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Amyloid fibril formation has been implicated in a wide range of human diseases and the interactions of amy-
loidogenic proteins with cell membranes are considered to be important in the aetiology of these pathologies. In
type 2 diabetes mellitus (T2DM), the human islet amyloid polypeptide (hIAPP) forms amyloid fibrils which
impair the functionality and viability of pancreatic f cells. The mechanisms of hIAPP cytotoxicity are linked to
the ability of the peptide to self-aggregate and to interact with membranes. Previous studies have shown that the
N-terminal part of hIAPP from residues 1 to 19 is the membrane binding domain. The non-amyloidogenic and
nontoxic mouse IAPP differs from hIAPP by six residues out of 37, among which a single one, residue 18, lies in
the membrane binding region. To gain more insight into hIAPP-membrane interactions we herein performed
comprehensive biophysical studies on four analogues (H18R-IAPP, H18K-IAPP, H18E-IAPP and H18A-IAPP).
Our data reveal that all peptides are able to insert efficiently in the membrane, indicating that residue 18 is not
essential for hIAPP membrane binding and insertion. However, only wild-type hIAPP and H18K-IAPP are able to
form fibrils at the membrane. Importantly, all peptides induce membrane damage; wild-type hIAPP and H18K-
IAPP presumably cause membrane disruption mainly by fibril growth at the membrane, while for H18R-IAPP,
H18E-IAPP and H18A-IAPP, membrane leakage is most likely due to high molecular weight oligomeric species.
These results highlight the importance of the residue at position 18 in IAPP for modulating fibril formation at the
membrane and the mechanisms of membrane leakage.

1. Introduction that hIAPP plays a role in blood glucose homeostasis, in gastric emp-

tying and other cellular processes such as bone metabolism, along with

Type 2 diabetes mellitus (T2DM) belongs to the family of protein
misfolding diseases, which are characterized by abnormal accumulation
of insoluble fibrillary protein aggregates [1,2]. These amyloid fibrils are
usually found in the pancreatic islets of T2DM patients and are pri-
marily composed of the 37-residue, human islet amyloid polypeptide
(hIAPP, also known as amylin) [3,4]. Amyloid aggregation of hIAPP is
not considered as the main cause of T2DM, but it is obviously a factor
that impairs the functionality and viability of  cells and contributes to
graft failure after islet transplantations [5-11]. hIAPP shares amino
acid and structural similarity with calcitonin, calcitonin gene-related
peptide and adrenomedullin [12,13]. The physiological function of
hIAPP has not yet been completely determined; however it was shown

the related peptides calcitonin and calcitonin gene-related peptide [14].

Despite its clinical importance, the basis of hIAPP-induced cell
toxicity is not entirely understood. It has been proposed that the toxi-
city of hIAPP is linked to its ability to perturb membranes and the de-
tails of hIAPP-membrane interaction have been the subject of several
studies [15-20]. Many studies reported that the toxicity of amyloido-
genic proteins, including hIAPP, is not linked to the insoluble fibrils
themselves but rather to soluble oligomeric intermediates [21-23]. The
existence of common structural features between amyloidogenic pro-
teins was also established and thus a common cytotoxicity mechanism
induced by small oligomeric species was proposed [24]. However, the
existence of small oligomeric hIAPP species is more controversial and
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Fig. 1. Sequence of native human hIAPP (blue), the mutated peptides (H18K, red; H18R, purple; H18E, green; and H18A, yellow) and mouse mIAPP (dark blue). Each peptide contains a

disulfide bond (Cys2 and Cys7) and an amidated C-terminus.

available data from the literature demonstrating the existence of IAPP
oligomeric species are scarce [25-28]. Currently, the mechanism of
hIAPP-membrane damage is still not clear and several hypotheses about
the cause of hIAPP cytotoxicity have been postulated. Oligomeric pore-
like structures of hIAPP have been proposed where monomeric hIAPP
starts to aggregate into oligomers that interact with the membrane
forming a pore [16,29,30]. In an alternative model, the membrane
damage is a consequence of mechanical pressure induced by fibril
growth at the surface of the membrane [31,32]. Although different
hIAPP-membrane disruption mechanisms have been proposed, it is
generally accepted that hIAPP interacts with cell membranes
[31,33,34].

The amino acid sequence of hIAPP is shown in Fig. 1. hIAPP has an
intramolecular disulfide bond between Cys2 and Cys7 and an amidated
C terminus. Both the amidated C-terminus and the disulfide bridge are
strongly conserved features throughout the mammalian species and
both are necessary for the full biological activity of hIAPP [35,36].
Model membrane studies showed that hIAPP has a pronounced ability
to interact and insert into lipid membranes [37,38] and that it adopts
an alpha-helical conformation upon binding to vesicles containing ne-
gatively charged lipids [39,40]. More detailed structural information on
the structure of hIAPP in the presence of model membranes was ob-
tained by various biophysical approaches. Using electron paramagnetic
resonance spectroscopy analysis the structure of hIAPP was determined
in vesicles composed of zwitterionic and anionic lipids (PC:PS 20:80).
The results indicated that the peptide adopts an a-helical structure
between residue 9 to 22 and two less ordered segments were observed
for the residues 1-8 and 23-37 [41]. Two NMR studies using sodium
dodecyl sulfate (SDS) micelles provided additional support for this
finding. The first study was carried out on non-amidated hIAPP at
acidic pH and revealed three domains of hIAPP: an N-terminal region
constrained by the disulfide bridge, an a-helical structure spanning
residues 6-27 and an unfolded region from residues 28 to 37 [42]. The
second NMR study, conducted on native amidated hIAPP at neutral pH,
slightly differed from the previous one as the 7-28 helical structure was
shown to be kinked by a turn segment around residues H18-S20 [43]. A
recent molecular dynamics simulation in mixed lipidic membranes
(PC:PS 70:30) showed helical content from residue 15 to 28 in agree-
ment with NMR experimental work [44]. On the other hand, a high-
resolution structural model of hIAPP obtained by NMR in a native lipid
bilayer composed of zwitterionic and charged lipids (PC:PG) showed
three antiparallel 3 strands (residues 8-12; 15-18 and 26-29) con-
nected by flexible loops [45]. Thus, the conformational behavior of
hIAPP is still a matter of some debate.

