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The formation of protein amyloid deposits is associated
with major human diseases including Alzheimer’s disease,
Parkinson’s disease, Spongiform Encephalopathy, and type
2 diabetes mellitus (T2DM). Today, 382 million people live
with diabetes. Diabetes is on the rise all over the world
and countries are struggling to keep pace treating all these
patients. Worldwide, one person dies of the consequences
of diabetes (cardiovascular disease, kidney failure, and lower
limb amputation) every 6 seconds, more than AIDS and
malaria combined.
There are two types of diabetes. The first, type 1 diabetes
mellitus, represents estimated 5–10% of the cases and results
from the autoimmune destruction of the insulin-producing
𝛽 cells in the pancreas, which leads to an absolute lack
of insulin. The second, type 2 diabetes mellitus, represents
estimated 90–95% of all diabetes cases and is characterized
metabolically by hyperglycemia resulting from both insulin
resistance and the relative lack of insulin secretion.
A hallmark of T2DM is the presence of extracellular
amyloid deposits in the islet of Langerhans in the pancreas.
These deposits are formed by the human islet amyloid
polypeptide (hIAPP), a 37-residue peptide that is cosecreted
and coproduced with insulin. Under normal conditions,
the peptide hIAPP remains soluble but, in the pancreas of
T2DM patients, the increase in peptide concentration and

misfolding gives rise to oligomerization and to amyloid fibrils
formation via a nucleation-dependent polymerization process. Studies suggest not only that the amyloid deposits are a
minor epiphenomenon derived from the disease progression
but that hIAPP aggregation induces processes that lead to the
damage of the functionality and viability of 𝛽 cells.
Despite considerable progress, there are still important
outstanding issues in the field of islet amyloid. In this
special issue, biophysical, physicochemical, and theoretical
approaches are described (i) to define the structure and
the orientation as well as the functions of hIAPP and (ii)
to elucidate the molecular mechanism of aggregation of
hIAPP. The influence of membranes, pH, and metal ions on
hIAPP aggregation and hIAPP structure is also discussed. In
addition, a recent methodology, sum frequency generation
vibrational spectroscopy, is presented to investigate the aggregation of hIAPP on membrane surfaces. Finally, an overview
of molecules that inhibit hIAPP fibril formation is given with
emphasis on small molecules, natural molecules, and hIAPP
variants.
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Studies of amyloid polypeptides on membrane surfaces have gained increasing attention in recent years. Several studies have
revealed that membranes can catalyze protein aggregation and that the early products of amyloid aggregation can disrupt membrane
integrity, increasing water permeability and inducing ion cytotoxicity. Nonetheless, probing aggregation of amyloid proteins
on membrane surfaces is challenging. Surface-specific methods are required to discriminate contributions of aggregates at the
membrane interface from those in the bulk phase and to characterize protein secondary structures in situ and in real time without
the use of perturbing spectroscopic labels. Here, we review the most recent applications of sum frequency generation (SFG)
vibrational spectroscopy applied in conjunction with computational modeling techniques, a joint experimental and computational
methodology that has provided valuable insights into the aggregation of islet amyloid polypeptide (IAPP) on membrane surfaces.
These applications show that SFG can provide detailed information about structures, kinetics, and orientation of IAPP during
interfacial aggregation, relevant to the molecular mechanisms of type II diabetes. These recent advances demonstrate the promise
of SFG as a new approach for studying amyloid diseases at the molecular level and for the rational drug design targeting early
aggregation products on membrane surfaces.

1. Introduction
Amyloid aggregates formed by misfolded intrinsically disordered proteins are implicated in many diseases [1]. Here,
we focus on human islet amyloid polypeptides (hIAPPs)
that aggregate into parallel 𝛽-sheets upon the interaction
with membrane surfaces [2–4]. The resulting aggregates are
detrimental to pancreas 𝛽-cells, leading to the onset of type
II diabetes [5–7], since they disrupt the membrane integrity
[8–13], increasing the membrane permeability to water and
ions [14]. Understanding surface-specific biomolecular interactions between hIAPP aggregates and lipid membranes at
the molecular level is therefore crucial for revealing the
molecular factors controlling amyloidogenesis.
Previous studies have relied mainly on bulk detection techniques, including circular dichroism (CD) [15],

NMR [16–18], EPR [19, 20], 2D-IR [21–23], AIR-FTIR
[24–26], fluorescence spectroscopy [27, 28], Raman spectroscopy [29], and infrared reflection absorption spectroscopy (IRRAS) [30, 31]. However, many specific questions
concerning the interfacial region of interactions between
membranes and proteins remain unclear. Some of the outstanding questions are as follows: Do the amyloid aggregates
start forming at membrane surfaces, or in the bulk solution?
How do the aggregates orient on membrane surfaces? Are
the aggregation products parallel or antiparallel 𝛽-sheets?
Does the orientation of the aggregate affect the integrity
of cell membranes? What is the kinetics of misfolding at
membrane surfaces? Is it different from misfolding in the
bulk solution? Do molecular inhibitors affect aggregation on
membrane surfaces? Recent developments in nonlinear sum
frequency generation (SFG) vibrational spectroscopy have
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demonstrated SFG as an intrinsically surface-selective technique with submonolayer sensitivity and label-free detection
capability, thus showing great promise to address the above
questions, shedding light on the role of the membrane during
the aggregation of hIAPP and other amyloid proteins [32, 33].
During the last three decades, we have witnessed the
emergence and fast development of nonlinear optical spectroscopic techniques, among which SFG vibrational spectroscopy has gained tremendous attention. Unique advantages of SFG include surface selectivity, submonolayer sensitivity, chiral-selectivity, phase-sensitivity, and label-free
detection capabilities [34–36], which make SFG a promising
tool for structural characterization of interfaces, including a
wide range of applications in material science [37], characterization of polymers [38, 39], and catalytic systems [40, 41].
Recently, applications have been extended to environmental
[42–44] and biological systems [32, 33, 45–52] with unprecedented discoveries beyond the capabilities of conventional
tools. For example, SFG has been used to study a variety
of atmospherically significant systems at the vapor/aqueous
interface to elucidate the organization and reactions in
aerosols that contain inorganic/organic compounds [42–
44], small molecules [42], and fatty acids [42] as solutes.
Furthermore, SFG has been applied to probe the interfacial
structures, orientation, and kinetics of biologically relevant
molecules at interfaces, such as proteins [32, 33, 45–47],
DNAs [48, 49], and lipids [45, 50–52], providing insights into
the functions of these molecules at biological interfaces and
facilitating further research into biomedical science and engineering. Nowadays, SFG is established as a valuable technique
to understand physical, chemical, and biological processes
at the molecular level [53]. In particular, applications to
interfacial biological systems span across important research
topics in membrane biophysics [54], surface self-assembly
[55, 56], peptides at cell surfaces [57, 58], DNA hybridization
[48, 59] and adsorption [60], and amyloid interactions with
membrane surfaces [61–63].
This review focuses on the recent development and application of SFG for probing hIAPP interacting with lipid membranes and discusses the implications of hIAPP/membrane
interactions in the studies of type II diabetes [14, 61, 62, 64,
65]. The review also summarizes the basic theoretical background and experimental methods of SFG, supplemented
with a brief discussion about the application of SFG to other
amyloidogenic proteins, and concludes with an outlook of
SFG in applications to systems of interest in biological and
medical sciences.

2. The SFG Method
2.1. Basic Principles of SFG. Sum frequency generation (SFG)
vibrational spectroscopy applies two laser beams that interact
with the system of interest simultaneously [34–36, 66–69],
one with visible (e.g., 532 nm) or near-infrared (e.g., 800 nm)
frequency 𝜔vis and the other with infrared (IR) frequency 𝜔IR
(Scheme 1). When the visible and infrared pulses overlap in
time and space, light with the sum of the two frequencies
𝜔SFG = 𝜔vis + 𝜔IR is generated by the interaction of the
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𝜔vis

SFG
𝜔vis + 𝜔IR = 𝜔sum

𝜔vis

𝜔sum

𝜔sum

𝜔IR

𝜔IR

Scheme 1: The second-order optical process of sum frequency
generation vibrational spectroscopy.

incident beams with the system at the interface. Fixing
𝜔vis and scanning or dispersing IR frequencies 𝜔IR over a
range, the SFG spectra are recorded by monitoring the SFG
intensity as a function of 𝜔SFG with a monochromator and
a CCD. The SFG signal is dramatically enhanced when 𝜔IR
is in resonance with a vibrational frequency of a molecule
at an interface, thus showing a peak in the spectrum. The
SFG peaks typically exhibit homogeneous and inhomogeneous broadening, leading to various line-shapes due to the
constructive or destructive interference with neighboring
bands modulated by changes in the molecular orientation as
induced by interactions with the surface and the surrounding
environment [70]. Thus, the SFG spectra contain detailed
structural information reported in terms of line-shape, peak
position, and polarization dependence. Extracting that structural information from the SFG spectra, however, requires
rigorous theoretical modeling and computer simulations.
Hence, the combination of SFG and computational modeling
can be used as a label-free and in situ analytical methodology
for effective characterization of systems at interfaces. In the
following sections, we will illustrate the applications of SFG to
the studies of IAPP at membrane surfaces [14, 61, 62, 64, 65].
2.2. Surface-Specificity, Monolayer Sensitivity, and Polarization Dependence of SFG Spectroscopy. As a nonlinear optical
technique, SFG measures the second-order susceptibility,
𝜒(2) , that gives intrinsic surface selectivity [33, 34, 71–74].
The second-order susceptibility, 𝜒(2) , is the direct product of
the complex conjugate of the Raman polarizability derivative
matrix (the same as the original matrix when derivative
values are real numbers) and the IR dipole derivative vector
and thus is a second-order tensor. The generated electric field
of SFG signal is related to the electric field of the two incident
(2)
:
laser beams, 𝐸vis and 𝐸IR , via the tensor elements 𝜒𝑖𝑗𝑘
𝑗

𝑖
(2)
𝑘
𝐸SFG
∝ ∑𝜒𝑖𝑗𝑘
𝐸vis 𝐸IR
,
𝑗,𝑘

(1)

where 𝑖, 𝑗, and 𝑘 specify the direction of the Cartesian
component of the optical fields and can be denoted by 𝑥, 𝑦,
and 𝑧, in the laboratory coordinates.
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The tensor elements of bulk phases with inversion
symmetry (e.g., gas, solution, and amorphous solid) are
isotropically averaged to zero, so long as the frequency of
the visible beam is not in resonance with an electronic
excitation [33, 73, 74]. This is because molecules rotate
freely and diffuse, adopting random orientations. In contrast,
molecules at surfaces give prominent SFG signals since
they have ordered alignment across the surface region, and
thereby their tensor elements are nonzero. Furthermore, the
second-order susceptibility is proportional to the square of
the molecular density at surfaces and thus is sensitive to
the change of molecular coverage, enabling SFG to detect
a monolayer of molecules at an interface. The monolayer
sensitivity is critical for the characterization of biological
samples that are difficult to purify in large quantities. As
a result of such unique surface-specificity and monolayer
sensitivity, the SFG method is free from contributions of
the bulk medium and is thus an ideal optical method to
probe membrane surfaces and their interactions with other
biomolecules.
SFG spectroscopy has the intrinsic sensitivity to chiral
structures because the measured second-order susceptibility
(2)
are three-dimensional. When the three
tensor elements 𝜒𝑖𝑗𝑘
indices 𝑖, 𝑗, and 𝑘 are distinct from one another (i.e., 𝑖 ≠ 𝑗 ≠
𝑘), the susceptibility tensor captures the features of the chiral
Cartesian coordinate system with three distinct axes and thus
comprises information about the chirality at interfaces [33].
Therefore, surface chirality can be directly measured through
(2)
𝜒𝑖𝑗𝑘
(𝑖=𝑗̸ =𝑘)
̸ making chiral SFG spectroscopy highly sensitive
and easier for interpretation, compared to more conventional
chiroptical methods, such as circular dichroism, Raman
optical activity, and optical rotation dispersion, which require
higher-order couplings between electronic and magnetic
dipoles. Due to its high chiral sensitivity, SFG could provide
previously unattainable molecular information about protein
and biomolecules in chiral supramolecular and hierarchic
structures at surfaces [74, 75].
SFG measurements can be modulated by various polarization settings. For a particular experiment, one can modulate the incident visible and infrared beams and detect the
SFG beam in either s- or p-polarization [66, 69], or even
mixed polarizations [48, 72, 76]. With the use of only s- or
p-polarization, there are in total 2 × 2 × 2 = 8 polarization
settings for experimental geometries, including ssp, ppp, sps,
pss, spp, psp, pps, and sss, where the first, second, and third
indices indicate the polarization of the SFG, visible, and
infrared beams, respectively (Scheme 2). The psp, spp, and
pps polarization settings are chiral-selective and thus can be
used to probe the chiral SFG spectra as discussed previously
[33]. The others are achiral polarization settings that are
sensitive to different vibrational modes. Altogether, chiral
and achiral SFG spectroscopy can provide a comprehensive analysis of vibrational modes of chiral or nonchiral
molecules at interfaces. In more advanced measurements,
one can even determine the absolute orientation of molecules
at interfaces by performing a global analysis of various
polarization-modulated spectra [77]. With these capabilities,
SFG can report on structures and orientations of molecules

3
z

e
lan
-p
z
x
s-vis

y

z

p-IR

s-SFG

x

y

y
xy-plane
x

Scheme 2: The 𝑠𝑠𝑝 polarization setting in an SFG experiment: 𝑠polarized SFG, 𝑠-polarized visible, and 𝑝-polarized IR beams. The
projection electric field of 𝑝-polarized and 𝑠-polarized light onto the
laboratory coordinates.

