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a b s t r a c t

Human islet amyloid polypeptide (hIAPP) is the major protein component of extracellular amyloid depos-
its, located in the islets of Langerhans, a hallmark of type II diabetes. The underlying mechanisms of IAPP
aggregation have not yet been clearly defined, although the highly amyloidogenic sequence of the protein
has been extensively studied. Several segments have been highlighted as aggregation-prone regions
(APRs), with much attention focused on the central 8–17 and 20–29 stretches. In this work, we employ
micro-Raman spectroscopy to identify specific regions that are contributing to or are excluded from the
amyloidogenic core of IAPP amyloid fibrils. Our results demonstrate that both the N-terminal region con-
taining a conserved disulfide bond between Cys residues at positions 2 and 7, and the C-terminal region
containing the only Tyr residue are excluded from the amyloid core. Finally, by performing detailed
aggregation assays and molecular dynamics simulations on a number of IAPP variants, we demonstrate
that point mutations within the central APRs contribute to the reduction of the overall amyloidogenic
potential of the protein but do not completely abolish the formation of IAPP amyloid fibrils.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Islet amyloid polypeptide (IAPP), or amylin, is a 37-residue pan-
creatic hormone produced and secreted along with insulin as a
response to high levels of glucose within the bloodstream. IAPP
is a highly amyloidogenic peptide, primarily associated with the
development of type II diabetes (Clark et al., 1987; Cooper et al.,
1987). IAPP accumulation within the islets of Langerhans eventu-
ally causes b-cell dysfunction and death, consequently leading to
reduced insulin secretion (Westermark and Wilander, 1978;
Westermark et al., 1987a). The toxic effect of hIAPP is a subject
of controversy, in which amyloid-mediated membrane damage is

considered to play a key role. A two-fold mechanism of aggregation
has been proposed, suggesting that initial membrane disruption is
caused by early oligomeric IAPP species that can also template
amyloid fiber formation on the membrane surface at a later stage,
a process leading to subsequent fragmentation (Brender et al.,
2012; Patel et al., 2014; Sciacca et al., 2016). The N-terminal 1–
19 region of the peptide is primarily responsible for membrane
binding by controlling the orientation and penetration depth of
the molecule in respect to the membrane surface (Nanga et al.,
2009). On the other hand, almost the entire sequence of human
IAPP has been denoted as an aggregation-prone region (APR), sug-
gesting that the aggregation effect of the protein may not be as
straightforward as expected (Azriel and Gazit, 2001; Fox et al.,
2010; Lutz, 2010; Marek et al., 2007). Several lines of evidence
have focused at the aggregation potential of the 20–29 central seg-
ment. Comparison studies reveal significant differences in the
structure, function and toxicity kinetics between the correspond-
ing regions of human and rat IAPP sequences (hIAPP20-29 and
rIAPP20-29) (Brender et al., 2007, 2013). This is mostly attributed
to the fact that the non-amyloidogenic rIAPP20-29 sequence com-
prises three individual Pro residues within this range, imparting
its overall aggregation tendency (Christoffersen et al., 2015;
Madine et al., 2008; Moriarty and Raleigh, 1999; Westermark

http://dx.doi.org/10.1016/j.jsb.2017.06.002
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et al., 1990). An amylin replacement has been developed based on
this strategy and is currently administered along with insulin in
patients with type I and II diabetes (Ratner et al., 2004).

Although accumulating evidence suggests that IAPP is intrinsi-
cally disordered or partially a-helical in its active and functional
form (Nanga et al., 2011; Williamson and Miranker, 2007), the
structural properties of IAPP monomers incorporated in amyloid
fibrils are yet poorly understood. Detailed NMR structural studies
on human and rat peptides have highlighted that the 1–19 region
of the molecule is primarily a-helical, suggesting that helical inter-
mediates promote the overall toxicity of IAPP by facilitating mem-
brane disruption (Brender et al., 2010; Nanga et al., 2009). Up to
date, a number of theoretical or experimental studies have pro-
posed possible models regarding the fibrillar core of human IAPP
amyloid fibrils. A parallel superpleated structure, composed of
three individual b-strands was initially proposed (Kajava et al.,
2005), followed by ssNMR and STEM observations suggesting that
the 8–17 and 28–37 segments of the protein compose the main fib-
ril core (Luca et al., 2007). This model was also supported subse-
quently by two-dimensional infrared spectroscopy (IR) studies
(Shim et al., 2009). Finally, a third model has also been proposed,
relying on the atomic structures of segments 21–27 and 28–33
which were suggested to form tight steric zippers with closely
interdigitated side chains (Wiltzius et al., 2008).

In this work, we applied micro-Raman spectroscopy on aligned
IAPP amyloid fibrils to extract information about the structural ele-
ments that are part of the amyloidogenic core, in addition to the
conformational states and orientation of individual moieties, such
as the N-terminally located intermolecular disulfide bridge, the b-
sheet content and the C-terminal Tyr side chains of the IAPP mono-
mers. Furthermore, we performed detailed aggregation assays on
several variants focused around the major 8–17 and 20–29 APRs
of the IAPP sequence. These results are complemented with Molec-
ular Dynamics (MD) simulations and discussed in comparison with
the existing reported models regarding IAPP amyloid fibrils.

2. Materials and methods

2.1. Aggregation propensity prediction

The aggregation propensity of human IAPP was investigated
through sequence analysis, with the aid of the consensus aggrega-
tion propensity predictor, AMYLPRED2 (Tsolis et al., 2013). This
consensus tool produces a multivariate prediction of sequence
amyloidogenicity by incorporating individual algorithms, focused
on identifying variable physicochemical properties associated with
aggregation propensity, such as sequence hydrophobicity, packing
density, ‘‘chameleon” segments and amyloidogenic sequence
stretches (Conchillo-Sole et al., 2007; Fernandez-Escamilla et al.,
2004; Kim et al., 2009; Tian et al., 2009).

