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Islet amyloid polypeptide (IAPP) is a 37-residue hormone known to deposit as fibrillar aggregates
in pancreatic B-cells of patients affected by T2DM. Although it has been proposed that both the
fibrillogenic potential and membrane-activity may play a key role in IAPP cytotoxicity, a direct
causative relationship between these two properties has not yet been firmly established.

More recently, it has been observed that membrane damage may occur independently from fiber
formation of IAPP and that these properties may be encoded by different sequences of IAPP.

To further check this hypothesis, the membrane-activity and aggregation properties of the two
neutral segments LANFLVH (IAPP;,_;3) and NNFGAIL (IAPP»,;_»7), that recent theoretical
studies have reported to possess the highest and the lowest fibrillogenic potential respectively,
have been studied by means of a combined experimental and computational approach. The whole
of the results demonstrate that if neutral peptides and lipids are employed, the most fibrillogenic
peptide has the lowest membrane damaging effect and vice versa. These findings are expected to
contribute to our rational understanding of the factors involved in the formation of amyloidosis
and in the mechanisms of peptide-induced membrane damage.
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Introduction

A growing number of polypeptides and proteins have been shown
to form partially structured deposits known as “amyloids” that
are thought to contribute to the pathogenesis of a number of
diseases, named “Protein Conformational Diseases” (PCDs)."™
An important example of these polypeptides is the islet amyloid
polypeptide (IAPP), a 37 amino acid residues peptide present in
pancreatic B-cell secretory granules and co-secreted with insulin.
In type 2 diabetes mellitus (T2DM), IAPP aggregates in vivo in
the islet extracellular space to form B-sheet rich fibrillar amyloid
deposits which are known to be toxic to B-cells.>® In virro,
depending on the experimental conditions, IAPP precipitates
from aqueous solutions as amorphous aggregates or converts to
B-sheet rich often accompanied by amyloid
formation.”"" A possible mechanism of IAPP toxicity is believed
to be related to the IAPP-induced disruption of natural lipid
membranes.'>'# Recent studies on the non-cytotoxic rat variant
of IAPP (rIAPP) have provided significant hints on this respect
since as rats do not develop T2DM.'>!® Although the nature of
the toxic species is still debated, soluble oligomers of human IAPP
(hIAPP) have been shown to kill B-cells by binding to and
damaging the cellular membrane.'®'”"!® Other amyloidogenic
peptides such as amyloid-p (Ap), a-synuclein, and polyglutamine
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have also been found to cause cell death by a similar mechanism'®
and therefore, there is considerable interest in investigating the
interaction of such amyloidogenic peptides with phospholipid
membranes. Dissecting the properties of different IAPP sequences
is believed to be an effective strategy to identify the molecular
features driving amyloid fibril formation, membrane activity and,
eventually, toxicity. This approach has proven to be effective in
the development of inhibitory agents for the AP peptide
associated with Alzheimer’s disease.”* > In this light, a single
amyloidogenic region spanning residues 20-29 (NFGAIL) has
been proposed to be a critical domain in fibril formation of
IAPP.2*2" The decapeptide hIAPP, 59 has been found to form
fibrils in a antiparallel B-sheet conformation and in a morphology
that is similar to the fibrils formed by the complete hIAPP
sequence.”®*° In addition, the N-terminal half of IAPP (residues
1-20) has been shown to have a number of unique features that
may affect folding and/or aggregation. These observations
indicate that peptides corresponding to residues 8-20, 10-19,
20-29, 30-37 and 8-37 of human amylin all form amyloids.>'3°
However, in contrast to fragments from the 20-29 domains, the
peptides from the 820 region are not known to be toxic.*
In an attempt to rationalize the physico-chemical principles of
amyloidogenesis and understand the specific role of sequences in
driving the behaviour of the entire protein, several theoretical
models able to predict protein aggregation propensities from
primary structures have been proposed.’”*® In particular a novel
approach to structurally characterize the propensity towards
ordered B-aggregation of amyloid polypeptides has been recently
applied to the hIAPP sequence.®*° The p-aggregation profile of
hIAPP 1-37 confirmed, on one hand the high aggregation

