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’ INTRODUCTION

The formation of protein amyloid deposits is associated with
major human diseases including Alzheimer’s disease, Parkinson’s
disease, the spongiforme encephalopathy, and type 2 diabetes
mellitus.1�3 Type 2 diabetes mellitus (DM2) is characterized
metabolically by defects in both insulin secretion and insulin
action, resulting in hyperglycemia, and is characterized histo-
pathologically by the presence of fibrillar amyloid deposits in the
pancreatic islets of Langerhans (islet amyloid).4 The presence of
these amyloid deposits has been linked to death of the insulin-
producing islet β-cells.4 Islet amyloid polypeptide (IAPP), a 37
amino acid peptide, is the major constituent of the amyloid
deposits found in type 2 diabetic patients. IAPP and insulin
are coproduced and cosecreted together by the pancreatic islet
β-cells and have complementary hormone activities. In its
soluble form, monomeric IAPP is involved in the regulation of
glucose homeostasis, in gastric emptying, and in other cellular
processes.5�8

It has been found that in vivo IAPP remains soluble and is
safely stored in secretory vesicles at millimolar concentrations,
while in vitro IAPP forms amyloid fibrils in a few hours at very low
concentrations (as low as 1 μM). In contrast, progression of
DM2 takesmany years. Therefore, it is likely that other factors act
as chaperones to stabilize IAPP in a nontoxic form. The in vivo
environment includes factors like pH values, ionic strength, and
metal ion and protein components such as insulin, proinsulin,
and proIAPP, which must play a critical role in preventing IAPP

misfolding into fibrillar amyloid. Indeed, it was shown that insulin
inhibits IAPP fibril formation in vitro.9�15 Recent studies show
that zinc, which is found at millimolar concentrations in the
secretory granule, significantly inhibits IAPP amyloid fibrillogen-
esis at concentrations similar to those found in the extracellular
environment.16,17 Another study suggests that the IAPP precur-
sors, prohIAPP1�67 and prohIAPP1�48, prevent aggregation and
membrane damage of mature IAPP in early stages of its biosynth-
esis and intracellular transport.18

IAPP contains a single histidine at position 18, which has a
charge that depends on pH in a physiological pH range. Conse-
quently, it is feasible that fibril formation and membrane inter-
actions of IAPP are dependent on pH. This would be interesting
from a biological point of view, because mature IAPP is stored in
the β-cell granules of the pancreas at a pH of approximately 5.5
and released into the extracellular compartment, which has a pH
of 7.4. Studies have shown that aggregation of IAPP in solution is
considerably slower at a low pH of 4.0 than at a pH of 8.8 and that
the fibril morphology is affected by a very low pH of 2.4.19,20 On
the other hand, studies on IAPP have shown that membranes can
play an active role in amyloid formation. For example, it was
shown that the presence of phospholipid membranes can
promote IAPP aggregation, in particular when these membranes
contain negatively charged lipids.21 However, to our knowledge,
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compared the aggregational and conformational behavior of IAPP as well as IAPP�membrane interactions at pH 5.5 and pH
7.4. Our data reveal that a low pH decreases the rate of fibril formation both in solution and in the presence of membranes.
We observed by CD spectroscopy that these differences in kinetics are directly linked to changes in the conformational behavior of
the peptide. Mechanistically, the processes that occur at pH 5.5 and pH 7.4 appear to be similar. At both pH values, we found that the
kinetic profile of IAPP fibril growth matches the kinetic profile of IAPP-induced membrane damage, and that both are characterized
by a lag phase and a sigmoidal transition. Furthermore, monolayer studies as well as solid-state NMR experiments indicate that the
differences in kinetics and conformational behavior as function of pH are not due to a different mode of membrane insertion. Our
study suggests that a low pH prevents aggregation and membrane damage of IAPP in the secretory granules, most likely by affecting
the ionization properties of the peptide.
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no reports have been published so far on the interaction between
membranes and IAPP at a lower pH of approximately 5.5, despite
its potential biological relevance.

