Release Induced by
Prefibrillar hIAPP but Enhance Membrane
Disruption Induced by Elongation of Fibers

Although the mechanism of membrane disruption induced
by hIAPP has not been fully elucidated, a two-step mecha-
nism for disruption of the integrity of the membrane was
recently proposed (24). The first step is correlated with the
interaction of prefibrillar species of hIAPP with the
membrane, and the second step is correlated with the elon-
gation of the fiber on the membrane surface.

To assess the influence of Ca®" on both steps, we
measured the influence of Ca>" on the ability of hIAPP to
cause dye release from liposomes with and without pre-
formed fibers to seed fiber elongation (Fig. 1). First, the
damage induced by prefibrillar species of hIJAPP was evalu-
ated by measuring dye release directly after the addition of
2 uM of freshly dissolved hIAPP to 200 uM of 7:3 POPC/
POPS liposomes. In all samples prepared this way, freshly
dissolved hIAPP caused a rapid release of the dye immedi-
ately after the addition of hIAPP, which reached its
maximum after 10 min (Fig. S3A). The addition of Ca*"
significantly lowered the amount of maximum dye released
after the addition of freshly dissolved hIAPP (Fig. 1 A, blue
bars). Calcium ions are known to interact strongly with the
negatively charged headgroup of POPS lipid (44—46). This
interaction leads to a decrease in the total negative charge
of the membrane surface, which may diminish the electro-
static interaction of hIAPP with the membrane (25,47).
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FIGURE 1 Dye release from model membranes induced by hIAPP in the

presence and absence of calcium ions. (A and B) Values of dye release from
200 uM LUVs of POPC/POPS (molar ratio 7:3) in the absence (A) or pres-
ence (B) of 1 uM preformed hIAPP fibers, induced by 2 uM of freshly dis-
solved hIAPP after 30 min with the indicated ions at the indicated
concentrations. All experiments were made in 10 mM HEPES buffer,
100 mM NaCl, pH 7.4 at 25°C. Results are the average of three experi-
ments. The error bars represent the standard error of measurement.

Because Mg®" is known to have both a smaller affinity for
the POPS headgroup than Ca’" and a different binding
mode to lipids (48-50), we repeated the same experiments
using Mg”" instead of Ca®" to determine the extent to which
the difference in membrane disruption is mediated by the
interaction of Ca'® with the membrane. The amount of
dye release was essentially unaffected by the presence of
Mg>" within the experimental error of the measurement
(Fig. 1 A, red bars; p > .05), indicating that specific binding
by Ca®" is most likely responsible for this difference. It is
known that the presence of Ca®" does not affect the struc-
ture of the peptide as observed by circular dichroism exper-
iments (36), but its presence does slightly reduce the rate of
fiber formation as measured by ThT (Fig. S4).

The immediate membrane disruption caused by pre-
fibrillar hIAPP is only one aspect of hIAPP’s effect on
membranes. A second and frequently larger phase of
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membrane disruption occurs when fibers of IAPP and other
amyloid proteins (51) begin to grow on the membrane
(21,22,24,52). To evaluate the role of Ca®" on this stage
of membrane disruption, samples were first preincubated
with preformed fibers of hIAPP and then the dye release
was measured immediately following the addition of
2 uM freshly dissolved hIAPP to initiate fiber elongation
(Fig. 1 B) (22). As expected, dye leakage was not observed
for samples incubated with preformed fibers only (Fig. 1 B
and Fig. S3B), suggesting that the fibers alone are not able to
disrupt the membrane integrity. However, seeded fiber elon-
gation of hIAPP caused a rapid increase of dye release
within the first 10 min after the addition of monomers
(Fig. S3B), similar to that observed with freshly dissolved
hIAPP (Fig. S3A). However, Ca’"’s effect on membrane
disruption by fiber elongation was the opposite of that
observed with prefibrillar hIAPP. Although Ca*" decreased
the membrane disruption by prefibrillar hIAPP (Fig. 1 A,
blue bars), it enhanced membrane disruption during fiber
elongation (Fig. 1 B, blue bars). Similar experiments per-
formed in the presence of Mg " instead of Ca*" (Fig. 1 B,
red bars) showed a significantly diminished effect that
increased at higher concentrations of Mg”", consistent
with Mg”" ions’ lower affinity for the membrane.