200 | New J. Chem., 2010, 34, 200-207

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010


http://dx.doi.org/10.1039/B9NJ00253G

Downloaded by Universidade do Porto (UP) on 20 October 2010
Published on 28 September 2009 on http://pubs.rsc.org | doi:10.1039/BONJO0253G

View Online

hIAPP; 1g hIAPP, 57

napP K CNTATCATQR[LANFLVH|SS[NNFGAITL|SSTNVGSNTY

Fig. 1 Amino acid sequence of human IAPP. The two fragments that
are used in this study are closed in boxes.

propensity of the region encompassing residues 8-20 (and in
particular of the segment 12-18), but on the other hand, indicated
a second aggregation hot-spot located in a region (residues 28-30)
which is different from the sequence 20-29 that the literature
reports as highly fibrillogenic. On the contrary, the above
approach has identified the heptapeptide NNFGAIL (residues
21-27) as one of the less aggregation-prone regions of the whole
hIAPP sequence.”!

In order to contribute to shed light on these debated issues,
we used differential scanning calorimetry (DSC), membrane-
leakage experiments, Thioflavin T binding, and Congo Red
staining assays to examine the membrane activity towards
zwitterionic lipid bilayers constituted by 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and the amyloid fibril
formation of the two heptapeptides LANFLVH (hIAPP, 5)
and NNFGAIL (hTAPP,; »;) (Fig. 1).

Experimental data were paralleled by molecular dynamics
simulations in both aqueous and membrane-like environments.
Our studies revealed that hIAPP,; ,; has a propensity to
self-assemble into amorphous aggregates which effectively
interact with zwitterionic membranes by a poration mechanism.
On the contrary, hIAPP, ;g rapidly formed amyloid-like
aggregates, which did not interact with model membranes.
Our findings reconcile with recent reports showing that membrane
damage and fibril formation are not directly correlated.

Experimental
Chemicals

The N-acetylated and C-amidated fragments of human
amylin, hIAPP,; ,; and hIAPP, ;3 were purchased from
Genscript corporation with a purity of ~98%; 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) was purchased from
Avanti Polar Lipids, with a purity of ~98% and used without
further purification; 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), 6-carboxyfluorescein, Thioflavin T (ThT), Congo
Red and all salts used for buffer solution preparation were
purchased from Sigma—Aldrich, with a purity, at least, of 99%.
Before use, peptides were dissolved in HFIP (1.5 mg ml™}) to
break up any preformed aggregates present in the solution.
Aliquots of the peptide stock solution were rotoevaporated
under a gentle nitrogen flow for more than 1 h and then at less
than 1 mtorr vacuum for 2 h to completely remove HFIP
leaving a transparent film of peptide on the internal surface of
the tube: next, it was dissolved in the buffer or, alternatively
added to lipid dispersions up to the desired lipid/peptide
molar ratio.

Preparation of model membranes

Model membranes were prepared as described elsewhere.*
Briefly, solutions of DMPC, in CHCI; were dried under a
nitrogen flow and evaporated under high vacuum to dryness in
round-bottomed flasks. The resulting lipid film was hydrated

with an appropriate volume of phosphate buffer (10 mM,
pH = 7.4) and dispersed by vigorous stirring in a water bath
set at 4 °C above the gel-liquid crystal transition temperature
of the membrane. Control experiments carried out in buffers,
with the ionic strength adjusted to 100 mM by adding NaCl,
did not reveal any difference in the results. The final nominal
concentration of the lipid was 200 pM. In order to obtain large
unilamellar vesicles (LUVs), the multilamellar vesicles were
extruded through polycarbonate filters (pore size ~ 100 nm)
(Nuclepore, Pleasanton, CA) mounted in a mini-extruder
(Avestin Inc.) fitted with two 0.5 ml Hamilton gastight syringes
(Hamilton, Reno, NV). Usually we subjected samples to
23 passes through two filters in tandem as recommended
elsewhere.*> An odd number of passages were performed to
avoid contamination of the sample by vesicles which might not
have passed through the filter.

