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ABSTRACT: The toxicity of amyloid-forming peptides has been
hypothesized to reside in the ability of protein oligomers to interact
with and disrupt the cell membrane. Much of the evidence for this
hypothesis comes from in vitro experiments using model membranes.
However, the accuracy of this approach depends on the ability of the
model membrane to accurately mimic the cell membrane. The effect
of membrane composition has been overlooked in many studies of
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amyloid toxicity in model systems. By combining measurements of

membrane binding, membrane permeabilization, and fiber formation, we show that lipids with the phosphatidylethanolamine
(PE) headgroup strongly modulate the membrane disruption induced by IAPP (islet amyloid polypeptide protein), an
amyloidogenic protein involved in type II diabetes. Our results suggest that PE lipids hamper the interaction of prefibrillar IAPP
with membranes but enhance the membrane disruption correlated with the growth of fibers on the membrane surface via a
detergent-like mechanism. These findings provide insights into the mechanism of membrane disruption induced by IAPP,
suggesting a possible role of PE and other amyloids involved in other pathologies.

he accumulation of particular proteins into long fibrillar
aggregates with a characteristic f-sheet structure known as
amyloids is a common feature of many devastating aging-
related pathologies."” In type II diabetes mellitus, the main
constituent of these aggregates is islet amyloid polypeptide
(IAPP),® a 37-residue peptide (sequence shown in Figure 1)
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Figure 1. Amino acid sequence of IAPP. IAPP is amidated in its
physiologically occurring form and contains a disulfide bond between
Cys2 and Cys7.

involved with insulin in glucose homeostasis.* Like that of
many other amyloidogenic proteins, the aggregation of IAPP
has been linked to cellular dysfunction and death.’ Although
the molecular mechanisms underlying the cytotoxicity of IAPP
have not been fully elucidated, substantial evidence suggests
that at least part of the toxicity of aggregates of IAPP and other
amyloidogenic proteins is due to the disruption of the plasma
and possibly organelle membranes during aggregation.®”® The
exact mechanism of membrane disruption is not yet fully
understood, although several studies have proposed either the
formation of transmembrane oligomeric pores,g_12 nonspecific
ion permeation caused by binding of oligomers to the
membrane surface,® or a detergent-like membrane dissolution
caused by the growth of amyloid fibrils on the membrane
surface."> ™3

Most mechanistic data for IAPP-induced membrane
disruption at the molecular level have come from in vitro
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studies of model membranes.'® In most studies, a simplified
membrane composition consisting of a single zwitterionic lipid
(PC) and a single charged lipid (PG or PS) has been
used."*'"7*° The net surface charge is an important property of
the membrane that can strongly affect both the level of
membrane disruption and the kinetics of amyloid formation.
However, it is only one element in a large set of properties that
define a realistic cell membrane mimetic. Alterations of other
membrane properties have been shown to have large effects on
the activi?r of other membrane active peptides and amyloid
proteins.”*~*’ Even subtle changes in membrane composition
can give rise to synergistic effects and emergent phenomena.
For example, a-synuclein, an amyloidogenic protein implicated
in Parkinson’s disease, binds weakly to PC and PE alone but
strongly to PS/PE mixed membranes.”” Similarly, phase
separation in ternary lipid mixtures has been shown to strongly
enhance membrane binding for a variety of amyloid proteins,
including IAPP.***" Although the effects of some changes in
membrane composition have been studied for IAPP, the effects
of many have been unexplored.**~>*

A particularly interesting membrane property in this context
is the intrinsic curvature of the membrane, which is related to
the shape of the individual lipids. The growth of amyloid fibers
on the membrane can severely distort the shape of lipid
vesicles, disrupting membrane integrity as the fiber becomes
longer.'#**3%° The stress on the membrane induced by this
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distortion is related to the composition of the membrane, as
bending a membrane to a geometry opposed by its intrinsic
curvature is an unfavorable process.>” The ability of several
IAPP variants to disrupt f-cell membranes is correlated with
the ability to cause negative (outward) curvature in the
membrane, suggesting a possible role for intrinsic lipid
curvature in membrane disruption by IAPP.'*** Similarly, a
recent paper shows that decreasing the content of lipids with
the phosphatidylethanolamine headgroup (PE), a lipid with an
intrinsic negative curvature, in neuroblastoma cells reduces the
toxicity of the amyloidogenic Af peptide implicated in
Alzheimer's disease.”” While PE is localized primarily in the
inner leaflet in cells,*® where it would appear to be inaccessible
to extracellular amyloid fibers, recent research suggests that the
most damaging amyloid oligomers actually form intracellularly
where they would have access to PE.*"** These studies suggest
that PE lipids, which are common constituents of cell
membranes, could play an important role in membrane
disruption by amyloidogenic peptides.