The total amount of dye released from the seeded reaction
in both types of samples is lower than that released from the
unseeded samples, most likely because much of the mono-
mer is immediately sequestered into fibers that are not
bound to the membrane and is therefore unavailable for fiber
elongation on the membrane surface (53). This results in
a lower effective concentration of monomer for fiber elonga-
tion and therefore a smaller extent of membrane disruption,
as previously observed for hIAPP and AB_49 (54,55).

Ca”* lons Hinder the Insertion of Prefibrillar
hlIAPP Species into the Hydrophobic Region of
SLB and Promote the Fragmentation of the
Bilayer during hIAPP Fiber Growth

To gain more insight into the impact of Ca>" on the changes
in the membrane physical properties caused by hIAPP
binding, we monitored the exposure of SLBs composed of
POPC/POPS (molar ratio 7:3) to hIAPP solutions by con-
ducting QCM-D experiments in both the absence and pres-
ence of Ca®" (Fig. 2). QCM-D experiments use a single
SLB formed on top of a resonating SiO, sensor to record
the frequency shift (AF) and dissipation response (AD) of
harmonics of the resonating frequency as a function of
time after the addition of hIAPP (Fig. 2). The Sauerbrey
relation states that the frequency shift (AF) is proportional
to the mass adsorption of the ligand on the sensor surface
(56). Although the Sauerbrey relation is technically valid
only for thin, rigid films coupled without friction to the
sensor surface, the loss of friction that occurs with mildly
viscoelastic materials such as SLBs is minor. The frequency
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FIGURE 2 Interaction of hIAPP and SLBs studied by QCM-D. (A and B)
QCM-D traces for POPC/POPS (7:3) SLBs exposed to 2 uM hIAPP (A) and
2 uM hIAPP and 100 uM Ca*" ions (B). A comparison of the dissipation
curves (AD,) shows that hIAPP interacts less with the hydrophobic core
of the SLB in the presence of calcium ions. In the presence of Ca®*,
a decrease in the mass adsorbed to the quartz crystal at ~950 min (corre-
sponding to the increase in AF,) indicates the removal of lipid from the
bilayer after fiber formation. All experiments were performed in 10 mM
HEPES buffer, 100 mM NaCl, pH 7.4 at 25°C

shift (AF) is therefore to a first approximation proportional
to the change in mass absorbed, including any changes in
hydration of the bilayer. The material properties of the
bilayer are measured by the dissipation response (AD). A
softer, more fluid bilayer with less internal cohesiveness
between lipid molecules is more easily deformed and there-
fore will possess a higher AD than a more cohesive one (53).
Each harmonic of the resonating frequency penetrates to
a different depth away from the sensor surface. Higher
harmonics probe relatively close to the surface of the chip,
whereas lower harmonics extend beyond the SLB into
the bulk solution (57). A comparison of response curves
between harmonics can help localize the changes in the
bilayer, although the resolution is not high enough to give
atomic-level insight.

We prepared SLBs by fusing SUVs on the supporting
SiO, substrates to form a continuous single SLB (58).
SLBs formed in this manner are stable until hIAPP is added
(see Fig. S5). QCM-D shows that the mechanism of interac-
tion of IAPP with the membrane is complex but can be
roughly divided into three steps:

1) For samples both with (Fig. 2 B) and without (Fig. 2 A)
Ca”", the AF signal decreases during the first 100 min after
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the addition of hIAPP. This corresponds to an increase in
mass on the bilayer, and likely reflects the slow accumula-
tion of prefibrillar IAPP on the membrane surface. During
this phase, AD increases for both samples, showing that
the membrane becomes substantially more viscous and
therefore less cohesive after interaction with the protein.
The AF decrease and AD increase are more evident in the
absence of Ca®", indicating that the adsorption of prefibril-
lar hIAPP to POPC/POPS membranes is comparatively
more efficient in the absence of Ca®". This is not surprising
considering that Ca®" is able to efficiently shield the nega-
tive charge on the membrane surface, which is known to
enhance the binding of hIAPP (59), and this result matches
that obtained with the dye-leakage assay (Fig. 1).