Further studies demonstrated that the N-terminal part of hIAPP
(residues 1-19) i) mediates the insertion of the peptide into mem-
branes, ii) does not damage membranes of relevant lipid composition
[37,46,47] but iii) damages membranes when composed of anionic li-
pids only [48]. The mouse (mIAPP) or rat IAPP (rIAPP) differs from
human IAPP by six residues out of 37 (Fig. 1). However, rIAPP and
mIAPP do not form fibrils, are not toxic towards (3-cells and rat and
mice do not develop T2DM. It is interesting to note that there is only
one amino acid difference in the 1-19 domain of IAPP, corresponding
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to Hisl8 (for human IAPP) to Argl8 (mouse IAPP) substitution. A
previous study on the 1-19 fragment of IAPP indicates that this domain
disrupts the cellular membrane on pancreatic islets and allows the in-
flux of calcium into the cell, suggesting an important role for His18
[49]. His18 is not only important for fibril formation and membrane
interaction but also for binding of metal ions as it was shown in pre-
vious studies [50,51].

Recent investigations, using full-length hIAPP, proposed that re-
sidue 18 has a critical role in fibril formation and in mediating toxicity
towards INS-1 f cells [33,49]. In addition, Martel and co-workers have
simulated hIAPP-membrane insertion and calculated the depth of
hIAPP-insertion using a mutated fragment of mIAPP (containing re-
sidues 1 to 20) where arginine 18 had been replaced by histidine 18.
They reported that the residue 18 plays a crucial role in membrane
insertion, underlining the importance of this residue in membrane af-
finity [20]. However, to our knowledge, no experimental reports have
been published so far on the importance of residue 18 in membrane
binding and membrane interactions using full-length hIAPP.

To shed light on the influence of residue 18 in membrane interac-
tions, we have synthesized four mutated peptides where histidine 18
has been replaced by arginine (H18R-IAPP), lysine (H18K-IAPP), glu-
tamic acid (H18E-IAPP) and alanine (H18A-IAPP) to achieve variations
in charge, size and polarity. We determined the ability of the mutated
peptides to insert into the membranes, to form fibrils at the membrane
and to cause membrane damage. Our results demonstrate that the
mutation at position 18 does not alter the ability of the peptide to insert
into lipid bilayers. Furthermore the binding of all mutated peptides
causes considerable damage to the membrane. However, the particular
type of damage due to the mutated peptides is substantially different
from that caused by native IAPP and is not related to fibril formation.
The results obtained in our study suggest that the processes of IAPP-
induced membrane damage and IAPP fibril growth at the membrane are
highly sensitive to the residue at position 18.

2. Materials and methods
2.1. Peptide synthesis

All peptides were synthesized with a CEM Liberty Blue (CEM cor-
poration, Matthews, USA) automated microwave peptide synthesizer
using standard reaction cycles at the Institut de Biologie Intégrative
(IFR83-Université Pierre et Marie Curie), as previously described [33].
The synthesis of the wild type and all the mutated peptides (Fig. 1),
including an amidated C-terminus and a disulfide bridge, were per-
formed using Fmoc chemistry and a PAL Novasyn TG resin. Two
pseudoproline dipeptides were chosen for the synthesis: Fmoc-Ala-Thr
(WMe,MePro)-OH replaced residues Ala-8 and Thr-9, and Fmoc-Leu-Ser
(WMe,MePro)-OH replaced residues Leu-27 and Ser-28. Double cou-
plings were performed for the pseudoprolines, for the residues fol-
lowing the pseudoprolines and for every [B-branched residue. The
peptides were cleaved from the resin and deprotected using standard
TFA procedures with 1,2-ethanedithiol, water, and triisopropylsilane as
scavengers. The peptides were purified by reverse phase high-
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performance liquid chromatography (HPLC) with a Luna C18(2)
column (Phenomenex, USA). A two-buffer system was used. Buffer A
consisted of 100% H,0 and 0.1% TFA (vol/vol), and buffer B consisted
of 100% acetonitrile and 0.07% TFA (v/v). Linear peptides were dis-
solved in aqueous DMSO (33%) and oxidized with air to the corre-
sponding disulfide bond cyclic form. The purity of peptides was higher
than 95% as determined by analytical HPLC and the identity of peptides
was confirmed by MALDI-TOF mass spectrometry.