ThT Fluorescence assays

Fluorescence was monitored as a function of time in a 1 cm
path length quartz cuvette by using a Varian Cary Eclipse
spectrofluorimeter. Two identical stock solutions of the
hIAPP,; »; and hIAPP;, ;3 were prepared by dissolving each
peptide in 100% HFIP (1.5 mg ml~'). Experiments were
performed by adding 10 pl of the peptide stock solution into
a glass tube. Then, HFIP was removed by a nitrogen stream
followed by a vacuum drying for 1 h. The resulting peptide film
was then hydrated with 2 ml of phosphate buffer (10 mM,
pH 7.4) containing ThT. In the final solutions the concentrations
of ThT and of the peptide were 20 and 10 uM, respectively. In
ThT assays in the presence of membranes, the dry peptide film
was hydrated with 2 ml of 200 uM lipid dispersion buffered at
pH 7.4 containing ThT. All other experimental condition were
unchanged. All buffer solutions were filtered by using a 0.2 um
filter. The measurements were carried out by using, as a control,
the fluorescence vs. time curves of ThT solutions without the
peptide. The excitation and emission wavelengths were 440 and
481 nm, respectively. Excitation and emission slits values were
maintained at 5 and 10 nm, respectively. Spectra were recorded
at 10 min intervals for about 24 h, and all measurements were
replicated three times. The measurements were carried out in a
thermostated room at 27 °C.

Congo Red staining

Congo Red birefringence of the aggregates under cross
polarizer was evaluated by an optical Zeiss Axioplan polarizing
microscope equipped with a digital camera. Samples were
prepared by adding 1 ul of a hydroalcoholic solution of Congo
Red to 3 pl of buffer solutions of the peptide. Glass slices so
prepared were dried in air for 6 h. Images were acquired after
20 h under bright-field illumination and then between crossed
polars at 50x magnification in order to evaluate the presence
of amyloid fibrils. The measurements were carried out in a
thermostated room at 27 °C.

Membrane leakage experiments

Membranes leakage experiments were carried out by using
6-carboxyfluorescein-filled LUVs of DMPC (200 pM).
Dye-filled DMPC LUVs were prepared by hydrating the dry
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lipid film with the buffer solution containing 6-carboxyfluorescein
(0.1 M) according to the procedure described above. After the
extrusion, LUVs were dialyzed overnight at 7 = 20 °C through a
membrane with a cut-off of 2000 Da in order to eliminate the dye
not encapsulated into LUVs. Leakage experiments were started
by adding an aliquot of peptide stock solution to an empty glass
tube. Next, organic solvent was evaporated by using a gentle
stream of dry nitrogen followed by vacuum desiccation for 1 h.
The resulting peptide film was then dissolved into dye-filled
DMPC LUVs (10 uM). Membrane damage was quantified by
detecting the increment of fluorescence emission intensity of
6-carboxyfluorescein due to its dilution (dequenching) in buffer
as consequence of the membrane leakage. All spectra were
corrected by subtracting a baseline obtained as the signal
detected prior to the addition of the peptide solution. The
excitation and emission wavelength was 490 and 515 nm,
respectively. Excitation and emission slits were maintained at 5
and 10 nm, respectively. Spectra were recorded at 30 min
intervals for 24 h. All measurements are an average of three
replicated experiments. The maximum leakage at the end of each
measurement was determined by adding 2 pul of 10% Triton X-100
to a final concentration of 0.1% (vol/vol). The release percentage
of the fluorescent dye (membrane leakage) was calculated
according to the equation: %release = (I — Iy)/(I100 — I), Where
I is the fluorescence intensity at 515 nm of sample, I is
the fluorescence at 515 nm in absence of fragments and /o is
the fluorescence intensity after the addition of Triton X-100.
The measurements were carried out in a thermostated room
at 27 °C.

Differential scanning calorimetry (DSC)

DSC runs of DMPC LUVs were carried out on a VP-DSC
(MicroCal) apparatus. All the lipid samples were degassed
by vacuum and then heated from 10 to 50 °C at a scan rate of
1 °C min~'. Preliminary trials have shown that a 10 mM
phosphate buffer pH = 7.4 solution in which peptide and lipid
concentrations were 10 and 200 pM, respectively, provided
an optimal balance between stability of lipid vesicles and
solubility of peptides. Furthermore, it should be mentioned
that this lipid : peptide ratio (20 : 1) is largely adopted in DSC
experiments of peptide-induced membrane perturbation'® and
represents the better compromise between sensitivity and
biological significance of the experiments. An extra external
pressure of about 2 bar was applied on the solution to prevent
the formation of bubbles during heating. The buffer solution
without the sample was used as the reference cell.
Heat capacity curves (C,), were obtained by subtracting the
buffer-buffer baseline from raw DSC data. All DSC runs were
performed immediately after the preparation of samples, and
after 20 h, in order to observe if kinetic effects are present. The
results of DSC experiments were the average of three
different scans.