2) From 100 to ~400 min, AF is almost flat, indicating
that the surface is almost saturated in both samples. A minor
increase in AF in the sample without Ca®" is most likely
correlated with the release of water from the surface of
the SLB due to insertion of the peptide into the SLB,
whereas the minor decrease in AF in the sample with
Ca”*" most likely reflects the continuing absorption of the
peptide to the SLB without the release of water. Interest-
ingly, despite the absence of a significant shift in AF, the
AD curve sharply increased for the sample without Ca”",
suggesting that a topological reorganization of the hIAPP
within the SLB occurs to create a less cohesive, softer
membrane. This increase in viscosity suggests that the
hydrophobic core of the bilayer is disrupted, which may
occur as a result of a time-dependent change toward deeper
insertion of the peptide into the SLB due to aggregation
(15,60,61). It must be stressed that because the additional
mass uptake due to the adsorption of hIAPP is very small
with respect to the mass of the SLB, the large increase of
the dissipation factor is essentially due to the change of
the viscosity of the SLB, rather than to a direct effect caused
by the increase in mass from hIAPP adsorption. Although
both samples show some degree of change in AD, the
change is much larger in the absence of Ca®" (Fig. 2 A),
indicating that the degree of reorganization is more signifi-
cant in the absence of Ca”".

3) After 800 min, the sample without Ca®t shows
a decrease in AF with time, and a slight increase with
time in the AD response (Fig. 2 A). This is on the same time-
scale as fiber formation and likely indicates an increase in
the adsorbed mass on the membrane surface as a result
of aggregation. On the other hand, in the presence of
Ca”", AF sharply increases after a lag time of ~950 min
(Fig. 2 B), indicating a significant loss of mass from the
SLB at this time point in the presence of Ca**.

The results obtained by dye leakage assays and QCM-D
suggest that Ca®" acts as a switch to hamper the interaction
of the prefibrillar hIAPP species with the hydrophobic
region of the membrane, and to promote the fragmentation
of the membrane induced by hIAPP fibers. It should be
noted that the loss of mass observed by the QCM-D and
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the increase in the ThT signal used to evaluate fiber forma-
tion (Fig. S4) occurs on a significantly different timescale.
We attribute this difference to the different P/L ratio and
the absence of shaking in the QCM-D experiment. More-
over, ThT measurements do not distinguish between fibers
formed in solution and fibers formed on the surface of the
bilayer, which can occur on a different timescale (54,55).
Although the sudden decrease in mass in the Ca”" is consis-
tent with the onset of fiber formation and the consequent
removal of the fibers from the surface, QCM cannot defini-
tively establish the kinetics of fiber formation, because the
AF signal is the sum of contributions from the SLB itself,
hIAPP bound to the membrane, and a boundary layer of
water coupled to the SLB.

As a control, we also performed QCM-D experiments by
exposing the SLB films to rIAPP solution. rIAPP is not toxic
to @ cells and does not form fibers or induce dye release
from lipid vesicles (8,36,62—-64). The QCM-D results ob-
tained with rIAPP (Fig. S6) were essentially stable in both
the presence and absence of Ca>" within the detection limit
of the technique (i.e., ~1 Hz). The very small weight fluctu-
ations in the traces are due to Lundstrom-like adsorption-
desorption of rIAPP on SLB (65).

Ca?* lons Hinder the Insertion of Monomeric
hIAPP into lysoPG Micelles

The differences in dye-leakage rates and in the AD observed
with QCM-D measurements, in the initial phase of mem-
brane interaction, suggest that the prefibrillar states of
hIAPP interact differently with membrane in the presence
of calcium. To assess the effect of calcium on the posi-
tioning of prefibrillar states of hIAPP within the membrane,
we employed paramagnetic quenching NMR experiments
on ""N-labeled hIAPP bound to lysoPG (structure shown
in Fig. S2) micelles in the presence and absence of calcium
ions. Paramagnetic quenching experiments reveal the expo-
sure of the peptide to solvent: if a residue is exposed on the
surface of the micelle, the corresponding resonance will be
broadened, but if it is buried within the micelle, the quench-
ing agent will have little or no effect. The small size of
detergent micelles ensures a low number of peptides bound
per micelle, and therefore greatly stabilizes the monomeric
form of hIAPP relative to oligomeric states.