To gain more insight into the possible physiological impor-
tance of pH, we examined the aggregational and conformational
behavior of IAPP at pH 5.5 as compared to pH 7.4 in the absence
and presence of lipid bilayers. In addition, we monitored the
effect of pH on membrane integrity and on kinetics and extent of
membrane insertion of IAPP. For these studies, we usedmixtures
of the zwitterionic lipid phosphatidylcholine (PC) and the
anionic lipid phosphatidylserine (PS) in a 7:3 ratio to mimic
the membranes of pancreatic islet cells.22 We find that a low pH
has significant consequences for the properties and membrane
interaction of the peptide.

’MATERIALS AND METHODS

Materials. IAPP was obtained from Bachem AG. Its amino acid
sequence is: KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY.
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS), chain perdeuterated 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC-d31), and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) were obtained fromAvanti
Polar Lipids. Thioflavin T (ThT) was obtained from Sigma.
Preparation of Peptide Samples. Peptide stock solutions were

prepared as described previously.23 Briefly, peptides were dissolved at a
concentration of 1 mM in hexafluoro-isopropanol (HFIP) and incu-
bated for at least 1 h. Next, HFIP was evaporated followed by vacuum
desiccation for at least 30min. For the ThT-fluorescence, the membrane
leakage, and the microscopy experiments, the peptide film was then
dissolved in DMSO to a final peptide concentration of 0.2 mM. For
those experiments, we used the same concentration of DMSO (2.5%
in the final volume), and hence we were able to compare for those
experiments the shape of the curve and the lag time. For the CD
experiments, the resulting peptide film was solubilized by addition of
a dispersion of LUVs. For the NMR experiments, the resulting
peptide film was solubilized by addition of the mixture of lipids in
chloroform.
Preparation of Large Unilamellar Vesicles (LUVs). The

LUVs were composed of a mixture of DOPC/DOPS in a 7:3 molar
ratio. Stock solutions of DOPC and DOPS in chloroform at concentra-
tions of 20�30 mM were mixed in a glass tube. The solvent was
evaporated with dry nitrogen gas yielding a lipid film that was subse-
quently kept in a vacuum desiccator for 20 min. Lipid films were
hydrated in 10 mM Tris 3HCl, 100 mM NaCl buffer (pH 7.4 and
pH 5.5) during at least 30 min, at a lipid concentration of 10 mM. The
lipid suspensions were subjected to 10 freeze�thaw cycles, at tempera-
tures of approximately �80 and 40 �C, respectively, and subsequently
extruded 10 times through 0.2 μm-pore size filters (Anotop 10, What-
man, Maidstone, U.K.). The phospholipid content of lipid stock
solutions and vesicle preparations was determined as inorganic phos-
phate according to Rouser.24 Calcein-containing LUVs were made using
the same protocol as previously, except for the following adaptations.
The buffer for hydration of the lipid film was replaced by a buffer
containing 70 mM calcein and 10 mM Tris 3HCl (pH 7.4 and pH 5.5).
Free calcein was separated from the calcein-filled LUVs using size-
exclusion column chromatography (Sephadex G-50 fine) and elution
with a 10 mM Tris 3HCl, 100 mM NaCl buffer (pH 7.4 and pH 5.5).
Electron Microscopy. Peptides and LUVs were incubated under

the same conditions as in the Thioflavin T assay. Aliquots (20 μL) of this
mixture were adsorbed onto glow-discharged carbon-coated 300-mesh
copper grids for 2 min. Grids were then blotted and dried. Grids were
negatively stained for 45 s on 2% uranyl acetate, blotted, and dried. Grids

were examined using a Technai 12 electron microscope operating
at 120 kV.
Thioflavin T Assay. The kinetics of fibril formation was measured

using the fluorescence intensity increase upon binding of the fluorescent
dye Thioflavin T (ThT) to fibrils. A plate reader (Spectrafluor; Tecan)
and standard 96-wells flat-bottom black microtiter plates in combination
with a 430 nm excitation filter and a 535 nm emission filter were used as
described previously. The ThT assay in the presence of membranes was
started by adding 5 μL of a 0.2 mM IAPP in DMSO to 195 μL of a
mixture of 10 μM ThT, LUVs (43 μM lipids), and 10 mM Tris/HCl,
100 mM NaCl (pH 7.4 or pH 5.5). The ThT assay in solution was
performed using the samemethod but without the addition of the LUVs.
The microtiter plate was shaken for 10 s directly after addition of all
components, but not during the measurement. The ThT assay were
performed three times, each in triplicate, on different days, using different
IAPP stock solutions.
Membrane Permeability Experiments. A plate reader (Spectra-