However, in vivo studies are complicated by the multiple
roles lipids serve in the human body. Besides its structural role
in the membrane, PE is also involved in several cellular
processes that make a direct link between a toxicity decrease
upon reduction of PE levels and membrane disruption
difficult.*® Here we explore this link by investigating the
membrane disruption induced by IAPP on model membranes
composed of lipids with different intrinsic curvature by adding
either POPE or lysoPC, a single-chain fatty acid with the
opposite curvature of PE, into vesicles containing POPC and
POPS. The percentage of POPS was kept constant at 30% to
maintain an identical percentage of anionic lipids in each
sample. Using a combination of dye leakage, ThT fluorescence,
NMR, CD, and spectrofluorimetric measurements, we observed
that the presence of a PE lipid decreases the extent of
membrane leakage induced by IAPP in its nonfibrillar form but
significantly increases the extent of leakage caused by IAPP
fibers, correlating with the impact PE has on the affinity for
each species for the membrane. Results from this study shed
light on the mechanism at the root of the toxic effect of IAPP
toward membranes and could be useful for the investigation of
the behavior of other amyloid proteins.

B MATERIALS AND METHODS

Materials. Human IAPP was purchased from AnaSpec
(Fremont, CA) with a purity of 97%. 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phospho-L-serine sodium salt (POPS), 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium
salt (POPG), and 1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-
choline (LysoPC) were purchased from Avanti Polar Lipids
Inc. (Alabaster, AL). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP),
L-a-phosphatidylcholine, p-(pyren-1-yl)decanoyl-y-palmitoyl
(Pyrene-PC), ferric chloride hexahydrate, and ammonium
thiocyanate were purchased from Sigma-Aldrich (St. Louis,
MO). 6-Carboxyfluorescein was purchased from Fluka.

Preparation of Lipid Vesicles. POPC/POPS (7:3),
POPE/POPC/POPS (3:4:3), and POPC/POPS/LysoPC
(6.8:3:0.2) large unilamellar vesicles (LUVs) and 6-carboxy-
fluorescein dye-filled LUVs were prepared using standard
procedures as detailed in the Supporting Information.
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Dye Leakage Assay. Membrane disruption was measured
by the efflux of 6-carboxyfluorescein in a 96-well plate upon
addition of IAPP, as detailed in the Supporting Information.

ThT Assay. The kinetics of amyloid formation were
measured using the increase of fluorescence upon binding of
the commonly used amyloid-specific dye thioflavin T (ThT) as
detailed in the Supporting Information.** Thioflavin T
experiments were performed simultaneously with the dye
leakage experiments, using the same microplate and the same
IAPP stock solution.

CD Experiments. Binding of prefibrillar IAPP to lipid
vesicles was evaluated by CD by measuring the change in
ellipticity of IAPP at 222 nm due to the conformational change
from random coil to a-helix occurring upon membrane binding.
DMSO could not be used to disaggregate the peptide for these
experiments because of the absorbance of DMSO in the far-UV
region. Instead, a 250 uM stock solution of IAPP was made in
100 uM HCI (pH S) at 4 °C, a condition in which the peptide
is disaggregated and stable.** The IAPP stock solution was then
diluted to 25 uM in 10 mM phosphate buffer with 100 mM
NaF (final pH of 7.4) and then titrated with POPC/POPS and
POPC/POPS/POPE LUVs.

The degree of binding to the membrane was measured by
recording the ellipticity at 222 nm for 30 s for each lipid:protein
ratio. Ky was then calculated from the changes in the ellipicity
by the one-site binding equation: Ae = [lipid] — (Ag, —
Aey,)/Ky + [lipid] + Ag,, where Ag, is the ellipicity at 222 nm
in the absence of lipid and Ae,, is the ellipicity at 222 nm at a
saturating lipid concentration. Spectra were collected at the
initial and final points of the titration to be sure that the protein
was in the random coil and a-helical conformations,
respectively (Figure S1 of the Supporting Information).