An overlay of the 2D 'N-'"H SOFAST-HMQC spectra of
hIAPP in the absence and presence of 25 mM lysoPG is pre-
sented in Fig. S7. The spectrum of hIAPP bound to lysoPG
is similar to that of IAPP bound to DPC micelles (Fig. S8),
but differs significantly from that of IAPP in solution, indi-
cating that the peptide is bound to lysoPG micelles both
with and without Ca®>* . In the absence of calcium ions,
the addition of the paramagnetic quencher MnCl, had a
moderate line-broadening effect on the peaks observed in
the NMR spectra, with many resonances clearly visible
even in the presence of a high concentration (600 uM) of
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Mn?" (projections of 2D spectra on the 'H chemical shift
axis are shown in Fig. 3 A, and the full 2D spectra are shown
in Fig. S9). The effect of Mn>" is not uniform, with some
resonances showing a greater degree of broadening than
others (Fig. S9). The nonuniform, moderate effect of
MnCl, is in agreement with partial burial of the N-terminus
of TAPP in the detergent micelle, as proposed in previous
NMR structural studies of IAPP in anionic micelles (42,66).

With the addition of calcium in a 1:2 molar ratio of Ca**/
LysoPG, the quenching effect of Mn®>" becomes much
greater and the NMR peaks are totally quenched even at
a low concentration (200 uM) of Mn*" (Fig. 3 B and
Fig. S10). Without the quencher, Ca®" has little effect on
the spectra of micelle-bound hIAPP (Fig. S11), which
suggests that hIJAPP remains bound to lysoPG in the pres-
ence of Ca’". Paramagnetic quenching in the presence of
Mg is significantly diminished compared with the strong
quenching observed with Ca®" (Fig. S12), suggesting that
the effect is specific to Ca>". The stronger quenching effect
of Mn*" in the presence of Ca*" is therefore likely due to
the poorer penetration of the monomeric peptide into the
micelle, although a contribution from the decrease in the
micelle binding affinity due to Ca®" cannot be rigorously
excluded.

Ca’* Promotes Disruption of Membrane by
a Detergent-Like Mechanism

The QCM-D data show a loss of mass in the SLBs during
fiber elongation when Ca®" is bound to the membrane, sug-
gesting that Ca®" may enhance detergent-like membrane
disruption by hIAPP. The detergent-like mechanism is

a
Without Calcium With Calcium
600 uM Mn*?
AN ML AAAAAS
200 uM Mn*?
PPNV Y BT TR S
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Chemical Shift (ppm) Chemical Shift (ppm)
FIGURE 3 Paramagnetic quenching of IAPP bound to LysoPG in the
absence and presence of calcium. (A and B) 'H chemical shift projections
of 2D '"N-'H SOFAST-HMQC spectra of 150 uM IAPP bound to
25 mM LysoPG in the absence (A) and presence (B) of 12.5 mM calcium
with the indicated MnCl, concentration (full 2D NMR spectra are shown
in Fig. S9 and Fig. S10). Manganese has a moderate effect on IAPP in
the absence of calcium; the more-severe effect in the presence of calcium
is an indication of greater solvent exposure of hIAPP when bound to the
micelle. All experiments were performed in 20 mM Tris buffer, 25 mM
NaCl, pH 7.4.
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characterized by fragmentation of the bilayer into a small,
lipidic structure (vesicles or micelles). To test this hypoth-
esis, we performed a sedimentation assay to separate intact
bilayers from fragmented membranes. Freshly dissolved
hIAPP (with 15 uM) was first incubated with POPC/POPS
LUVs (molar ratio 7:3) for 24 hr to allow the formation of
hIAPP fibers, and the samples were then centrifuged to
eliminate intact vesicles. The concentration of lipid in the
supernatant solution was then quantified with the Stewart
assay (Fig. 4). A significantly higher concentration of lipid
was detected in the supernatant in samples incubated in
the presence of 200 uM Ca®" (p < .001) compared with
those without Ca’*, confirming the increase of membrane
fragmentation in samples containing Ca®" inferred from
the QCM-D experiment.