fluor, Tecan, Salzburg, Austria) was used to perform leakage experiments
in standard 96-wells transparent microtiter plates. The leakage assay was
started by adding 5 μL of a 0.2 mM IAPP stock solution in DMSO to
195 μL of a mixture of calcein containing LUVs (43 μM lipids) and
10 mM Tris/HCl, 100 mM NaCl (pH 7.4 or pH 5.5). The DMSO
concentration of all samples was matched to 2.5% (v/v). Directly after
addition of all components, themicrotiter plate was shaken for 10 s using
the shaking function of the plate reader. The plate was not shaken during
themeasurement. Fluorescence wasmeasured from the top, every 5min,
using a 485 nm excitation filter and a 535 nm emission filter. The
temperature during the measurement was 28 ( 3 �C. The maximum
leakage at the end of each measurement was determined by adding 1 μL
of 10%TritonX-100 to a final concentration of 0.05% (v/v). The release of
fluorescent dye was calculated according to eq 1:

LðtÞ ¼ ðFt � F0Þ=ðF100 � F0Þ ð1Þ
L(t) is the fraction of dye released (normalized membrane leakage), Ft is
the measured fluorescence intensity, and F0 and F100 are the fluores-
cence intensities at times t = 0 and after addition of Triton X-100,
respectively. The membrane leakage assay was performed three times,
each in triplicate, on different days, using different IAPP stock solutions
CD Spectroscopy. CD spectra were measured on a Jasco 810

spectropolarimeter (Jasco Inc., Easton, MD) over the wavelength range
190�270 nm. Measurements were carried out in cells of 0.1 cm path
length at room temperature in aqueous solution (10 mM phosphate
buffer) at pH 7.4 and at pH 5.5 and in DOPC/DOPS (7:3) LUVs in
10 mM phosphate buffer (pH 7.4 and pH 5.5). Measurements were
taken every 0.2 nm at a scan rate of 20 nm/min. Each spectrum reported
is the average of five scans. Peptide concentrations were 25 μM in the
absence and in the presence of lipids (peptide:lipid ratio 1:20).
Sample Preparation for NMR Experiments. Mixtures of

POPC-2H31 and POPS (ratio 7:3) were codissolved in chloroform
and evaporated under vacuum. The residual lipid film was hydrated in
Tris-HCl, 100 mM NaCl buffer (pH 7.4 or pH 5.5). The solution was
subjected to 10 freeze�thaw cycles, at temperatures of approximately
�80 and 40 �C, to homogenize the size of the multilamellar vesicules.
For the samples containing IAPP, the lipid solution was added to the film
of peptide at the beginning of the vesicle preparation. A total peptide:
lipid ratio of 1:20 was used. Samples were transferred into a 4 mmNMR
rotor (100 μL) for wide line experiments.
NMR Experiments. NMR experiments were carried out on a

Bruker Advance 500 MHz NMR spectrometer. 2H NMR experiments
on deuterated lipids were performed at 76.78 MHz using a quadrupolar
echo sequence.25 Typical acquisition parameters were as follows: a 2.5μs
90� pulse, an echo delay of 50 μs, a recycling delay of 1.5 s, a 500 kHz
spectral width, and 20 000 scans. A line broadening of 100�200 Hz was
applied prior to Fourier transformation. The temperature was regulated
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at 25( 1 �C. Proton-decoupled 31P NMR experiments were performed
at 202.47 MHz using a Hahn-echo sequence.26,27 Typical acquisition
parameters were as follows: a 5 μs 90� pulse, an echo delay of 20 μs, a
recycling delay of 1 s, a 250 ppm spectral width, and 3000�4000 scans.