NMR Experiments. *'P NMR spectra were obtained from
an Agilent 400 MHz solid-state NMR spectrometer using a
spin—echo sequence (90°—7—180°—7, 7 = 60 us) with 35 kHz
proton decoupling, a 90° pulse duration of 5 us, and a recycle
delay of 3 s. For the *'P MAS spectra, control multilamellar
vesicles were prepared by hydrating 9 mg of lipid film in the
appropriate molar ratio with 100 uL of 10 mM Tris buffer (pH
7.4 with 100 mM NaCl). Multilamellar vesicles containing the
IAPP peptide were prepared similarly except the buffer also
contained 1.178 mM IAPP (peptide:lipid molar ratio of 1%).
Samples packed in a S mm rotor were then spun with a 4.5 kHz
frequency at the magic angle; 200 transients with a recycle
delay of 3 s were averaged to obtain each *'P NMR spectrum.
For the oriented P NMR spectra, a sample without the
peptide was first prepared using a total of 3 mg of lipid as
explained elsewhere.” After the acquisition of the initial
spectrum, 200 uL of buffer [10 mM Tris (pH 7.4) with 100
mM NaCl] containing 196 4M IAPP (peptide:lipid molar ratio
of 1%) was added to the bag containing the lipid matrix, and
spectra were acquired at the times indicated. All spectra were
processed using 10 Hz line broadening. All experiments were
performed at 37 °C, and all spectra were referenced externally
to phosphoric acid (0 ppm).

Lipid Translocation Assay. Lipid translocation was
measured by the ratiometric change in the fluorescence of
pyrene-labeled lipids that occurs after translocation because of
the dilution of the pyrene probe (Figure S2),*” as detailed in
the Supporting Information.

Membrane Fragmentation Assay. The amount of
membrane fragmentation during fiber formation was quantified
by measuring the lipid concentration in the supernatant after
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centrifugation of 1000 nm diameter LUVs incubated with IAPP
for S h in 10 mM phosphate buffer and 100 mM NaCl (pH
7.4). Lipid concentrations were measured colorimetrically by
reaction with ammonium ferrothiocyanate following extraction
in chloroform using a calibration curve prepared for each lipid
composition.48 Samples were spun at 14000 rpm for 40 min to
pellet nonfragmented vesicles. Each experiment was performed
in triplicate.

B RESULTS

PE Decreases the Extent of Membrane Disruption
during the Lag Phase. Membrane disruption by IAPP is a
two-stage process with distinct fiber-dependent and fiber-
independent phases.** Amyloid fibril formation typically follows
a sigmoidal time course, with an initial lag phase reflecting the
time required to build up an appreciable population of
energetically unfavorable nuclei before fiber formation can
begin.*’ The second phase has the characteristic sigmoidal
kinetics associated with fibril growth and has been correlated
with membrane damage through fiber growth on the
membrane through seeding experiments and the use of amyloid
inhibitors that block fiber growth.'#*****¢ The origin of the
first phase is less clear, but it is not dependent on fiber growth
as some nonamyloidogenic analogues of IAPP show a similar
effect.'”?>** Instead, the first phase may reflect either the
formation of channels or a nonspecific bilayer thinning
process”'7?*?3?%30 ohserved for some membrane-lytic anti-
microbial peptides.”’ Although the two-step mechanism has
been reported for IAPP, evidence suggests many amyloid
proteins may have similar fiber-dependent®> > and fiber-
independent™®*” phases.

To investigate how incorporating lipids with different
intrinsic curvature affects each stage of IAPP-induced
membrane disruption, we followed membrane disruption by a
dye-release assay (Figure 2A) along with measurements of
fibrillogenesis by the fiber-specific dye ThT (Figure 3) at
varying peptide:lipid ratios (Figures S3 and S4 of the
Supporting Information). Fiber formation was slower in the
presence of both membrane types than in solution, which is
typical of fiber formation at the low peptide:lipid ratios used
here.”*® A two-phase membrane disruption was found in all
membrane types, although the kinetics and amount released in
each phase differed according to the membrane composition
(Figure 2A). In all samples, we observed an initial rapid
increase in the fluorescence after the addition of IAPP that
plateaued as time progressed (Figure 2A and Figure S3 of the
Supporting Information). This initial phase of membrane
disruption can be accurately modeled by a double exponential
(dotted lines) and reaches a level close to the final intensity
before fiber formation begins for all samples (Figures 2A and 3
and Figures S3 and S4 of the Supporting Information). The
degree of membrane disruption in both phases decreases as the
peptide:lipid ratio decreases, indicating membrane disruption is
cooperative (F‘zgure 2A and Figure S3 of the Supporting
Information).'”**