2.2. Peptide preparation

Peptide stock solutions were freshly prepared prior to all experi-
ments using the same batch, as described previously [46]. Briefly, stock
solutions were obtained by dissolving the peptide at a concentration of
1 mM in hexafluoroisopropanol (HFIP) and by leaving it to incubate for
an hour. Then, HFIP was evaporated and the sample was dried by va-
cuum desiccation for at least 30 min. The resulting peptide film was
dissolved at a concentration of 1 mM in DMSO for the fluorescence,
microscopy and monolayers experiments (final DMSO concentration of
2.5% v/v) and then diluted in 50 mM Bis-Tris buffer, 100 mM NaCl
(pH7.4 or pH5.5). For NMR experiments and CD experiments, no
DMSO was used, the resulting peptide film was directly solubilized by
addition of a dispersion of unilamellar vesicles in 50 mM phosphate
buffer. Control experiments were performed to ensure that the use of
these two different buffers did not affect the rate of fibril formation.

2.3. Preparation of phospholipid vesicles

Lipid films were made by dissolving the lipids in chloroform. The
solvent was evaporated under dry nitrogen gas. The resulting films were
then kept under vacuum desiccator for at least 30 min. Films were then
rehydrated with appropriate buffer (50 mM Bis-Tris, 100 mM NacCl, for
the Thioflavin experiments, TEM, and calcein leakage assay, and 50 mM
sodium phosphate for NMR experiments) at a temperature above the
transition temperature of the lipids for 30 min. The lipid suspensions
were frozen in liquid nitrogen and thawed in a 40 °C water bath 3 times
to obtain homogeneous multilamellar vesicles (MLVs). Unilamellar
vesicles were prepared from the MLVs using the following protocol: the
lipid suspensions were subjected to 10 freeze-thaw cycles, and passed
19 times through a mini-extruder (Avanti Polar Lipids, Alabaster, USA)
equipped with a 200 nm polycarbonate membrane for Thioflavin ex-
periments, TEM, and calcein leakage assay, and with a 50 nm poly-
carbonate membrane for NMR experiments. The phospholipid content
of lipid stock solutions and vesicle preparations was quantified as in-
organic phosphate according to Rouser [52]. Calcein-containing LUVs
were made using the same protocol, except for the following adapta-
tions: the buffer for hydration of the lipid films was replaced by a so-
lution containing 70 mM calcein. Free calcein was separated from the
calcein-filled LUVs using size-exclusion chromatography (Sephadex
G50-fine) and elution with 100 mM Bis-Tris, 100 mM NaCl.

2.4. Monolayer experiments

Peptide-induced changes in the surface tension of a phospholipid
monolayer were measured in a Langmuir trough using the DyneProbe
(Kibron, Helsinki, Finland). Surface pressures were measured at room
temperature. A trough was filled with 18 mL of freshly filtered 50 mM
Tris.HCI buffer, 100 mM NaCl (pH 7.4). DOPC/DOPS (7:3) monolayers
were spread from a 1mM stock solution in chloroform. The lipid
monolayer was allowed to stabilize for a few minutes before the addi-
tion of the peptide. The experiment was repeated five times, with dif-
ferent initial surface pressures ranging from 15 to 35 mN/m. The lipid
monolayer was allowed to stabilize for a few minutes before 18 uL of a
1 mM stock solution of the peptide in DMSO was injected in the sub-
phase without disturbing the lipid monolayer, resulting in a final pep-
tide concentration of 1uM. Higher peptide concentrations did not
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significantly increase the surface pressure.

2.5. CD spectroscopy

CD spectra were measured on a Jasco 815 spectropolarimeter (Jasco
Inc., Easton, MD) over the wavelength range 190-260 nm, by using a
0.1 cm path length quartz cell (Hellma GmbH, Germany) with an in-
ternal volume of 200 pL. CD spectra were recorded at 25 °C, at 0.2 nm
intervals and using a 20 nm min ' scan speed. Each spectrum reported
is the average of four scans. Measurements were carried out in 50 mM
phosphate buffer containing 100 mM NaF at pH7.4. Peptide con-
centrations were 25uM in the presence of lipids (peptide:lipid ratio
1:10).

2.6. Fibril formation assay

The kinetics of IAPP fibril formation in the presence of lipid mem-
branes was measured using the fluorescence intensity increase upon
binding of the fluorescent probe Thioflavin T (ThT) to fibrils. A plate
reader and a standard 96-well black microtiter plate were used
(Fluostar Optima, BMG LabTech, Germany). The fluorescence was
measured at room temperature from the top of the plate every 10 min
with 440 nm excitation filter and 480 nm emission filter.

The ThT fluorescence assay was started by adding 10 pL of a 0.2 mM
IAPP (10 uM peptide) to 190 pL of a mixture of 10 uyM ThT, DOPC/
DOPS vesicles (100 uM lipids; peptide:lipid ratio 1:10) and 50 mM Bis-
Tris, 100 mM NaCl (pH 7.4 or pH 5.5). The microtiter plate was shaken
for 10s (600 rpm) directly after addition of all components, but not
during the measurements. The assays were performed 3 times, each in
triplicate, on different days, using different IAPP stock solutions. The
replicates of each system showed consistent reproducibility.