’RESULTS AND DISCUSSION

Low pH Inhibits Fibril Formation of IAPP in Solution. It has
been shown that the conformation of IAPP in solution at neutral
pH changes within a few hours from random coil to β-sheet,
indicative of amyloid fibrils.28 We first performed CD measure-
ments to analyze the conformational changes of the peptide after
a few hours of incubation in the absence of membranes at pH 5.5
and pH 7.4. The CD spectra of IAPP, freshly dissolved in 10 mM
phosphate buffer at 25 μM, are identical at pH 5.5 and pH 7.4,
displaying a peak with negative ellipticity at 200 nm that is
characteristic of a random coil conformation (Figure 1A,B).
However, after a few hours of incubation, IAPP at pH 7.4 adopts
a β-sheet structure, while IAPP at pH 5.5 retains its random coil
configuration. The CD signal of IAPP at pH 5.5 remains stable
for at least 2 days and shows no evidence of β-sheet structure,
indicative of amyloid fibril formation.
Next, to examine whether indeed the formation of IAPP

amyloid fibrils is hampered at low pH, we used the complemen-
tary approach of measuring fluorescence intensity changes upon
binding of the amyloid specific dye Thioflavin T (ThT), which is

a commonly used method to detect amyloid fibrils.29 Using this
method, the kinetics of fibril formation was followed at pH 5.5
and pH 7.4 and at a peptide concentration of 5 μM at 25 �C.
Figure 1C shows typical curves obtained for IAPP at pH 7.4 and
pH 5.5. The curves are S-shaped, which is a well-known
characteristic of amyloid fibril formation.30 At pH 7.4, the lag
time is approximately 3�4 h, but at pH 5.5 a longer lag time
(approximately 5�6 h) is observed accompanied by a reduced
final fluorescence intensity. This reduction of fluorescence
intensity should not necessarily be interpreted in terms of the
amount of amyloid formed. Indeed, the changes in the binding
constant or the quantum yield of the dye can also contribute to
any observed differences. Thus, it is critical to assay fibril
formation by an independent method, such as for example
transmission electron microscopy (TEM). Figure 1D,E shows
that IAPP forms fibrils at pH 7.4 within a few hours of incubation
in buffer. The fibrils exhibit the typical morphology of amyloid
fibrils with widths between 10 and 15 nm. For IAPP at pH 5.5 at
the same concentration, no fibrils are observed within 4 h of
incubation, while 24 h of incubation is required to obtain some
fibrils (Figure 1F,G). However, the morphology of the fibrils of
IAPP at pH 5.5 is different from the one at pH 7.4. The
population of IAPP fibrillar assemblies at pH 5.5 consist of
somewhat amorphous, short fibrils that, contrary to IAPP at
pH 7.4, do not appear to have a strong propensity to cluster into a
more or less regular pattern. Our results are consistent with

Figure 1. CD spectra of IAPP at 25 μM in solution, measured as function of time at pH 7.4 (A) and at pH 5.5 (B). (C) ThT fluorescence of fibril
formation of IAPP at 5 μM in solution at pH 7.4 (�) and at pH 5.5 (- - -). Negatively stained microscopy images of IAPP at 5 μM at pH 7.4 after
incubation of 4 and 24 h (respectively, D, scale bars 200 nm, and E, scale bars 500 nm) and at pH 5.5 after incubation of 4 and 24 h (F andG, respectively,
scale bars 200 nm).
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previous studies of IAPP in solution wheremuch lower pH values
were used (respectively, pH 2.4 and 4.0).19,20

The Membrane Catalyzes fibril Formation at Neutral and
at Low pH. Next, the same experiments were carried out in the
presence of large unilamellar vesicles (LUVs) composed of
DOPC/DOPS in a molar ratio of 7:3. It was already shown that
at pH 7.4 and upon interaction with membranes IAPP adopts an
α-helical conformation, which in time undergoes a transition to
β-sheet.31 The spectrum in Figure 2A confirms this behavior, and
Figure 2B shows that a similar transition occurs at pH 5.5.
Immediately upon addition to the DOPC/DOPS LUVs, the CD
spectra of IAPP at pH 5.5 and pH 7.4 are identical, displaying
negative ellipticity at 208 and 222 nm, characteristic of an α-
helical backbone structure (Figure 2A,B), and in time they
convert to β-structure. However, there is a difference in kinetics.
After a short time of incubation (1 h), IAPP already adopts some
β-sheet structure at pH 7.4, while after 2 h of incubation the
spectrum for IAPP at pH 5.5 is still unchanged. In addition, a
slight difference in intensity is noticed, indicating that the
proportion of α-helical structure is somewhat larger at pH 5.5
than at pH 7.4. The fact that IAPP adopts a β-sheet structure at
pH 5.5 in the presence of membranes may signify that also in this
case IAPP can form fibrils. ThT-fluorescence experiments in the
presence of DOPC/DOPS membranes (Figure 2C) suggest that
indeed fibrils are formed, and that the kinetics of fibril formation
at pH 5.5 (lag time of 5�6 h) are slower than that at pH 7.4