and proteins at surfaces, offering a methodology to address
mechanistic questions on amyloid aggregation that would
otherwise be difficult to tackle by using more conventional
methods.
2.3. SFG Experiments. The setup of the SFG spectrometer has
been extensively described [77–79]. Currently, scanning and
broad-bandwidth SFG spectrometers are most commonly
used. Scanning SFG spectrometers use picosecond pulsed IR
and visible beams and scan the IR frequency stepwise at a
fixed visible frequency [80]. A typical broad-bandwidth SFG
spectrometer consists of a femtosecond (∼100 fs) pulsed IR
beam and a picosecond (2–100 ps) pulsed visible beam [81].
Because the femtosecond IR pulse includes a wide frequency
range of more than 200 cm−1 in the mid-IR region, broadbandwidth SFG spectrometers can acquire spectra by one
shot without scanning the IR frequency. The one-shot scheme
allows for monitoring the kinetics of protein conformational
changes at interfaces [55, 82]. In this review, we focus on
recent studies of hIAPP aggregates at membrane surfaces
based on broad bandwidth SFG spectroscopy [14, 61, 62, 64,
65].
Chiral and achiral SFG spectra can be selectively collected
using different polarization settings. Typically, one can use
psp, spp, and pps to probe the chiral SFG spectra and ssp,
sps, and ppp to probe the achiral SFG spectra [33]. When
performing the chiral and achiral SFG measurements, one
can control the polarization of the beams using appropriate
wave-plates and polarizers. Chiral SFG is particularly useful
for probing biomolecules because most secondary structures
are chiral, such as 𝛼-helices and 𝛽-sheets. These chiral
macromolecular structures are expected to show a strong
chiroptical response in chiral SFG while the solvent and
other molecules lacking macroscopic chiral structures are
silent in the chiral SFG spectra. Thus, chiral SFG spectra of
biomacromolecules are less affected or distorted by signals
from solvent or other achiral molecules, simplifying the
spectral analysis and interpretation.
The choice of surface platform is another important factor
for efficiently probing biomolecules at interfaces. For studies
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Scheme 3: Illustration of adsorption of hIAPP on a lipid monolayer and the SFG experiment for probing the hIAPP aggregations at the
lipid/water interface. Adapted from [62] with permission. Copyright 2010 American Chemical Society.

of hIAPP, there are two applicable surface platforms that
allow for probing the lipid/aqueous interfacial region [83].
One surface platform is made by spreading a lipid monolayer
onto the water surface [31], while the other is made by
fabricating a supported lipid bilayer on a solid substrate,
using the Langmuir-Blodgett (LB)/Langmuir-Schaefer (LS)
method [51]. Both platforms have been widely used as
mimics of biomembranes. Here, we will focus on the hIAPP
studies that have been carried out using the platform of lipid
monolayer. Briefly, the experimental procedure (Scheme 3)
[62] starts with adding hIAPP to an aqueous buffer and then
spreading the lipid monolayer at the air/water interface. The
hIAPP will adsorb at the interface and interact with the lipid
membrane. SFG spectroscopy can then be used to monitor
lipid-induced conformational changes in hIAPP in situ and
in real time at the interface.

3. SFG Probes the Early Stages of hIAPP
Aggregation at Membrane Interfaces
The early stages of hIAPP aggregation at interfaces involve
hIAPP-membrane interactions associated with the pathogenic mechanism of type II diabetes [6, 84, 85]. However,
it has been challenging to probe how hIAPP adsorbs onto
the interface and whether hIAPP undergoes structural and
orientation changes that might induce toxicity to pancreatic
𝛽-cells. Previous studies of the early stages of hIAPP aggregation mainly focused on bulk detection using methods such
as CD, NMR, 2D-IR, and fluorescence spectroscopy that are
not surface-sensitive or require spectroscopic labeling [9].
To overcome these challenges, Winter and coworkers
applied infrared reflection absorption spectroscopy (IRRAS)
and found 𝛽-sheets structures formed in the process of
hIAPP aggregation at the air/water interface with a negatively
charged lipid [31]. Inspired by the earlier IRRAS work, our
group used SFG spectroscopy to probe hIAPP aggregation
at membrane surfaces in situ and in real time monitoring
the amide I and N-H stretching vibrational modes [61,
62]. Protein structures, including 𝛼-helices and 𝛽-sheets,
are formed by hydrogen bonding interactions between the
amide and N-H groups along the protein backbone. Thus,
the vibrational frequency and line-shape of the amide I and

N-H stretching modes are sensitive markers for distinguishing protein secondary structures [86, 87]. In conventional
vibrational studies, the O-H bending and O-H stretching of
water overlap with the amide I and N-H stretching modes,
masking the characteristic bands of secondary structures,
the peak assignment, and characterization of the protein
secondary structure. In contrast, chiral SFG provides highquality vibrational spectra revealing conformational changes
previously undetectable by using conventional methods,
since it probes only the interfacial molecules without any
significant vibrational background from water solvent. Below
is a summary of such vibrational SFG studies in the amide I
and N-H stretching regions probing the early aggregation of
hIAPP upon the interaction with membrane surfaces.
3.1. hIAPP Aggregation at Interfaces Probed by Amide I
SFG Signals. First, our group has focused on experiments
for both human IAPP (hIAPP) and rat IAPP (rIAPP) that
probed the amide I region in both achiral and chiral SFG
spectra [32, 33, 61, 62, 65, 88]. The two peptides are different
by only six amino acids. Remarkably, the rIAPP does not
aggregate into amyloids, making it an ideal control system
for SFG studies. The achiral SFG spectra (Figure 1) were
collected in the absence and presence of the negatively
charged lipid dipalmitoylphosphoglycerol (DPPG). In the
absence of DPPG, both hIAPP and rIAPP show amide I peaks
at 1650 cm−1 , suggesting the presence of both peptides at
the air/water interface. Moreover, the spectra do not change
over 10 hours, suggesting no noticeable structural changes.
In contrast, with a DPPG monolayer and after incubation for
10 hours, the amide I band of hIAPP changes dramatically
in terms of both the peak position and the line-shape. In
contrast, the spectra of rIAPP remained unchanged. Since the
frequency of the amide I band varies with protein secondary
structures, the different spectroscopic responses from hIAPP
and rIAPP indicate that hIAPP exhibits structural changes
upon interaction with a DPPG monolayer, while rIAPP does
not. Figure 1 shows similar results for experiments in H2 O
and D2 O, suggesting that isotopic effects are negligible on
hIAPP aggregation.
A closer look at the spectral change of hIAPP incubated
with DPPG after 10 hours shows that the amide I peak position is blue-shifted by 10 cm−1 , from ∼1650 to ∼1660 cm−1 ,
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Figure 1: The ssp (achiral) SFG spectra of IAPPs. Human IAPP without DPPG (𝑡 = 0 h and 𝑡 = 10 h) and with DPPG at 𝑡 = 10 h at the (a)
air/D2 O and (b) air/H2 O interfaces; rat IAPP without DPPG (𝑡 = 0 h and 𝑡 = 10 h) and with DPPG at 𝑡 = 10 h at the (c) air/D2 O and (d)
air/H2 O interfaces. Adapted from [62] with permission. Copyright 2010 American Chemical Society.

and there is an additional peak at 1750 cm−1 corresponding
to the carbonyl stretch of the DPPG lipid [87]. Nonetheless,
it is still challenging to specify what structural changes
are involved at the lipid/aqueous interface. To address this
question, we applied chiral SFG.
The chiral SFG measurements (Figure 2) show more
interesting phenomena. Without the DPPG lipid, neither
hIAPP nor rIAPP shows detectable chiral SFG signal in the
amide I region. The lack of signal is not surprising since the
native structures of hIAPP and rIAPP are disordered and do
not adopt any chiral conformation. However, after incubating
with DPPG for 10 hours, hIAPP shows a strong chiral SFG
signal at 1622 cm−1 with a shoulder at 1660 cm−1 . The lowfrequency amide I band at 1622 cm−1 and a shoulder-peak

at 1660 cm−1 are characteristic of parallel 𝛽-sheets [86, 87].
Thus, these results indicate that hIAPP forms parallel 𝛽-sheets
upon the interaction with DPPG at the lipid/water interface.
Altogether, the achiral and chiral SFG studies of hIAPP in
the amide I region demonstrate that both hIAPP and rIAPP
can adsorb onto the air/water interface. Furthermore, hIAPP
undergoes structural changes from disordered structures to
parallel 𝛽-sheets upon the interaction with the surface of
a lipid monolayer. Moreover, as a control system, rIAPP
remains unchanged with and without lipid at the surface,
revealing clear differences in the behavior of hIAPP and
rIAPP at the lipid/aqueous interface. Detailed analyses of
these spectral data have provided structural, kinetic, and
orientation information, discussed in the following sections.

Journal of Diabetes Research

SFG intensity (a.u.)

SFG intensity (a.u.)

6

1600

1600

1700
1650
−1
Wavenumber (cm )

−1

1700

hIAPP without DPPG 0 h
hIAPP without DPPG 10 h
hIAPP with DPPG 10 h

hIAPP without DPPG 0 h
hIAPP without DPPG 10 h
hIAPP with DPPG 10 h

(a) Air/D2 O

(b) Air/H2 O

SFG intensity (a.u.)

SFG intensity (a.u.)

1650

Wavenumber (cm )

1650
1700
−1
Wavenumber (cm )
rIAPP without DPPG 0 h
rIAPP without DPPG 10 h
rIAPP with DPPG 10 h

1600

(c) Air/D2 O

1600

1650

−1

1700

Wavenumber (cm )
rIAPP without DPPG 0 h
rIAPP without DPPG 10 h
rIAPP with DPPG 10 h
(d) Air/H2 O
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air/D2 O and (b) air/H2 O interfaces; rat IAPP without DPPG (𝑡 = 0 h and 𝑡 = 10 h) and with DPPG at 𝑡 = 10 h at the (c) air/D2 O and (d)
air/H2 O interfaces. Adapted from [62] with permission. Copyright 2010 American Chemical Society.

3.2. SFG Allows for Kinetic Studies of hIAPP Misfolding at the
Early Stage. The chiral and achiral SFG spectra have been
collected over time (Figure 3) [61, 62] to explore the kinetics
of aggregation of hIAPP at the interface. Figure 3(a) shows
that during the aggregation process the achiral amide I band
of hIAPP gradually shifts to higher frequency with increased
intensity, suggesting conformational changes in hIAPP. The
increase in intensity reflects more ordered structures of
hIAPP aggregates because SFG signals are sensitive to the
ordering of the molecules at interfaces. Figure 3(b) shows that
the chiral amide I signal at 1622 cm−1 starts emerging after
three hours and keeps increasing with an appearance of a
shoulder-peak at 1660 cm−1 . This result not only suggests the
formation of parallel 𝛽-sheets but also confirms the ordering
of hIAPP during the aggregation process.

The successful use of the amide I band to probe the
kinetics of 𝛽-sheet formation in hIAPP inspired us to use
SFG signals from the peptide backbone in other vibrational
regions, such as N-H stretching (amide A) [61]. We probed
the chiral N-H stretching signals of hIAPP during the
aggregation process of hIAPP under the same experimental
conditions and observed unique spectral features. The chiral
SFG spectra in Figure 3(c) show that initially there are no NH stretching signals, but a peak at 3280 cm−1 gradually builds
up and reaches a maximum value after roughly three hours
of interaction with DPPG and then slowly vanishes after
10 hours. This transient chiral N-H stretching signal clearly
reveals an intermediate in the hIAPP aggregation process.
To investigate further the structure of this intermediate, we
obtained the chiral N-H stretching spectra of several model

Journal of Diabetes Research

7
hIAPP + DPPG
3285 cm−1
559 min

psp hIAPP + DPPG H2 O

ssp hIAPP + DPPG H2 O

SFG intensity (a.u.)

SFG intensity (a.u.)

SFG intensity (a.u.)

448 min
226 min

181 min
158 min
86 min
15 min

1600

1650

1700

−1

1750

1600

Wavenumber (cm )
308 min
335 min
572 min

5 min
30 min
135 min

1650
1700
−1
Wavenumber (cm )

3200
3300
−1
Wavenumber (cm )

437 min
462 min
554 min

18 min
200 min
346 min

(a)

3100

(b)

(c)

Figure 3: Kinetics of human IAPP aggregates at the lipid/H2 O interface probed by time-dependent SFG spectra in the amide I region using
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proteins in 𝛼-helical structures. We concluded that the chiral
SFG N-H stretching mode at 3280 cm−1 is due to 𝛼-helical
structures [61]. A combination of the results of kinetic studies
using the amide I (Figure 3(b)) and N-H stretching bands
(Figure 3(c)) reveals an important finding: the appearance
of the N-H stretching peak reaches a maximum and starts
to disappear prior to the accumulation of the chiral amide I
signal (Figure 4(a)), providing a molecular picture of hIAPP
misfolding at membrane surfaces, where hIAPP initially
adsorbs to the membrane surface as a random coil and then
forms 𝛼-helical intermediates, which subsequently convert
into parallel 𝛽-sheet aggregates.
As the first kinetic study using chiral and achiral SFG
to probe conformational changes of proteins at interfaces
in situ and in real time, the above studies demonstrate
SFG as a method of high selectivity and sensitivity not
only for characterizing protein secondary structures but
also for studying the kinetics of conformational changes at
interfaces. The N-H stretching and amide I bands are two
well-separated vibrational regions that can be used synergistically for revealing aspects of the molecular mechanism
of aggregation at interfaces. The kinetic data obtained at the
lipid/water interface by SFG spectroscopy can be compared
to measurements in the bulk solution based on conventional
physical methods, yielding a better understanding of the role
that the membrane surface plays in the amyloid aggregation process. This methodology is expected to find applications in testing the efficacy of drug candidates that inhibit

the aggregation of hIAPP at lipid/water interfaces, as illustrated in the following section.