Molecular dynamics

Constant temperature molecular dynamics (CT-MD) simulations
of N-acetylated and C-amidated hIAPP,_;3 and hIAPP,;_»;
were performed with the program CHARMM33.44¢ All
peptide systems were modeled by explicitly considering all

heavy atoms and the polar hydrogen atoms bound to nitrogen
and oxygen. The CHARMM 19 potential function was
adopted and default cut-offs for long-range interactions were
used, i.e. a shift function®” of 1 A was employed with a cut-off
at 7.5 A for both the electrostatic and van der Waals terms.
Langevin dynamics with a friction value of 0.15 ps™' were
used. This friction coefficient is much smaller than that of
water (43 ps~! at 330 K, computed as 3nnd/m,*® where 7 is the
viscosity of water at 330 K, and d and m are the effective
diameter, i.e., 2.8 A, and mass of a water molecule,
respectively) to allow for sufficient sampling within the time
scale (ns) of simulations. It has been demonstrated that the
small value of friction adopted does not influence the thermo-
dynamic properties of the system, thus ruling out the possibility
of kinetic traps along the aggregation pathway.*® The implicit
solvent model EEF1 was adopted in order to simulate water
solvent.*”* The DMPC membrane was modeled by use of the
implicit solvent model IMMI1 which is an extension of EEF1
for modeling proteins in a membrane-like environment.* In
this model the hydrocarbon core of a DMPC membrane is
simply defined as a plane with a thickness of 23.1 A embedded
in a medium with water-like properties. The SHAKE algorithm**
was used to fix the length of the covalent bonds involving
hydrogen atoms, which allows an integration time step of 2 fs.
Furthermore, the non-bonded interactions were updated every
10 dynamics steps and the coordinate frames were saved every
20 ps. A 20 ns implicit water MD simulation was performed on
each single heptapeptide at 7 = 300 K to equilibrate the
monomer. For each heptapeptide, three replicas of the equilibrated
monomer were used to simulate aggregation in water and in a
membrane-like environment. Control simulations carried out
with 11 replicas of the peptides IAPP;;, ;3 did not show any
significant variations in the results but required very high
computational resources.*® In the initial positions there were
neither inter- or intra-molecular contacts, i.e. the three
peptides were completely unfolded and not interacting in
space. All simulations were started from random positions,
orientations and conformation of the peptide copies. When the
implicit membrane was introduced, the initial position of the
mass center of one heptapeptide was chosen in the center of
the bilayer; the mass centers of the other two replicas were
located 20 A far away the membrane surface on the two
opposite sides of the membrane. The final trimeric assembly
was simulated in a cubic box of 186 A side and re-equilibrated
for 20 ns at 300 K. Next, productive MD simulations were
carried out at 300 K for overall 2 ps. Implicit membrane MD
simulations were paralleled by simulations in water in which
all the other parameters were not changed. Here, the nematic
order parameter P, was considered to monitor the aggregation
process, as described elsewhere.*® This order parameter is
widely used to study the properties of anisotropic fluids*!
and is defined as:

1 &
P2 :NZ
i=1

where d (the director) is a unit vector defining the preferred
direction of alignment, Z; are the molecular unit vectors linking
the peptide’s N- and C-termini and N is the number of

o 1
(Z] Xd)z—i
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molecules in the simulation box, i.e. three in the present study.
The order parameter P, describes the orientational order of
the system and discriminates between ordered and disordered
conformations. P, values close to the unity represent highly
ordered aggregates while values close to 0.5 represent
disordered systems.