Our results suggest that PE suppresses this initial phase of
membrane disruption. The degree of membrane disruption in
the samples without PE (8.3%) is nearly twice that of the PE
samples at the 45 min mark before the onset of fiber formation
(3.6%; p < 0.001) (Figure 2A). In contrast to PE, the inclusion
of 2% LysoPC in the vesicles had little effect on this phase of
membrane disruption (Figure 2A and Figure S3 of the
Supporting Information), however, LysoPC was incorporated
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Figure 2. Membrane disruption induced by IAPP. (A) Release of 6-
carboxyfluorescein from 250 yuM POPC/POPS (7:3), POPE/POPC/
POPS (3:4:3), or POPC/POPS/LysoPC (6.8:3:0.2) large unilamellar
vesicles (LUVs) induced by 2.5 yuM IAPP. The initial phase of
membrane disruption was fitted with a double-exponential curve
(dotted lines). The presence of POPE decreases the amount of dye
released during the first phase and markedly increases the efficiency of
dye release during the second phase. (B) Release of 6-carboxy-
fluorescein from seeded fibril growth. Error bars indicate the standard
error of measurement. All experiments were performed in triplicate at
25 °C in 10 mM phosphate buffer and 100 mM NaCl (pH 7.4).
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Figure 3. IAPP fiber formation kinetics measured by ThT
fluorescence. Fiber formation was measured in the presence of 250
uM POPC/POPS (7:3), POPE/POPC/POPS (3:4:3), and POPC/
POPS/LysoPC (6.8:3:0.2) vesicles. Fiber formation in the absence of
lipids is indicated by the black line. The IAPP concentration was 2.5
uM for all samples. Experiments were performed at 25 °C in 10 mM
phosphate buffer and 100 mM NaCl (pH 7.4). Results are the average
of three experiments.

at a much lower concentration. This finding is different from
what has been observed for the antimicrobial peptide magainin
2, in which even low concentrations of LysoPC (1.5%) strongly
increase the degree of membrane disruption.>

PE Enhances Membrane Disruption Associated with
Fiber Formation. After the completion of the first phase, the
fluorescence increases again as a second process begins to
disrupt the membrane (Figure 2A).** The second phase of dye
release shows the same sigmoidal kinetics as amyloid fibril
formation (Figure SS of the Supporting Information),
indicating a correspondence between these two processes.'*
However, the two curves do not coincide, as might be expected
if fiber formation is directly linked to the second 1phase (Figures
S6 and S7 of the Supporting Information)."”™* In fact, the
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second phase occurs well after the ThT assay seems to indicate
that fiber formation is essentially complete. However, the time
difference between the two curves may stem from the differing
sensitivities of each method. While the ThT assay measures
fiber formation from all sources, the kinetics of the second
phase of dye release are determined solely by the rate of fiber
formation on the membrane. We therefore directly tested the
influence of PE on membrane disruption by fibril growth by
repeating the dye leakage experiment using preformed amyloid
fibers to immediately seed amyloid growth.'* Preformed
amyloid fibers by themselves did not cause membrane
disruption (Figure S8 of the Sug)porting Information), in
agreement with previous reports.'**® However, the addition of
a monomeric peptide to the preformed fibers caused an
immediate increase in fluorescence, much larger for the sample
with PE (35.9%) than that caused by monomeric IAPP alone
(2.8% after 30 min) (Figure 2). The fraction of dye that leaked
from samples with PE (35.9%) is roughly 3 times the amount
observed from those without PE (12.7%; p < 0.001). This result
confirms PE strongly enhances membrane disruption by fiber
growth on the membrane.