2.7. Membrane permeability assay

A plate reader was used to perform membrane leakage experiments
in standard 96-well transparent microtiter plates (Fluostar Optima, Bmg
Labtech). Measurements were conducted on calcein-loaded DOPC/
DOPS 7:3 LUVs. The peptides at 10 pM were added to a mixture of
calcein-containing LUVs in 50 mM Bis-Tris, 100 mM NaCl, pH7.4 or
pH 5.5 (peptide:lipid ratio of 1:10). Directly after addition of all pep-
tides, the microtiter plate was shaken for 10 s using the shaking func-
tion of the plate reader but not during the measurements. Fluorescence
was measured from the bottom, every 10 min, using a 485 nm excita-
tion filter and a 520 nm emission filter. The temperature was approxi-
mately 28°C + 3°C. The maximum leakage at the end of each mea-
surement was determined via addition of 1 pL of 10% Triton X-100 to a
final concentration of 0.05% (v/v). The release of fluorescent dye was
normalized according to the following equation:

L(®) = (Fc~Fo)/(F100—Fo)

L(t) is the fraction of dye released (normalized membrane leakage),
F, is the measured fluorescence intensity, and Fo, and Fyoo are the
fluorescence intensities at times t = 0, and after addition of Triton X-
100, respectively. The calcein leakage experiment was performed 3
times, each in triplicate, on different days. The results presented here
are the average of the different experiments, = standard deviation.

2.8. Electron microscopy

TEM was performed at the “Institut de Biologie Paris Seine” (IBPS,
Paris, France) at the University Pierre and Marie Curie. Aliquots (20 pL)
of the samples used for ThT fluorescence assays were removed after
3 days of each kinetic experiments, blotted on a glow-discharged carbon
coated 200 mesh copper grids for 2min and then negatively stained
with saturated uranyl acetate for 45s. Grids were examined using a
ZEISS 912 Omega electron microscope operating at 80 kV.
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2.9. NMR spectroscopy

The peptide films were dissolved at a concentration of 50 uM in the
presence of small unilamellar vesicles (peptide:lipid ratio 1:10) con-
taining 50 mM phosphate buffer in D,O (pH7.4) and immediately
transferred in a Shigemi tube of 5 mm diameter. Experiments were re-
corded at 25 °C on a Bruker AVANCE III NMR spectrometer operating at
a H frequency of 500 MHz, equipped with a TCI cryoprobe. One-di-
mensional spectra were acquired over 8192 points using a spectral
width of 6010 Hz. For each spectrum, 512 scans were accumulated
leading to an experiment time of about 15 min. An exponential window
function with 1 Hz line broadening was applied to all 'H spectra prior to
Fourier transform. The evolution in time of the peptide signal intensity
for each lipid system was followed by recording one dimensional ‘H
spectra for ~ 24 h. Peptide 'H resonances (in the aromatic region be-
tween 6.7 and 7.4 ppm, where no lipid signals are observed) were then
integrated and these values are plotted as a function of time, leading to
a sigmoidal curve, than can be fitted by a modified Richards eq. [53]:
I=( + ax) + %where I is peptide intensity obtained from
1D 'H NMR integral, I; and I; are the initial and final 'H NMR in-
tensities, a; and ar are the slopes before and after the oligomerization
phase, t; » is the time where the '"H NMR intensity decays to 50% of the
maximum 'H NMR signal and k the elongation rate. Since the analysis is
done for the integrated intensity of peptide "H resonances between 6.7
and 7.4 ppm, results are therefore average values. All raw NMR ex-
perimental data have been processed using the TopSpin program
(Bruker) and further analysed for the integration and the fit using the
modified Richards equation with a home-written program based on R
program.

3. Results

3.1. Design of mutated peptides to study the role of residue 18 in hIAPP-
membrane interactions

It has been shown that residue 18 is important for modulating IAPP
cytotoxicity and IAPP aggregation in solution [33], but it is not clear
how this affects the interaction of IAPP with lipid bilayers. To address
the contribution of residue 18, we studied human IAPP as well as IAPP
variants in which His-18 was replaced by i) the positively charged re-
sidues, arginine and lysine, ii) the negatively charged amino acid,
glutamic acid, and iii) the neutral residue alanine. These substitutions
were chosen because those residues differ in shape, volume, charge and
hydrophobicity. All these factors could influence hIAPP-membrane in-
sertion and lead to different ways of hIAPP-membrane self-assembly
and hIAPP-induced membrane disruption. All the experiments were
performed in the presence of lipid membranes composed of DOPC/
DOPS in a 7:3M ratio. This composition was chosen because these
phospholipids represent the most abundant zwitterionic phospholipid
species (PC) and the dominant negatively charged phospholipid species
(PS) in eukaryotic cells. The 7:3 ratio was chosen because it resembles
the ratio of zwitterionic lipids to negatively charged lipids of the
membrane of pancreatic islet cells [54].

3.2. Mutations at position 18 only slightly alter hIAPP-membrane insertion
and hIAPP-membrane conformation

We first performed membrane surface pressure measurements on
lipid monolayers to examine the ability of the peptides to insert into
lipid membranes and to determine if residue 18 is important for
membrane insertion. As shown in Fig. 1, injection of all peptides into
the aqueous sub-phase below a lipid monolayer composed of DOPC/
DOPS (7:3) results in a fast increase in the surface pressure, followed by
a plateau after a few minutes (Fig. 2A). After 25 min, at an initial sur-
face pressure of ~20 mN/m, the increase in surface pressure induced by
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Fig. 2. Surface pressure profile (A) after injecting a sample of native hIAPP (blue), H18K-
IAPP (red), H18R-IAPP (purple), H18E-IAPP (green) and H18A-IAPP (yellow) in a DOPC/
DOPS monolayer (7:3). The peptides were injected into the stirred subphase at time zero.
(B) Surface pressure increase induced by the interaction of freshly dissolved native hIAPP
(blue), H18K-IAPP (red), H18R-IAPP (purple), H18E-IAPP (green) and H18A-IAPP
(yellow) with DOPC/DOPS (7:3) monolayers as a function of the initial surface pressure.
The straight lines were obtained by linear regression. Experimental error is estimated
at = 0.5mN/m. (C) CD spectra of 25 pM native hIAPP (blue) and the mutative peptides
(H18K, red; H18R, purple; H18E, green; H18A, yellow) freshly dissolved and added to
DOPC/DOPS (7:3) vesicles 50 mM phosphate buffer containing 100 mM NaF. The ab-
sorbance values were expressed as mean residue molar ellipticity [6].

