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Abstract Human islet amyloid polypeptide (hIAPP) is
known to misfold and aggregate into amyloid deposits that
may be found in pancreatic tissues of patients affected by
type 2 diabetes. Recent studies have shown that the highly
amyloidogenic peptide LANFLVH, corresponding the
N-terminal 12-18 region of IAPP, does not induce mem-
brane damage. Here we assess the role played by the aro-
matic residue Phe in driving both amyloid formation and
membrane interaction of LANFLVH. To this aim, a set of
variant heptapeptides in which the aromatic residue Phe has
been substituted with a Leu and Ala is studied. Differen-
tial scanning calorimetry (DSC) and membrane-leakage
experiments demonstrated that Phe substitution noticeably
affects the peptide-induced changes in the thermotropic
properties of the lipid bilayer but not its membrane dam-
aging potential. Atomic force microscopy (AFM), ThT
fluorescence and Congo red birefringence assays evidenced
that the Phe residue is not required for fibrillogenesis, but it
can influence the self-assembling kinetics. Molecular
dynamics simulations have paralleled the outcome of the
experimental trials also providing informative details
about the structure of the different peptide assemblies.
These results support a general theory suggesting that
aromatic residues, although capable of affecting the self-
assembly kinetics of small peptides and peptide-membrane
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interactions, are not essential either for amyloid formation
or membrane leakage, and indicate that other factors such as
f-sheet propensity, size and hydrophobicity of the side
chain act synergistically to determine peptide properties.
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Introduction

Human islet amyloid polypeptide (hIAPP) is a peptide
hormone consisting of 37 amino acid residues cosecreted
with insulin by pancreatic islet ff-cells (Cooper et al. 1987,
Westermark et al. 1986, 1987a, b). In patients affected by
type 2 diabetes mellitus (T2DM), hIAPP aggregates in vivo
in the islet extracellular space to form f-sheet rich fibrillar
amyloid deposits which are known to be toxic to f-cells
(Betsholtz et al. 1989; Clark et al. 1987; Higham et al.
2000; Westermark et al. 1987c). Although the molecular
mechanism of hJAPP amyloidogenesis in vivo is not fully
understood, the in vitro mechanism has been studied
extensively. It has been recently shown that a conforma-
tional transition of soluble hIAPP into f5-sheets precedes in
vitro hIAPP insolubilization into fibrils (Kayed et al. 1999)
and that the kinetics of hIAPP amyloid formation are
consistent with the nucleation-dependent self-assembling
mechanism (Jarrett and Lansbury 1993; Kayed et al. 1999).
The exact mechanism of hIAPP toxicity to f-cells is not
known but accumulating evidence suggests that it might be
related to the hIAPP-induced damage of natural lipid
membranes (Anguiano et al. 2002; Konarkowska et al.
2006). Dissecting the properties of different hIAPP
sequences is believed to be an effective strategy for
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identifying the molecular features driving amyloid fibrils
formation, membrane activity and, eventually, toxicity. To
this aim, several groups have focused their attention on the
different domains contained within the hIAPP sequence
and their possible contributions to amyloid formation
(Goldsbury et al. 2000; Jaikaran et al. 2001; Nilsson and
Raleigh 1999; Tenidis et al. 2000).

In particular it has been demonstrated the presence of an
amyloidogenic segment contained within the conserved
sequence encompassing residues 8-20 (Jaikaran et al.
2001; Brender et al. 2007). This fragment has also been
shown to self-assemble into f5-sheet fibrils that are mor-
phologically similar to amyloid observed in vivo (Jaikaran
et al. 2001). More recently the N-terminal 1-19 region of
hIAPP has been shown to cause extensive membrane
damage without forming amyloid fibers (Brender et al.
2008). Computational studies confirmed the high propen-
sity towards ordered f-aggregation of the region encom-
passing residues 8-20: in particular the segment 12-18
(LANFLVH) has been shown to possess the highest pro-
pensity to aggregate into ordered f-sheets of the entire
hIAPP sequence (Cecchini et al. 2006). A peptide fragment
corresponding to LANFLYV (residues 12—17) was shown to
be a strong enhancer of f-sheet transition and fibril for-
mation in full-length hIAPP. Moreover, negative stain
electron microscopy illustrated the ability of this peptide to
form fibrils independently when incubated alone in solu-
tion (Scrocchi et al. 2003). While LANFLV was able to
enhance the recruitment of additional hIAPP molecules
during fibril formation, the ‘‘seeding’’ activity of these
peptides had no effect on altering hIAPP-induced cyto-
toxcity as determined by cell culture studies (Scrocchi et al.
2003). Several papers have focused their attention on the
His 18 residue showing its ability in both hIAPP fibrillo-
genesis and membrane interaction (Nanga et al. 2008,
2009). In a recent work some of us have demonstrated that
the high fibrillogenic potential of LANFLVH is not par-
alleled by an evident membrane interaction, thus support-
ing the hypothesis that mature fibrils are inert by-products
and that fibrillogenesis and membrane damage are not
necessarily linked by a causative relationship in agreement
with other recent reports (Sciacca et al. 2010; Brender et al.
2008).