4. Inhibition of the hIAPP Aggregation at
Membrane Surface
Several studies have shown that the aggregation of hIAPP
is associated with the disruption of membrane integrity
and death of pancreas cells [9, 11, 12]. Hence, the search
for inhibitors of hIAPP aggregate formation has been a
strategy explored for drug development [77, 89]. Previously,
most of the screening of drug candidates inhibiting hIAPP
aggregation has been tested in the bulk aqueous solution.
However, inhibitors that work in the bulk may have low
efficacy on membrane surfaces. Bonn and coworkers applied
SFG to address this issue [64] and have confirmed that
the surface indeed plays an important role in reducing the
inhibition of hIAPP aggregation by drug candidates.
4.1. EGCG Shows Less Inhibition of hIAPP Fibril Formation at Interfaces. Bonn and coworkers studied (−)epigallocatechin gallate (EGCG) as an inhibitor for hIAPP
aggregation and compared its effects in the bulk solution
and on membrane surfaces [64]. EGCG is a natural product
found in green tea and belongs to a class of inhibitors
containing polyphenols. Previous studies showed that EGCG
can effectively inhibit the misfolding and fibrillation of hIAPP
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Figure 4: The misfolding pathway of hIAPP on membrane surfaces. (a) Chiral SFG intensities of the chiral N-H stretching (3280 cm−1 )
and amide I signals (1620 cm−1 ) as a function of time from triplicate experiments. (b) The model mechanism on hIAPP aggregation at the
membrane surface: adsorption of disordered hIAPP onto membrane leads to formation of 𝛼-helical intermediates which are then converted
to 𝛽-sheet aggregates. Adapted from [61] with permission. Copyright 2011 American Chemical Society.

and even disaggregate 𝛽-sheet-rich amyloids in the bulk
solution [90, 91]. However, the inhibitive effect of hIAPP at
the interface remains unclear.
Bonn and coworkers combined achiral SFG spectroscopy
with thioflavin T (ThT) fluorescence and atomic force
microscopy (AFM) for bulk analysis to examine the effect
of EGCG on inhibiting hIAPP aggregation at the lipid/water
interface [64]. They used the amide I band of hIAPP in the
achiral SFG spectra to monitor the kinetics of the formation
of 𝛽-sheet fibrils. In the absence of EGCG at the lipid/water
interface, the time-dependent SFG spectra (Figure 5(d))
show blue-shifts in peak position and increasing intensities
of amide I band, similar to the observations made by Fu et al.
(Figure 3(a)). In the presence of EGCG, blue-shifts in peak
positions can still be observed (Figure 5(e)), indicating the
formation of 𝛽-sheets. This is confirmed by the AFM images
of the sample at interfaces transferred onto mica. The AFM
images show the formation of fibrils on the film made from
hIAPP at the air/water interface with lipid in the presence
of EGCG after incubating for ∼17 hours (Figure 5(c)). The
extent of fibril formation is similar to that in the absence
of EGCG (Figure 5(b)). The results at the interface elicit the
hypothesis that EGCG has a reduced inhibitive effect on
hIAPP aggregation at the lipid/water interface.
To test this hypothesis, a comparison is made for the
inhibitive effect of EGCG on hIAPP aggregation at the
interface versus in the bulk. The amount of 𝛽-sheets formed at
the lipid/water interface in both the presence and the absence
of EGCG is quantitatively estimated by the deconvolution
of each time-dependent spectrum using the Lorentzian lineshape fitting. The time-dependent 𝛽-sheet component deconvoluted from the SFG spectra is plotted in Figure 6(a) (⬦
and ◻ curves), along with the time-dependent fluorescence
intensity from hIAPP aggregates in the bulk (× and + curves).
The flat + curve in Figure 6(a) suggests a lack of amyloid
fibril formation in the bulk in the presence of EGCG, which
is further confirmed by the AFM image in the presence

(Figure 6(c)) of EGCG. Therefore, both the fluorescence and
the AFM results indicate a strong inhibition of EGCG on
hIAPP aggregation in the bulk. On the other hand, the
𝛽-sheet component deconvoluted from the SFG spectra is
still increasing with time at the lipid/water interface in
the presence of EGCG (Figure 6(a), ◻ curve). The above
comparison demonstrates that the inhibitive effect of EGCG
on hIAPP is indeed reduced at the interface.
4.2. Consideration of Membrane Effects for Drug Design. The
reduced efficacy of EGCG as an inhibitor at membrane
surfaces may be due to the role of the surface in controlling
the structure, orientation, and dynamics of the aggregation
process. The proposed inhibitory mechanism for EGCG
involves the binding of the phenol groups to the hydrophobic
aromatic side chains of hIAPP. In the bulk, both the inhibitor
and the hIAPP diffuse freely. Thus, the inhibitor may bind
to the hIAPP aromatic groups more effectively. At the
amphipathic membrane-water interface, however, hIAPP is
anchored with a specific orientation leaving the hydrophobic
𝛽-strands pointing towards each other, buried inside the
membrane phase, while the hydrophilic side chains make
contact with water solvent and the lipid polar head groups.
This specific orientation suppresses free diffusion of hIAPP
and makes it difficult for EGCG to bind. On the other hand,
the small EGCG molecules with multiple phenol groups are
more soluble in the bulk, potentially leading to low surface
population, which further reduce its efficacy.
The SFG study demonstrates that the effect of the surface
can be a critical factor to be considered in the drug design
for type II diabetes. The pathogenic origin of type II diabetes
has been proposed to be linked to the hIAPP aggregation
process and the disruption of membrane integrity [5]. Therefore, it is important to screen drug candidates that might
affect aggregate/membrane interactions, by changing the
hIAPP interfacial orientation, conformation, or dynamics.
The resulting conformational changes could be probed by
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Figure 5: Kinetics study using AFM and SFG measurements during hIAPP aggregation at the phospholipid interface in the presence, or
absence, of EGCG. AFM images of hIAPP with lipid for (a) 10 and (b) 1020 min in the absence of EGCG and (c) AFM image after hIAPP
aggregation in the presence of EGCG for 1020 min. SFG spectra of hIAPP with phospholipid in the amid I region (d) in the absence of, and
(e) in the presence of, EGCG. Adapted from [64] with permission. Copyright 2012 American Chemical Society.

SFG as described in the following section focused on the
orientation of aggregates at the lipid/water interface.

5. Orientation of hIAPP Aggregates at Lipid
Membrane Surfaces
Understanding, at the molecular level, whether hIAPP aggregates disrupt cell membranes could provide valuable insights
into the pathogenic mechanisms of type II diabetes. Disruption due to a specific orientation of the hIAPP aggregates
adsorbed on the membrane surface might increase the
membrane permeability to water and ions. However, determining the interfacial orientation of complex biomolecules
by conventional methods is challenging. In particular, complex hIAPP aggregates in the form of pleated parallel
𝛽-sheets pose significant challenges for both theory and

experiments [92–94]. We have combined molecular dynamics and divide-and-conquer ab initio quantum chemistry
calculations of hyperpolarizability derivatives with respect to
normal modes to simulate the chiral SFG spectroscopy of
hIAPP [65]. Our simulations found that the hIAPP aggregates
are neither parallel nor perpendicular to the membrane
surface but rather inserted into the lipid membrane tilted
at an angle of about 45∘ relative to the surface normal. The
resulting orientation optimizes amphiphilic interactions by
exposing hydrophilic domains of the aggregate to the aqueous
phase and hydrophobic parts to the lipids. Such “detergentlike” orientation is expected to cause significant disruption
of the cell membrane.
This section describes the theoretical and experimental
analyses of chiral SFG spectra necessary to retrieve the
orientation of the hIAPP aggregate at the interface.
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The chiral SFG spectrum of the aggregated hIAPP at
the membrane surface shows a dominant peak at 1620 cm−1
with a shoulder-peak at 1660 cm−1 in the amide I region
(Figure 7(b)). These two peaks correspond to the antisymmetric (𝐵-mode) and symmetric (𝐴-mode) bands of parallel
𝛽-sheets. Detailed analyses of the molecular symmetry and
vibrational coupling indicate that their relative ratio of
intensities (𝐼𝐵 /𝐼𝐴) is correlated with the orientation of the 𝛽sheet
 𝜒(2) 2
 𝑝𝑠𝑝,𝐵 
𝐼𝐵/𝐴 =  (2) 
 𝜒𝑝𝑠𝑝,𝐴 


(2)
2

𝛽
𝛽

𝑏𝑐𝑎,𝐵
𝑏𝑎𝑐,𝐵 
 ,
= ⟨tan2 𝜓⟩
+ (1 − ⟨tan2 𝜓⟩)
𝛽𝑎𝑐𝑏,𝐴
𝛽𝑎𝑐𝑏,𝐴 

where 𝜓 is the angle between the 𝛽-strand and the interface,
as defined in Figure 7(a). The hyperpolarizability elements
(𝛽𝑎𝑐𝑏,𝐴 , 𝛽𝑏𝑐𝑎,𝐵 , 𝛽𝑏𝑎𝑐,𝐵 ) provide the specific molecular property
of the hIAPP aggregates, with 𝑎, 𝑏, 𝑐 referring to the Cartesian
coordinates in the molecular frame of the hIAPP parallel 𝛽sheet, where 𝑏 is the direction parallel to the 𝛽-strand and 𝑐
points to the axis of propagation of intermolecular 𝛽-sheets
(Figure 7(a)). From (2), it is clear that the orientation angle 𝜓
can be determined as the value that matches the experimental
ratio of SFG intensities for the 𝐵 and 𝐴 bands (𝐼𝐵/𝐴 ). The
intensity ratio is measured to be 4.8 from the fitted amide
I spectrum (Figure 7(b)). Consequently, knowing the values
of three hyperpolarizability elements (𝛽𝑎𝑐𝑏,𝐴 , 𝛽𝑏𝑐𝑎,𝐵 , 𝛽𝑏𝑎𝑐,𝐵 ) in
(2) allows the determination of the average orientation (𝜓)
determined by SFG spectroscopy.
We have applied a divide-and-conquer approach that
fragments the hIAPP aggregate into domains amenable to

quantum chemistry calculations and computes the hyperpolarizability elements of the constituent fragments at the
density functional theory (DFT) level. Specifically, the NMR
structure [18] was divided into 16 tripeptide pairs in the 𝛽sheet region, and the hyperpolarizability of each tripeptide
pair was calculated by DFT (Figure 7(c)). The overall hyperpolarizability of hIAPP aggregates is then integrated from
the hyperpolarizability elements of the individual tripeptide
pairs. The plot of the intensity ratio of the amide I peaks as
a function of the orientation of the parallel 𝛽-sheet shows
that the orientation 𝜓 = 45–48∘ has the best agreement with
experimental data, suggesting that the hIAPP aggregates orient with the 𝛽-strand at 𝜓 ≈ 45∘ from the surface. The tilted
orientation of hIAPP 𝛽-sheet aggregates at the lipid/water
interface suggests that significant disruption might be caused
on the lipid membrane. These findings are supported by
molecular dynamics simulations that analyzed the orientation and stability of hIAPP aggregates at DPPG/water
interfaces [14]. The simulation shows that hIAPP gets inserted
into lipid monolayers at about 𝜓 = 40∘ and in lipid bilayers at
a tilted angle of 𝜓 = 60∘ , as shown in Figure 8, leading to water
permeation and Na+ percolation through the membrane
supporting the hypothesis of ion-cytotoxicity for islet 𝛽-cells
[14].
These molecular dynamics simulations support the
unique capabilities of chiral SFG spectroscopy for probing
the orientation of 𝛽-sheet amyloid aggregates, providing
fundamental insights that should be particularly relevant
for understanding amyloid diseases at the molecular level.
The combination of computational modeling and SFG spectroscopy thus provides a valuable methodology to identify potential noncompetitive inhibitors that might change
the conformation and orientation of hIAPP aggregates and
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Figure 7: Determination of the orientation of human IAPP aggregates at the lipid/water interface. (a) Definition of three orientation angles
(𝜙, 𝜃, 𝜓) for Euler transformation from the laboratory to the molecular frame. (b) psp (chiral) SFG spectrum of hIAPP aggregates in the
amide I region. 𝐴 and 𝐵 denote the characteristic peaks for amide I symmetric and antisymmetric modes. (c) Scheme showing the divideand-conquer method for simulations of the SFG spectra from calculations of hyperpolarizability derivatives with respect to normal mode
displacements in human IAPP aggregates. (d) Relationship between the intensity ratio of the 𝐵 mode to the 𝐴 mode and orientation angle 𝜓.
The blue curve is obtained analytically from (1), and the red curve is obtained numerically. (e) Chiral SFG spectra of human IAPP aggregates
simulated for various orientations at the interface. (f) Visualized orientation of the human IAPP aggregates at the lipid/aqueous interface.
Adapted from [65] with permission. Copyright 2012 Elsevier.

consequently reduce their toxicity as implicated in amyloid
diseases.

6. Perspectives and Challenges of SFG in
Biological and Medical Applications
In summary, we have reviewed the application of SFG
spectroscopy to study the amyloidogenesis of hIAPP interacting with membrane surfaces [14, 61, 62, 64, 65]. We
have shown that SFG can reveal structural and dynamic
information characterizing the formation of aggregates in
situ and in real time by using different polarization settings
and probing in different vibrational regions. The versatility
of SFG experiments also provides ample information that
allows for elucidating the orientation of hIAPP aggregates at
the water/lipid interface. With the capabilities of probing and
characterizing structure, orientation, and dynamics, studies
based on SFG spectroscopy can provide valuable insights
into membrane/protein interactions that are critical to a wide
range of pathological diseases, including amyloidogenesis
and cytotoxicity to pancreas 𝛽-cells leading to the onset of
type II diabetes. Based on these findings, potential drug
candidates that specifically target the early aggregation of
hIAPP at the membrane/water interface are currently being
proposed and tested by using SFG spectroscopy to guide the
rational design of drugs for treatment of type II diabetes.
Studies of other amyloid diseases such as Alzheimer’s,
Parkinson’s, Huntington’s, and Prion diseases could also
benefit from SFG techniques. In fact, Luo and coworkers have
already applied SFG to study the membrane-mediated structural change of prion protein fragments and characterized the
concentration dependence of structures and orientation for

prion oligomers [95]. In addition, Weidner and coworkers
have performed SFG studies to investigate oligomerization of
lysozyme at membrane surfaces, where they simultaneously
monitored conformational states of lysozyme and the organization of lipid molecules in contact with aqueous buffer at
various values of pH [63].
It is foreseeable that SFG spectroscopy can be extended
to a wider range of studies critical for the mechanistic
understanding of amyloid diseases and drug development.
Potential applications include studies of the interactions of
amyloid proteins with components in cell membranes (e.g.,
cholesterol, membrane protein, and glycolipid) [96]; other
relevant biomolecules (e.g., insulin [97] and sphingolipid);
and potential drug candidates (e.g., small aromatic organic
molecule and peptide analogue of amyloid protein). Those
applications could provide valuable insights into amyloidogenic intermediates during the onset of membrane diseases.
Given the potential applications of SFG in the investigation of amyloidogenesis, two major challenges remain in
order to develop SFG into a general biophysical tool for
biological and biomedical research. These challenges include
the development of efficient methods for acquisition of highquality spectroscopic data and unequivocal interpretation
of the spectra. On one hand, experimentalists in the SFG
field have been striving to improve the instrumentation
for SFG spectroscopy to enhance the quality of the data.
Broad bandwidth and even ultrabroad bandwidth SFG spectroscopy have been developed to cover a wider vibrational
frequency range with one-shot measurement [56], shortening the time for spectral acquisition and rendering it
possible to monitor kinetics of structural and orientational
changes. High-resolution SFG spectroscopy can characterize
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surfaces and interfaces with unprecedented subwavenumber (<1 cm−1 ) resolution [98], providing detailed molecular information necessary to understand structure/function
relations in physical and biological processes [99–101]. In
addition, heterodyne-detected SFG spectroscopy has been
developed to enhance the signal level of SFG spectra [102–
107]. Moreover, 2-dimensional SFG spectroscopy and SFG
microscopy have emerged as complementary techniques
for the characterization of couplings and interactions in
biomolecules [108–110]. On the other hand, theoretical methods for modeling SFG spectroscopy are critical for the
interpretation of the SFG data. Methodologies that combine

the essence of traditional theories of vibrational spectroscopy
and the power of high-performance computing continue
to be improved for more efficient calculations [111, 112]
that provided rigorous first-principle interpretations of the
experimental data in terms of structure/orientation relations
of biological systems at interfaces. Efforts have been focused
on accurate computations of molecular hyperpolarizabilities for different secondary structures of proteins, critical
for extracting information about molecular orientation at
membrane surfaces. These advancements made by strong
collaborations between experimentalists and theoreticians in
the field of SFG spectroscopy are expected to continue to
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produce valuable insights into a broad range of problems in
chemical, biological, and biomedical sciences.