2.2. Peptide synthesis

The synthesis of human wild type (WT) IAPP and its mutated
derivatives (Fig. 1) was performed by GeneCust (Luxembourg).
All peptides were prepared with amidated C-terminal ends and
free N-terminals (purity >95%). IAPP1-12 (free N- and C-terminal)
was prepared by solid phase methodology and Fmoc/But chem-
istry, using 2-chlorotrityl chloride resin as a solid support (Barlos
et al., 1989). Analytical HPLC was utilized in order to determine
peptide purity (>97%).

2.3. Preparation of peptide samples and oriented fibers

Solution samples of IAPP and its derivatives were prepared at a
concentration of 0.5 mg/ml, in distilled water. The IAPP1-12 peptide

segment was dissolved at peptide concentrations up to 10 mg/ml.
Oriented fibers containing more or less aligned amyloid fibrils
were prepared after 1–2 weeks of incubation at ambient tempera-
ture, by applying a droplet (5 ll) of each peptide solution between
aligned glass rods with silicone-covered ends, spaced approxi-
mately 2 mm apart. The droplets were slowly air-dried at ambient
conditions to produce oriented fibers suitable for X-ray diffraction
and micro-Raman spectroscopic analysis. IAPP1-12 solutions were
incubated for long periods of up to six months, however were inca-
pable of forming well-oriented fibers. As a result, suspensions of
this peptide were cast on a front-coated Au mirror and left to dry
in ambient conditions to form films suitable for micro-Raman
measurements.

2.4. Transmission electron microscopy

Suspensions of each peptide were placed on carbon-coated cop-
per grids and allowed to sit for 60 s. Subsequently, the grids were
flash-washed with distilled water and stained with a drop of 2%
(w/v) aqueous uranyl acetate for 45 s. Excess stain was removed
by blotting with a filter paper. A MorgagniTM 268 transmission
electron microscope, operated at 80 kV, was used for examination
of prepared grids. Digital micrographs were acquired with an 11
Mpixel, side-mounted Morada CCD camera (Soft Imaging System,
Muenster, Germany).

2.5. X-ray diffraction

X-ray diffraction patterns were collected from oriented fibers,
using a SuperNova-Agilent Technologies X-ray generator, operated
at 50 kV and 0.8 mA, equipped with a 135-mm ATLAS CCD detector
and a 4-circle kappa goniometer (CuKa high intensity X-ray micro-
focus source, k = 1.5418 Å). Specimen-to-film distance was speci-
fied at 52 mm, whereas exposure time was set to 400 s. Initial
viewing was performed using the program CrysAlisPro (Oxford
Diffraction, 2009). The X-ray diffraction patterns were measured
and displayed with the aid of iMosFLM (Leslie and Powell, 2007).

2.6. Congo red staining assays

Drops of all peptide solutions were applied to glass slides and
air-dried at ambient conditions, producing hydrated films. A Congo
red solution (1% w/v) was prepared in distilled water and used to
stain the hydrated films, following previous protocols (Louros
et al., 2014, 2015a; Romhanyi, 1971). Excess stain was removed
by rinsing in water (Romhanyi, 1971). Stained samples were
observed under bright field illumination and between crossed
polars, utilizing a Leica MZ7.5 polarizing stereomicroscope

Fig. 1. Sequence of human IAPP and its mutated derivatives. Four different variants
were designed by replacing residues L12 and L16 to charged, polar or other
hydrophobic residues (EEP, RRPR, QQP and AAP peptides). All peptides have a single
substitution of A25P, whereas the RRPR peptide also incorporates an additional
I26R mutation. All variants were C-terminal amidated and contained an intramolec-
ular disulfide bond (shown in yellow brackets). A peptide analogue of the N-
terminal segment of IAPP was also designed (IAPP1–12).
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equipped with a JVC GC-X3E camera. Congo Red spectro-
photometric assays were also carried out for the WT and its corre-
sponding variants. Absorption spectra ranging from 400 to 700 nm
(every 50 nm) were recorded every 5 min at room temperature for
a period of one (1) hour, following a detailed protocol (Nilsson,
2004). Congo Red spectra (50 lΜ) were obtained as a reference,
subsequently mixed with the peptide sample solution (10 lM)
and measured. Spectral acquisitions were performed by a BIO-
RAD SmartSpecTM 3000 Spectrophotometer (170–2501), with poly-
styrene disposable cuvettes (1 cm optical length).

2.7. Micro-Raman spectroscopy

Oriented fibers of IAPP and its mutant variants were measured
by micro-Raman spectroscopy, in two distinct orientations
(Fig. S1). Specifically, measurements were obtained for a parallel
orientation between the fiber and laser line polarization axes. Mea-
surements of a perpendicular orientation were also obtained, after
switching the fiber axis by 90o, relative to the polarization axis.
Micro-Raman spectra were recorded on a dispersive confocal
Ramanmicroscope (Renishaw InVia Reflex, 1200 L/mm). Data were
collected through a 50� lens using a 785 nm diode laser line for
excitation. Several spectra were obtained over the 450–
1750 cm�1 Stokes range per sample and averaged. The total acqui-
sition time was of the order of 1 h per sample to improve signal-to-
noise ratio. Second derivative analysis was utilized in order to
determine accurately the position of the sharp vibrational bands
(Iconomidou et al., 2000).