In an attempt to gain details on the molecular determi-
nants of the biophysical behavior of these amyloidogenic
peptides, in the present work we examine the role of the
aromatic residue Phe in affecting the fibrillogenic propen-
sity and membrane activity of the peptide LANFLVH. In
fact, based on the evidence that this sequence has shown
the highest fibrillogenic potential of the whole hIAPP
sequence it may be considered as a trustworthy candidate
to investigate the role of aromatic residues in modulating
the biophysical properties of amyloidogenic peptides.
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Indeed, some experimental studies suggest that interactions
between aromatic residues play a key role in fibril forma-
tion by polypeptides (Azriel and Gazit 2001; Gazit 2002b;
Mazor et al. 2002; Reches et al. 2002). In contrast, strat-
egies for predicting the intrinsic effects of mutations on the
rate of aggregation of unstructured polypeptides have been
reasonably successful without including aromatic-aromatic
interactions (Chiti et al. 2003). Physicochemical studies
using peptide model systems indicate that aromatic resi-
dues also have a high tendency to partition into the mem-
brane-water interface (Wimley and White 1996). Here, we
test the importance of aromatic—aromatic interactions in
amyloid formation and peptide-induced membrane damage
in more detail by examining a set of variant peptides
derived from the 12-18 region of human IAPP are reported
in Fig. 1. In particular, the consequences of substituting the
single aromatic residue by Leu and Ala are examined.
Our studies indicate that aromatic—aromatic interactions
are not required either for amyloid formation or membrane
damage. In agreement with previous data (Tracz et al.
2004), our results confirm that aromatic-aromatic interac-
tions play a role in the kinetics of peptides self-assembling.

Materials and methods
Chemicals

Full length hIAPP, the N-acetylated and C-amidated frag-
ments of human amylin hIAPP,;_,;, hIAPP,_;g and its
F15L and F15A mutants 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-pro-
panol (HFIP), 6-carboxyfluorescein, thioflavin T (ThT),
Congo red, NaH,PO,-7H,O and Na,HPO,4-H,O used for
buffer 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 nitrogen flow
for more than 1 h at less than 1 mTorr vacuum to com-
pletely remove HFIP leaving a transparent film of peptide

hIAPP;; 5

mrr KCNTATCATQR[LANFLVHISSNNFGAILSSTNVGSNTY

LANALVH (FISARIAPP,,,q)
LANLLVH (FISLhIAPP,,,5)
Fig. 1 Primary sequence of hIAPP. Residues from 12 to 18 are

closed in a box. The two FISA and F15 variants of the peptide
hIAPP;,_;5 are also reported
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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 (Grasso et al. 2001).
The same phosphate buffer was used throughout all the
experiments.

Preparation of model membranes

Model membranes were prepared as described elsewhere
(Grasso et al. 2001). Briefly, solutions of DMPC in CHCl;
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 vol-
ume 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.
The final nominal concentration of the lipid was 200 uM.
In order to obtain large unilamellar vesicles (LUVs), the
multilamellar vesicles were extruded through polycarbon-
ate 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 (Mac-
donald et al. 1991). An odd number of passages were
performed to avoid contamination of the sample by vesi-
cles which might not have passed through the filter.