(lag time of approximately 2 h), in agreement with the CD data.
Figure 2C also shows that the final fluorescence intensity is
reduced at low pH. Consistent with this, we observed by using
TEM the formation of fibrils for IAPP at pH 7.4 after 4 h
incubation, while for IAPP at pH 5.5, no fibrils were observed
after the same time of incubation (Figure 2F). However, after
24 h also in this case fibrils were obtained (Figure 2G). In both
cases (pH 7.4 and pH 5.5), the fibrils exhibited the typical
morphology of amyloid fibrils. Thus, our results demonstrate
that membranes catalyze fibril formation of IAPP at pH 7.4, in
agreement with previous results,21 as well as at pH 5.5.
IAPP�Membrane Damage Is Linked to Fibril Formation

and Is Strongly pH-Dependent. Previously, for IAPP a correla-
tion was found between fibril formation and peptide-induced
membrane damage at pH 7.4.23 It was postulated that fibril
formation of IAPP at themembrane surface causes IAPP-induced
membrane damage. If these processes of fibril formation and
membrane damage are indeed causally related, we would expect
that at pH 5.5 the process of membrane damage would be slower
than that at pH 7.4. Membrane damage was assayed quantita-
tively by analyzing the extent of leakage of a fluorescent dye
(calcein) from large unilamellar vesicles (LUVs), which is an
established membrane leakage assay to study membrane inter-
actions of amyloidogenic peptides.32,33 Figure 3A shows that in
DOPC/DOPS LUVs, IAPP is able to induce after 24 h about
80% of membrane leakage at pH 7.4 and around 60% at pH 5.5.

Figure 2. CD spectra of IAPP at 25μM in the presence of DOPC/DOPS 7:3 LUV (ratio peptide:lipid 1:20), measured as function of time at pH 7.4 (A)
and at pH 5.5 (B). (C) ThT fluorescence of fibril formation of IAPP at 5 μM in the presence of DOPC/DOPS 7:3 LUV at pH 7.4 (�) and at pH 5.5 (- - -).
Negatively stained microscopy images of IAPP in the presence of DOPC/DOPS 7:3 LUV at pH 7.4 after incubation of 4 and 24 h (respectively, D, scale
bars 500 nm, and E, scale bars 1 μm) and at pH 5.5 after incubation of 4 and 24 h (respectively, F, scale bars 500 nm, and G, scale bars 200 nm).
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In addition, it shows that at pH 7.4 the lag time is shorter (∼2 h)
than that at pH 5.5 (∼6 h). Comparison of these kinetic profiles
of membrane leakage with those of fibril formation (Figure 2C)
shows that they both are characterized by a lag phase and a
sigmoidal transition. Importantly, the lag times in both processes
overlap, as indicated by the similar values for the midpoints (t0.5)
of the sigmoidal transitions (Figure 3B), suggesting a direct
correlation between the processes of membrane leakage and fibril
formation.
IAPP Inserts Efficiently into LipidMonolayer Both at Neutral

and at Low pH. Our data demonstrate that the membrane
leakage is slower at pH 5.5 than at pH 7.4. A possible hypothesis
is that this observed difference in IAPP�membrane damage at
pH 5.5 and pH 7.4 is caused by differences in membrane
insertion. To study the insertion of peptide in lipid membranes,
we performed monolayer experiments at both pH values. Inser-
tion of peptide into a monolayer of phospholipids at the
air/water interface can be monitored as an increase in the surface
pressure of the monolayer.34 Injection of a solution of IAPP in
the aqueous subphase below a DOPC/DOPS (7:3) monolayer
results in a fast increase in the surface pressure, followed by a
plateau starting at approximately 5 min after addition of peptide,
both at pH 7.4 and at pH 5.5 (Figure 3C). After 20 min and
at initial surface pressures of approximately 24 mN/m, the
increase in surface pressure induced by insertion of IAPP at