insertion of native hIAPP is 9.0 mN/m, consistent with previous reports
[55]. Using a similar initial surface pressure of ~20 mN/m, the inser-
tion of all mutated peptides yields a slightly lower increase in surface
pressure from 7.2mN/m (H18A-IAPP), 7.4mN/m (H18R-IAPP),
7.6 mN/m (H18E-IAPP) to 7.8 mN/m (H18K-IAPP), in all cases with an
estimated experimental error of 0.5mN/m. This result demonstrates
that all peptides insert efficiently into lipid monolayers and that the
mutations do not strongly influence the monolayer insertion within the
experimental error range.

Next, in order to determine the maximum initial surface pressure
enabling the peptides to insert, we monitored the surface pressure in-
crease as function of the initial surface pressure (Fig. 2B). Our data
indicate that the extrapolating maximum insertion pressure is high for
all the peptides, ranging from ~33-38 mN/m. These limiting surface
pressures are at least as high as the surface pressures that correspond to
native biological membranes [56], indicating that in vivo, the peptides
could insert efficiently into these membranes.

Fig. 2C displays the CD spectrum of the wild-type and the mutated
peptides in the presence of DOPC/DOPS (7:3) membranes. Native
hIAPP and the mutated peptides adopt a mixture of mostly random coil
and a-helical structure, but with the highest a-helical content for
H18R-IAPP and H18K-IAPP. These results show that the mutation
somehow modulates the conformation that is adopted by the peptide
upon addition to the vesicles.

3.3. Importance of residue 18 in self-assembly at the membrane surface

We previously showed that the mutated peptides form fibrils in
solution but are less amyloidogenic than native hIAPP [33]. To in-
vestigate the importance of the residue 18 in hIAPP fibril formation at
the membrane surface, fluorescence-detected thioflavin T binding as-
says, transmission electron microscopy (TEM) and *H NMR studies were
conducted in the presence of unilamellar vesicles composed of DOPC
and DOPS in a molar ratio of 7:3. First, we followed the kinetics of fibril
formation by measuring the fluorescence intensity increase upon
binding of the amyloid specific dye thioflavin T (ThT). Amyloid fibril
formation follows a sigmoidal time course in which no detectable
amyloid fibrils are formed during the lag phase. The lag phase is fol-
lowed by a growth phase during which fibrils develop and elongate,
eventually leading to a steady state where fibrils are in equilibrium with
soluble peptide. As shown in Fig. 3A, a typical sigmoidal S-shaped curve
was obtained for native hIAPP with a lag-time of approximately 4 h.
Clear differences in the kinetics profile are observed for hIAPP and the
analogs in terms of initial half-time t; » and maximum intensity of the
plateau, which give insight into the kinetics of the aggregation process
and the amount of fibrillary material formed, respectively. Indeed, all of
the mutated peptides show either a decreased amount of fibril formed,
mostly in combination with an increased half-time, or they showed no
fibril formation at all, indicating that the mutated peptides have a lower
amyloidogenic propensity than native hIAPP in the presence of lipid
membranes (Fig. 3B-C). H18K-IAPP shows the same half-time as native
IAPP (around 4 h) but an important reduction in fluorescence plateau is
observed (around 75%). An increase in the half-time and a reduction of
the fluorescence intensity at the plateau are both observed for H18R-
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IAPP. Finally, H18A-IAPP and H18E-IAPP do not show significant fibril
formation within 2 days of incubation.

In order to observe the early stages of the oligomerization process,
namely during the lag phase of ThT fluorescence experiments, liquid
state '"H NMR spectra were recorded as described previously [53,57].
This allows us to observe the signal of the peptides over time in the
monomeric state (or small oligomeric states such as dimers or trimers).
As peptide self-assembly occurs, the intensities of peaks due to the
monomer species decrease as a result of the conversion of the NMR-
visible monomer to NMR-invisible large assemblies. Fig. 3D shows the
aromatic region (between 6.7 and 7.4 ppm) of the signal of monomeric
native hIAPP. The NMR spectra of hIAPP exhibit a sharp drop in in-
tensity within the first hours, suggesting a rapid evolution of the
monomer into oligomeric species which evolve into larger assemblies
and protofibrils by nucleation and elongation-dependent pathway. 'H
NMR signals were fitted with a Richards function in order to obtain the
rates of monomer depletion and estimate the fraction of residual
monomer. The peptide 'H signal decays to zero indicating that the
monomeric peptide form in solution disappears completely. Experi-
ments on the mutated peptides show clear differences in the kinetics of
monomer depletion (Fig. 3E). The rate of monomer to large species
evolution is slower for all the mutated peptides indicating that the
monomeric species are more stable. It is also important to note that the
normalized peak intensity does not decrease to zero for H18A-IAPP,
H18K-IAPP and H18R-IAPP, suggesting that the monomer is still pre-
sent after several hours of incubation. The time required to reach 50%
of monomer depletion (t;,5) is reported in Fig. 3F. Our data clearly
indicate that native IAPP has the shortest t; » compared to the mutated
peptides. The H18E-IAPP analog shows the most divergent behavior as
it remains mostly monomeric within the 22 h of NMR experiments, and
only a small decrease of signal intensity can be observed at the end of
incubation period. The results of NMR and fluorescence experiments
showed that the rates of monomer depletion for the peptides were
somewhat consistent with the rate of fibril formation. The NMR and
ThT data indicate the following order of fibrillogenicity and monomer
depletion: 18H > 18K, 18R > 18A.