ThT fluorescence assays

Fluorescence was monitored as a function of time ina 1 cm
path length quartz cuvette by using a Varian Cary Eclipse
spectrofluorimeter. Two stock solutions of hIAPP,_;g
F15L and hIAPP,,_;3 FISA 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 Thioflavin-T (ThT).
Final solutions were 20 uM ThT containing 10 pM of
peptide. For ThT assays in the presence of membranes, the
dry peptide film was hydrated with 2 ml of 200 pM lipid
dispersion buffered at pH 7.4 containing ThT. All other
experimental conditions are unchanged. All buffer solu-
tions were filtered by using a 0.2 um filter. The measure-
ments were carried out by using, as a control, the
fluorescence versus 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 under quiescent conditions.

AFM measurements

Peptide aggregates were dried on freshly cleaved mica for
10 min at ambient temperature, washed with 1 ml milli Q
water and dried for 20 min. Fibrils morphology was
investigated by stomic gorce microscopy (AFM) on a
multimode nanoscope IIIA (Digital Instruments, Santa
Barbara, USA) with a 10-um scanner. Sharpened silicon
nitride probes with a radius, » = 30 nm, and a nominal
spring constant, k = 0.06 N m~' were employed (Veeco,
probes). Tapping mode in air imaging was performed by
using phosphorus (n) doped Si probes.

Congo red staining

Congo red birefringence of the aggregates under cross
polarizers was evaluated by an optical Zeiss Axioplan
polarizing microscope equipped with a digital camera.
Samples were prepared by adding 1 pl of a hydroalcoholic
solution of Congo red to 3 pul 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 illumi-
nation and then between crossed polarizers at 50 x mag-
nification in order to evaluate the presence of amyloid
fibrils. The measurements were carried out in a thermostat-
controlled room at 27°C.

Membrane leakage experiments

Membrane leakage experiments were carried out by using
6-carboxyfluorescein-filled LUVs of DMPC (200 uM).
Dye-filled DMPC LUVs were prepared by hydrating the dry
lipid film with the buffer solution containing 6-carboxy-
fluorescein (0.1 M) according to the procedure described
above. After the extrusion, LUVs were dialyzed overnight
at T = 20°C through a membrane with a cut-off of
2,000 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. Membrane damage was quantified by
detecting the increment of fluorescence emission intensity
of 6-carboxyfluorescein due to its dilution (dequenching) in
buffer as a 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
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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 pl 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)/(I;00 — Ip), where I is
the fluorescence intensity at 515 nm of the sample, I, is the
fluorescence at 515 nm in the absence of peptides and /g is
the fluorescence intensity after the addition of Triton X-100.
The measurements were carried out in a thermostated room
at 27°C under quiescent conditions.

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 pM
peptide concentration and a 200 uM lipid concentration in a
10 mM phosphate buffer pH = 7.4 represent the best com-
promise between stability of lipid vesicles, solubility of
peptides and instrumental sensitivity. Consequently, a pep-
tide/lipid ratio 20:1 was used in all 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 was used as the reference. Heat capacity curves (Cp),
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) sim-
ulations of N-acetylated and C-amidated hIAPP, ;g5 FI5L
and F15A were performed with the program CHARMM33
(Brooks et al. 1983; Gsponer et al. 2003; Neria et al. 1996).
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 cutoffs for long range interactions
were used, i.e. a shift function (Fernandez-Escamilla et al.
2004) 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
(Cecchini et al. 2006). The solvent was simulated by
adopting an implicit water model (EFF1) widely tested
(Lazaridis and Karplus 1999a, b). In order to implicitly
mimic the lipid bilayer, we adopted the IMM1 extension of
EFF1 (Lazaridis 2003). The hydrocarbon core of a DMPC
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membrane is simply defined as a plane with a thickness of
23.1 A embedded in a medium with implicit water. The
SHAKE algorithm (Brooks et al. 1983) was used to fix the
length of the covalent bonds involving hydrogen atoms, and
an integration time step of 2 fs, was used. Furthermore, the
non-bonded interactions were updated every ten 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 mono-
mer. For each heptapeptide, three replicas of the equili-
brated monomer were used to simulate the early steps of
aggregation in water and in a membrane-like environment.
In the initial positions there were neither inter- nor 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 conforma-
tions 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 three-meric 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 simula-
tions were paralleled by simulations in water in which all
the other parameters were not changed. The nematic order
parameter P, was considered to monitor the aggregation
process as described elsewhere (Cecchini et al. 2006). This
order parameter is widely used to study the properties of
anisotropic fluids (Cecchini et al. 2004) and is defined as:

13, 21

P32 5(Fxd) -3

where d (the director) is a unit vector defining the pre-
ferred direction of alignment, 7Z; are the molecular unit
vectors linking the peptide’s N- and C-termini and N is the
number of molecules in the simulation box, i.e. three in the
present study. The order parameter P, describes the ori-
entational 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

Membrane interaction of hIAPP;,_;5 and its F15L
and F15A variants

It is widely acknowledged that DSC is an important tool
to investigate the peptide-induced perturbation of lipid
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bilayers (Sciacca et al. 2008): 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 mem-
brane, 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
(Grasso et al. 2001). 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. 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 (Grasso et al. 2005; Sciacca et al.
2008). Moreover, membrane binding of peptides is known
to induce negative or positive curvature strain on the
membrane depending on the nature of lipid-peptide inter-
actions (Matsuzaki et al. 1998). The phase transition tem-
perature is often measured to assess this curvature stress
exerted on the membrane (Ramamoorthy et al. 2006). In
particular a decrease in T;, consequent to peptide addition
suggests that the vesicles are destabilized by the negative
strain of the lipid bilayer (Smith et al. 2010). Figure 2
shows the Cp profiles of large unilamellar vesicles (LUVs)
of 20:1 DMPC/hIAPPlz_Ig, DMPC/FISLhIAPP]z_Ig and
DMPC/F15AhIAPP,,_;5, compared with the Cp profile of
pure DMPC. To evidence possible kinetic effects, DSC runs
of the lipid/peptide mixtures were performed immediately
after the addition of the peptide to LUVs (solid lines) and
repeated after 20 h of incubation (dotted lines). 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 (¢ = 0 h) is evidenced by a significant decrease
of the temperature of the main transition. DSC runs
repeated after 20 h on the same samples show that the
peptide-induced membrane interaction are almost time-
independent. In fact the enthalpy change associated with
the thermal transition of DMPC LUVs incubated for 20 h
with hIAPP;, ;3 F15L is lower than samples scanned
immediately after peptide addition. The peptide-induced
decrease of both T,, and AH is ascribable to the insertion of
the peptide into the hydrocarbon core of the bilayer (Nanga
et al. 2008) however because of the small decrease in
AH we deduce that the peptide interacts mainly with the
surface of LUVs, as also evidenced by the high decrease of
the transition temperature. Conversely, the interaction of
hIAPP;,_;3 F15A with DMPC LUVs induced a decrease in
T, and only weak decrease of AH. These effects are time-
independent because the DSC curve relative to the lipid
bilayer incubated for 20 h with hIAPP;,_;g F15A is similar

25

hIAPP DMPC

1218

20 +
hIAPP,,  FISA

15| nAPP,  FISL TN )

hIAPP

Cp (kJ °C" mol™)

18 19 20 21 22 23 24 25 26 27
T(°0)

Fig. 2 Heat-capacity profiles (Cp) of LUVs of 20:1 DMPC/hIA-
PP]Z—IS? DMPC/hIAPP]z,Ig FISL, and DMPC/hIAPPlz,]g F15A
obtained immediately after peptide addition to the lipid dispersion
(solid lines) and after 20 h of incubation (dotted lines). The Cp profile
of pure DMPC LUVs is also reported for comparison. The effect of
full-length hIAPP on the phase behavior of DMPC LUVs observed
immediately after peptide addition (closed circles) and after 20 h of
incubation (open circles) is shown. Experimental conditions were the
same as for the short fragments

Table 1 Calorimetric parameters AH and Ty, relative to the main
transition of different peptide/lipid LUVs systems at different times of
peptide incubation prepared as reported in the Experimental Section

Lipid/peptide system Incubation T, (°C) AH (kJ mol™!)
time, ¢ (h)

DMPC 24.1 (0.1) 27.2(1.4)

DMPC + hIAPP 0 23.1 (0.1) 24.5(1.2)

DMPC + hIAPP 20 22.5(0.1) 21.7 (1.2)