2.8. Molecular dynamics simulations

Initial coordinates for IAPP in protofibril configuration were
obtained from a previously described model structure, derived
from ssNMR measurements and STEM observations (Luca et al.,
2007). The model features ten copies of IAPP, organized in two
pentamers interacting with one another in an antiparallel fashion,
resulting in a final structure adopting a C2 rotational symmetry
around the fibril axis. Protomers adopt a b-strand – loop – b-
strand (U-bend) fold and form pentamers by interacting through
intermolecular hydrogen bonds. The first b-strand is formed by
residues in the 8–16 region, while the second strand is larger,
involving the 27–37 region. Overall, approximately 55% of the
structure adopts a b-sheet conformation.

System setup and modeling were performed using Visual
Molecular Dynamics (VMD) (Humphrey et al., 1996) and the
CHARMM36 topology (Huang and MacKerell, 2013). Mutations
were introduced through the Mutate residue function in VMD, fol-
lowed by a short energy minimization to remove steric clashes.
Disulfide bonds were formed between Cys-2 and Cys-7 and the
protomer C-termini were amidated. Each protofibril model was
embedded in a solvent box with a margin of at least 15 Å from
the boundaries to any protofibril particle and a NaCl ion concentra-
tion of 0.15 M. The final size of each system was approximately
�64,000–65,000 particles.

Molecular Dynamics (MD) simulations were performed in the
isothermal – isobaric (NPT) ensemble using periodic boundary
conditions. Temperature was maintained at 310 K using Langevin
dynamics with a damping coefficient of 1 ps�1, while pressure
was controlled at 1 atm using the Nosé-Hoover Langevin piston
barostat, with an oscillation period of 100 fs and a decay rate of
50 fs (Feller et al., 1995). All covalently bonded hydrogen atoms
were constrained with the RATTLE and SETTLE algorithms for pro-
teins and water, respectively (Andersen, 1983; Miyamoto and
Kollman, 1992; Ryckaert et al., 1977), enabling the use of a 2 fs
time step. Short range non-bonded interactions were calculated
using switching functions between 10 and 12 Å, while long range

electrostatic interactions were screened using the Particle Mesh
Ewald (PME) method.

All simulations were performed using NAMD v. 2.11 (Phillips
et al., 2005) and the CHARMM36 all-atom force field (Huang and
MacKerell, 2013). The systems were subjected to 5000 steps of
energy minimization and were gradually equilibrated over 1 ns,
applying restraints of gradually decreasing strength on the protein
atoms. Finally, each system was simulated without restraints for
100 ns. Two independent production simulations were performed
per setup for validation, initialized with randomized velocity. The
total simulation time of the study accumulates to approximately
1 ls. Simulation results were analyzed using VMD and DSSP
(Kabsch and Sander, 1983).

3. Results

3.1. Tracking the amyloidogenic potential of IAPP

Sequence analysis of IAPP revealed two major central regions
with high aggregation potential. The prominent APR is composed
primarily of residues of the 8–17 region, which has been previously
highlighted as a major amyloidogenic segment along the IAPP
sequence (Jaikaran et al., 2001; Laghaei et al., 2011; Louros et al.,
2015b; Mao et al., 2016; Mazor et al., 2002; Scrocchi et al.,
2003). The second segment, comprising residues 20–29, is one of
the first documented APRs of the IAPP sequence (Christoffersen
et al., 2015; Madine et al., 2008; Moriarty and Raleigh, 1999;
Westermark et al., 1990). Minimal aggregation potency is observed
for both the N-terminal and C-terminal regions of the protein,
although previous aggregation assays have linked the C-terminal
part of the protein with possible amyloidogenicity (Jaikaran
et al., 2001).

Strategically placed mutations within the central APRs were
predicted, with the aid of AMYLPRED2, to reduce the overall aggre-
gation potency of the protein to a significant extent (Figs. 1 and 2).
Previous theoretical and structural studies have indicated that the
8–17 region constitutes a hydrophobic interface which may be cru-
cial for IAPP self-assembly (Fox et al., 2010; Guo et al., 2015;
Laghaei et al., 2011; Louros et al., 2015a). Towards this end, IAPP
variants were designed and synthesized, introducing a double
replacement of the L12 and L16 residues of this hydrophobic inter-
face. Variants with conserved substitutions, such as L12A-L16A
(AAP) or, to a lesser extent, L12Q-L16Q (QQP), were predicted to
have a mildly reduced amyloidogenic potential (Fig. 2). On the
other hand, substitution of prominent hydrophobic residues by
charged residues, such as L12E-L16E (EEP) or L12R-L16R-I26R
(RRPR), was predicted to impart greater reduction in the overall
amyloidogenicity of the protein (Fig. 2). The aggregation tendency
of the 20–29 region was reduced by introducing an A25P mutation
in all cases (Figs. 1 and 2), following the example of previous stud-
ies (Green et al., 2003; Wang et al., 2015).

3.2. Aggregation assays of hIAPP variants

The reduction in amyloidogenicity caused by mutations intro-
duced in the central APRs was initially monitored with electron
microscopy and X-ray diffraction. Electron microscopy studies
revealed that all IAPP variants were actually capable of forming
mature amyloid filaments through self-assembly (Fig. 3), in spite
of the calculated reduction of their amyloidogenic potential.
Impressively, the presence of charged residues did not interrupt
the fibrillation process, since both the EEP and RRPR peptides form
amyloid fibrils with morphologies comparable to those of the wild
type hormone (Fig. 3B and E). More specifically, both peptides form
10–12 nm wide amyloid fibrils with a strong tendency for lateral
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attachments leading to the formation of thick fibrillar networks.
This effect is intensified during the self-aggregation process of
the QQP peptide which leads towards the formation of thick gels
(Fig. 3D), suggesting that conserved substitutions might instead
lead to an increase in the aggregation potential of the protein. It
is noteworthy that, despite its increased amyloidogenicity, the
AAP peptide forms shorter fibrous structures compared to the
WT hormone (Fig. 3C). The above indicate that the structural and
physicochemical alterations applied with the above mutations
are not sufficient to inhibit the aggregation tendency of the central
APRs found within the IAPP sequence, although a change in mor-
phology occurs in some cases.