Consistent with the ThT fluorescence and NMR experiments, we
observed using TEM the formation of typical long and twisted fibrils for
native hIAPP and H18K-IAPP (Fig. 3G,H) after 4 days of incubation,
while for HI8R-IAPP only thin and small fibrils with a lower amount
were observed (Fig. 3I) and almost no fibrils were detected after the
same time of incubation for H18E-IAPP and H18A-IAPP (Fig. 3J,K).

3.4. Membrane disruption is controlled by residue 18

Then, the ability of the peptides to permeabilize large unilamellar
vesicles was examined by measuring the fluorescence signal of the
encapsulated fluorophore, calcein. The self-quenching dye, calcein, was
entrapped at high concentration in DOPC/DOPS (7:3 M ratio) LUVs and
incubated with either native IAPP or a mutated peptide. Upon addition
of a membrane-damaging peptide, disruption of the lipid bilayer allows
the escape of calcein, eliminating the self-quenching and resulting in an
increase in the fluorescence signal. A time trace of dye leakage induced
by the peptides is shown in Fig. 4. Our data indicate that native hIAPP
induces significant leakage in DOPC/DOPS vesicles to about 60% of the
total vesicle content. The process of hIAPP-induced membrane leakage
is characterized by an S-shaped curve with a t; ., of approximately 7.5 h
and an extent leakage of 60 = 7%. In addition, membrane permeabi-
lization induced by the peptides occurs in two distinct stages (Fig. 4). A
rapid and near-exponential increase is observed, suggesting aspecific
leakage process or transient pore formation at the membrane [58,59],
followed by a second increase with a sigmoidal profile. The first event
was already observed for antimicrobial peptides and both events were
detected for amyloidogenic peptides [60-62]. Indeed, study on the
aggregating amyloid B, AB40, involved in Alzheimer's disease, revealed
a two-stage membrane damage mechanism, which was proposed to
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Fig. 3. (A) Kinetics of fibril formation for native hIAPP and the mutated IAPP (H18K, red; H18R, purple; H18E, green; and H18A, yellow) at 10 uM in the presence of DOPC/DOPS LUVs
(pH 7.4). (B) Average midpoints (half-time t; ;) of the sigmoidal transition for the different peptides. Since fibril elongation was not observed for H18E-IAPP and H18A-IAPP after 44 h of
incubation, the t;,, could not be determined and only the lower limits are indicated (C) Fluorescence intensity of the plateau region for the different peptides. Average values and error
bars were calculated using data of three independent measurements where each measurement provided three data points (i.e., nine data points in total). (D) 1D *H NMR spectra (aromatic
region) of native hIAPP at 50 uM observed over time in the presence of DOPC/DOPS SUVs (pH 7.4 in D,0). Data shown correspond to spectra recorded every 15 min within the first 3h
(plot color code: from blue to red) and the final spectrum after 24 h. (E) NMR signal intensity of native hIAPP and the mutated IAPP (H18K, red; H18R, purple; H18E, green; and H18A,
yellow) over time. (F) Average midpoints (t;,») of the sigmoidal transition observed by NMR for the different peptides. Kinetics of monomer depletion did not show a clear sigmoidal
curve for H18E-IAPP, only lower limit of t; ,» is shown on the graph. (G to K) TEM images of native hIAPP (G) and mutated IAPP (H18K, H; H18R, I; H18E, J; and H18A, K) in the presence

of DOPC/DOPS vesicles. Scale bars represent 500 nm.

involve a primary selective pore formation followed by a non-selective
membrane damage through fibril growth [62]. In addition, our data
indicate that all mutations slow down the kinetics of membrane damage
in the second stage compared to the native hIAPP. The extent of leakage
in the second stage is roughly similar for all the mutated peptides (from
42% = 6% to 52% = 6% of the total vesicles content measured after
24 h). Together with the ThT, TEM and NMR experiments, these results
strongly suggest that the mutated peptides H18R-IAPP, H18E-IAPP and
H18A-IAPP lead to significant membrane damage but that the mem-
brane leakage is not related to fibril formation.

3.5. Detection of high oligomeric species at low pH

To slow down the fibril formation and the membrane leakage and be
able to dissect the first events of membrane damage, we performed
calcein-leakage experiments and we recorded TEM images at pH 5.5.
Previous studies in solution reported that the kinetics of fibril formation
is retarded at pH 5.5 compared to pH 7.4 for native hIAPP [63] and for
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the hIAPP analogs [33]. Our ThT results are consistent with these stu-
dies and show that in the presence of lipid membranes, low pH slows
down IAPP fibril formation for the wild-type peptide as well as for the
H18K-IAPP and H18R-IAPP (Fig. 5A). However under this acidic con-
dition, the peptides are still able to damage membrane. Fig. 5B shows
that in DOPC/DOPS vesicles at 10 uM peptide native hIAPP and H18K-
IAPP induce ~60% and ~50% of membrane leakage, respectively, after
incubation for 40h, while H18R-IAPP, H18A-IAPP and H18E-IAPP
slightly permeabilize lipid vesicles (between 20% and 30%). We also
observed at pH5.5 an initial leakage stage within the first 3h sug-
gesting oligomeric pore formation or aspecific leakage.