DMPC + hIAPP;,_;g 0 234 (0.1) 27.1(1.3)

DMPC + hIAPP,_3 20 23.7 (0.1) 22.4 (1.3)

DMPC + hIAPP,, ;s FISL 0
DMPC + hIAPP,, ;s FI5L 20
DMPC + hIAPP,, ;s FI5A 0
DMPC + hIAPP,, ;s FISA 20

20.4 (0.1) 22.6 (1.2)
20.2 (0.1) 20.7 (1.0)
223 (0.1) 25.0 (1.3)
22.5(0.1) 25.0 (1.3)

DSC parameters of pure DMPC were not modified after 20 h of
incubation. The reported values are the mean of three repeated
experiments. Standard deviations are reported in parentheses

to the peak recorded by scanning a freshly prepared lipid/
peptide mixture. In an previous set of experiments carried
out on a series of peptides Ala-X-Ala-O-tert-butyl
(X = Trp, Phe, Leu, Ala, Gly), the free energy for parti-
tioning of the peptides into the bilayer decreases from
—5.12 kcal/ml for Trp to —2.91 kcal/ml for Gly (Jacobs
and White 1986). This difference is ascribable to the dif-
ferent hydrophobic interactions between the lipid alkyl
region and the central side chain. In apparent contrast with
these data our results suggest that the replacement of Phe
with Ala or Leu residues increases the potential of the
peptide to interact with the membrane. It is, thus,
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conceivable that other factors, e.g. an enhanced ability of
the peptide to self assemble through aromatic—aromatic
interactions, could interfere with the peptide partitioning
into the membrane. Notably, the effect of the full-length
hIAPP on the phase behavior of DMPC is not different
from the three heptapeptides. The percentage release of the
fluorescent dye, 6-carboxyfluoresceine, from DMPC LUVs
(Fig. 3) was monitored to evidence the peptide-induced
membrane damage as a function of time. Figure 3 shows
that both the F15L and FI15A did not cause appreciable dye
release from DMPC vesicles. These results suggest that the
negative curvature strains exerted by the peptides in lipid
bilayers, as inferred by DSC peaks, are not sufficient to
induce membrane disruption.

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

Figure 4 reports ThT fluorescence assays of full length
hIAPP, hIAPP,,_;g and its F15A, F15L variants in buffer
(upper panel) and in the presence (lower panel) of zwit-
terionic membranes. In all cases the peptides induced
increment in fluorescence emission after addition to a
freshly prepared ThT solution. In water, hIAPP;, i3
exhibited a sigmoidal growth of ThT fluorescence as a
consequence of amyloid-like fibril formation. The F15A
peptide evidenced a decrease in the rate of fibril formation.
A comparison of membrane leakage experiments with ThT
fluorescence data pointed out that hIAPP, ;3 FI5A has a
remarkable propensity to aggregate in amyloid-like struc-
tures but does not cause membrane damage; in membranes,
the peptide is less prone to form fibrillar aggregates, as
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Fig. 3 Dye release—normalized membrane leakage versus time
measured after the addition of hIAPP,_;g (square), F15A (triangle),
F15L (open circle) to DMPC membranes. The membrane leakage
profiles of hIAPP (filled circle) and hIAPP,_»; (diamond) are
reported for comparison. All peptides were added at a concentration
of 10 uM to dye filled DMPC LUVs (200 uM lipids)
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shown by the lower intensity of fluorescence emission.
Moreover, in the presence of membrane a lag time of about
200 min before aggregation was observed.

In absence of membranes hIAPP, ;g F15L rapidly
increases ThT fluorescence emission, due to its high pro-
pensity to form amyloid fibrillar aggregates. After about
250 min ThT fluorescence emission intensity decreases
exponentially, probably because of the precipitation of the
newly formed fibrillar aggregates. A similar behavior was
observed in presence of membranes (Fig. 4 open circles), but
with some significant differences: (a) the formation of fibrils
is less rapid, as evidenced by ¢/, about 150 min in absence of
membrane versus 350 min in presence of phospholipid
bilayer; (b) the propensity to form fibrils is less pronounced
as shown by the lower fluorescence intensity; (c) the pre-
cipitation of the system is less evident. Even in the case of
hIAPP,,_;3 F15L, if one compares ThT assays with mem-
brane leakage experiments it may be observed that in spite of
amyloid fibrils formation propensity, there are no evidences
that this peptide may induce membrane damage.