Prefibrillar IAPP Binds Less Favorably to PE-Contain-
ing Membranes. The dye-release assay results suggest that
the presence of PE either alters the membrane binding affinity
or alters the physical properties of the membrane to make it
more or less susceptible to membrane disruption by different
oligomeric states of the peptide. To investigate the first of these
possibilities, we evaluated PE’s effect on the membrane binding
affinity by performing CD (circular dichroism) experiments and
measuring the conformational change in IAPP from a random
coil to o-helix that initially occurs upon binding to the
membrane.”> We followed this conformational transition by
titrating a 25 uM solution of IAPP with a solution of vesicles
and recording the ellipticity at 222 nm. Our results show that
PE reduces the binding affinity of prefibrillar IAPP for the
membrane (Figure 4; K; = 190 + 85 uM for PC/PS LUVs, and
Ky =790 + 270 uM for PE/PC/PS LUVs), consistent with the
observation that the initial phase of dye release during the lag
phase is shorter in the presence of PE (Figure 2). However, the
amount of dye released in the fiber-dependent second phase is
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Figure 4. Binding of prefibrillar IAPP to lipid vesicles. Changes in
molar ellipicity at 222 nm arising from the coil-to-helix conformational
change upon membrane binding as a function of lipid concentration.
Freshly dissolved IAPP (25 uM) was titrated with the indicated
concentrations of 7:3 POPC/POPS (®) and 3:4:3 POPE/POPC/
POPS (O) LUVs. The final conformation of IAPP is similar in both
membranes (Figure S1 of the Supporting Information). Lines
represent binding isotherms to each data set. Experiments were
performed at 25 °C in 10 mM phosphate buffer and 100 mM NaF
(pH 7.4). Measurements represent the average of 30 measurements
over 30 s, and error bars indicate the standard deviation of this
measurement.
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significantly higher in the presence of PE, suggesting either PE
binds the amyloid fiber more tightly than prefibrillar IAPP or
membranes containing PE are particularly susceptible to fiber-
catalyzed membrane disruption.

IAPP Amyloid Fibers Interact More Strongly with PE
Than PC in Mixed Membranes. The CD analysis described
above relies on the conformational change from the random
coil to a-helical state that occurs when prefibrillar IAPP binds
to the lipid bilayer. Because amyloid fibers remain in the f-
sheet conformation when bound to the membrane, such an
analysis cannot determine the interactions of the amyloid fiber
with the membrane. Instead, *'P solid-state NMR experiments
were employed to directly measure the perturbation of each
lipid component occurring when IAPP was added at a high
concentration to mixed bilayers (Figure 5). POPC and POPS
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Figure 5. >'P NMR spectra revealing the interaction of IAPP amyloid
fibers with lipid vesicles. (A) Time-dependent static 'P NMR spectra
of aligned bilayers after the addition of 1 mol % IAPP. Changes are not
apparent in subsequent spectra after the addition of IAPP, suggesting
IAPP reached the amyloid state before the first spectrum was acquired.
(B and C) Magic angle spinning *'P NMR spectra of (B) 7:3 POPC/
POPG and (C) 3:4:3 POPE/POPG/POPC multilamellar vesicles
incubated with 1.178 mM (1 mol %) IAPP. Dotted lines represent a
deconvolution of the spectrum. Experiments were performed at 37 °C
in 10 mM Tris buffer and 100 mM NaCl (pH 7.4).

have very similar *'P chemical shifts and cannot be resolved
even by two-dimensional NMR techniques.®’ For this reason,
POPG was substituted for POPS in the *'P NMR experiment,
as they have the same charge and similar intrinsic curvature.
Successive scans of aligned PC/PG/PE bilayers incubated with
IAPP did not change significantly with incubation time (Figure
SA), suggesting amyloid formation is rapid at the high peptide
concentrations used and confirming the changes seen in Figure
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S are reflective of the interaction of amyloid fibers with the
bilayer.

In the absence of IAPP, the resonances are reasonably well
resolved under magic angle spinning to identify the individual
components of the bilayer (dotted lines, Figure SB,C). The
addition of IAPP substantially broadens both the PC and PG
resonances in the sample without PE (Figure SB) without a
noticeable change in chemical shift, most likely reflecting
shorter spin—spin relaxation times due to the motional
restriction of the lipid headgroup upon peptide binding.**
The broadening is roughly equal for PC and PG resonances,
suggesting either the membrane is not phase separated or IAPP
affects both lipids similarly.