Results

Interaction of hIAPP,_13 and hIAPP,;_,; with DMPC
membranes determined by differential scanning calorimetry

It is widely acknowledged that DSC is an important tool to
investigate the peptide-induced perturbation of lipid bilayers:**->°
in fact the heat-capacity (Cp) changes concerning the main
transition of lipid/peptide systems may help to clarify not only
the effects of the presence of the peptide on the physical state
of the membrane, but also the topological arrangement of the
peptide inserted into a lipid matrix. Indeed, the enthalpy
change (AH) observed during the lipid main transition is
mainly ascribable to the packing efficiency of the hydrocarbon
tails.>! The peptide-induced decrease of the transition enthalpy
of the bilayer may thus be related to the extent of the
interaction between guest molecules and the hydrocarbon core
of lipid membranes. Moreover, the temperature at which the
main transition occurs, 7,,, is more sensitive to interactions
involving the lipid head groups, and changes when the
membrane surface is involved in the interaction with the guest
peptide.*>>! Fig. 2 shows C, profiles of large unilamellar
vesicles (LUVs) constituted by DMPC/hIAPP21-27 (molar
ratio 20 : 1, dashed lines) and DMPC/hIAPP;,_;5 (molar ratio
20 : 1, dotted lines), compared with C, profile of pure DMPC
(solid line). In order to evidence possible kinetic effects, DSC
runs of the lipid/peptide mixtures were performed immediately
after the addition of the peptide to LUVs (Fig. 2; upper panel),
and repeated after 20 h (Fig. 2; lower panel). All the relative
calorimetric data are collected in Table 1.

The effect of the peptides on the phase behavior of DMPC
LUVs immediately after its addition to the lipid dispersion
(t = 0 h) is evidenced by a small decrease of both enthalpy and
temperature of the main transition. DSC runs repeated after
20 h on the same samples demonstrated that the peptide-
induced membrane interaction is time-dependent: in particular,
the enthalpy change associated with the thermal transition of
DMPC LUYVs incubated for 20 h with hIAPP,; »; was lower
than samples scanned immediately after peptide addition. The
peptide-induced decrease of both 7, and AH coupled with
the decrease of the sharpness of the DSC curve is ascribable to
the insertion of the peptide into the hydrocarbon core of the
bilayer.52 Conversely, the interaction of hIAPP;, g with
DMPC LUVs induced an appreciable decrease in Ty, and only
weak lowering of AH. These effects have been shown to be
time-independent because the DSC curve relative to the lipid
bilayer incubated for 20 h with hIAPP,_;5 is similar to the
peak recorded by scanning a freshly prepared lipid/peptide
mixture. These findings reconcile with a scenario in which
hIAPP, 5 lies preferentially on the surface of the membrane
and does not penetrate into the lipid bilayer.

20 22 24 26 28
Temperature (°C)

Fig. 2 Heat-capacity profiles (C,) of LUVs of 20 : 1 DMPC/
hIAPP;, ;g (dotted line) and DMPC/hIAPP,; ,; (dashed line)
obtained immediately after peptide addition to the lipid dispersion
(upper panel) and after 20 h of incubation (lower panel). The C,
profile of pure DMPC LUVs (solid line) is also reported in both panels
for comparison.

Table 1 Calorimetric parameters AH and T}, relative to the main
transition of different peptide/lipid LUVs systems at different times of
peptide incubation prepared as reported in the Experimental section.
The reported values are as the mean of three repeated experiments.
Standard deviations are reported in parentheses

AH/kJ mol™!

24.1 (0.1) 27.2 (1.4)
23.9(0.1) 25.8 (1.2)
24.0 (0.1) 18.7 (0.9)
223 (0.1) 25.1 (1.3)
22.5(0.1) 25.0 (1.3)

Lipid/peptide system

DMPC

DMPC + hIAPP,, »; 0
DMPC + hIAPP,, »; 20
DMPC + hIAPP,, ;5 0
DMPC + hIAPP, 5 20

Incubation time, t/h T,,/°C

Membrane leakage induced by hlAPP]z_]s and hIAPP21_27

In order to evidence the peptide-induced membrane damage
the release of the fluorescent dye, 6-carboxyfluorescein, from
DMPC LUVs (Fig. 3) was measured, after incubation of
peptide, as a function of time. Fig. 3 shows that hIAPP, g
did not cause appreciable dye release from DMPC vesicles;
conversely, hIAPP,;_,; induced a time-dependent dye release.
Moreover, the maximum extent of membrane leakage occurs
about 20 h after the addition of hIAPP,; ,;, in agreement with
DSC data. The average midpoint (fgs = 424.15 min) of the
experimental curve sigmoidal transition was obtained by
fitting the average curve to a standard sigmoidal function
(Fig. 3, solid line).