AFM and Congo red staining assays

The amyloid-like structure of the peptides aggregates was
observed by AFM and optical anisotropy after treatment
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I &
120 hIAPP o /AA
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Fig. 4 Upper panel ThT fluorescence emission profiles versus time
of hIAPP (open triangle), hIAPP,_13 (open square) and its F15A
(open circle) and F15L (open diamond) variants in buffer solution.
Lower panel ThT fluorescence emission profiles versus time of hIAPP
(filled triangle), hIAPP,_;g (filled square) and its F15A (filled circle)
and F15L (filled diamond) in DMPC membranes
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Fig. 5 AFM images of hIAPP]2_18Y (a), hIAPPlz,lg F15L (b) and
hIAPP,_;g F15A (¢). A x5 magnification of a representative region
of a is reported in d. The amyloid-like nature of the aggregates was

with Congo red/ethanol solution. In Fig. 5 some repre-
sentative AFM images and optical anisotropy relative to
the three heptapeptides are shown. In particular, panels A,
B and C show the morphology of hIAPP,_;g, hIAPP;, i3
F15L and hIAPP,,_;5 F15A fibrils peptide and their optical
anisotropy (left inset: normal mode; right inset: polarized
mode), respectively. As expected, although all aggregates
showed in Fig. 5 were obtained in the same experimental
conditions, their morphology was very different. In fact,
hIAPP,,_,5 formed the largest fibrillar aggregates as shown
in Fig. 5 panel A and in its magnification (Fig. 5, panel D).
On the other hand, hIAPP;,_;g F15A formed few spaghetti-
like aggregates, and finally hIAPP;, ;3 F15L showed an
intermediate situation in agreement with ThT fluorescence
data.

1 ym

further evidenced by optical birefringence assays after treatment with
a Congo red/ethanol solution (insets). All the images were obtained
after 20 h of incubation at room temperature

Implicit solvent molecular dynamics simulation
of hIAPP;,_;g F15L and hIAPP,,_;3 F15A aggregation
in water and in DMPC membranes

Molecular dynamics simulations of peptide aggregation in
water and in membrane-like environments are expected to
complement the experiments by providing atomistic details
concerning the structure of the aggregates and the topology
of their assembly with the lipid bilayer. 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-pep-
tide interactions. To this aim, we monitored the propensity
of hIAPP,,_;5 and its F15L or F15A variants to form
ordered aggregates in water and in membrane by plotting

@ Springer
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the nematic order parameter P, calculated from the analysis
of the frames over 2 us MD (Fig. 6). As previously
reported (Sciacca et al. 2010), in water hIAPP,_;g has a
high propensity to self-assemble into ordered aggregates
(P, = 0.83), in agreement with previously reported data
(Cecchini et al. 2006). However, a small shoulder centered
at P, = 0.46 indicates the persistence of a little 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 the membrane has an effective
disordering effect on the peptide aggregates. If compared to
hIAPP,_;3, the F15L variant exhibits in water a slightly
lower propensity to self-assemble into ordered aggregates
(P, = 0.72).

A parallel set of simulations carried out in implicit
membrane showed a little decrease of the nematic order
parameter (P, = 0.75) suggesting a small disordering effect
of the membrane environment for hIAPP,, ;g5 F15L. The
presence of two peaks centered at P, = 0.46 and P, = 0.80
in the self-assembling of hIAPP;, ;3 FI5A in water indi-
cates the persistence of a little percentage of disordered
aggregates which may be ascribed to an equilibrium
between ordered and disordered aggregates. Notably, a
parallel MD simulation carried out in a membrane-like
environment exhibited a population of frames with a peaked
distribution centered at P, = 0.88. This means that the most
populated system is highly ordered and that the presence of
a membrane-like environment acts as a template for an
ordered aggregation of hIAPP, ;g F15A. These findings
reconcile with recent experiments suggesting that mem-
brane damage may proceed by aggregation of monomeric
hIAPP on the membrane rather than the insertion of pre-
formed structured oligomers from the solution state (Soong
et al. 2009). The affinity of the different peptide aggregates
for the membrane-like was established by plotting the
number of frames as a function of their position along the
Z direction of the lipid bilayer (Fig. 7). It was evidenced
that the three-meric aggregates of both mutant of the
IAPP;,. ;3 were mainly located at Z = 413 A and Z =
—13 A in the external zone of the lipid bilayer were elec-
trostatic forces are predominant with respect to the hydro-
carbon core. Conversely, the aggregates of hIAPP,,_;g are
located in the outer zone of the membrane surface with
respect to its two mutants (Z = +22 1&).