The addition of PE to the membrane has a substantial effect
on the broadening induced by IAPP binding. Like the
membranes without PE, IAPP binding also causes broadening
of the 3P resonances of PE-containing membranes (Figure
5C). However, unlike the membranes without PE, the
broadening is not equal for all lipids. IAPP binding causes
significant broadening of the PG and PE resonances, suggesting
a strong interaction with the headgroup of these lipids (Figure
SC). By contrast, the resonance from PC was relatively
unaffected (Figure SC). While it is difficult to quantitate the
degree of binding only from the *'P spectrum, the absence of
significant broadening of the PC resonance indicates IAPP
amyloid fibers have a weaker interaction with PC than either
PG or PE in mixed membranes.

PE Enhances Detergent-like Membrane Fragmenta-
tion by IAPP. The dye-release assay does not distinguish
between membrane permeabilization through the formation of
specific pores or by a detergent-like mechanism. Detergent-like
membrane permeabilization is characterized by the fragmenta-
tion of the membrane into small micelle- or vesicle-like
structures and can be evaluated by first sedimenting large
unilamellar vesicles in the presence of IAPP and then
measuring lipid concentrations in the supernatant by the
Stewart assay.** We measured the lipid concentration of the
supernatant before and S h after the addition of IAPP (Figure
6; concentration dependence shown in Figure S9 of the
Supporting Information), as previous results suggested
membrane fragmentation is related to amyloidogenesis.** In
the absence of IAPP, only a small percentage of the total lipid
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Figure 6. Membrane fragmentation induced by IAPP. IAPP (15 uM)
was incubated with 1 mg/mL large unilamellar vesicles before
fragmented membranes were separated by centrifugation at 14000
rpm. Lipid concentrations were measured by the Stewart assay. All
experiments were performed in 10 mM phosphate buffer abd 100 mM
NaCl (pH 7.4). Results are the average of three experiments, and error
bars indicate the standard error of measurement. The extent of
fragmentation of membranes containing PE is significantly higher than
the extent of those without.
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concentration was in the supernatant, confirming that almost all
of the lipids had sedimented after centrifugation. Five hours
after the addition of IAPP, when fiber formation is expected to
be complete, significantly more lipids were found in the
supernatant of the PE samples, although the amount still
represented a small fraction of the total lipid. In membranes
without PE, the addition of IAPP only slightly elevated the
soluble fraction of the lipid (Figure 6 and Figure S9 of the
Supporting Information). This finding confirms that vesicles
containing PE are more prone to membrane fragmentation as
the fibers form on the surface, consistent with a higher degree
of dye release found in PE-containing vesicles in the fiber-
dependent membrane permeabilization phase and the high
affinity of the IAPP fiber for PE measured by NMR.

Fiber-Dependent Membrane Disruption by IAPP
Occurs by a Detergent-like Mechanism Involving a
Loss of Membrane Asymmetry. The low time resolution of
the centrifugation assay and the small amount of micellelike
lipids detected made its application to the initial phase of
membrane disruption problematic. To test for solubilization of
the membrane in this initial phase, we measured membrane
fragmentation indirectly by tracking the loss of lipid bilayer
asymmetry as a function of time, as it is expected that the
formation of a micellelike lipid aggregate or a toroidal pore will
cause significant mixing of the two leaflets of a bilayer, while a
traditional barrel-stave-type pore will not.% Accordingly, we
tracked lipid translocation during the first phase of membrane
disruption immediately after addition of peptide using a lipid
labeled with a pyrene moiety (Pyrene-PC) according to the
method described by Miiller et al.*’ The spectrum of pyrene is
concentration-dependent, with the intensity ratio between the
excimer and the monomer signal (Iz/Iy) decreasing with the
pyrene concentration in an individual leaflet. When Pyrene-PC
is added asymmetrically to the outer leaflet of a vesicle, a loss of
bilayer asymmetry will reduce the effective pyrene concen-
tration in the bilayer and therefore reduce the I;/Iy ratio.

Lipid translocation was not detected in either sample (PC/
PS or PE/PC/PS) within the first 30 min after the addition of
freshly dissolved peptide, in contrast to the positive control
MSI-78, an antimicrobial peptide that is known to cause loss of
lipid asymmetry at low concentrations through the formation of
a toroidal-type pore (Figure 7).64 Because a significant amount
of dye leakage occurs within this time frame under similar
conditions (see Figure 2A), it is reasonable to conclude that the
first phase of membrane disruption does not involve the loss of
lipid asymmetry.