[13] J. D. Knight and A. D. Miranker, “Phospholipid catalysis of
diabetic amyloid assembly,” Journal of Molecular Biology, vol.
341, no. 5, pp. 1175–1187, 2004.
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Increasing evidence suggests that the interaction of human islet amyloid polypeptide (hIAPP) with lipids may facilitate hIAPP
aggregation and cause the death of pancreatic islet 𝛽-cells. However, the detailed hIAPP-membrane interactions and the influences
of lipid compositions are unclear. In this study, as a first step to understand the mechanism of membrane-mediated hIAPP
aggregation, we investigate the binding behaviors of hIAPP monomer at zwitterionic palmitoyloleoyl-phosphatidylcholine (POPC)
bilayer by performing atomistic molecular dynamics simulations. The results are compared with those of hIAPP at anionic
palmitoyloleoyl-phosphatidylglycerol (POPG) bilayers. We find that the adsorption of hIAPP to POPC bilayer is mainly initiated
from the C-terminal region and the peptide adopts a helical structure with multiple binding orientations, while the adsorption
to POPG bilayer is mostly initiated from the N-terminal region and hIAPP displays one preferential binding orientation, with its
hydrophobic residues exposed to water. hIAPP monomer inserts into POPC lipid bilayers more readily than into POPG bilayers.
Peptide-lipid interaction analyses show that the different binding features of hIAPP at POPC and POPG bilayers are attributed to
different magnitudes of electrostatic and hydrogen-bonding interactions with lipids. This study provides mechanistic insights into
the different interaction behaviors of hIAPP with zwitterionic and anionic lipid bilayers.

1. Introduction
Many human diseases, such as type II diabetes mellitus,
Alzheimer’s disease, Parkinson’s disease, and Huntingdon’s
disease, are associated with protein aggregation and amyloid
formation [1–4]. In type II diabetes mellitus, the cytotoxicity is most likely related to membrane damage, which
leads to attrition of insulin-producing 𝛽-cells [5–7]. The
primary component of islet amyloid and actual fibril-forming
molecule is human islet amyloid polypeptide (hIAPP or
amylin), a 37-residue peptide which is synthesized in pancreatic islet 𝛽-cells and cosecreted with insulin. The normal
physiological role of hIAPP is still unclear, but it is believed to
have correlations with gastric emptying, suppression of food
intake, and glucose homeostasis [8–10].
Like other amyloidogenic peptides, it is believed that
hIAPP forms amyloid deposits via a nucleation-dependent
aggregation pathway characterized by a lag phase associated

with the formation of a nucleus [11]. The early intermediates
were reported to play important nucleating roles in hIAPP
fibrillation and NMR experimental studies have shown that
these intermediates are large in size [12–16]. Increasing
evidence suggests that the prefibrillar intermediates, such as
oligomers and protofibrils, are the primary toxic species to
trigger pathological processes [12–14], while mature amyloid
fibrils themselves exert only a minimal cytotoxic effect on
pancreatic 𝛽-cells [17–19]. When hIAPP interacts with membranes, its aggregation can be dramatically accelerated. The
intermediate oligomers as well as the fibrillization process can
disrupt membrane integrity and thereby cause toxicity [20–
22].
Experimental studies reported that monomeric hIAPP
exhibits predominantly a random coil conformation in aqueous solution, and residues 8∼19 of the peptide transiently
adopt an 𝛼-helical structure [23–25]. In the presence of
lipid membranes, hIAPP initially binds to the membrane
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in a helical state [21, 26]. Electron paramagnetic resonance
(EPR) spectroscopy study showed that the 𝛼-helical region
of hIAPP at neutral pH spans residues 9∼22 and is oriented
parallel to the surface of large unilamellar vesicles containing
negatively charged lipids [27]. An earlier nuclear magnetic
resonance (NMR) study demonstrated that residues 7∼17 and
21∼28 adopt helical structure in sodium dodecyl sulfate (SDS)
detergent micelles [28]. As the concentration of membranebound peptides rises, hIAPPs cooperatively convert from 𝛼helical intermediates to 𝛽-sheet aggregates [24, 29–31]. It
was reported that the N-terminal 1∼19 fragment of hIAPP
is primarily responsible for membrane interaction, while
the amyloidogenic 20∼29 fragment is mainly responsible
for fibrillar aggregates [26, 32, 33]. These hIAPP aggregates
may reconstitute membranes and form amyloid ion channels,
which would mediate ion transport and destabilize the
cell ionic homeostasis [5, 34–36]. Nonselective ion channel
activity of polymorphic hIAPP double channels was reported
recently by experimental and MD simulation studies [37,
38]. In addition, previous experiments demonstrated that
the toxic hIAPP and its variants primarily interact with the
curved regions of the membrane [39], and lipids of phosphatidylethanolamine (PE) type exhibit intrinsic curvature
strain [40], indicating that membrane curvature may play
very important roles in the polymerization of hIAPP. Porelike structures and channel activities are also reported in
the studies of cytotoxicity induced by A𝛽 and PrP [35, 41].
Lipid composition was suggested to be one of the major
factors that influence hIAPP aggregation, and the presence
of membranes that contain negatively charged lipids, such
as phosphatidylglycerol (PG) or phosphatidylserine (PS), can
significantly accelerate the aggregation process [13, 27, 29, 42,
43]. However, the effect of lipid composition on the structures
and orientations of hIAPP on membrane surface at atomic
level are not well understood.
On the computational side, several studies have investigated the structures of monomeric/oligomeric species of fulllength and the fragments of hIAPP in aqueous solution [44–
51] and in membrane environment [52–55]. Our previous
study demonstrated that monomeric hIAPP has a preferential
orientation on anionic palmitoyloleoyl-phosphatidylglycerol
(POPG) bilayers [56]. As a first step to understand how
lipid composition modulates the aggregation of full-length
hIAPP, in this study, we investigate the binding orientation and membrane interaction of hIAPP at zwitterionic palmitoyloleoyl-phosphatidylcholine (POPC) bilayer by
conducting multiple atomistic MD simulations and then
compare the results with those obtained at anionic POPG
bilayers. Through the comparison of binding behaviors and
lipid interactions of monomeric hIAPP at POPC and POPG
bilayers, we try to understand at atomic level the membranemodulated hIAPP aggregation in the membrane environment.

ILSST30 NVGSNTY, with the Cys2 and Cys7 forming a
disulfide bond that constrains the first four residues in a
disordered hairpin loop. To mimic experimental conditions,
the N-terminus was charged and the C-terminus was
amidated. At neural pH, the side chains of Lys1 and Arg11
are positively charged. We constructed the zwitterionic
membrane using POPC lipids because phosphatidylcholine
(PC) is the most abundant phospholipids in pancreatic islets
[57]. This model membrane consists of 2 × 64 POPC lipids
and the initial atomic coordinates were obtained from a
previous computational study of a neat POPC lipid bilayer
by Tieleman and Bentz [58]. Na+ and Cl− ions were added
to neutralize the system and provide an additional 0.1 M salt
concentration.
Numerous experimental studies reported that hIAPP
adopt predominantly 𝛼-helical structure when initially
bound to the membrane [21, 23–27]. Consistently, a recent
spectroscopic study reported that hIAPP transiently sample
an 𝛼-helical structure in solution that becomes fully stabilized
when bound to the surface of a membrane containing
negatively charged lipids [59]. As the time scale for protein
folding at water/membrane interface is on the order of
milliseconds to seconds, it is still out of reach to sample
conformational transition from a random coil to a helical
structure at physiological temperature. Therefore, we took
one of the NMR-derived conformations (pdb ID: 2KB8)
solved in SDS micelles [60] as the starting point of our
MD simulations, as done in previous studies [54, 61–63].
This NMR-derived conformation is not a fully folded 𝛼helix. It consists of a helix running from residue 5 to 28
and disordered structures for the N-terminal residues 1–4
and the C-terminal residues 29–37 [60]. The choice of an 𝛼helical conformation as a starting structure in our study is
an MD strategy to speed up the simulation outcome as the
time for coil-to-helix transition at water/membrane interface
is on the order of milliseconds to seconds. Although the
interfacial folding of shorter peptides could be probed by
replica-exchange molecular dynamic (REMD) simulations as
we did for hIAPP(1–19) in our recent study [64], it would
be too expensive for a peptide of 37 residue with current
computational resources.
The helical region of hIAPP monomer was initially
orientated parallel to the membrane surface with a minimum
distance ≥1.4 nm between the peptide and the POPC bilayer.
We chose four different starting orientations of hIAPP with
respect to POPC bilayer surface (see Figure 1) so that the
peptide was allowed to adjust itself before adsorption to the
bilayer surface. In the initial state of S(0), the side chain of
residue K1 points toward the membrane surface. The initial
state S(90), S(180), and S(270) were generated by rotating the
hIAPP peptide in S(0) by 90∘ , 180∘ , and 270∘ around the axis
of the helix, respectively. Each hIAPP-membrane system was
immersed in a SPC water [65] box.

2. Materials and Methods

2.2. Simulation Details. All MD simulations have been performed in the isothermal-isobaric (NPT) ensemble using
the GROMACS 3.3.3 software package [66]. Currently, several force fields are available for protein-lipid system, such as

2.1. Peptide-Membrane System. The amino acid sequence
of hIAPP is KCNTATCATQ10 RLANFLVHSS20 NNFGA
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S(90)
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Figure 1: Four different initial states of simulated hIAPP-POPC systems. The side chain of residue K1 in S(0) points toward the POPC
membrane surface. The other orientations of hIAPP are generated by rotating the hIAPP helix in (a) by 90∘ , 180∘ , and 270∘ around the helix axis.
The other three different initial states are labeled as S(90), S(180), and S(270), according to the rotation angle. The peptide is shown in cartoon
representation, with the helix (residues 5–28) in purple, the coil in orange and the other secondary structure in cyan. Bond representation is
given for each amino acid residue, except for K1 in van der Waals (vdW) representation. The lipids are shown in grey line representation and
phosphorus atoms as tan spheres. For clarity, counterions and water molecules are not shown.

GROMOS87/Berger, OPLS-AA/Berger, AMBER99sb-ILDN/
SLIPIDS, GROMOS54A7, and CHARMM36 [67–73]. The
GROMOS force field and Berger force field have been widely
used for proteins and lipids, respectively. Berger force field
borrowed the standard parameters of the GROMOS force
field for bonds, valence angles, improper dihedrals, and the
dihedral angles in the headgroup region of lipids. Thus, the
combination of GROMOS force field with Berger force field
is appropriate for peptide-membrane system. The lipid is
described with the Berger force field [68], and the peptide
is described with GROMOS87 force field [67]. The POPC
parameters used in this study have the correction on the
double bond suggested by Bachar et al. [74]. The time step
used in MD simulations is 2 fs. Peptide bonds are constrained
by the LINCS algorithm [75] and water geometries are
constrained by SETTLE [76]. Berendsen’s coupling protocols
were used for pressure and temperature couplings [77]. The
pressure is maintained at 1 bar using a semi-isotropic scheme
in which the lateral and perpendicular pressures are coupled
separately with a coupling constant of 1.0 ps and a compressibility of 4.5 × 10−5 bar−1 . The temperature of the system
is maintained at 310 K with a coupling constant of 0.1 ps,
above the gel-liquid crystal phase transition temperature ∼
270 K of POPC and POPG lipid bilayers [78, 79]. Long-range
electrostatic interaction is calculated using the Particle Mesh
Ewald (PME) method [80] with a real space cutoff of 1.2 nm,
as recommended for membrane simulations, especially for
those involving charged lipids [81]. van der Waals interaction
is calculated using a cutoff of 1.4 nm. Three independent 120
ns MD runs were carried out for each system starting from the
four initial states, using different initial velocity distributions.
2.3. Analysis. We analyze the MD trajectories using our inhouse-developed codes and the GROMACS facilities. The 𝑧position of each amino acid residue is described by the 𝑧component of the main chain or side chain centroid with
respect to the average 𝑧-position of the phosphorus atoms.