Although some studies suggest otherwise (Green et al., 2003),
our results are in line with theoretical evidence indicating that
all three proline substitutions found in pramlintide, the pharma-
ceutical replacement of IAPP (A25P-S28P-S29P), are required in
order to successfully slow down IAPP aggregation (Chiu et al.,
2013). Together, the aggregation assays indicate that the
hydrophobic interface of the 8–17 central region may be an impor-
tant but not binding factor during IAPP fibrillation, since even the
presence of charged or bulky residues did not seem to impart the
process to a full scale.

The ‘‘cross-b” architecture of the fibrils formed by the self-
aggregating variants was verified through X-ray diffraction. The
specific amino acid substitutions do not seem to alter the overall
structure of the IAPP amyloid fibril core, since all variants produce
typical ‘‘cross-b” patterns, similar to the diffraction pattern pro-
duced from WT IAPP amyloid fibrils (Fig. 3F–J). Specifically, a
meridian reflection corresponding to the 4.7Å periodicity between
hydrogen-bonded b-strands is observed in all cases. Surprisingly, a
10.1 Å equatorial reflection is also observed, indicating that substi-
tution of the Leu residues does not result to significant changes in
the packing distance between the corresponding successive b-
sheet. However, the presence of charged Glu, and to a less extent
Arg residues, disarranges the formed EEP and RRPR fibers, thus pro-
ducing non-oriented diffraction patterns with reflections appear-
ing as rings (Fig. 3G and J).

3.3. Congo red spectroscopy reveals differences in the aggregation
kinetics between IAPP variants

Congo red has been shown to selectively bind on amyloid fibrils,
producing a diagnostic yellow/green birefringence when viewed
under crossed polars of a polarizing microscope (Divry and

Fig. 2. Amyloidogenic potential of the four IAPP variants, compared to WT IAPP. The WT protein exhibits two major APRs, specifically regions 8–17 and 20–29. An A25P
mutation, present in all mutants, significantly decreases the predicted amyloidogenic potential of the second APR. Substitution of the high scoring L12 and L16 residues also
results in a reduction of the amyloidogenic potential of the 8–17 region, with the insertion of charged residues having the most significant effect, such as in the case of EEP
(red) and RRPR (blue). Residue positions are indicated in the horizontal axis, whereas the AMYLPRED2 consensus prediction is shown on the vertical axis. Positive prediction
by 5 out of 11 algorithms is set as a default cut-off value (shown in red lines).
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Fig. 3. Electron micrographs (A-E) and X-ray diffraction patterns (F-J) of amyloid fibrils formed by WT IAPP and the corresponding variants. Closely similar amyloid-like
morphologies of 10–12 nm wide amyloid fibrils with no interconnections and indeterminate lengths are observed for the WT and variants, with the AAP peptide forming
fibrils with shorter lengths (Scale bars 500 nm). Both the WT protein and the variants produce comparable cross-b patterns. Charged residues (G, J) affect the alignment of the
formed fibers, resulting in a less oriented pattern with reflections appearing as rings (M: meridian; E: equator; F: fibril axis).
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Florkin, 1927). Deposits containing the amyloid-like fibrils of all
corresponding variants were capable of binding the Congo red
dye, as viewed under bright field illumination (Fig. 4A). Moreover,
when switched to crossed polars, the stained deposits clearly dis-
play characteristic apple-green birefringence, thus certifying the
amyloidogenic properties of the fibrils. Congo red binding was also
confirmed by spectroscopic kinetic analysis. The Congo red dye
exhibits maximum absorbance at 500 nm, which was confirmed
by control studies of a 50 lM solution sample (Fig. 4B, black
curves). However, when bound to the surface of amyloid fibrils,
the dye exhibits an evident shift in its maximal absorbance to
540 nm. All IAPP variants were capable of shifting the absorbance
maximum of the dye, after incubation for 60 min (Fig. 4B, dark blue
line), suggesting that the formation of amyloid-like fibers has
occurred, whereas no shift was witnessed immediately after dis-
solving the peptides (Fig. 4B, dark red line).

Similar kinetics were monitored for the QQP peptide with min-
imal differences, whereas the AAP shifting was completed after
only the first 10 min of incubation, verifying that the L12A-L16A
mutations increased the aggregation rate of the protein. On the
other hand, although the presence of charged residues did not
completely hinder the aggregation propensity of the protein, it
did lead to a significant decrease in the rate of fibrillation. More
specifically, shifting for the RRPR peptide occurs after 20 min, such
as in the case of the QQP peptide, however no increase was
observed at 540 nm after the first 10 min of incubation. As
expected, the introduction of negatively charged residues, as in
the case of the EEP peptide, resulted in a 3-fold decrease of the fib-
rillation rate compared to the WT hormone, since a shift was
detected only after 50 min of incubation. The above indicate that
the presence of charged residues within the APRs of IAPP produce
less favorable aggregation interactions, in line with studies propos-
ing that such residues may act as gatekeepers against amyloid
aggregation (Beerten et al., 2012; Sant’Anna et al., 2014). However,
even significant alterations of the physicochemical properties of
the 8–17 APR are not able to suppress the aggregation propensity
of the molecule, suggesting that the hydrophobic interface of the
8–17 region is probably not the only major driving force behind
IAPP fibrillation.