The evaluation of lipid translocation in the fiber-dependent
second phase was hampered by the level of flip-flop occurring
in the absence of peptide during prolonged observation. To
solve this problem, we repeated the lipid translocation assay by
first incubating the LUV sample with 1 uM preformed hIAPP
fibers before the addition of monomeric IAPP. Fiber elongation
occurs immediately in the presence of preformed fibers,"*
allowing observation without interference from the natural rate
of flip-flop. For these samples, lipid translocation was detected
immediately after the addition of monomeric IAPP (Figure 7).
Translocation is more evident for samples containing PE
(Figure 7B), confirming the results obtained with the lipid
sedimentation and dye-release assays. This result suggests fiber-
dependent membrane disruption is enhanced by the presence
of PE lipids and occurs through a detergent-like mechanism,
while fiber-independent membrane disruption does not involve
the fragmentation of the membrane.
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Figure 7. Loss of membrane asymmetry induced by IAPP measured by
the Pyrene-PC assay. Lipid translocation induced by 1 M monomeric
IAPP, 1 uM monomeric IAPP in the presence of 1 yM preformed
IAPP fibers, and 0.5 uM MSI-78 in 20 uM (A) 7:3 POPC/POPS or
(B) 3:4:3 POPE/POPC/POPS large unilamellar vesicles labeled with
3% Pyrene-PC in the outer leaflet. Both peptides were added at the 10
min mark. All experiments were performed at 37 °C in 10 mM
phosphate buffer and 100 mM NaCl (pH 7.4).

B DISCUSSION

Although the exact mechanism by which IAPP disrupts
membranes is disputed, current evidence suggests that it has
both a fiber-independent first phase and a fiber-dependent
second phase. Depending on the concentration, either phase is
sufficient to induce toxicity.”**° Dye leakage experiments show
that while PE initially suppresses the membrane disruption in
the first phase, it results in a greater level of membrane
fragmentation during fiber formation (Figure 2). The origins of
this behavior correlate with the relative affinities of different
oligomeric species of IAPP for PE. While prefibrillar IAPP has a
weaker affinity for membranes containing PE (Figure 4), solid-
state NMR shows that amyloid fibers of IAPP interact strongly
and specifically with PE in mixed bilayers (Figure SC). The
strong interaction of amyloid fibers with PE during fiber
formation is linked to a greater amount of membrane
disruption by a detergent-like mechanism and the appearance
of small micelle-like protein—lipid aggregates (Figure 6). This
mechanism was not observed during the first phase of dye
release, suggesting that the initial mechanism of disruption of
the membrane does not involve the formation of micellelike
structures or toroidal-type pores (Figure 7).

From these experiments, it is apparent that the membrane
composition modulates the relative affinity of different
conformations of IAPP for the membrane, which in turn
affects the degree of membrane permeabilization in each stage
of membrane disruption. Why do the two conformations of
IAPP show such a difference in binding to PE? For the
membrane to remain in a stable flat lamellar phase, the relative
cross-sectional area of the lipid headgroup and acyl chain
regions of the bilayer must be similar.’” PC is easily
incorporated into flat lipid bilayers, as the cylindrical shape of
the molecule ensures that the lipid molecules can be tightly
packed against each other without a distortion of the bilayer
shape. Phosphatidylethanolamine (PE), on the other hand, is
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wedge-shaped with a small headgroup compared to those of
most other lipids (~40 A> compared to ~80 A? for PC).%® The
small headgroup of PE cannot be packed easily against other
lipid headgroups in a lipid bilayer, which creates a stress in the
membrane. This stress can be relieved by binding of peptides or
proteins to the surface to the membrane, because a shallow
insertion of the peptide into the bilayer can eliminate the v01d
volume resulting from the smaller size of the PE headgroup.*®
A deeper insertion of the peptide is more unfavorable for PE
than PC, as deep insertion creates additional curvature strain
from the expansion of the hydrophobic core at the center of the
membrane. From these considerations, we expect the inclusion
of PE in the membrane should favor the binding of
conformations of IAPP that bind near the membrane surface
and disfavor those that insert into the hydrophobic core.
LysoPC, which possesses the opposite curvature of PE, should
favor the opposite localization, although it is difficult to
incorporate large amounts of LysoPC into the membrane
without affecting the structural integrity of the membranes.>