A residue is considered to be the one closest to the bilayer
surface if the 𝑧-position of its centroid is the smallest among
all the residues. The number of hydrogen bonds (H-bonds)
is calculated using Gromacs tool g hbond. A H-bond is
considered to be formed if the distance between N (H) and
O is less than 0.35 (0.25) nm and the angle of N–H. . .O is
greater than 150∘ . This geometrical criterion for hydrogenbond formation is widely used in many previous studies
[55, 63, 82–87]. The interaction energy 𝑈 between peptide
and lipid is computed using the GROMACS tools g ener and
mdrun-rerun (using the formula 𝑈inter = 𝑈(peptide + lipid) −
𝑈(peptide) − 𝑈(lipid)). To examine the effect of hIAPP on
the ordering of bilayer surface, we calculate the thickness of
lipid bilayer and the order parameter 𝑆CD of the lipid acyl
chain (sn-1). The thickness of lipid bilayer is estimated by
the average of the phosphorus-to-phosphorus distance [82].
All of the snapshots are displayed using the VMD program
[88]. Trajectory data of hIAPP monomer at POPG bilayer
membrane are obtained from our previous study [56]. The
initial relative orientations of the peptide with respect to the
membrane surface are the same for POPC and POPG lipid
bilayers.

3. Results and Discussion
3.1. Adsorption of hIAPP Monomer from Aqueous Solution
to the POPC Bilayer Is Mostly Initiated from the C-Terminal
Residues. We have calculated the 𝑧-position of the centroid
of each residue with respect to the POPC bilayer surface
and present the closest residue index as a function of time
in Figure 2. We observe that in 11 out of 12 MD runs, the
C-terminal residues are observed to adsorb to the POPC
bilayer surface prior to the N-terminal residues, namely,
the adsorption of hIAPP monomer is initiated from the Cterminal residues. This membrane adsorption behavior of
hIAPP may be attributed to the dipole-dipole interaction
between the polar residues (such as Ser34, Asn35, and Thr36)
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Figure 2: Index of residues closest to the POPC membrane surface as a function of time. A residue is considered to be the one closest to the
bilayer surface if the 𝑧-position of its centroid is the smallest relative to the average 𝑧-position of the phosphorus atoms. In water solution,
the closest residue index varies with time; once the peptide adsorbs to the membrane surface, the index of the residue closest to the POPC
bilayer rarely changes.

and the zwitterionic POPC lipids. In our previous study
[56], we observed that the positively charged residues K1 and
R11 in the N-terminal region have a preference to adsorb
to the anionic POPG lipid bilayer. Previous experimental
studies reported that the N-terminal residues are involved
in the membrane entry of hIAPP peptide [32], and result
in membrane damage at high peptide concentration [19,
89]. Our results show that the adsorption process of hIAPP
monomer to POPC and POPG bilayer membranes is distinct,
which may lead to different binding behaviors and may
influence the aggregation of membrane-bound hIAPPs.
To give the detailed adsorption process, we show in
Figure 3 the snapshots at different time points and the time
evolution of the contact number and hydrogen bond number
between residue 1∼19/20∼37 and POPC headgroups in a
representative MD run started from the initial state S(0).
It can be seen from Figure 3 that in the initial state, the
hIAPP monomer is placed in water parallel to the POPC
bilayer with the side chain of residue K1 pointing toward
membrane surface. The contact numbers between the Cterminal residues 20∼37 and POPC lipids increase with
simulation time. At 𝑡 = 12 ns, the C-terminal residues 20∼
37 adsorb to the membrane surface prior to the N-terminal
residues. Then, it takes tens of nanoseconds for residues 20∼
37 to adjust their side chains. At 𝑡 = 50 ns, hIAPP monomer
is mostly adsorbed to membrane surface and stays on the

bilayer surface in the remaining 70 ns of MD simulation. The
larger contact number of C-terminal residues 20∼37 with
POPC lipids with respect to the N-terminal residues 1∼19
indicates that the C-terminal residues 20∼37 interact with
the membrane more strongly than the N-terminal residues
1∼19. As seen from Figure 3(b), the adsorption process is
accompanied by the formation of H-bonds between hIAPP
and the headgroups of POPC lipids. Figure 3(c) gives the
time evolution of the 𝑧-position of the positively charged
residues (K1 and R11) and their interaction energy with
POPC bilayer within the first 50 ns of MD simulation. It
is observed that K1 and R11 approach to the membrane
surface at ∼50 ns (solid line in Figure 3(c)), while the Cterminal residues reach to the bilayer surface within 15 ns
(see Figure 2). In addition, the interaction energy between the
POPC bilayer and residue K1/R11 is positive during the first
40/30 ns of simulation, reflecting the existence of repulsive
interaction between the positively charged residues and the
POPC lipids in the beginning of the simulations. It is known
that a POPC lipid molecule is composed of a positively
charged choline, a negatively charged phosphate group and
hydrophobic fatty acids. Although the POPC lipid has no
net charge, the positively charged choline is located closer
to the membrane-water interface than the negatively charged
phosphate group (see Section 3.3 for more details about the
location of choline and phosphate groups), which leads to
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Figure 3: Detailed analysis of a representative MD trajectory of hIAPP adsorption to POPC bilayer surface, starting from the initial state
S(0). (a) Snapshots at 𝑡 = 0, 12, 40, and 120 ns. Each snapshot is displayed using the same representations as those used in Figure 1. (b) Time
evolution of the number of contacts and the number of H-bonds between hIAPP peptide and the POPC lipid bilayer. (c) Time evolution of 𝑧position and interaction energy between lipid bilayer and the negatively charged residues K1 (black) and R11 (red). The solid and dashed lines
correspond to 𝑧-position and interaction energy, respectively. We only present the data of first 50 ns in order to show the initial adsorption
process clearly.

net repulsive interactions during the adsorption process. This
net repulsive interaction disfavors the N-terminal residues
to adsorb first to the membrane surface, which explains
the observed C-terminal-initiated adsorption behavior (see
Figure 2). These results provide the first step of hIAPPmembrane interactions. Interestingly, both insertion and
some helical folding were observed in our recent REMD
study on hIAPP(1–19) peptide [64]. Based on the results
of our REMD study [64], we deduce that the next step of
hIAPP-bilayer interaction might proceeds through insertion
of partially ordered structures followed by helical folding
within the interface [90, 91]. However, the exact mechanism
remains clearly to be determined.
3.2. hIAPP Monomer Displays Multiple Binding Orientations
at Zwitterionic POPC Bilayers, Different from Its Binding
Behavior at Anionic POPG Bilayers, Which Has Only One
Preferential Binding Orientation. To investigate the peptide

orientation at the membrane-water interface, we plot in
Figure 4 the 𝑧-positions of C𝛼 -atom and side chain centroid
of each residue. As experimental results have shown that
the membrane-bound hIAPP monomer adopts an 𝛼-helix
spanning residues 8∼19 [23–25], we classify the membrane
binding orientation of hIAPP into four different of orientations (labeled as Fa, Fb, Fc, and Fd) according to 𝑧-positions
of the residues in the core helix region (residues 8∼19). Our
recent MD study showed that the side chains of residues R11,
F15, and S19 insert more deeply into the anionic POPG bilayer
than their neighboring residues [56]. This binding resembles
the binding orientation Fd of hIAPP at the zwitterionic POPC
bilayer (Figure 4). However, four different membrane binding
orientations are observed for hIAPP at zwitterionic POPC
bilayers, with almost equal probability. We give in Table 1 the
initial states and the final hIAPP orientations in each MD run.
As seen from Table 1, hIAPP with the same initial orientation
can lead to different final binding orientations, and those with
different initial orientations can lead to the same final binding
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Figure 4: The 𝑧-positions of the C𝛼 atom (black) and the side chain centroid (red) of each amino acid residue of hIAPP at POPC bilayer
surface. For each membrane binding orientation (Fa, Fb, Fc, and Fd), the 𝑧-position is averaged using the last 20 ns data of each MD run (see
Table 1). The green and blue dashed lines correspond, respectively, to the average position of phosphorus atoms and that of carbon atoms of
the ester group of lipids, between which is the headgroup region of the upper leaflet. The residues that have a smaller 𝑧-position relative to
their adjacent residues in the helical 8–20 region are labeled in the figure.

Table 1: Membrane binding orientations of hIAPP monomer at
POPC bilayer. Our MD runs start from four different initial states
S(0), S(90), S(180), and S(270). For each initial state, there are three
independent 120 ns MD runs, and the final binding orientations
are identified using the data of last 20 ns. According to the residues
binding to the bilayer surface, four different binding orientations
are identified and they are named as Fa, Fb, Fc, and Fd. These four
binding orientations are given in Figure 4.
S(0)
S(90)
S(180)
S(270)

Run1
Fb
Fa
Fa
Fd

Run2
Fd
Fd
Fb
Fc

Run3
Fd
Fb
Fc
Fb

orientation. These results suggest that hIAPP monomer
adopts multiple binding orientations at POPC membrane
surface independent of its initial orientation.
To identify the important interactions that stabilize each
binding orientation of hIAPP at POPC bilayer, we plot in
Figure 5 the interaction energy between a peptide and a lipid

bilayer (per lipid). The interaction energy is decomposed into
electrostatic and van der Waals (vdW) components. As seen
from Figure 5 that hIAPPs with four binding orientations
have nearly the same vdW interaction energy with lipids, and
the electrostatic interaction energy is also similar. However,
the electrostatic interaction is much stronger than vdW
interaction, indicating that the former plays a dominant role
in stabilizing the binding of hIAPP monomer to the POPC
lipid bilayer although the net charge of a POPC lipid is zero.
Different from our result, a recent MD study by Zhao et al.
reported that the electrostatic and vdW interaction energy
between hIAPP ion-channel and a DOPC bilayer are quite
similar [37].
It is of particular interest to note that for the four
different binding orientations, the peptide-lipid electrostatic
interaction energy overlaps with each other (see the error bar
of the average value). The small differences in total peptidelipid interaction energy (the same vdW + similar electrostatic
interaction energy) allow multiple binding orientations of
hIAPP at the POPC lipid bilayer; that is to say, hIAPP has no
preferred binding orientation to the membrane surface.
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Figure 5: hIAPP-POPC interaction energy (per lipid) for hIAPP with four different binding orientations. The interaction energy is
decomposed into the vdW (black) and electrostatic (red) component, calculated using the final 20 ns data of each MD run.
1.0
POPC

V17

A13

POPG

L12
0.5

L16

z (nm)

S19
F15

0.0
R11
−0.5

−1.0

KCNTATCATQR LANF LVHS S NNFGA I L S S TNVG S NTY KCNTATCATQR LANF LVHS S NNFGA I L S S TNVG S NTY

Residue
C𝛼
Side chain

Residue
C𝛼
Side chain

Figure 6: Comparison of averaged 𝑧-positions of the C𝛼 atom (black) and the side chain centroid (red) of each amino acid residue at the
POPC (left) and POPG (right) membrane surface. The green and blue dashed lines correspond, respectively, to the average 𝑧-position of
phosphorus atoms (𝑧 = 0) and carbon atoms of the lipid ester groups.

In order to compare the binding orientations of hIAPP at
POPC bilayer with those at POPG bilayers, we plot in Figure 6
the 𝑧-position of each amino acid residue of hIAPP relative
to the average 𝑧-position (𝑧 = 0) of phosphorus atoms,
averaged over the last 20 ns of twelve independent 120 ns MD
runs. It is seen that, at the POPC membrane surface, the 𝑧position of each residues is very close to the position of lipid
phosphorus atoms (green dotted line). The similar 𝑧-position
of all residues reflects the uncertainty of peptide orientations.
At the POPG bilayer surface, the positively charged residues
K1 and R11 anchor to the bilayer surface by electrostatic
interactions, and the 𝑧-position gradually increases from the
N-terminal to C-terminal residues. The 𝑧-position of residues

in Figure 6 shows that the 𝛼-helix region (residues 5∼19) of
hIAPP is parallel to the POPG bilayer surface, with residues
R11, F15, and S19 pointing to the lipid bilayer while the
hydrophobic residues L12, A13, L16, and V17 exposed to the
water, revealing a preferred binding orientation at anionic
POPG bilayers.
3.3. hIAPP Monomer Exhibits Distinct Lipid Interactions at
Zwitterionic POPC and Anionic POPG Bilayer Membranes.
Previous experimental studies reported that the N-terminal
residues of hIAPP are mainly responsible for membrane
insertion and the C-terminal residues for fibrillar aggregation
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[26, 32]. Figure 6 shows that the whole hIAPP peptide
binds tightly to the lipid headgroups of POPC, with the Cterminal residues buried below the phosphorus atoms, thus
restraining the flexibility of the C-terminal residues. When
hIAPP monomer binds to the POPG membrane, the Cterminal residues 20∼37 are immersed in the water solution.
This allows the amyloidogenic 20∼29 region to have more
freedom than the residues inside lipid bilayer, which facilitate
peptide-peptide interaction. On the other hand, the helixhelix association of hIAPP is believed to proceed before the 𝛽sheet formation of the disordered C-terminal region [29, 92].
Our MD simulations show that hIAPP monomer exposes the
hydrophobic face of the amphipathic helical region to the
solvent when binding to POPG lipid bilayer surface. These
exposed hydrophobic residues may promote hIAPP aggregation. The preferential binding orientation of hIAPP may
be attributed to the strong electrostatic interaction between
the N-terminal positively charged residues K1 and R11 and
the negatively charged POPG lipid headgroups. When hIAPP
monomers interact with POPC lipid bilayers, their multiple
binding orientations would reduce the solvent exposure
probability of hydrophobic residues, thus disfavoring the
peptide-peptide association. These results are consistent with
experimental reports that negatively charged membranes can
promote hIAPP aggregation [29, 43].
Through detailed structural analysis, we find that
although the chemical components of POPC and POPG
lipids are similar, the locations of these components in the
membrane are different. We plot in Figure 7 the electron
density of POPC and POPG along the membrane normal
(i.e., 𝑧-axis), as done in a previous study of lipid bilayers [82].
It shows that the POPC ester, phosphate, and choline groups
are located in turn from the membrane center (𝑧 = 0) to
the water solution, while the POPG phosphate and glycerol
groups are nearly at the same depth in the membrane with
ester groups buried deeper. In addition, the peak value of
each POPC headgroup component is smaller than that of
POPG, and the average area per lipid of POPC membrane is
2
2
higher than that of POPG (61.6 ± 0.7 Å versus 54.6 ± 0.6 Å ),
consistent with previous computational and experimental
studies [82, 93, 94]. Overall, the headgroup region of the
POPC bilayer is less compact than that of the POPG bilayer,
which is helpful for the insertion of hIAPP monomer
into POPC membrane. The symmetric distributions of
POPC/POPG lipid atoms in the upper and lower leaflets
of the bilayer reveal that hIAPP monomer does not cause
membrane disruption, in agreement with experimental
observations [29, 95].
We also calculate the number of hydrogen bonds formed
between hIAPP monomer and different groups of the
POPC and POPG membrane. Figure 7(c) shows that hIAPP
monomer forms hydrogen bonds most with the phosphate
groups and less with the ester groups and least with the
glycerol groups. The formation of hydrogen bonds between
the POPC ester groups and residues N31, S34, N35, and Y37
of hIAPP (see Figure 7(c)) allow hIAPP to interact with the
hydrophobic lipid tails, which may result in the C-terminal
residues insertion deep into POPC bilayer. It is noted that