3.4. Micro-Raman spectroscopy provides evidence of the aggregation-
prone core of IAPP amyloid fibrils

Raman spectroscopy is a powerful non-invasive technique for
the structural characterization of protein aggregates, including
amyloids, where traditional methods, such as X-ray crystallogra-
phy or NMR are inapplicable (Ortiz et al., 2007; Rodriguez-Perez
et al., 2013; Sereda et al., 2015). This technique has been applied
in the past to determine the orientation of individual structural
units within the sample (Rousseau et al., 2004). Here, micro-
Raman spectroscopy was applied on the oriented amyloid fibers
of the IAPP variants (Fig. S2). This analysis enabled the study of
the conformational properties of certain structural units of IAPP
and yielded information about the orientation and contribution
of these structures in the amyloid core of IAPP fibrils (Fig. 5).

3.4.1. Amide I region (1550–1750 cm�1)
As expected, the WT protein, as well as all the variants, exhibits

a strong amide I band at 1671–1672 cm�1, attributed to the well-
ordered b-sheet secondary structure of the formed amyloid fibrils.
Additional component bands located at �1585 and �1605 cm�1

are assigned to the ring modes of Phe and Tyr residues. Detailed
evidence was also extracted regarding the uniformity and orienta-
tion level of the amyloid fibers formed by each peptide. The amide I
Raman band depends primarily on the C@O stretching mode (Chen
et al., 1994; Mirkin and Krimm, 1991). The C@O groups are ori-

ented more or less in a parallel fashion to the main fibril axis, since
they take part in the formation of hydrogen bonds between succes-
sive b-strands composing the cross-b amyloid fibril core. Signifi-
cant differences were observed between the intensities of the
amide I bands for parallel and perpendicularly oriented WT, AAP
and QQP fibers, indicating the formation of uniform and well-
oriented fibers. This indication is in good agreement with the
well-oriented diffraction patterns of the same samples (Fig. 3). In
contrast, the EEP and RRPR peptides present no differences in the
intensity of the amide I band between parallel and perpendicular
orientations. This probably suggests a more or less random orien-
tation of the constituent amyloid fibrils. It is noteworthy that iden-
tical intensities between the parallel and perpendicular
orientations could also occur in the highly unlikely event of the
total number of constituent fibrils aligned at exactly 45o relative
to the polarization axis of the laser.

3.4.2. Tyrosine residues (800–900 cm�1)
Tyrosine residues are responsible for a doublet appearing in this

range, due to Fermi resonance between the ring-breathing vibra-
tion and the overtone of an out-of-plane ring bending vibration
of the para-substituted phenolic side chain (Siamwiza et al.,
1975). Furthermore, the relative peak intensity ratio (R = I850/I830)
strongly depends on the ionization state of the phenoxy group
and is sensitive to its participation in H-bonding, therefore it is
commonly used to inspect the burial or exposure of Tyr residues
(Carey, 1982). All variants include a single Tyr right next to their
C-terminal end and present a characteristic doublet, at 851–
856 cm�1 and 830–838 cm�1. For WT, EEP, AAP and QQP peptides,
a R �1.25 value indicates that the C-terminal Tyr acts as both a
donor and an acceptor of moderate hydrogen bonds. The corre-
sponding ratio on RRPR is just slightly lower than 1, indicating that
in this case Tyr has a slightly stronger role as a hydrogen donor. R
values ranging from 1.25 to 1.40 indicate that the Tyr residues are
exposed and not buried, thus unlikely to contribute to the buried
hydrophobic amyloid core (Carey, 1982). The WT peptide has a rel-
atively unusual character, containing three distinct bands at 830,
841 and 856 cm�1.

It has been reported previously that Tyr heterogeneity within
aggregates could lead to a splitting of one of the vibrational modes,
resulting in 3 peaks instead of the conventional doublet (Pandit
et al., 2008). This is also supported by the increased ratio of the
841 cm�1 peak relative to the doublet in the perpendicular orienta-
tion, implying several conformations for the C-terminal Tyr residue
between different protomers composing WT amyloid fibrils. Nota-
bly, this splitting event for the 841 cm�1 peak occurs at the
expense of the 830 cm�1 band, a feature that is significantly stron-
ger in the perpendicular orientation. No evidence for splitting was
displayed by the variants. This could suggest that the correspond-
ing substitutions may have a stabilizing effect in the conformation
of the Tyr residue compared to theWT. On the other hand, this lack
of splitting could be due to increased disorder (in comparison to
the WT). Increased disorder may not allow for resolving the two
components, causing instead, a shift of the derivative minimum
within the 830–840 cm�1 range. Finally, no significant differences
of the doublet intensity were observed between the two
orientations. This observation supports the hypothesis that the
C-terminally placed Tyr residue is not part of the stable vital
cross-b core of IAPP amyloid fibrils.

3.4.3. Disulfide bonds (450–560 cm�1)
Vibrational modes in this range are directly affected by different

conformations of disulfide bridges (Nakanishi et al., 1974; Van
Wart et al., 1973). The presence of characteristic peaks at 489–
492, 505–510 and 520–527 cm�1 verifies that the fibrillation pro-
cess maintains but influences the disulfide bridge of the WT and
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Fig. 4. Congo red binding assays of IAPP variants. (A) The amyloidogenic properties of the WT protein and its variants were confirmed by their ability to bind the CR, as seen
under bright field illumination and the apple-green birefringence when switching to crossed-polars (Scale bars 400 lm). (B) CR binding studies revealed slower rates of
fibrillation for the EEP and RRPR peptides and an accelerated rate of fibril formation for the AAP peptide, compared to the WT protein. The CR reference curves, showing a
maximum absorbance at 500 nm are shown in black dotted lines in each graph.
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its variants. The two latter peaks are assigned to S-S stretching
vibrations (vS-S) of disulfide bridges found in a gauche-gauche-

gauche (ggg) and gauche-gauche-trans (ggt or tgg) conformation
(Sugeta, 1975; Sugeta et al., 1972, 1973), indicating multiple con-