pH 7.4 is 6.5( 0.5 mN/m, as compared to an increase of 6.9(
0.5 mN/m for IAPP at pH 5.5. At this starting surface pressure,
IAPP insertion is about the same at both pH values. Next, we
analyzed the surface pressure increase as a function of initial
surface pressure. The data from Figure 3D indicate that the
extrapolated “limiting surface pressure” is very high and roughly
the same for IAPP at pH 5.5 (50.5 ( 1.0 mN/m) and at pH 7.4
(48.7( 1.0 mN/m). In both cases, the limiting surface pressure
is significantly higher than the surface pressures that correspond
to the packing density in lipids in biological membranes, between
31 and 35 mN/m,35 indicating that also in vivo IAPP can insert
efficiently into membranes at pH 5.5 and pH 7.4. Altogether, our
monolayer data demonstrate that the differences we observed
at different pH in the membrane leakage experiments are not due
to differences in the kinetics or extent of peptide membrane
insertion.
A Strong Effect of IAPP on Lipid Order Is Observed Both at

Low and at Neutral pH.To obtain more details about the mode
of membrane insertion of IAPP and the protein/lipid interactions
involved, we determined the influence of addition of IAPP on
lipid order by 2H NMR and 31P NMR. The peptide was incor-
porated into multilamellar vesicles of perdeuterated POPC-2

H31/POPS at a 1/20 peptide/lipid molar ratio. Figure 4A and
D presents the 2H NMR spectra of POPC-2H31/POPS bilayer
dispersions without peptide at pH 7.4 and at pH 5.5, respectively.

Figure 3. (A) Kinetics of membrane permeabilization by 5 μMhIAPP at pH 7.4 (�) and pH 5.5 (- - -). The peptide was added to the calcein containing
DOPC/DOPS (7:3) LUVs at t = 0. The maximum leakage, after complete disruption of all vesicles by Triton, was set at 1. (B) The average midpoints
(t0.5) of the sigmoidal transitions for both ThT fluorescence andmembrane leakage are shown for experiments at pH 7.4 (dark gray) and at pH 5.5 (light
gray), for three independent experiments, each performed in triplicate, on different days, using different IAPP stock solutions. The error bars indicate the
standard deviation. (C) Surface pressure profile after injecting a sample of IAPP at pH 7.4 (�) and at pH 5.5 (- - -) in a monolayer of DOPC/DOPS
(7:3). The peptides were injected into the stirred subphase at t = 0min. The final peptide concentration was 1μM. (D) Surface pressure increase induced
by the interaction of freshly dissolved IAPP at pH 7.4 (�) and at pH 5.5 (- - -) with DOPC/DOPS (7:3) monolayers as a function of the initial surface
pressure. The straight lines were obtained by linear regression.
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At both pH values, we observe the typical spectrum with many
resolved splittings that is characteristic of a lamellar fluid phase.36

The smallest splitting, corresponding to the methyl groups at the
end of the acyl chains, is about 3 kHz and is reporting the lipid
order in the membrane center. The largest one, corresponding to
theCD2 groups closest to the glycerol backbone, is approximately
26 kHz and is giving information about lipid order near the
interface. Intermediate labeled positions show splittings between
9 and 26 kHz. The variation of quadrupolar splitting with labeled
carbon positions depicts the well-known gradient of internal
membrane ordering.37 Addition of IAPP leads to notable changes
independent of the pH (Figure 4B�E). The quadrupolar split-
tings for each position are now ill defined and have a longer width
distribution. Two possible explanations are (1) that after addition
of the peptide the vesicles become smaller with a heterogeneous
size distribution and (2) that IAPP�membrane insertion per-
turbs the lipid acyl chain order and the membrane dynamics. To
gain more insight into these possibilities, 31P NMR was used to
report on IAPP�membrane interactions from the point of view
of the membrane surface. Figure 4C and F shows classical axially
symmetric spectra for the POPC-2H31/POPS system, in the
absence (�) and presence (- - -) of IAPP. Spectra in the absence
of IAPP are the superposition of two subspectra originating from
the phosphorus nuclei of DOPC and DOPS. Because of the
different headgroup structures of the two lipids, each subspectrum
shows a slightly different residual chemical shift anisotropy.38