Thioflavine-T (ThT) assays of hIAPP,_;3 and hIAPP,,_, fibril
growth in buffer and membranes

Fig. 4 shows the results of ThT-fluorescence assays in presence
of hIAPP;, i3 (open squares) and hIAPP,; »; (open circles).
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Fig. 3 Normalized membrane leakage vs. time measured after the
addition of hIAPP,, 5 (open squares) and hIAPP,; »; (open circles) at
concentration of 10 uM to dye-filled DMPC LUVs (200 pM lipids).
Each point represents the average of three independent experiments
performed of freshly prepared peptide solutions. The error bars
indicate the standard deviations. Solid lines were obtained by fitting
the average curve with a sigmoidal function.

Whilst the peptide hIAPP,; »; did not induce any ThT-
fluorescence emission even 20 h after ThT addition to a freshly
prepared peptide solution, the hIAPP), 5, after a lag phase of
70 min, exhibited a sigmoidal growth of ThT fluorescence as a
consequence of fibril-like aggregate formation. If one compares
membrane leakage experiments with ThT fluorescence data, one
may argue that hIAPPj, 3 has a remarkable propensity to
aggregate in amyloid-like structures, but does not cause membrane
damage; conversely, hIAPP, »,; that does not exhibit any
tendency to aggregate, causes time-dependent membrane damage,
and changes in its thermotropic phase behavior.

In the presence of zwitterionic membranes (Fig. 95),
hIAPP,;_,; did not exhibit any propensity to form amyloid
fibrils, analogously to what was observed in water. In the same
experimental conditions hIAPP;, ;g did form fibrils, but less
rapidly than in water; this suggests that the presence of neutral
membranes can only modulate the kinetics of the fibril growth.
This is not unexpected because of the low tendency of
hIAPP,,_;g to interact with natural membranes.

Congo Red staining and polarized light microscopy

The amyloid-like structures of the peptide aggregates were also
characterized by observing their optical anisotropy after
treatment with a Congo Red ethanol solution. Fig. 6 reports
some representative images in normal (panel A) and in polarized
(panel B) light of hIAPP, ;g after 20 h: the observed
yellow—green birefringence confirmed that hIAPP, 5 is able
to form amyloid-like fibrils. Panels C and D show images of
the hIAPP,;_,; aggregates obtained in the same experimental
conditions, showing that this fragment cannot form fibrils, in
accordance with ThT assays.

Molecular dynamics (MD) simulation of hIAPP,,_ 5 and
hIAPP,,_,; aggregation in water and in DMPC membranes

Molecular dynamics simulations of the early stages of peptide
aggregation in water and in membrane-like environments
are expected to provide complementary information to the
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Fig. 4 ThT fluorescence emission profiles vs. time of hIAPP;, g
(open squares) and hIAPP,,_,; (open circles) in buffer solution. ThT
fluorescence was measured as an average of three independent
experiments of freshly prepared peptide solutions and monitored vs.
time. Dotted lines were obtained by fitting the average curves sigmoidal
functions. Experimental conditions are reported in the text.
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Fig. 5 ThT fluorescence emission profiles of hIAPP;, ;3 (open
squares) and hIAPP,; »; (open circles) obtained in the presence of
DMPC LUVs (200 uM).