Fig. 5. Second derivative micro-Raman spectra obtained from parallel (black line) and perpendicular (blue line) arrangements between IAPP variant amyloid fibers and the
laser polarization axis. Analysis of the amide I region reveals that all peptides participate in the formation of uniform and stable b-sheet structures. Noticeable intensity
differences among orientations illustrate the formation of well-oriented fibers containing WT, AAP and QQP amyloid fibrils. The characteristic Fermi doublet (800–900 cm�1)
reveals that the C-terminal Tyr residue most probably serves as a donor and acceptor to the formation of moderate hydrogen bonds. I850/I830 ratios suggest that the Tyr side
chains are predominantly exposed rather than buried within the fibril core. The splitting event observed in the spectra of the WT peptide indicates high conformational
heterogeneity between the Tyr side chains. The absence of differences in the intensities between parallel and perpendicular orientations of the well-oriented WT, AAP and
QQP variants is clearly evident. Several bands are observed in the 450–560 cm�1 region of the spectra, suggesting multiple conformations for the disulfide bridges. The
component at 490 cm�1 arises as a result of low CS-SC angles, signifying that the disulfide bridges are under mechanical strain. For visualization purposes, the 800–900 cm�1

and 450–540 cm�1 regions are shown expanded by factors of 3.5x and 10x, respectively, relative to the amide I region.
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formations for the CS-SC group for protomers incorporated within
the formed fibrils. The additional component located at �490 cm�1

has been suggested to arise from a CS-SC moiety with a low dihe-
dral angle (Van Wart and Scheraga, 1976). Low disulfide bridge
dihedral angles occur as a result of strain to the bond, suggesting
that the formation of IAPP amyloid fibrils causes mechanical stress
on the N-terminal disulfide bond of the WT protomers. The relative
intensities of the three peaks in WT and EEP indicate that almost
half of the monomers of the amyloid fibers contain strained disul-
fide bridges. The strain level is lower for the AAP peptide, where all
three conformations seem to have a more or less equal contribu-
tion. Finally, the strain of the disulfide bond seems to be limited
in the case of the QQP and RRPR peptides, where more than half
of the bridges appear to adopt a ggt/tgg conformation.

The hypothesis concerning the association of fibrillation with
the stress of the disulfide bond was further supported by the anal-
ysis of micro-Raman spectra derived from films formed by the
IAPP1-12 peptide segment (Fig. S3). Specifically, no band was
observed close to �490 cm�1, suggesting that no strain was pre-
sent in the absence of fibrillation (Table S1). However, multiple
conformations of disulfide bridges were detected, as the presence
of two bands disclosed, again with a preference for the ggt/tgg con-
formation (�3:5 ratio) (Fig. S3). The aforementioned results indi-
cate that the intramolecular disulfide bridges of the N-terminal
segment of IAPP and the corresponding variants do not adopt a sin-
gle conformation and are under stress during fibrillation, therefore
most probably do not contribute as a pivotal part of the stable
amyloid fibril core. The conformational instability of the disulfide
bond is also evident through the spectral shift of the 525 cm�1

band to 528 cm�1, observed between the two orientations for the
hIAPP fiber (Fig. 5). Analysis of the data obtained between different
orientations further support this hypothesis. Specifically, minimal
or no changes were observed by comparing the intensities of the
peaks between a parallel and a perpendicular orientation. This is
a strong indication that, at least for the well oriented WT, AAP
and QQP fibers, the N-terminal part of the monomers, containing
the intramolecular disulfide bond, is not incorporated within the
amyloid fibril core.

3.5. Comparison with existing models of IAPP fibril structures

Explicit solvent MD simulations were performed for theWT and
variant protofibrils, adopting a previously suggested configuration
(Luca et al., 2007). Analogous substitutions were performed for
L12, L16 and A25 for the AAP, QQP and EEP systems, while an addi-
tional substitution of I26R was introduced in the RRPR system.
Notably, the above residues are buried in the hydrophobic core
with the exception of A25.

Simulations of the WT protofibril were reasonably stable, with
minimal changes in the overall fold. The parallel, in-register b-
strands and the U-shaped topology of the peptides were retained,
with the monomers adopting a twist of �4–6� between adjacent
b-strands, in agreement with experimentally observed axial fibril
twists (Fig. 6A). Tight packing of side chains was observed in the
experimentally verified 8–17 and 20–29 APRs composing the first
b-strand, the turn region and the beginning of the facing b-
strand, proposing favorable interactions for these segments
(Fig. 6A and B). Structural analysis of the modelled structure pro-
vides information on the importance of the Ser residue located in
position 20 of the IAPP sequence. A S20G mutation is commonly
associated with early onset type II diabetes in Asian populations
(Sakagashira et al., 2000). Previous theoretical studies have sug-
gested that the S20G mutation can possibly promote IAPP aggrega-
tion by destabilizing the early a-helical content of IAPP monomers,
driving it towards an extended b-strand conformation (Duan et al.,
2012; Wang et al., 2012). Furthermore, studies have also high-

lighted that the critical position of a S20G mutation is capable of
inducing local flexibility and reducing the overall entropy cost
for the assembly process (Xu et al., 2009), providing a possible
explanation for the faster aggregation kinetics induced by the
S20G mutation. The overall b-sheet content remains stable at
approximately 55%. Orientation of the two pentamers was main-
tained, suggesting further favorable interactions between the
23–29 segments of two entities. An average Root Mean Square
Deviation (RMSD) value of 5.3 Å was measured for the final 10 ns
of the simulations; this value is in good agreement with evidence
from previous, shorter MD simulations of human IAPP protofibril
pentamers (Liang et al., 2013a). Root Mean Square Fluctuation
(RMSF) measurements (per-residue analysis) validated the order
and stability of the 8–16 and 24–30 segments, which showed
minimal fluctuations (Fig. S4) compared to the overall structure.
In contrast, both the N- and C-termini displayed high RMSF and
Accessible Surface Area (ASA) values accounting for extensive
mobility of these regions (Figs. S4 and S5). Coupled with the slight
disordering observed in the C-terminal 34–37 segment, these
results further verify the notion that the N- and C-ends of the
monomers are not vitally contributing in the stable IAPP amyloid
fibril core.