AFM Reveals a Fiber-Dependent Defect on SLB
Only in the Presence of Ca®"

The dye-leakage, membrane-sedimentation, QCM-D, and
NMR experiments all indicate that two different types of
hIAPP-membrane interactions exist depending on the pres-
ence of Ca>", which in turn leads to two different mecha-
nisms for membrane disruption. This difference can be
directly visualized by AFM experiments. In particular, the
detergent-like mechanism favored in samples containing
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FIGURE 4 Membrane fragmentation through a detergent-like mecha-
nism induced by hIAPP fibers. Lipid concentration in the supernatant after
incubation with 15 uM hIAPP for 24 hr at 25°C with 1 mg/ml LUVs of
POPC/POPS (molar ratio 7:3) in the presence or absence of 100 uM
Ca*", and centrifugation at 14,000 rpm as measured by the Stewart assay.
Black bars represent controls in the absence of peptide. The presence of
Ca*" significantly enhances fragmentation of membranes induced by
hIAPP fiber formation. All experiments were performed in 10 mM HEPES
buffer, 100 mM NaCl, pH 7.4 at 25°C. Results are the average of three
experiments. The error bars indicate the standard error of measurement.

179

Ca”" should lead to the appearance of large defects in the
integrity of the SLB that are possible to detect by AFM
experiments.

AFM images of POPC/POPS (molar ratio 7:3) SLBs
incubated with hIAPP for short (2 hr) and long (24 hr) dura-
tions with and without Ca®" are shown in Fig. 5. Calcium
causes a marked change in the morphology of hIAPP depos-
ited on the bilayer after prolonged incubation times. In the
presence of Ca® ", after 24 hr, hIAPP forms a rich population
of large, long fiber-like structures parallel to the SLB
surface, with a lateral size of 79.8 + 12.9 nm and a height
of ~9.8 * 3.3 nm (Fig. 5 D). In this case, damaged regions
can also be observed in the SLB (Fig. 6 B), suggesting
severe degradation of the membrane consistent with the
removal of lipid from the mica surface, in agreement with
the loss of mass detected in the QCM traces (Fig. 2 B).
Such damaged regions in the membrane were not observed
in the absence of calcium (Figs. 5 B and 6 A). Strikingly,
long fiber-like species were also not detected in the absence
of calcium after incubation for 24 hr (Fig. 5 B). Instead,
a large number of smaller cylindrical structures (4.5 =+
1.6 nm high and 82.7 + 14.5 nm wide) were detected appar-
ently emerging from the SLB. This observation is surprising
because we observed the fiber formation with ThT for the
sample without Ca®" (Fig. S4); however, the similarity of
the ThT curves for hIAPP alone and hIAPP in the presence
of LUV POPC/POPS (Fig. S4) suggests that in this case,
hIAPP fibers are mainly formed in solution rather than on
the bilayer surface, and therefore are not detected by

FIGURE 5 AFM images of hIAPP fibers with and without calcium ions.
(A and B) Top: AFM images of POPC/POPS (7:3) SLBs after exposure to
2 uM hIAPP alone for 2 hr (A) and 24 hr (B). (C and D) Bottom: AFM
images of POPC/POPS SLBs incubated with both 2 uM hIAPP and
100 uM Ca>" ions for 2 hr (C) and 24 hr (D). All experiments were per-
formed in 10 mM HEPES buffer, 100 mM NaCl, pH 7.4 at 25°C.
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FIGURE 6 AFM section analysis. (A and B)
Structures formed on POPC/POPS (7:3) SLBs after
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AFM. As a control, AFM images were also acquired for
hIAPP in the absence of SLB (Fig. S13), as well as for
SLB films exposed to rIAPP solution. Images of the SLB
incubated with rIAPP show the absence of fibers and defects
in the SLB (Fig. S14).

DISCUSSION

The possible role of lipids at different stages of hIAPP
aggregation, and the molecular details of hIAPP-associated
membrane damage in T2DM are subjects of intense debate
(18,52). It has been proposed that the interaction of IAPP
with the membrane results in the loss of lipids from the
target membrane (67). It has also been suggested that
small-sized IAPP oligomers form ion-permeable structures
when inserted into the membrane (8,13,64,68). Despite
intensive investigation, our knowledge about the early
events that trigger hIAPP fibril growth and/or membrane
damage in the cell is still limited (16). This lack of knowl-
edge mirrors our lack of understanding of the triggers that
convert hIAPP, which is normally stored safely at high
concentrations, into a potentially cytotoxic species in dia-
betic subjects (12). In this context, the dysregulation of
Ca”" concentration that occurs with aging (32,33), as well
as the observation of significantly increased levels of
cytosolic Ca*" levels in 8 cells of transgenic mice overex-
pressing hIAPP, suggest a close relationship among Ca*"
dyshomeostasis, abnormal hIAPP-membrane interaction,
and, eventually, islet cell toxicity (69).