Journal of Diabetes Research
the POPC choline groups can not form hydrogen bonds
with hIAPP monomer, while the POPG glycerol groups
can. The formation of H-bonds between hIAPP and the
glycerol groups, together with the formation of H-bonds
between hIAPP and the phosphate groups, would stabilize
the specific binding orientation of the peptide at POPG
bilayer. On the other hand, the formation of these H-bonds
would constrain hIAPP monomer at the POPG membrane
surface and thus hinders the peptide inserting into the bilayer,
which might be helpful for the peptide-peptide association
through the water-exposed hydrophobic residues. This result
is resembling the results reported for an antimicrobial peptide
MSI-78 by NMR and fluorescence experiments where the
peptide insertion was measured with the variation of the
PC : PG ratio, showing that the peptide inserts more deeply
in zwitterionic lipid bilayers than that in anionic lipid bilayers
[96].
3.4. hIAPP Monomer Alters the Local Thickness but Displays
Negligible Perturbation on the Integrity of POPC Membranes.
The toxicity of hIAPP and membrane disruption are suggested to be associated with hIAPP-membrane interactions
[29, 95]. To examine the effect of membrane-bound hIAPP
monomer on the POPC membrane, we calculate the lipid tail
order parameter 𝑆CD of acyl chain 1 (sn-1) and the local membrane thickness (see Figure 8). The 𝑆CD value is calculated by
the formula 𝑆CD = 0.5⟨3cos2 𝜃 − 1⟩, where 𝜃 represents the
angle of the C–H bond vector (in the simulation) or the C–
D bond vector (in the experiment) with the bilayer normal.
The angular brackets indicate averaging over lipids and over
time [97]. As seen from Figure 8, the averaged 𝑆CD value is
within the error bar of the neat POPC lipid bilayer, implying
that lipid interaction of hIAPP monomer does not disturb the
membrane integrity. The calculated local thickness of lipid
bilayers in Figure 8(b) using different cutoff demonstrates
that hIAPP-lipid interaction influences the local thickness of
POPC bilayer. The influence can be neglected when the cutoff
is larger than 3 nm. These results suggest that the binding
of hIAPP monomer at the POPC membrane surface has
negligible disturbance on the integrity of the POPC bilayer,
which provides atomic-level evidence that membrane-bound
hIAPP monomer does not cause membrane disruption [29,
95]. However, it is expected that when the concentration of
membrane-bound peptide reaches a critical value, the hIAPPlipid interaction may cause membrane disruption.

4. Conclusions
In this study, we have investigated the binding orientation
and lipid interaction of hIAPP monomer at the zwitterionic
POPC bilayer by carrying out multiple MD simulations.
We have also examined the influence of lipid composition
on lipid binding by comparing results of hIAPP at anionic
POPG bilayer. We have found that hIAPP monomer adopts
multiple orientations at POPC bilayers while it has a preferential orientation at POPG bilayers. The specific binding
orientation of hIAPP at POPG bilayer allows the hydrophobic
residues exposed to water, thus facilitating peptide-peptide
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association by hydrophobic interactions. Our results also
show that the hIAPP monomer forms more hydrogen bonds
with the headgroups of POPG lipids, which constrains hIAPP
monomer to the POPG bilayer surfaces, while the formation
of less H-bonds allows hIAPP (especially the amyloidogenic
C-terminal residues) inserts deep into POPC bilayer, thus

reducing the probability of peptide-peptide interaction via
solvent-exposed hydrophobic residues. Our studies provide
atomic-level information of the binding behavior of hIAPP
and the effect of lipid composition on hIAPP-membrane
interactions, which may improve our understanding of
membrane-mediated hIAPP aggregation.
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The hormone islet amyloid polypeptide (IAPP, or amylin) plays a role in glucose homeostasis but aggregates to form islet amyloid
in type-2 diabetes. Islet amyloid formation contributes to 𝛽-cell dysfunction and death in the disease and to the failure of islet
transplants. Recent work suggests a role for IAPP aggregation in cardiovascular complications of type-2 diabetes and hints at
a possible role in type-1 diabetes. The mechanisms of IAPP amyloid formation in vivo or in vitro are not understood and the
mechanisms of IAPP induced 𝛽-cell death are not fully defined. Activation of the inflammasome, defects in autophagy, ER stress,
generation of reactive oxygen species, membrane disruption, and receptor mediated mechanisms have all been proposed to play
a role. Open questions in the field include the relative importance of the various mechanisms of 𝛽-cell death, the relevance of
reductionist biophysical studies to the situation in vivo, the molecular mechanism of amyloid formation in vitro and in vivo,
the factors which trigger amyloid formation in type-2 diabetes, the potential role of IAPP in type-1 diabetes, the development
of clinically relevant inhibitors of islet amyloidosis toxicity, and the design of soluble, bioactive variants of IAPP for use as adjuncts
to insulin therapy.

1. Introduction
Hyaline lesions in the pancreas were first described more than
110 years ago by Opie [1] and were later identified as amyloid.
The deposits were originally assumed to be composed of
insulin, fragments of insulin, or proinsulin, but 85 years after
Opie’s initial observation two groups independently identified the major protein component of islet amyloid as a 37residue polypeptide neuropancreatic hormone, now known
as islet amyloid polypeptide (IAPP) or amylin [2, 3] (Figure 1).
IAPP was subsequently shown to play an adaptive role in
metabolism and glucose homeostasis, helping to control
gastric emptying, glucose homeostasis, and suppression of
glucagon release and helping to regulate satiety [4–6].
IAPP has been found in all mammals studied to date
and the sequence is strongly conserved although there are

interspecies variations and these correlate with the ability to
form amyloid in vivo (Figure 1). The hormone is synthesized
as an 89-residue preprohormone and, after cleavage of the
signal sequence, the 67-residue proform is processed in the
Golgi and in the insulin 𝛽-cell secretory granule to yield the
mature hormone (Figure 2) [7, 8]. IAPP is stored with insulin
in the granule and is released in response to the stimuli that
lead to insulin secretion [9–11].
In this review we discuss the physical chemical properties
of IAPP, its normal function, the structure of the monomer,
and the amyloid fibril and then focus on amyloid formation
and the pathophysiology of IAPP. We also touch upon efforts
to design analogs of human IAPP (hIAPP) suitable for use
as adjuncts in insulin therapy. It is not possible to cover all
topics and all of the recent developments in IAPP research in
a limited review and the reader is referred to other articles
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Figure 1: Primary sequences of human CGRP and of IAPP from different species. Residues that differ from the human IAPP sequence are
in italics and underlined. The biologically active sequences all contain a disulfide bridge between Cys-2 and Cys-7 and have an amidated Cterminus. Primates and cats have been reported to form islet amyloid while, rodents, and dogs do not. Ferret and porcine IAPP are reported to
be significantly less amyloidogenic than human IAPP. The ability of cow, bear, and puffer fish IAPP to form amyloid have not been investigated.
Islet amyloid is found in the degu, a rodent, but it is derived from insulin, not from IAPP. Only partial sequences are available for rabbit and
hare.

(a) PreProIAPP:
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Figure 2: Processing of human PreProIAPP to produce mature IAPP. (a) The primary sequence of the 89-residue human PreProIAPP. The
22-residue signal sequence is shown in italics; the N- and C-terminal proIAPP flanking regions are underlined. (b) Primary sequence of the
67-residue proform of human IAPP. Pro-hIAPP is cleaved by the prohormone convertases PC(1/3) and PC2 at two conserved dibasic sites,
indicated by arrows. The amidated C-terminus is produced after further processing by CPE/PAM. (c) The sequence of the mature 37-residue
human IAPP. The biologically active peptide has an amidated C-terminus and a disulfide bridge between Cys-2 and Cys-7.
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in this issue for coverage of other topics and for alternative
views. We do not discuss efforts at inhibitor design as they
are described in other articles in this issue and have been
reviewed elsewhere [12]. A number of review articles have
been published in recent years which provide additional
information on various aspects of the biology and biophysics
of IAPP [4–6, 12–15].
Much has been learned about the role of IAPP in glucose
metabolism, and the role of islet amyloidosis in metabolic
disease, but there is still much that is unclear. The site of
initiation of amyloid formation in vivo is controversial. The
mechanism(s) of IAPP amyloid formation in vivo and in vitro
are still not understood nor are the factors which trigger
islet amyloidosis in type-2 diabetes (T2D). The nature of
the toxic species generated during IAPP amyloid formation
is not well defined and the mechanisms of 𝛽-cell death
are not completely understood. The possible role of IAPP
aggregation in the complications of diabetes has yet to be
fully defined and the potential role of IAPP in type-1 diabetes
remains to be elucidated [16–18]. Unfortunately, inhibitors of
IAPP 𝛽-cell toxicity are less well developed than for other
amyloidogenic proteins and no clinically relevant inhibitors
of islet amyloidosis toxicity have yet been described. There
is also interest in developing bioactive, nontoxic analogs of
IAPP with improved solubility for use as adjuncts to insulin
therapy and for potential coformulation with leptin.

2. The Physical Chemical Properties of IAPP
and the Importance of the 20–29 Region in
Amyloid Formation
hIAPP is a relatively hydrophobic polypeptide but contains several positively charged residues, Lys-1, Arg-11, and,
depending upon the pH, His-18 (Figure 1). There are no acidic
residues in the molecule and the C-terminus is amidated;
thus its pI is above the pKa of the Tyr and Lys residues. The
polypeptide is positively charged at and below physiological
pH with a net charge ranging from 2 to 4 depending
upon the pKa’s of the N-terminus and His-18 and the pH.
The net positive charge on the molecule is important for
interactions with negatively charged, nonphysiological model
membranes and for interactions with sulfated proteoglycans
of the extracellular matrix. The sequence of hIAPP contains
an unusually large number of Asn and Ser/Thr residues for its
size, 6 and 10, respectively. There are three aromatic residues
including a conserved C-terminal Tyr, a conserved Phe at
postion-15, and a second Phe at postion-23.
IAPP belongs to the calcitonin related peptide family which is comprised of adrenomedullin, 𝛼- and 𝛽calcitonin gene-related peptide (CGRP), intermedin, and
calcitonin. The peptides all share key posttranslational modifications; they all have an amidated C-terminus and contain
an intramolecular disulfide bridge near the N-terminus
(Figure 1). IAPP is most similar to CGRP. The two peptides
have reasonable sequence similarity but diverge the most
within the segment corresponding to residues 20 and 29
[19]. hIAPP is aggressively amyloidogenic in vitro, but CGRP
does not form amyloid. These observations led to the initial
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hypothesis that the sequence of the 20 to 29 region dictates
the ability of IAPP to form amyloid and were supported
by studies with ten residue peptides derived from residues
20 to 29 of hIAPP [19, 20]. Not all mammals form islet
amyloid; notably mice and rats do not [19, 21]. Comparison
of the rat/mouse sequence to the sequence of hIAPP, together
with early in vitro experiments, appeared to confirm the
hypothesis that the ability to form amyloid is controlled by
the identity of the 20–29 segment [20, 21]. hIAPP and rat
IAPP (rIAPP) differ at six positions and five of these are
between residues 23–29. Of particular note, the rat sequence
contains three Pro residues at positions 25, 28, and 29,
while the human sequence has none (Figure 1). Pro is highly
energetically unfavorable in a 𝛽-sheet and is a well-known
disrupter of secondary structure. Consequently, the inability
of rat IAPP to form amyloid has been attributed to the Pro
substitutions [21]. These important early studies led to the
view that the ability of IAPP to form amyloid in vitro and
in vivo is determined by the primary sequence in the 20–29
region; however the situation is more complex.
Other fragments, in addition to the 20–29 segment of
hIAPP, were subsequently shown to be capable of forming
amyloid in isolation, arguing that the 20–29 region is not
the only amyloidogenic segment of the polypeptide. These
include peptides comprised of residues 30–37, 8–20, and 10–
19 and even smaller fragments from the 10–19 region [22–
25]. The work with the smaller fragment led to the suggestion
that this region of the chain is likely important for formation
of initial hIAPP hIAPP contacts during aggregation [25].
Peptide array studies, in which a family of overlapping
peptides that span the entire region of hIAPP were tested
for hIAPP binding, confirmed the importance of this region.
Subsequent X-ray crystallographic structural studies with a
truncated hIAPP maltose binding protein fusion construct
revealed pairs of hIAPP molecules making interprotein contacts in this region [26]. Interestingly, the region of hIAPP
that appears to be important for self-contacts also appears to
be important for interactions with insulin and with the A𝛽
peptide of Alzheimer’s disease [27, 28].
Studies on intact hIAPP also indicate that the 20–29
segment is not the sole amyloidogenic determinant. Multiple
Pro substitutions outside of the 20–29 region abolish amyloid
formation by hIAPP and replacement of Asn-14 or Asn-21
has been reported to do so as well [29, 30]. Conversely,
substitution of residues 18, 23, and 26 in rIAPP by the
corresponding amino acids of hIAPP led to a weakly amyloidogenic polypeptide even though it still contained the 3
Pro residues of rIAPP [31]. Thus, the 20–29 sequence cannot
be the only factor governing amyloid formation, but there is
no doubt that it is important and single proline substitutions
within the 20–29 segment have been shown to significantly
reduce the amyloidogenicity of hIAPP as have double Nmethyl modifications in this region [32–34].