Spectra in the presence of IAPP are less intense but clearly broader
with more averaging of the chemical shift anisotropy indepen-
dently of the pH. This suggests that, similar to the acyl chains,
either the headgroups are strongly affected by the presence
of the peptide or the vesicles become smaller after addition of
the peptide. The latter interpretation was supported by DLS
experiments on POPC/POPS at pH 7.4 and pH 5.5 to measure
the size of the vesicles before and after the addition of the peptide
(data not shown). Heterogeneous sizes with a diameter of
around 400�800 nm were mostly detected in the absence of
peptide. On addition of IAPP at both pH values, the system
seemed converted into objects with a diameter between 50 and
200 nm (most likely corresponding to small lipid vesicles) and
objects of approximately 3000 nm (most likely corresponding to
the peptide aggregates). Thus, our NMR experiments support a
strong interaction of the peptides with the lipid vesicles both at
low and at neutral pH, but due to the size reduction of the
vesicles, they do not allow one to draw conclusions on effects of
headgroup or lipid order. Altogether our data show that the
kinetics of IAPP-induced membrane damage and fibril formation
are strongly dependent on the pH, whereas IAPP�membrane
insertion itself is not.

’SUMMARIZING CONCLUSIONS

Two important conclusions can be drawn from the results of
this study. First, our results show that membranes catalyze fibril
formation of IAPP at pH 7.4 as well as at pH 5.5 and that the
kinetics of fibril formation and the kinetics of membrane damage
are related at both pH values. Previously, such a correlation was
found at pH 7.4, and it was postulated that at least under these
specific conditions, it is the growth of IAPP fibrils at the
membrane surface rather than the formation of oligomeric
species that causes IAPP-induced membrane damage.23 The
tendency of amyloidogenic peptides to fibrillate on the surface
of lipid vesicles, and simultaneously damage the lipid bilayer, has
also been observed using molecular dynamics simulations.39

Recently, the group of Lashuel showed that Aβ toxicity is
mediated by the process of fibril formation and not by a specific
Aβ species.40 Therefore, we speculate that this may be a general
mechanism for causing membrane disruption by amyloid form-
ing proteins. The second important conclusion from the present
study is that the kinetics of fibril formation and of membrane
damage are strongly pH-dependent and can be directly linked to
the conformational behavior. This is in contrast to the IAPP�
membrane interactions as analyzed by monolayer insertion
studies and by 31P NMR and 2H NMR, which show no pH
dependence. Because the histidine residue at position 18 is the
only residue that titrates over the pH range, we can conclude (i)
that the ionization state of this histidine significantly affects the
kinetics of conformational changes and concomitant fibril for-
mation and (ii) that this is directly related to the kinetics of
membrane damage. This is consistent with a result from a recent
study on the N-terminal part of the peptide (IAPP1�19), which
showed that the protonation of the histidine causes a change in its
membrane binding topology.41 All of our studies show that fibril
formation andmembrane damage occur at a slower rate at pH 5.5
than at pH 7.4. Because IAPP is stored in the β-cell granules at an
acidic pH and released into the extracellular compartment at a
pH of 7.4, we thus may assume that the lower pH of the granules
protects IAPP from fibril formation. Although the differences we
observed at low pH are not large as compared to the results at

Figure 4. 2H NMR spectra of IAPP on fluid POPC-2H31/POPS
multilamellar vesicules at 25 �C: (A) and (D) without IAPP at pH 7.4
and at pH 5.5, respectively; (B) and (F) in the presence of IAPP (ratio
peptide:lipid 1:20) at pH 7.4 and at pH 5.5, respectively. Wideline
proton-decoupled 31P NMR spectra of POPC-2H31/POPS multilamel-
lar vesicles at 25 �C at pH 7.4 (C) and at pH 5.5 (F) in the absence of
peptide (�) and in the presence of IAPP (- - -).
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physiological pH, it is very well possible that in vivo they play a
more significant role. In addition, factors other than pH changes
(for example, ionic strength, concentration of metal ions, or
the presence of insulin) may contribute significantly to amyloid forma-
tion in vivo. Indeed, some studies showed that zinc has an overall
inhibitory effect on IAPP fibril formation16,17 and that insulin
decreases the ability of IAPP to permeabilize membranes.15
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