In this study, we have shown that calcium ions play
a significant role in affecting both mechanisms of hIAPP-
induced membrane disruption (Fig. 7). NMR quenching
experiments show that Ca®" ions hinder the insertion of
prefibrillar hIAPP species into negatively charged lysoPG
micelles (Fig. 3). Although the NMR data clearly show
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exposure to 2 uM hIAPP (A) or 2 uM hIAPP with
100 uM Ca*" ions (B) for 24 hr. The zero value
refers to the height of the membrane in the absence
of hIAPP. Green and red arrows refer to height and
width measurements, respectively. Defects on the
SLB are evident only in the presence of calcium
ions (marked with white asterisks on the AFM
image and black arrows in the sectional analysis).
All experiments were performed in 10 mM HEPES
buffer, 100 mM NaCl, pH 7.4 at 25°C.

binding of the hIAPP monomer to the micelle in the pres-
ence of calcium (Fig. S8), the cross-linking of lipid mole-
cules caused by the chelation of calcium with the lipid
headgroups likely prevents the penetration of hIAPP into
the micelle (Fig. 3). Moreover, the QCM-D experiments
show that for samples without Ca®t ions, the addition of
hIAPP causes an immediate increase in AD, which is corre-
lated with the viscosity of the membrane (Fig. 2 A), suggest-
ing that the binding of prefibrillar species of hIAPP in the
absence of Ca®" induces a rupture of lipid-lipid interactions
resulting in insertion of hIAPP into the hydrophobic region
of the bilayer. Changes in AD are more modest in the pres-
ence of Ca®", indicating that hIAPP causes smaller changes
in the membrane viscosity when Ca®" is present. This inter-
pretation is also supported by a close analysis of the AD
depth profile, which reveals that hIAPP penetrates to a lesser
degree into the bilayer in the presence of calcium (Fig. 2 B),
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FIGURE 7 (A and B) Cartoon schematic of the possible interactions of
hIAPP with lipid bilayers without Ca*" (A) and with Ca®>" (B).
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in agreement with the NMR results. This difference in
binding mode can be directly observed by AFM. In the
absence of Ca’", hIAPP forms cylindrical oligomers on
the membrane, whereas in the presence of Ca’* the domi-
nant species is long fibers similar to those seen in solution
(Fig. 6). Taken together, the QCM-D, AFM, and NMR
results indicate that Ca®* switches the binding mode of
both prefibrillar and fibrillar hIAPP, causing a shallower
insertion into the membrane with less disruption of the
hydrophobic core of the bilayer.

This difference in the membrane-binding mode of hIAPP
is reflected in the membrane permeabilization induced
by prefibrillar hIAPP species (Fig. 1 A and Fig. S3A). In
the absence of calcium, hIAPP efficiently disrupts POPC/
POPS membranes immediately after the addition of the
peptide (Fig. S3A). The presence of Ca’" ions seems to
inhibit this phenomenon, possibly by increasing the rigidity
of the bilayer (Fig. 2) and by shielding the negative charge
on the membrane surface.

Whereas Ca®" decreased membrane permeabilization by
prefibrillar hIAPP, it increased membrane fragmentation
during hIAPP fiber elongation. This is reflected in the
decrease in the mass of the absorbed SLB in the QCM-D
data at later time periods for samples containing Ca*"
jons (Fig. 2 B) than in samples without Ca>", suggesting
that Ca®" enhances membrane disruption during amyloid
formation. Direct evidence for this process was provided
by dye-release assays performed for samples containing pre-
formed hIAPP fibers (Fig. 1 B and Fig. S3B), which showed
that calcium ions enhanced the release of the dye during
the fiber elongation process, confirming a close correlation
between fiber growth and membrane disruption in the pres-
ence of Ca®". Moreover, lipid sedimentation assays revealed
the appearance of small lipid aggregates after prolonged
incubation of hIAPP with LUVs containing Ca®" (Fig. 4),
suggesting that the fiber growth induced the removal of
lipids from the bilayer by a detergent-like mechanism.
Direct evidence of a different interaction of the amyloid
state of hIAPP with the bilayer in the presence of Ca®"
was provided by AFM. A large array of fibrils, together
with irregular holes in the lipid matrix, is evident in the pres-
ence of Ca’* (Fig. 6 B); however, similar defects in the
membrane are not detected in AFM images of the Ca®'-
free sample (Fig. 6 A). Similarly, the loss of mass at
~950 min in the presence of Ca®" detected by QCM may
be correlated with the detachment of hIAPP from the SLB
surface with the consequent extraction of a small amount
of lipid from the bilayer through a detergent-like mechanism
(54). Notably, the AD curves continue to increase linearly
after the loss of mass, confirming that hIAPP continues to
interact with the remaining SLB, and the remaining mem-
brane is similar in structure to the original SLB. Similar
behavior was previously observed in experiments with
AQ1.409, in which the membrane apparently resealed after
fiber formation and membrane fragmentation (55). The
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reason for the increase in membrane disruption caused by
fiber elongation is not straightforward, but may be related
to the increase in negative (outward) curvature of the
membrane upon Ca®" binding (70), which has been linked
to hIAPP membrane disruption and toxicity (15).