3. The Structure of the IAPP Amyloid Fibril
High resolution models of the IAPP amyloid fibril have
been developed based upon solid state NMR studies, and on
X-ray diffraction studies of microcrystals of small peptide
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fragments of hIAPP which form steric zippers. Although
they differ in their details, mainly in the location of the Cterminal 𝛽-strand, they are broadly similar; each is made up
of two symmetrically related columns of IAPP monomers
(Figure 2) [35, 36]. Monomers within each column pack on
top of each other to generate a U-shaped structure with the
𝛽-sheet hydrogen bonds between adjacent IAPP molecules in
one column. Each column contains two in-register parallel 𝛽sheets. In the solid state NMR model, the N-terminal strand
encompasses residues 8 to 17 and the C-terminal strand
residues 28 to 37. The fragment based model differs from
the NMR model in the location of the C-terminal 𝛽-sheet;
it places residues 23 to 37 in the C-terminal 𝛽-sheet and
residues 8 to 17 in the N-terminal 𝛽-sheet. Two structures
were proposed based on the solid state NMR data, both of
which are consistent with the experimental restraints. The
major differences between the two are the register of the
side chains. In one structure, Arg-11, Ala-13, and Phe-15 are
all solvent-exposed, and in the other they project into the
core of the fibril. Burial of a charged Arg side chain will
be energetically unfavorable and the structure in which it is
exposed seems more likely.
Independent amide H/D exchange measurements and
two-dimensional infrared (2DIR) studies are largely consistent with the NMR model. Amide H/D exchange rates are
sensitive to H-bonding and have recently been used to study
amide proton solvent protection in hIAPP amyloid fibrils.
The data are consistent with an N-terminal 𝛽-strand made up
of residues 8 through 18 and a C-terminal strand comprised
of residues 26 to 37 [37]. 2DIR line widths are sensitive
to local dynamics and can be combined with molecular
dynamics simulations to probe protein structure. A combined
experimental 2DIR and computational study of hIAPP fibrils
has been reported and the pattern of experimental line widths
is consistent with predictions based upon the solid state NMR
model [38].
Does the fact that the solid state NMR and fragment based
models differ from one another mean that one is correct
and one must be wrong? Not necessarily. It is important to
emphasize that both structures are models based on, and
consistent with, separate sets of experimental data which
are sufficient to constrain the models but not to completely
define a precise, three-dimensional, high resolution structure.
Given the very different data used to construct the models,
it is striking and reassuring that they share many common
features. In addition, it is important to bear in mind that
amyloid fibrils are polymorphic and thus the alternative
structures could well represent different polymorphs [39–42].
An interesting alternative model, which differs from both
the NMR and the fragment based model, has been proposed
based upon EPR studies conducted with a set spin labeled
variants of hIAPP incorporated into the polypeptide via
Cys mutations. The method is more perturbing than the
NMR or crystallographic approach since the spin labels could
represent a large perturbation at a particular site, given
the necessity of introducing a Cys and given the size of
the spin label and its linker. However, the study involved
an impressive number of variants and included analysis of
electron microscopy data as well [43]. The model shares
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several of the general features of the NMR and fragment
based models in that each IAPP molecule bends into an
approximate U-shaped structure and contains two 𝛽-strands;
in the case of the EPR model, these are made up of residues
12 to 19 and of 31 to 36 with residues 7 to 10 in a transition
region. The location of ordered secondary structure is broadly
consistent with that proposed from the NMR studies. The
key difference between the EPR based model and the others
is that the two strands in an IAPP monomer are staggered
by about 15 Å with respect to each other in the EPR model;
the staggered relationship leads to a left-handed twist. The
authors proposed that the EPR structure could represent an
alternative polymorph.
Strikingly, most of the 20–29 segment is not part of
the ordered 𝛽-sheet structure in the NMR and EPR based
models but rather forms a loop which links the two 𝛽-strands
(Figure 3). A loop should be able to accommodate mutations,
making it unclear why mutations in this region have such
a dramatic impact on amyloid formation. Time resolved
2DIR studies provide a possible resolution of the apparent
conundrum [44]. Under the conditions of the 2DIR studies, a
transient “nonnative” intermediate is formed that has parallel
𝛽-sheet structure localized in residues 23–27. This structure
must ultimately be disrupted to form the loop which is found
in the fibril. The location of the transient 𝛽-sheet offers an
explanation for the sensitivity of IAPP amyloid formation
to some of the substitutions within the 20–29 region [44].
Along these lines, stabilization of turn structures in the A𝛽
peptide of Alzheimer’s disease can enhance significantly the
rate of amyloid formation [45]. The structure derived from
the fragment model can rationalize the sensitivity of amyloid
formation to substitutions within the region of residues 24
to 29. This segment is well ordered in the model and both
Ser-28 and Ser-29 are involved in critical contacts (Figure 3),
rationalizing why the three Pro residues in rat IAPP impact
amyloid formation.

4. Spontaneous Deamidation of
Asn Residues Can Impact the Ability of
hIAPP to Form Amyloid
The six Asn residues in hIAPP render the molecule susceptible to deamidation. Spontaneous Asn deamidation is one
of the most common nonenzymatic posttranslation modifications of proteins and is believed to play a role in amyloid
formation by other polypeptides [46]. Deamidation of Asn
occurs via formation of a cyclic succinimide intermediate
which leads to the conversion of an Asn residue into L or D
Asp or L or D iso-Asp. The final product depends upon how
the ring is opened. In all cases a neutral residue is replaced
by a negatively charged residue which reduces the net charge
of hIAPP and could thus reduce its solubility. Generation
of iso-Asp introduces another rotatable bond in the peptide
backbone which will impact its conformational propensities,
while generation of a D amino acid alters significantly the
allowed regions of the 𝜙-𝜑 plot. Asn deamidation has been
shown to accelerate hIAPP amyloid formation in vitro and
to lead to changes in the morphology of hIAPP amyloid
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Figure 3: A model of the hIAPP fibril based on crystal structures of small peptide fragments of hIAPP. (a) Primary sequence of human IAPP.
Residues color-coded red are found in the first 𝛽-strand in the fibril; those colored blue in the second 𝛽-strand and the ones located in the
partially ordered loop that connects the two stands are colored green. The first seven residues are believed to be outside of the structured core
of the fibril and are color-coded black. (b) Top down view of the model with several key residues shown. The N-termini are labeled. (c) View
rotated by 90∘ showing the arrangement of the two stacks as a ribbon diagram.

fibrils [47]. Deamidation has also been shown to promote
amyloid formation by otherwise nonamyloidogenic peptide
fragments of hIAPP [48]. Of practical concern, deamidation
is sensitive to the choice of buffer and this should be kept in
mind when conducting experiments that involve incubating
the polypeptide for significant lengths of time.
It is not known if deamidation plays a role in islet amyloid
formation in vivo. A significant challenge with any potential
study will be to define a causal relationship. The observation
of deamidated material in isolated islet amyloid deposits
would not prove that deamidation leads to amyloid formation
since deamidation could have occurred after formation of
the amyloid fibril. An issue for any biophysical study is the
challenge of characterizing the highly heterogeneous ensemble that can arise from six potential sites for deamidation
with five potential substitutions at each site (the normal Asn
residue plus the 4 possible deamidation products).

5. Mutational Analysis of Amyloid Formation
by IAPP
The only natural mutation found in the mature sequence
of hIAPP is a Ser to Gly missense mutation at position 20.
This mutation, which is found at low levels in certain Asian
populations, has been proposed to lead to a slightly higher
risk of diabetes, although the statistical significance has been
questioned [4, 49–52]. The mutation accelerates amyloid
formation in vitro, but the mechanism by which it does so
is unknown. Stabilization of globular proteins or acceleration
of their folding rate by substitution of an L-amino acid with
Gly is often due to the fact that Gly can relieve steric clashes
and/or adopt “left handed” conformations with a positive 𝜙backbone dihedral angle that are energetically unfavorable for

an L-amino acid. However, the side chain of Ser-20 makes
no obvious clashes in the existing models of IAPP amyloid
fibrils and it adopts a normal 𝜙-backbone dihedral angle. In
addition, Ser-20 is located in the loop/bend region between
the two 𝛽-strands in all of the models of hIAPP amyloid
fibrils. The reason for the significant enhancement in the rate
of amyloid formation by the Ser-20 to Gly mutation of hIAPP
is still unknown.
Quantitative mutational studies of amyloid fibril stability
and of the kinetics of amyloid formation are much more
challenging than studies with soluble, monomeric, globular
proteins. There are rigorous, well-established methods for
determining the stability of soluble proteins, but this is not
always the case for amyloids. Solubility measurements give
simple interpretable apparent free energies, if the process is
reversible, if the soluble phase is composed of monomers,
and if activity effects can be ignored, but it is difficult to
verify these assumptions. An added complication is that
mutations can lead to different polymorphs and might alter
the mechanism of self-assembly. Furthermore, studies that
report that a mutation abolishes amyloid formation may
have simply not examined the protein for a long enough
time. In spite of these caveats, mutational analysis of amyloid
formation has provided useful insight and systematic studies,
such as proline and alanine scans, have been reported for a
number of amyloidogenic proteins, but not for hIAPP.
No systematic analysis of all of the positions of IAPP has
been reported, although a number of mutational studies have
been conducted [12, 30, 51–55]. It can be difficult to compare
different studies since a range of conditions have been used
and the rate of IAPP amyloid formation is sensitive to small
changes in buffer composition, temperature, added salt, pH,
the degree of agitation, and even the volume of sample used
in experiments. Residual TFA from HPLC purification can
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affect amyloid formation and issues with lot to lot variability
of ostensibly pure commercial IAPP have been reported [56].
A further complication arises from the fact that many studies
have made use of a truncated fragment of IAPP which lacks
the first seven residues (IAPP8–37 ). These residues are outside
of the ordered amyloid core in both the NMR and X-ray
models, but they might still affect the stability of the amyloid
fibers. If nothing else, the truncation removes the charge on
the side chain of Lys-1 and, depending upon whether or not
the N-terminus is acetylated, the charge on the N-terminus
as well. These considerations mean that considerable caution
needs to be employed when comparing data generated in
different laboratories. Unfortunately some papers do not
provide all of the details required to repeat measurements.
hIAPP contains three aromatic residues: Phe-15, Phe-23,
and Tyr-37. Phe-15 and Tyr-37 are strictly conserved amongst
known IAPP sequences while Phe-23 is often replaced with
Leu (Figure 1). Aromatic-aromatic, hydrophobic-aromatic,
and aromatic-cation interactions have been proposed to be
important in amyloid formation. Early studies, involving Ala
scanning of short peptides derived from IAPP, supported
this conjecture [57, 58]. Subsequent studies that employed
more conservative aromatic to Leu substitutions revealed that
aromatic residues were not required for amyloid formation
by the full length polypeptide, although mutation of the
aromatic residues impacts the rate of self-assembly [54, 55,
59, 60]. For example, replacement of all three of the aromatic
residues in hIAPP by Leu leads to 5- to 8-fold slower amyloid
formation [54].
A systematic examination of the role of different Asn
residues in hIAPP in amyloid formation and assembly has
also been reported [30]. The authors used the approximately isosteric substitutions of Leu for Asn and found
that substitution of different Asn residues had drastically
different consequences on amyloid kinetics. The truncated 8–
37 hIAPP fragment was used as background in this study. The
Asn14Leu and Asn21Leu mutants did not form amyloid on
the experimental timescale of these studies.
Asn to Leu mutants offer a nice example of the value of
using isosteric substitutions. The Leu side chain has approximately the same size and shape as Asn, but cannot hydrogen
bond and is nonpolar. This allows a simpler interpretation of
the data than would experiments involving less conservative
replacements. A similar approach could be used to probe
the role of the different Thr residues via Val substitutions.
Isosteric replacement of other residues in hIAPP requires
nongenetically coded amino acids. The polypeptide can be
prepared by solid phase peptide synthesis making such
studies possible. For example, substitution of Ser with 2aminobuytric acid represents an isosteric replacement and
would allow the role of the OH group to be probed. This
is of interest because Ser-28 and Ser-29 are located at the
interface of the two symmetrically related columns of hIAPP
monomers in the fibril structure and are involved in networks
of hydrogen bonded interactions (Figure 3). In addition, Ser19 and Ser-20 are highly conserved in known IAPP sequences
and Ser-34 are strictly conserved, making them interesting
targets for future analysis (Figure 1).
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The literature on IAPP mutations has been critically
reviewed in 2013 and, in the interest of space, we refer the
interested reader to that work for a more detailed discussion
[12]. However, some additional mutants have been analyzed
since then and we briefly summarize the new results. The
role of the amidated C-terminus has been examined, as has
the role of His-18 [60]. NMR studies of a nonphysiological
variant of hIAPP with a free C-terminal carboxyl group
provided evidence for intermolecular interactions involving
His-18 and Tyr-37 at pH 5.5 and it was suggested that
these interactions play a role in the early stages of amyloid
formation by hIAPP. However, a subsequent study revealed
that mutants which were designed to disrupt the putative
His-Tyr interaction actually accelerated amyloid formation,
indicating that the interaction is not essential for amyloid
formation [60]. Replacement of His-18 with either a Gln or
Leu significantly accelerated amyloid formation. Analysis of
the His-18 Gln mutant revealed that the rate of IAPP amyloid
formation was still pH dependent between pH 5 and 8,
thereby showing that the charge state of the N-terminus is an
important factor modulating the rate of amyloid formation,
even though the N-terminal region of IAPP is not part of
the core 𝛽-sheet structure. Amdiation of the C-terminus
was shown to accelerate IAPP amyloid formation relative to
the variant with a free C-terminus, even though amidation
increased the net charge on the polypeptide.