The relative binding affinities of the IAPP monomer and
fiber follow this pattern. Freshly dissolved IAPP, which is
largely monomeric, binds more tightly to pure PC membranes
(see Figure 4), as would be expected if the monomer of IAPP
penetrated relatively deeply into the membrane. The position
of the a-helical monomer of IAPP in the membrane is known
with some certainty from EPR studies, which indicate the
monomer binds parallel to the membrane surface.”® The center
of the helix (~6 A in diameter) is gosmoned 6—9 A below the
phosphate group in POPS vesicles.”” At this level, the top of the
helix is in the interfacial region, 3—6 A below the phosphate
group, and the bottom of the helix extends significantly into the
hydrophobic core.*® This finding is supported by NMR studies
that show that the peptide is 51gn1ﬁcantly protected from the
water-soluble paramagnetlc Mn?* ions, which suggests a deep
insertion of the peptide.®® Interestingly, the depth of insertion
appears to be related to the ability to cause membrane
disruption. When HI8 is protonated or mutated to Arg, the
peptide binds closer to the surface and loses most of its ability
to disrupt membranes and cytotoxicity.”® Similarly, the
amyloidogenic PAP,,s 3¢ peptide, which does not penetrate
into membranes,”” also does not cause membrane disruption or
cytotoxicity.ég'69

While IAPP initially binds the membrane as an a-helix,'”*>7°
it is possible that the actual pores are formed from a minority of
the peptide that is in the f-sheet or another conformation. In
particular, pores formed from transmembrane f-hairpins have
been proposed as a model for the channels formed by Af and
other amyloidogenic proteins.”" In this case, the influence of PE
is likely to be indirect, as the lipid headgroup will likely have
less influence on a transmembrane peptide. Because IAPP
oligomers likely form on the membrane,*”* PE lipids can
indirectly favor the formation of such transmembrane
oligomers by increasing the amount of membrane-bound IAPP.

In comparison to the IAPP monomer, few direct measure-
ments of the positioning of amyloid fibers within the membrane
have been made. However, deep insertion of amyloid fibers is
virtually precluded by the substantial void volume created
beneath the fiber upon insertion into the membrane. In the
smaller monomeric peptide, the unfavorable increase in entropy
caused by the creation of the void volume can be partially
alleviated by the splaying of the lipid tails into the void volume.
However, lipid splaying is less effective for amyloid fibers as the
lipid tails cannot splay beneath the entire width of the fiber
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because of its large size. Consistent with this, indirect
measurements consistently show that amyloid fibers localize
at the surface and do not penetrate deeply into the
membrane.”*’* Because these properties are generally true of
all amyloid fibers, it is likely that the binding of most, if not all,
amyloid fibers to the membrane is enhanced as the PE content
of the membrane is increased. It is expected, therefore, that PE
and other lipids with negative curvature (such as cardiolipid)
will enhance fiber-dependent membrane damage for most, if
not all, amyloidogenic proteins.

B ASSOCIATED CONTENT
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Procedures for LUV preparation, the dye-leakage assays, and
the ThT and lipid translocation assays, CD spectra of IAPP in
the absence and presence of membranes, pyrene emission
spectra from LUVs labeled symmetrically and asymmetrically
with Pyrene-PC, the effect of lipid concentration on the
membrane disruption induced by IAPP and on the kinetics of
IAPP fiber formation, and the concentration dependence of
IAPP on membrane fragmentation. This material is available
free of charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS

PE, phosphatidylethanolamine; IAPP, islet amyloid polypep-
tide; PC, phosphatidylcholine; PG, phosphatidylglycerol; PS,
phosphatidylserine; NMR, nuclear magnetic resonance; CD,
circular dichroism; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-L-serine sodium salt; POPG, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) sodium salt; LysoPC, 1-
palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine; HFIP,
1,1,1,3,3,3-hexafluoro-2-propanol; Pyrene-PC, f-(pyren-1-yl)-
decanoyl-y-palmitoyl; ThT, thioflavin T; LUVs, large uni-
lamellar vesicles.
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