CONCLUSIONS

Our observations support the hypothesis that multiple envi-
ronmental factors, such as a local increase of protein
concentration and an unbalanced cytosolic influx-efflux of
ions, are likely to play a critical role in the mechanism of
IAPP interaction with the membrane (71). According to
our results, Ca®" ions may act as switches that hamper the
insertion of monomeric IAPP into the membrane. Conse-
quently, although hIAPP is not embedded in the lipid
core, most likely due to the rigidifying influence of calcium
on the bilayer, hIJAPP-enriched microenvironments form in
the proximity of the membrane surface and start to self-
assemble into oligomers.

We are aware of the inherent difficulties of extrapolating
results from models in vitro to the biological context,
particularly for a system as complex as the Ca®'/hIAPP/
membrane assembly. Nevertheless, it is worthwhile to
mention that mediation of hIAPP-induced apoptosis by the
disturbance of intracellular Ca®" homeostasis has already
been shown in human pancreatic tissues (72). The signifi-
cance of what we have demonstrated here is that this alter-
ation of the levels of Ca®" ions can also lead to an
enhancement of hIAPP-mediated membrane damage via
fibrillogenesis. In this case, because membrane disruption
is the source of Ca®" dysregulation, a positive feedback
loop can be created whereby the influx of Ca®" into the
cell by hIAPP feeds forward into the enhancement of
membrane disruption by Ca®", creating a cycle that leads
eventually to the death of the cell. Our observations suggest
that elevated Ca®" levels in T2DM may play an additional
role beyond a passive role as a product of hIAPP-induced
membrane disruption, and that unregulated Ca*" homeo-
stasis may also play an active role in the control of patho-
physiological hJAPP—-membrane interactions.

Finally, we note that because hIAPP itself does not bind
Ca>" (36,73), calcium’s effect on membrane permeabiliza-
tion by hIAPP is due to its influence on the physical proper-
ties of the membrane, not to a particular structural feature of
hIAPP itself. This implies that the changes in membrane
structure that occur upon binding of Ca®" are likely to influ-
ence other membrane active peptides and proteins as well.
Although the effect of Ca®" on membrane active peptides
has not been extensively studied, it is known to inhibit mem-
brane permeabilization by the antimicrobial membrane-
disrupting peptides alamethicin (74) and gramicidin (75),
amyloidogenic oligomers of lysozyme (76), and at least
one type of nonfibrillar channel produced by oligomeriza-
tion of the amyloidogenic protein a-synuclein, which has
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been implicated in Parkinson’s disease (77). These findings
are consistent with our observation that Ca®" inhibits
membrane permeabilization by prefibrillar hIAPP, which
may involve a channel-like mechanism (8,78-81). To our
knowledge, the enhancement of membrane fragmentation
by Ca*" has not been reported before. However, membrane
fragmentation is frequently observed for many antimicro-
bial peptides (82) and has also been reported for other amy-
loidogenic proteins, such as AB.40 (83,84) and a-synuclein
(85,86). Because calcium dysregulation is intimately in-
volved with apoptosis and many other cellular processes
(87), future studies examining the generality of Ca*"’s
effect on membrane active proteins are vital to understand
the in vivo effects of these proteins.

SUPPORTING MATERIAL

Supporting methods and figures are available at http://www.biophys;j.org/
biophysj/supplemental/S0006-3495(12)05058-8.
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