Discussion
Elucidating the specific interactions and patterns of resi-

dues that stabilize amyloid fibrils and guide their self-
assembly and/or membrane interaction is a key step in
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Fig. 6 Populations versus the total number of frames of hIAPP, g,
hIAPP, ;g F15L, and hIAPP;, ;3 FISA aggregates along the P,
order parameter calculated from MD simulations performed in
implicit membrane (solid lines) and water (dotted line). All simula-
tions were performed at 7 = 300 K for 2 ps. The values on the y-axis
are normalized so that the area under each peak represents the unity
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developing strategies to inhibit and control amyloid tox-
icity (Broome and Hecht 2000; Chiti et al. 2003; de la Paz
and Serrano 2004; Mazor et al. 2002).0f particular interest
are the interactions involving aromatic rings, which are
proposed to regulate the geometry of closely packed pep-
tide assemblies. In fact, such interactions reflect the elec-
trostatic contribution of m-electrons and, unlike van der
Waals’ interactions and the hydrophobic effect may, in
principle, introduce a directional force in peptide aggre-
gation (Burley and Petsko 1985, 1986, 1988). Although the
general importance of such contributions to amyloid
assembly has been already discussed (Gazit 2002a, b), their
concomitant role in driving the membrane interactions of
the peptide aggregates is still unclear. The classical
description of peptide partitioning in membrane provides a
quantitative evaluation of the energetic cost of transferring
a peptide from water into the membrane (Wimley and
White 1996). Because of the unfavorable energetic cost of
transferring a peptide bond into the interior of the mem-
brane small peptides that are supposed to lack well defined
secondary structure are likely to interact only with the
interface region of the membrane (Wimley and White
1996). According to this description aromatic residues are
found to be especially favored to lie at the membrane
interface. Instaed, Phe, Leu and Ala residues (Phe >
Leu > Ala) have shown a high propensity to partition into
the membrane interface. In apparent contrast with this
hydropathy scale DSC data reported here demonstrate that
the hIAPP;,_;g peptide has the lowest propensity to interact
with the membrane while its F15L variant has the highest
potential to perturb the thermotropic properties of the
membrane. To explain this apparent contradiction it should
be reminded that the principal design criteria for model
peptides used in the measurement of water-membrane
partition coefficients were that peptides be soluble in water
as monomers. This means that these models do not take
into account the ability to these peptides to self-assemble
into intermolecular aggregates and underestimate the
competing role played by aggregation versus membrane
partitioning. In a previous work some of us have demon-
strated that the highly fibrillogenic peptide hIAPP;, is,
does not affect noticeably the physicochemical properties
of zwitterionic membranes, supporting the hypothesis that
fibril growth is not an essential pre-requisite to induce
membrane-damage (Sciacca et al. 2010). In the same paper
MD simulations have demonstrated that hIAPP;,_;g, if
embedded in zwitterionic model membranes, has a ten-
dency to form disordered aggregates. The affinity of these
aggregates for the hydrophobic core of the membrane is
very low and it is also observed that they preferentially lie
on the surface of the membrane, in agreement also with the
outcome of DSC experiments. Here, a parallel set of
experiments carried out on the two FISL and F15A