experimental results describing lipid—peptide interactions. In
particular, the morphology of the aggregates (ordered or
amorphous) and the extent of insertion into the lipid matrix
may provide fundamental clues concerning the nature of the
lipid—peptide interactions. To this aim we have simulated the
self-assembly of a trimeric ensemble of hIAPP;, ;3 and,
alternatively, of hIAPP,; ,;, either in water and in model
membranes. Considering that extended simulations of large
systems in explicit solvents (of the order of microseconds) are
not easily accessible, we have chosen to describe the environment
implicitly using simulation protocols and descriptors largely
tested in the literature (see Materials and methods section). In
particular MD simulations, were mainly focused on the
propensity of hIAPPy, ;3 and hIAPP,; »; to form ordered
aggregates in water and in membranes, by monitoring the
nematic order parameter P, calculated from the analysis of the
frames over 2 ps of MD simulations. Fig. 7 (left panel, dashed
curve) evidences that in water, hJAPP,_;g has a high propensity
to self-assemble into highly ordered aggregates (P, = 0.82), in
agreement with previously reported data.’® However, a small
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Fig. 6 Optical images of hIAPP, 5 aggregates treated with Congo Red
and observed in normal (A) and polarized (B) light. In parallel, the
images obtained for hIAPP,; »; aggregates (C) and (D) are also reported.

shoulder centered at P, = 0.46 indicates the persistence of a
small percentage of amorphous aggregates, which may be
ascribed to an equilibrium existing between ordered and
disordered aggregates. A parallel set of simulations carried out
in implicit membrane shows a sharp peak centered at P, = 0.48
suggesting that only disordered aggregated configurations are
accessible by hIAPP, ;3 in a membrane-like environment
(solid line). Conversely, the self-assembling of hIAPP,; »; in
water (Fig. 7 right panel, dashed curve) produces only
disordered aggregates. In fact a sharp peak centered at P, = 0.48
is evidenced. Parallel MD simulations carried out in a
membrane-like environment exhibited a population of frames
with a broad distribution of orientational order centered at
P, = 0.49 (Fig. 7 right panel, solid curve). Notably, control
simulations of NNFGAIL with free N- and C-termini,
revealed an extended antiparallel B-sheet organization (data
not shown) in agreement with results published elsewhere.*

This means that although the most populated system is a
disordered one, a larger number of states characterized by a
different orientational order are accessible during MD simulations.
In other words, the system is able to explore a very large
number of conformations. The affinity of the two types of
aggregates for the membrane-like environment was established
by plotting the number of frames as a function of their
position along the Z direction of the lipid bilayer (Fig. 8).

It was evidenced that the trimeric aggregates of hIAPP, ;g
were mainly located at Z = 0 A in the hydrocarbon core of the
lipid bilayer. Conversely, the aggregates of hIAPP,; ,; are
randomly distributed along the Z direction with a preferential
position at the surface of the membrane (Z = £20 A), in
agreement with the DSC results.

Discussion

Although it is widely acknowledged that amyloid deposits of
TIAPP are present in pancreatic tissues of the majority of type 2
Diabetes patients>® the hypothesis that mature amyloid fibers
may be the direct cause of cause B-cell death®> has been more
recently challenged by both in vitro and in vivo studies.’® %
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Fig. 7 Normalized populations vs. the total number of frames of
hIAPP,, 5 (left panel) and hIAPP,, ,; (right panel) aggregates along
the P, order parameter calculated from MD simulations performed
in an implicit membrane (solid lines) and water (dashed line).
All simulations were performed at 7 = 300 K for 2 ps.
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Fig. 8 One-dimensional distribution of populations of hIAPP, g

(filled circles) and hIAPP,; »; (open circles) aggregates along the

director (z-axis) of the DMPC lipid bilayer calculated from the

analysis of the frames extracted from 2 ps implicit-membrane MD

simulations at 77 = 300 K. Dashed lines represent the membrane/
interface.