Similar behaviors were observed during the AAP and QQP vari-
ant simulations, with both systems retaining their initial protofibril
configurations. The overall packing and secondary structure ele-
ments were preserved, as revealed by b-sheet content (%) and
ASA (Å2) analysis (Table 1). The conserved L12A and L16A substitu-
tions did not disrupt the hydrophobic core of the steric zipper, thus
allowing the system to incorporate the double mutation and
remain stable. Furthermore, the A25P substitution located at the
end of the turn connecting the facing strands allowed the incorpo-
ration of Pro residues stacked along the fibril axis, and facilitated
the U-bend overall fold. During the QQP simulation, the protomers
adopted specific features that allow the incorporation of stacked
Gln residues in the hydrophobic core. More specifically, buried
Q12 side chains increased the packing density of the steric zipper.
This process was facilitated by the formation of a tight hydrogen
bond network between stacked Q12 side chains, in close proximity
to the equally buried T30 side chains of the facing b-strand, result-
ing in the formation of more stable pentamers (Fig. 6C). Both sys-
tems exhibited similar fluctuations, compared to the WT,
indicating that they also contain amyloidogenic cores. In contrast
to the above, significant disruptions for the protofibrils were
observed in the RRPR and EEP simulations. In both cases the 8–
17 b-strand of the protomers dissociated, with certain segments
partially reverting to a helical structure, leading to an opening of
the U-bend and destruction of the overall protofibril fold. These
results highlight the inability of the system to accommodate bur-
ied charged side chains that disrupt the hydrophobic interior of
the protofibril core. Taken together, these results would suggest
that the proposed protofibril structure is not compatible with the
fibril properties of EEP and RRPR. However, in both the EEP and
the RRPR simulations, the b-sheets of the 24–30 segments and
the packing of the pentamers remain intact, indicating that despite
the applied substitutions, these particular regions retain their
amyloid-like features. Furthermore, it is important to note that
the initial model corresponds to a specific polymorph of hIAPP
amyloid fibrils (Luca et al., 2007). Therefore, it is possible that IAPP
self-assembly includes different stabilizing interactions between
polymorphs with different properties, allowing variants such as
the EEP and RRPR peptides to form amyloid fibrils with alternative
morphologies. This notion is also supported by several studies
showing that monomeric IAPP is capable of interconverting
between various conformations during the initial stages of aggre-
gation and is associated to a number of putative overlapping aggre-
gation pathways (Chiu and de Pablo, 2015; Dupuis et al., 2011;
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Fig. 6. Structural overview of the IAPP protofibril simulation systems. (A) Representations of the simulated WT and mutant protofibrils after 100 ns of MD simulations.
All structures are shown in the same orientation using a cartoon representation, with each IAPP monomer colored differently. Solvent molecules are not rendered for clarity.
N- and C-termini of the first protomer in each pentamer are labeled. (B) Features of IAPP, depicted upon the structure of an isolated monomer. The monomer is colored
according to secondary structure elements, using yellow for b-strands and pink for unstructured regions. Positions of point mutations, the C2-C7 disulfide bond and the
C-terminal Tyr are depicted as sticks and colored using cyan for carbon, blue for nitrogen and red for oxygen atoms. Hydrogen atoms were excluded for clarity. The amidated
C-terminus is shown in sphere representation and colored blue for nitrogen and white for hydrogen atoms. (C) Close inspection of the first pentamer for the QQP simulation
after 100 ns. Secondary structure elements and residue depictions are shown as in (B). Amino acid substitutions, as well as T30 are shown and labeled accordingly. The
favorable packing of side chains and a potential hydrogen bond network between Q12 and T30 is indicated.

Table 1
Summary of simulation systems with structural characteristics, averaged over the last 10 ns of the simulations.

System Substitutions Number of particles RMSD (Å) Backbone hydrogen bonds % b-sheet content Normalized ASA (Å2)a

WT – 64545 5.30 ± 0.13 171 ± 4 56.54 ± 0.96 1736.70 ± 173.25
AAP L12A-L16A-A25P 64224 5.65 ± 0.19 176 ± 3 55.14 ± 1.09 1743.03 ± 158.05
QQP L12Q-L16Q-A25P 64328 4.95 ± 0.12 174 ± 4 56.15 ± 1.10 1663.16 ± 177.82
EEP L12E-L16E-A25P 64322 18.60 ± 0.36 144 ± 4 39.63 ± 2.55 2184.23 ± 196.10
RRPR L12R-L16R-A25P-I26R 64735 19.43 ± 0.37 137 ± 4 29.86 ± 2.86 2633.23 ± 237.76

a Per-protomer Accessible Surface Area (ASA), averaged over all protomers in the protofibril.
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Liang et al., 2013b). Both experimental and computational studies
have highlighted that the 8–16 segment of IAPP, primarily a-
helical in the initial fold, may participate in early dimerization
events (Abedini and Raleigh, 2009; Laghaei et al., 2011), suggesting
that the EEP and RRPR mutations could possibly influence the bal-
ance of the IAPP aggregation pathway, leading to the formation of
fibrils with alternative morphological characteristics.