Finally, TEM was used to visualize the potential interaction between
the peptides and the lipid membrane and to investigate which IAPP
species interact with the membranes. Fig. 5C shows that after in-
cubating hIAPP three days with the lipid vesicles, hIAPP fibrils are
formed that line the surface of the vesicles (asterisks in Fig. 5C). The
size and the morphology of these fibrils are similar to those of hIAPP
fibrils formed in the absence of vesicles [33]. It is interesting to note
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H18K-IAPP (red), H18R-IAPP (purple), H18E-IAPP (green) and H18A-IAPP (yellow). The
peptides were added to the calcein-containing DOPC/DOPS (7:3) LUVs at time zero.

that most of the vesicles in contact with hIAPP fibrils are distorted,
showing noncircular shapes. The distortion of the vesicles was pre-
viously observed and related to hIAPP fibril formation at the surface of
the vesicles [31]. Different behavior is observed for the mutated pep-
tides (Fig. 5D-G). For H18K-IAPP, we observed a very large dense
network with thick fibrils. Rare vesicles could be seen in between the
network of H18K-IAPP fibrils (asterisk in Fig. 5D). For H18E-IAPP,
H18A-IAPP and H18R-IAPP, small amounts of thin material together

A

HEH

hIAPP H18K H18R H18E

Normalized calcein leakage (%)
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with some amorphous structures but no amyloid fibrils were detected at
pH 5.5. However, it is the specific localization of those structure that is
perhaps most noteworthy. Indeed, most of the amorphous and small
structures are observed along the surface of the membranes. We also
found the appearance of defects or pores in the membrane induced by
H18A-IAPP and H18R-IAPP, indicating that the membrane leakage in-
duced by H18A-IAPP and H18R-IAPP is probably due to the formation
of large oligomeric species but not to the fibril growth. H18E-IAPP also
induces membrane defects, probably through formation of oligomers,
but these defects are probably too small to be detected by TEM.

4. Discussion

Full length IAPP peptide can be divided into two regions: the N-
terminal part from residues 1 to 19 which determines the membrane
binding and the 20-37 segment, which constitutes the spine of amyloid
fibrils and is essential for its formation [31,38,64,65]. The non amy-
loidogenic and nontoxic mouse IAPP differs from human IAPP by six
residues out of 37, only one residue being in the membrane binding
1-19 region. Understanding the conditions that result in membrane
disruption by hIAPP can be essential in developing strategies to prevent
amyloidosis in T2DM. Thus, the goal of our work is to provide insight
into the interaction between mature IAPP and lipid membranes and to
dissect the mechanism of membrane disruption. In order to do so, we
investigated the role of residue 18, the sole residue in the membrane
interacting domain which differs with the non-amyloidogenic mouse
IAPP, using four mutated peptides. In particular, we examined IAPP-
membrane interaction at three different levels: i) membrane insertion,
ii) IAPP fibril formation at the membrane surface and iii) membrane-
disruption induced by IAPP oligomerization or by IAPP fibril formation.
Our results show that the mutation at the residue 18 has a pronounced
effect on IAPP fibril formation and on IAPP membrane damage but not

100
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40 -

hIAPP H18K H18R H18E H18A

Fig. 5. (A) Calculated half-time (t; ,») of native IAPP and mutated IAPP fibril formation in the presence of DOPC/DOPS vesicles (H18K, red; H18R, purple; H18E, green; H18A, yellow) at
pH 7.4 (plain bars) and pH 5.5 (dashed bars). Since fibril elongation was not always observed for the mutated peptides after 45 h of incubation, the t; » could not be determined and only
the lower limits are indicated (B) Membrane damage induced by 10 uM native IAPP and mutated peptides after prolonged incubation with calcein-loaded LUVs at pH 5.5. Vesicle leakage
was determined after incubation of LUVs for 1 min, 3h, 10 h, 20 h, 30 h and 40 h with peptides. (C to G) TEM images of native hIAPP (C) and mutated IAPP in the presence of DOPC/DOPS
vesicles after three days of incubation (H18K, D; H18R, E; H18E, F; and H18A, G) at pH 5.5. Scale bars represent 500 nm.
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Fig. 6. Proposed models for membrane insertion, oligomerization and membrane disruption by native hIAPP and H18K-IAPP (A) and by H18R-IAPP, H18E-IAPP and H18A-IAPP (B)
based on monolayer, fluorescence, NMR and microscopy experiments. Before binding to the membrane, hIAPP exists primarily as a monomeric (or weakly oligomerized) species. The
peptides insert into the membrane via their N-terminal part. Wild type IAPP and H18K-IAPP rapidly form stable fibrils leading to membrane disruption (Fig. 6A). On the other hand H18E-
IAPP, H18A-IAPP and H18R-IAPP do not aggregate into amyloid fibrils (Fig. 6B). The membrane leakage could be due in this case to the accumulation of high molecular weight

aggregates at the surface, as observed in TEM images.

on IAPP membrane insertion. These findings are discussed below, to-
gether with a proposed model (Fig. 6).