Peptide fragments of TAPP are thought to be useful in
simplifying the analysis of the biophysical properties of IAPP
by determining which residues are essential for both the
biological and biophysical properties of the peptide. However,
very few studies focused on the ability of specific IAPP
sequences to interact with model membranes, are at present
available in the literature.> In many cases these studies have
been hampered by the poor solubility of these peptides, which
has implicated the adoption of a sample handling protocol
based on the dilution into the buffer from a peptide stock
solution in organic solvents, e.g. hexafluoroisopropanol
(HFIP) or dimethyl sulfoxide (DMS0).°* %2 Indeed, although
these procedures allow to obtain highly reproducible starting
conformeric states, ruling out any possible existence of
pre-aggregated peptide assemblies before the experiments,®?
they should be adopted with caution in studies addressing
peptide-induced changes in the thermotropic behavior of
membranes, because organic solvents are known to affect the
physico-chemical properties of lipid bilayers even at low
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percentages.® Furthermore, if one wants to understand the
role played by hydrophobic/electrostatic forces in driving
lipid/peptide interactions, the rational choice of the model
membrane is another critical factor: in fact it has been shown
that negatively charged membranes may accelerate IAPP fibril
growth and precipitation.®> Unfortunately, in an attempt to
mimic the physico-chemical features of natural cell membranes,
a great number of studies were carried out to date by using a
wide array of lipid mixtures with very different compositions,
thus making a comparative analysis of the results unreliable. A
specifically modified sample-handling protocol, coupled with
the adoption of neutral lipid bilayers as model membranes,
have allowed us to circumvent these experimental difficulties,
evidencing that hIAPP, ;5 is not able either to modify the
thermotropic behavior of membranes, or to induce their
leakage. If coupled with the high fibrillogenicity observed for
this peptide in water, these findings support the hypothesis
that fibril growth is not an essential pre-requisite to induce
membrane-damage, and reconcile with a view in which
membrane-active oligomers are “off-pathway” by products
that arise independently from fiber formation.’*® MD
simulations have demonstrated that three replicas of
hIAPP, 3, if embedded in neutral model membranes, have
a tendency to rapidly self-assemble to form a disordered
aggregate. The affinity of this amorphous trimeric aggregate
for the hydrophobic core of the membrane is very low and it is
also observed that it preferentially lies on the surface of the
membrane, in agreement with DSC experiments. Analogous
MD simulations in water, have confirmed the high propensity
of this peptide to self-assemble into ordered amyloid fibrils, as
also evidenced by ThT fluorescence and Congo Red staining
assays. Differently from hIAPP,, g, the peptide hIAPP,; »;
did not assemble into amyloid fibrils in water, but exhibited a
noticeable ability to perturb the thermotropic behavior of
DMPC LUVs, which was associated to membrane leakage
as evidenced by DSC and dye-release experiments. MD
simulations of the aggregation process of hIAPP,;_,7 in water
and in a membrane-like environment confirmed the poor
tendency of this peptide to self-assemble into highly ordered
structures in both the environments. In particular, the trimeric
assembly of hIAPP,; ,; if immersed in membrane-like
structures exhibited a preferential affinity for the hydrocarbon
core of the bilayer. There, it assumes a poorly ordered
structure, but, differently from what was observed for
hIAPP,_;3, the distribution of the populations along the order
parameter P, is broader, although centered at P, = 0.48. These
findings suggest that the system, especially in the membrane
environment, is able to sample a wider conformational space
exhibiting a great conformational variability, as shown in
Fig. 9, where some representative snapshots describing these
results are reported.

The poor amyloidogenicity here observed for hIAPP,; »7
although confirming previously reported data® is in apparent
contrast with several pieces of data reporting the hIAPP region
localized on residues 20-29 as the most critical domain for
hIAPP amyloid formation.’®3!-337%7! Several reasons may
explain these differences: first, differently from the present
work, most of those studies have used peptides with unblocked
N- and C-termini whose electrostatic charges are thought to

Fig. 9 Snapshot of hIAPP, ;s and hIAPP,; ,; aggregates in water
(bottom) and in membrane-like environments (top, grey zone
represents the membrane environment).

deeply influence the aggregation properties of the peptide. Second,
recent data concerning the atomic structure obtained from
microcrystals of the segment NNFGAIL reveals an unusual
packing of B-sheet layers, which contain a bend facilitated by
the central glycine, allowing a tight (3 A) main-chain interface
between F, G and A of opposing sheets.”” Furthermore, the
shorter peptide segments NFGAIL and FGAIL were shown
to aggregate into completely different fibrillar assemblies, thus
highlighting the significant morphological variability that
occurs in this region.? Given that a thorough characterization
of amyloid oligomers in the presence of lipid vesicles appears
to be experimentally challenging, our results provide
significant data supporting the hypothesis that fibril growth
and peptide-induced membrane damage are two distinct
processes whose molecular determinants are located in
different regions of the hIAPP sequence.”
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