4. Discussion

Evidence accumulated over the years has linked several seg-
ments of human IAPP with its aggregation propensity. Early studies
highlighted that human IAPP, as a member of the calcitonin gene
related peptide family, shares reasonable sequence homology to
a- and b-calcitonin gene related peptides (CGRPs), adrenomedullin
and intermedin, especially at the N- and C-termini (Cooper et al.,
1987; Westermark et al., 1987b). However, IAPP is the only docu-
mented member of the family capable of forming amyloid fibrils.
IAPP differs from the members of the CGRP family primarily in
the 20–29 region, suggesting that this region plays a vital role dur-
ing its aggregation (Westermark et al., 1990). Supplementary
experiments with rIAPP initially confirmed that IAPP amyloido-
genicity is possibly controlled by this region, attributing the inabil-
ity of the latter to aggregate to the presence of 3 Pro residues
within this segment (Betsholtz et al., 1989). However, recent con-
tradictory data reveal that the proline mutations do not completely
inhibit IAPP aggregation, which still occurs but at slower rates (da
Silva et al., 2016). The hydrophobic interface of the amphipathic 8–
17 segment of IAPP is also considered as major driving force of IAPP
fibrillogenesis, thus increasing further the complexity behind IAPP
aggregation (Jaikaran et al., 2001; Laghaei et al., 2011; Louros et al.,
2015b; Mao et al., 2016; Mazor et al., 2002; Scrocchi et al., 2003).
Following the above, several studies focused at identifying specific
mutations along the IAPP sequence which can eliminate its aggre-
gation tendency (Abedini and Raleigh, 2006; Green et al., 2003;
Koo et al., 2008), expanding the possible aggregation prone sites
along its entire sequence (Fox et al., 2010). Even the end terminal
regions of the protein, which were initially considered to be pro-
tective against IAPP fibrillation (Koo and Miranker, 2005; Tu
et al., 2014) have been at some point associated to the formation
of fiber-like structures (Cope et al., 2013; Jaikaran and Clark, 2001).

Sequence analysis utilizing AMYLPRED2 verified that the 8–17
and 20–29 segments of IAPP present the highest predicted amy-
loidogenic potential. Accordingly, mutations targeted to reduce
the hydrophobic potential and amyloidogenic properties of the
8–17 and 20–29 segments were introduced. Impressively, signifi-
cant alterations of the 8–17 segment were incapable of inhibiting
IAPP aggregation, supporting the hypothesis that this is not the
only segment controlling IAPP aggregation. However, the
hydrophobic nature of this segment most probably participates
in the formation of the amyloid fibril core, since the presence of
charged residues leads to 3-fold slower rate of IAPP fibrillation,
as shown by the CR kinetic experiments. On the other hand, the
presence of a single Pro residue at position 25 also was not capable
of reducing the amyloidogenic potential of the 20–29 segment, in
line with supplementary evidence suggesting that the A25P substi-
tution lowers the b-propensity of the protein, yet, retains some
amyloidogenic characteristics (Chakraborty et al., 2013; Chiu
et al., 2013). MD simulations highlighted that the cyclic structural
features of its side chain, may allow the Pro residue occupying
position 25 to promote the stability of the fibril core, by facilitating
the turn region between the facing b-strands.

The main focus of this study was to identify which segments of
human IAPP are indeed part of or excluded from the stable
hydrophobic core of human IAPP amyloid fibrils. For this purpose,

micro-Raman spectroscopy was employed given its sensitivity to
the single intramolecular disulfide bond (C2-C7) and the single
Tyr residue (Y37) that occupy the N- and C-termini of the mole-
cule, respectively. The micro-Raman spectra of the AAP and QQP
fibers are very similar to those of theWT, suggesting that the speci-
fic mutations do not alter significantly the structural properties of
the amyloid fibrils. On the other hand, the presence of charged
residues affected the orientation and uniformity of the fibrils, indi-
cating less favorable interactions than in the WT protein and sug-
gesting that the 8–17 APR segment may be incorporated as part of
the amyloid core.

Different conformations were observed for the disulfide bridges
of all peptides, including WT. These data suggest that the N-
terminal region of IAPP that contains the intermolecular disulfide
bridge is not incorporated within the stable hydrophobic core.
However, IAPP fibrillation was found to cause mechanical stress
on the disulfide bridges of the peptide monomers, as revealed by
the shifting of disulfide bands to lower energies, suggesting that
that this segment is directly affected by fibrillogenesis. Interest-
ingly, the C2-C7 disulfide bridge is positioned next to the 8–17
APR along the IAPP sequence. Incorporation of this segment within
the amyloid core could possibly explain the strain applied on the
monomer disulfide bridges. These findings are in agreement with
recent studies suggesting that the disulfide bond is important in
containing IAPP aggregation, rather than being part of the fibril
core (Ilitchev et al., 2016).

Analysis of the Fermi resonance doublet revealed that the
C-terminal Tyr is surface exposed, in agreement with recent TERS
results (vandenAkker et al., 2015). Moreover, the micro-Raman
spectra of the WT fibers were found to exhibit an unusual splitting
event, attributed to the presence of different Tyr conformations.
This variability suggests that the C-terminal residue of the protein
is highly unlikely to be part of the stable amyloid core.

5. Conclusions

Micro-Raman spectroscopy provided valuable information
regarding the structural features of human IAPP amyloid fibrils.
The spectroscopic data validate the hypothesis that the hydropho-
bic core of human IAPP amyloid fibrils is most probably composed
by the central APRs of the sequence, whereas the N- and
C-terminal ends of the protein are more or less excluded. However,
the alteration of the hydrophobic properties of the 8–17 APR seg-
ment, as well as a single Pro substitution of the 20–29 APR at posi-
tion 25 did not prove sufficient to impart IAPP fibrillogenesis,
suggesting that these factors are not sufficient for controlling IAPP
aggregation. Future experiments should be focused on identifying
the underlying forces that lead these central segments towards
the formation of the IAPP amyloid fibril core.
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