It was reported that the electrostatic interactions between the po-
sitively charged residues and negatively charged lipids are important
for peptide-membrane association [37,66]. Our data demonstrate that
all the mutated peptides insert into the lipid membrane suggesting that
the charge is not the sole factor controlling the membrane binding
behavior. Indeed, IAPP will also probably interact with lipid chains via
hydrophobic interactions. The monolayer and fluorescence data reveal
that membrane insertion is not sufficient to cause IAPP amyloid ag-
gregation. All the peptides bind to the membrane but only two of them
aggregate rapidly into amyloid fibrils, native IAPP and H18K-IAPP. The
fluorescence experiments together with the microscopy clearly show
that the time course and the quantity of fibril formation are strongly
dependent on residue 18. ThT fluorescence experiments demonstrated
that both H18E-IAPP and H18A-IAPP do not form fibrils within a few
days of incubation and NMR experiments indicated that > 80% signal
of monomeric H18E-IAPP is still present after 20 h of incubation. Our
results also indicate that the histidine to arginine substitution largely
decreases IAPP fibril formation and approximately 50% signal of
monomeric H18R-IAPP is observed after 24 h of incubation. These re-
sults suggest that monomeric and small oligomeric H18E-IAPP, H18R-
IAPP and H18A-IAPP do not disappear completely and that the sub-
stitution of the histidine by an arginine, an alanine or a glutamic acid
stabilizes the monomeric or small oligomeric species.

It is clear that hIAPP can induce membrane damage which is be-
lieved to be one of the causes of B cell death [15,16]. Previous reports,
based on cell toxicity on INS 1 cells, a pancreatic cell line commonly
used in studies of IAPP toxicity, revealed that all mutated peptides in-
duce less toxicity than wild type hIAPP [33]. Nevertheless our leakage
experiments in vitro indicate a similar extent of final membrane leakage
for native hIAPP and the mutated peptides, albeit with very different
kinetics. We suggest that IAPP cytotoxicity is not directly linked to the
extent of membrane damage in vitro but rather to the kinetics of this
process. Furthermore, cell membrane perturbation, although evidenced
in vivo [15,16,19,671, is probably not the only mechanism contributing
to the cytotoxicity.

The mechanism of hIAPP-induced membrane disruption is not
completely understood. Several mechanisms have been proposed to
explain hIAPP induced membrane damage. Some studies described a
mechanism via non-specific pores or ion-channel [16,29,30,68] while
other studies proposed that hIAPP acts like a detergent and disturbs the
membrane integrity via carpeting mechanisms [69]. Finally, it was also
shown that the growth of hIAPP fibrils at the membrane surface lead to
membrane alterations such as disruption or fragmentation, which could
lead to partial removal of the lipids from the membrane interface
[19,31,32,70,71]. Consistent with these different reports, the biphasic
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nature of the leakage profile, which is observed for both native and
mutated peptides, could correspond to distinct mechanisms and in-
volved species. The first leakage stage occurs rapidly for all the peptides
without any detectable lag phase. This step does not appear to be linked
to an increase in ThT fluorescence, neither to a significant consumption
of monomer as seen by NMR, suggesting that it is not due to the fibril
growth but probably to the rapid binding to the surface of monomers or
weakly oligomerized species.

Our data suggest different mechanisms for the second stage of
membrane damage depending of the residue 18, which are schemati-
cally depicted in Fig. 6. For wild type IAPP and H18K-IAPP, the kinetics
profile of membrane permeabilization follows that of fibril formation.
As proposed before for wild type hIAPP, the membrane disruption in-
duced by H18K-IAPP appears right after the fibril formation suggesting
that small oligomers are not involved in the loss of the barrier function,
but that the fibril formation at the membrane surface leads to mem-
brane damage.

In contrast, fibrils could not be detected by ThT fluorescence for
H18E-IAPP and H18A-IAPP and only marginally for H18R-IAPP. This
suggests that fibril growth is not involved in membrane damage for
these three IAPP mutants. The existence of a lag-time in the second
leakage stage can be explained by the slow buildup of large species that
are not directly visible by ThT-fluorescence but can be inferred in-
directly from NMR experiments revealing a significant consumption of
the monomer. The TEM images at pH5.5 display some aggregates
around the membrane interface and an important membrane alteration
can be seen especially with H18A-IAPP (Fig. 5G). We thus propose that
it is the accumulation of high molecular weight oligomeric species at
the membrane surface, but not fibrils, which promotes a membrane
leakage in the case of H18E-IAPP, H18A-IAPP or H18R-IAPP. Residue
18 turns out to have an important effect not only on the kinetics and the
amount of fibrils formed at the membrane but also on the mechanism of
membrane leakage. In particular, for the mutated peptides that are
severely impacted in their ability to form fibrils, the membrane leakage
would involve large aggregated species distinct from fibrils.

The following is the supplementary data related to this article.

Fig. SI-1 1D 'H NMR spectra (aromatic region) of native hIAPP and
the four mutants (50 UM concentration) observed over time in the
presence of DOPC/DOPS SUVs (pH 7.4 in D,0). Data shown correspond
to spectra recorded every 15 min within the first 3h (plot color code:
from blue to green) and then spectra recorded every 2.5h up to 1 day
(from orange to red).
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