variants of hIAPP,_;3 demonstrated that the replacement
of Phel5 with a Leu, or alternatively, an Ala residue did
not abolish the ability of the peptide to form fibrils. These
substitutions affected the kinetics of fibrils growth and the
ability of the peptide to affect the physicochemical features
of the membrane. Importantly, none of the peptides
investigated here was able to induce membrane leakage as
evidenced by dye-release experiments, confirming once
again that although a causative relationship linking amy-
loid growth and membrane damage has been reported
elsewhere (Engel et al. 2008), these two processes may also
occur independently, thus supporting the important role
played by “off-pathways” intermediate aggregates in
triggering membrane leakage (Sciacca et al. 2010). ThT
fluorescence assays have shown that the replacements of
Phe 15 with Leu or Ala residues decreased the fibril growth
kinetics of the hIAPP;, ;g thus confirming the important
role of aromatic residues in fibrils self-assembling. These
results are in good agreement with the ff-sheet propensities
of Phe, Leu and Ala as judged by statistical surveys and
by thermodynamic measurements on model proteins. For
example, the statistical fi-sheet propensity of Phe is 1.33
using a scale where a value of 1.0 corresponds tono sta-
tistical preference to be in a f-sheet (Chou and Fasman
1978; Smith and Regan 1997; Williams et al. 1987). Ala, in
contrast, has a low ff-sheet propensity of 0.72. The f-sheet
propensity of Leu, 1.22, is noticeably higher than that of
Ala, although somewhat smaller than Phe. Although some
precipitation affected the ThT fluorescence of the F15L
variant, the relative rates of fibril growth are in agreement
with the trend of f-sheet propensities of the three residues
(Phe > Leu > Ala). The presence of zwitterionic mem-
branes decreased the rate of fibril growth for all the three
peptides challenging the traditional view of membranes as
catalysts of amyloid aggregation (Knight and Miranker
2004). More recently, this view has been also questioned
by experimental and computational studies in which solu-
ble species were observed upon fibril degradation induced
by lipid vesicles (Friedman et al. 2010; Martins et al.
2008). While interpreting the details of these seemingly
mutually exclusive models, it is important to note that most
studies have been performed under experimental condi-
tions that differed somewhat with respect to lipid compo-
sition, buffer solutions, and sample preparation. Thus, it
might be possible that fibrils can interact with membranes
in a variety of ways depending especially on lipid com-
position. Our results reconcile with a view in which a
zwitterionic lipid vesicle is attractive to peptide hydro-
phobic residues: this would imply that membrane interac-
tions and peptide-peptide interactions are two competing
reactions whose kinetics may be driven by a delicate bal-
ance of hydrophobic/electrostatic forces. MD simulations
have confirmed a preferential interaction of the FI15L and
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Fig. 8 Schematic representation of the two competing processes
involving peptides in water/membrane environments: peptide—peptide
self assembling and peptide partitioning in the membrane. The
presence of the zwitterionic membrane interferes with the ordered
peptide aggregation driven by aromatic—aromatic interactions

F15A variants for the interfacial region of the membrane in
agreement with thermodynamic models (Wimley and
White 1996). A comparison of the nematic order para-
meters P, of hIAPP,, ;3 calculated in water and in a
membrane-like environment revealed that the formation of
highly ordered aggregated structures could be severely
perturbed by the membrane. This observation supports the
hypothesis that the hydrophobic environment provided by
the membrane would interfere with a directional peptide
aggregation by competing for aromatic side-chains. This
effect is much less evident for the F15L variant in agree-
ment with a lower affinity of Leu for the membrane.
Conversely, the presence of the membrane induced the
formation of ordered F15A hIAPP;, ;3 aggregates, thus
suggesting that in this case the balance between hydro-
phobicity, steric hindrance and f-sheet propensity makes
the membrane interface a suitable template for peptide
ordered aggregation. The competition between membrane
partitioning and self-assembling for the three peptides,
hIAPP12,18, hIAPPlz,lg F15L and hIAPPlz,lg F15A is
summarized schematically in Fig. 8.

Conclusion

This work demonstrates that the aromatic residue Phe at
position 15 is not essential for amyloid formation by C and
N-terminally blocked peptides derived from the 12-18
region of hIAPP. The aromatic ring, however, may affect
the kinetics of self-assembling by providing a directional
force in peptide—peptide interactions, thus facilitating the
formation of highly ordered aggregates. Because of the

@ Springer

high affinity of Phe for the interfacial region of lipid
bilayer, the presence of the membrane interferes with
aromatic-aromatic interactions and decreases the rate of
fibril growth. Our results reconcile with a scenario in which
aggregation and membrane interactions are two competing
reactions whose relative rates are determined by a number
of parameters as residue f-sheet propensity, hydrophobic/
electrostatic character and size.
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