6. IAPP Is Synthesized as a Preprohormone
IAPP is synthesized as a 89-residue preproform (Figure 3)
[7]. The first 22 amino acids constitute the signal sequence
and the next 67 amino acids are the proform (proIAPP).
The N- and C-terminal flanking regions of proIAPP are
cleaved by the prohormone convertases PC2 and PC1/3 [7].
ProIAPP is processed in the Golgi and in the insulin secretory
granule [7, 8]. Amidation of the C-terminus is a multistep
process. The first C-terminal cleavage leaves a Gly-Lys-Arg
tripeptide sequence as the new C-terminus. The dibasic LysArg pair at the C-terminus is removed by carboxypeptidase
and the Gly acts as the nitrogen donor for amidation of the
C-terminal Tyr by the peptidyl amidating monooxygenase
complex (PAM). Disulfide bond formation leads to mature
IAPP (Figure 3). Incorrect processing of proIAPP has been
proposed to play a role in islet amyloid formation in vivo,
but relatively little work has been done in vitro on amyloid
formation by partially processed IAPP [8, 61–65].
Mature IAPP is stored in the insulin secretory granule
and is found in the halo region of the granule, while insulin
is located in the dense core. The concentration of IAPP
in the granule is noticeably lower than that of insulin,
about 1%-2% of the insulin level, but it is still much higher
than that required to promote rapid amyloid formation in
vitro [66, 67]. Thus, there must be factors that prevent the
irreversible aggregation of IAPP in the granule. The low pH
environment of the granule contributes since the rate of IAPP
amyloid formation is slower at intragranule pH [60, 68–70].
Soluble insulin is one of the most potent inhibitors of IAPP
aggregation and may play a role in modulating intragranule
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aggregation; however insulin is in a semicrystalline state in
the granule [71–75].

7. IAPP Has Multiple Physiological Roles
In rats, the circulating concentration of IAPP is reported to
be on the order of 3 to 5 picomolar and to rise to 15 to 20
picomolar with elevation of blood glucose [4, 5]. However,
the local concentration after release from the granule will
be much higher and this is the more relevant number
for amyloid formation. The effects of IAPP are receptor
mediated, but are still not fully understood. IAPP receptors
are generated from coexpression of the calcitonin (CT)
receptor with receptor activity-modifying proteins (RAMPs)
[76–79]. Interaction with RAMPs changes the specificity of
the CT receptor towards IAPP. The CT receptor has two splice
variants and there are 3 relevant RAMPs, so there are six
different subtypes of IAPP receptors. It is not known whether
different receptor subtypes are active in the peripheral tissue
and in the CNS. There are no approved small molecule
agonists of IAPP receptors.
hIAPP plays a role in maintaining glucose homeostasis,
in controlling gastric emptying, and in the suppression of
glucagon release [4–6]. The hormone is also involved in
controlling satiety and acts as an adiposity signal [80–82].
hIAPP’s anorectic effect appears to be mediated mainly at
the area postrema of the central nervous system [81]. IAPP
has been proposed to help regulate blood glucose levels by
inhibiting insulin secretion [83, 84]. Studies conducted with
concentrations of hIAPP that are higher than the physiological level have led to suggestions that the polypeptide
may inhibit the synthesis of glycogen and insulin-stimulated
glucose uptake in isolated rat skeletal muscle [85]. Weightlowering effects induced by IAPP have been reported in
obese rats and humans. Animal studies with food-matched
controls have led to the hypothesis that weight loss occurs via
mechanisms that are similar to those found with enhanced
leptin sensitivity [82, 86, 87]. Several recent reviews provide
a more in-depth view of the physiological role of hIAPP
[4, 5, 88].

8. Monomeric IAPP Does Not Fold to
a Compact Structure in Solution, but It Is
Not a Random Coil and Can Form Helical
Structure on Model Membranes
Monomeric hIAPP does not fold to a compact globular
structure and can be classified as an intrinsically disordered
protein, but it is not a random coil. NMR chemical shift
studies have shown that the region encompassing residues 5–
20 of rIAPP and hIAPP transiently sample helical 𝜙, Ψ angles
in solution, but the level of persistent helical structure is low
[89, 90]. More persistent helical structure is formed when
hIAPP interacts with negatively charged model membranes
[90–94]. NMR based structures of IAPP fragments and of full
length IAPP in membrane mimetic environments have been
reported [92–94]. hIAPP adopts a helix-kink-helix structure
on model membranes with the helices located between
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residues 5 to 17 and 20 to 27. Analysis of peptide fragments
has shown interesting differences in the structure of rIAPP
and hIAPP in the presence of micelles which are ascribed to
the His-18 to Arg substitution in rIAPP. The 1–19 fragments
of both peptides adopt similar 𝛼-helical structures in the
presence of detergent micelles, but they bind to micelle in
different orientations [93, 95]. hIAPP1–19 inserts more deeply
into the nonpolar core of the membrane, while rat IAPP1–19 ,
with its Arg substitution binds near the surface. hIAPP1–19
binds near the surface, similar to rat IAPP1–19 , at acidic pH
when His-18 is protonated, indicating that the net charge of
residue 18 is important in controlling the orientation [93, 95].
Membrane-bound structures of full length human and rat
IAPP also reveal similarities in the N-terminal half of the
molecule, but there are differences in the C-terminal half.
The N-terminal portion of both polypeptides adopt 𝛼-helical
structure [92–95]. hIAPP has a partially helical C-terminal
region, but the C-terminal region of rat IAPP, with its multiple
Pro residues, is disordered [92]. The role of IAPP membrane
interactions in amyloid formation and in toxicity is discussed
in subsequent sections of this review and more detailed
information about membrane bound conformations of IAPP
can be found in other reviews in this issue.

9. The Parallel, In-Register, 𝛽-Sheet
Architecture of the hIAPP Fibril Has
Important Energetic Consequences
Amyloid fibrils form a so-called “cross-𝛽” architecture with
the interstrand hydrogen bonds oriented parallel to the long
axis of the fibril and the 𝛽-strands oriented perpendicular
to the long axis. The parallel, in-register, 𝛽-sheet structure
of amyloids generates effectively infinite arrays of stacked
identical residues and this has important energetic consequences. The in-register arrangement implies that there can
be significant electrostatic interactions in amyloids. In hIAPP,
Arg-11 and His-18 are in the structured core of the fibril, or
immediately adjacent to it, arguing that they will make net
unfavorable electrostatic contributions to the stability of the
fibril. Calculations performed at the level of the linearized
Poisson-Boltzmann (PB) approach show that Arg-11 makes
significant unfavorable electrostatic interactions but that His18 does not do so when its side chain is neutral. In this
case, the desolvation penalty paid by His-18 is overcome by
specific interactions with the imidazole ring [96]. His-18 in
hIAPP is replaced by Arg in rIAPP and, based upon the PB
analysis, this substitution is expected to destabilize the cross𝛽 structure. Consistent with this hypothesis, experimental
studies argue that the His-18 to Arg substitution contributes
to the inability of rIAPP to form amyloid [31]. A number
of groups have independently examined the role of His-18
via pH dependent studies or by computational approaches,
and all have concluded that amyloid formation by hIAPP is
significantly slowed when the residue is protonated [60, 97–
99]. One complication with the simple interpretation of pH
dependent studies is that the rate of hIAPP amyloid formation
is also affected by the protonation state of the N-terminus
[60, 98].
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Linearized PB calculations may not be rigorously valid
for a strongly coupled system and thus the quantitative
details of the analysis should be interpreted with caution. The
problem of electrostatic interactions in amyloids has not been
studied in detail and seems ripe for further investigation. The
pattern of like charges in amyloid fibrils is reminiscent of
other systems with repetitive arrangements of charges such
as DNA and approaches that have been used to analyze
the energetics of DNA should be applicable to amyloids.
Unfavorable electrostatic interactions are also likely to arise
from the N-terminus of IAPP. Lys-1 is the region of highest
charge density in the polypeptide and is expected to make
unfavorable electrostatic interactions in the amyloid fibril,
even though that region is not part of the well-ordered 𝛽sheet core.
The importance of electrostatic interactions in hIAPP
amyloid is also reflected in the dependence of the kinetics
of hIAPP amyloid formation on ionic strength and on the
type of salt. In particular, the rate amyloid formation is
significantly accelerated with increasing salt and the effects
depend on the choice of anion. An excellent correlation with
the anion selectivity series was observed at low and moderate
salt concentrations, strongly arguing that anion binding plays
a role in the effects [96]. A corollary of this study is that
the choice of buffer is expected to impact the rate of hIAPP
amyloid formation even when the pH and ionic strength
are kept constant. The net positive charge on hIAPP has
been exploited to develop charge based inhibitors of amyloid
formation and is important for interactions with HSPGs and
with anionic membranes (discussed in subsequent sections)
[100].
The parallel in-register structure also leads to networks
of interactions involving polar uncharged residues. In the
fragment model, Ser-28 and Ser-29 are involved in a steric
zipper and make extensive hydrogen bonding interactions
[26]. Ser-29 in particular forms an interesting network of
interpolypeptide hydrogen bonds involving other chains in
the same column of monomers as well as interactions with
Ser-29 in the symmetry related column (Figure 3). As previously noted, hIAPP contains a large number of Asn residues
and the kinetics of amyloid formation are sensitive to isosteric
Asn to Leu substitutions. Asn side chains contain both a
hydrogen bond donor and acceptor and are hence capable
of forming networks of interpolypeptide hydrogen bonds.
Asn ladders, hydrogen bonded networks of Asn residues,
have been postulated to play an important role in stabilizing
amyloid fibrils and MD simulations on a model 5-mer, AspPhe-Asn-Lys-Phe, derived from human calcitonin support
a role for Asn-Asn stacking interactions in amyloid fibril
stability [101].

10. In Vivo Islet Amyloid Deposits Contain
Heparan Sulfate Proteoglycans and
Other Factors as well as Incompletely
Processed ProIAPP
Islet amyloid contains the heparan sulfate proteoglycan
(HSPG) perlecan, apolipoprotein E (apoE), and serum
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amyloid P component (SAP) [102, 103] in addition to IAPP.
There is no correlation between the presence of SAP and
islet amyloid deposition. ApoE mouse knockouts do not
affect islet amyloid formation and there is no correlation
between levels of apoE and islet amyloid formation in hIAPP
transgenic mice [103]. This contrasts with the correlation
between apoE and amyloid formation in Alzheimer’s disease.
Secretion of an incompletely processed proIAPP intermediate
that includes the N-terminal prosequence, denoted here by
Npro-hIAPP, has been reported to be increased in T2D and
to be incorporated into islet amyloid [4, 62, 63].

11. Model Glycosaminoglycans and
Model Membranes Containing Anionic
Lipids Accelerate IAPP Amyloid
Formation In Vitro
hIAPP is cationic and ionic interactions facilitate its binding to negatively charged membranes, negatively charged
biopolymers, and negatively charged surfaces. It is not known
if perlecan is associated with islet amyloid because in vivo
amyloid fibers are long-lived structures that present HSPG
binding sites, or because HSPGs directly promote amyloid
formation, but it is well documented that the glycosaminoglycan (GAG) chains of HSPGs catalyze hIAPP amyloid formation in vitro [64, 104]. There is indirect evidence that HSPGs
promote islet amyloid formation in vivo. Overexpression of
heparanase in a double transgenic mouse model that overexpresses hIAPP reduced the amyloid load, while inhibition
of GAG synthesis reduced hIAPP amyloid deposition in
cultured islets [105, 106].
The factors that trigger islet amyloid formation in vivo
are still mysterious, but one model postulates binding of
the Npro-hIAPP processing intermediate to the GAG chains
of perlecan [61, 62, 64]. The N-terminal extension actually
makes hIAPP less amyloidogenic and more soluble but
enhances interactions with GAGs. In this model, incompletely processed hIAPP binds to HSPGs, thereby leading to
a high local concentration of the peptide which promotes
aggregation and amyloid fibril formation. The resulting
aggregates then recruit more Npro-hIAPP and fully processed IAPP. In support of the model, interactions with model
GAGs have been shown to accelerate NproIAPP amyloid
formation in vitro and the resulting fibrils can seed amyloid
formation by fully processed mature hIAPP [64].
Anionic model membranes promote hIAPP amyloid
formation in vitro and more highly charged systems have a
larger effect for experiments conducted at high peptide to
lipid ratios [107]. The mechanism of membrane catalyzed
hIAPP aggregation is not completely understood, but helical
intermediates are thought to be important [90, 91, 107–
109]. Much of the work on hIAPP-membrane interactions
has used model membranes comprised of pure anionic
lipids, such as phosphatidylglycerol or phosphatidylserine,
or mixtures of anionic lipids with zwitterionic lipids, such
as phosphocholine. The content of anionic lipid typically
ranges from 50 or more to 20 mole % in these systems,
which is much higher than that found in 𝛽-cells [110].
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The phospholipid composition of the 𝛽-cell is also very
different from most model systems. In addition, 𝛽-cell membranes contain cholesterol and the 𝛽-cell plasma membrane
is asymmetric with the anionic lipids localized on the inner
leaflet. These considerations naturally lead to the question
of how well model membranes recapitulate the situation in
vivo. Model membranes made up of the phospholipids found
in 𝛽-cell membranes, but lacking cholesterol, also accelerate
hIAPP amyloid formation, as do anionic model membranes
that are capable of forming lipid rafts [110–112]. The effects of
cholesterol have also been examined [113].

12. Does Islet Amyloid Have an Extracellular
or Intracellular Origin?
The initiation site for islet amyloid formation in vivo is controversial and there are conflicting reports in the literature.
Amyloid deposits detected in T2D appear to be extracellular
and initial studies with transgenic mice were consistent with
extracellular deposition. However other studies with rodent
models in which IAPP is overexpressed are consistent with an
intracellular origin [4, 114]. It is worth bearing in mind that
some transgenic mouse models have high copy numbers of
the human IAPP gene and can produce high levels of hIAPP.
Significant overproduction of the polypeptide could play a
role. In contrast to the mouse studies, a recent investigation
used a cultured transgenic islet model to show that secretion
of IAPP is an important factor in 𝛽-cell toxicity and islet
amyloid formation. Two complimentary sets of reagents were
employed: one that inhibited IAPP secretion, but maintained the level of production of IAPP and a second that
increased IAPP secretion but did not increase the amount of
IAPP produced. Inhibiting IAPP secretion reduced amyloid
formation, but increasing secretion increased toxicity and
amyloid formation [115]. The results are consistent with an
extracellular origin of islet amyloid. The differences between
the various studies might be related to the level of production
of hIAPP [4, 114–116]. Clarifying whether islet amyloid has
an intracellular or extracellular origin is important since the
answer might impact therapeutic strategies and drug design.

13. IAPP Toxicity Impacts Type-2 Diabetes
and Islet Cell Transplantation
Interest in islet amyloid has undergone resurgence due to the
realization that 𝛽-cell dysfunction and death and the loss of 𝛽cell mass are key features of T2D [117, 118]. 𝛽-cell dysfunction
and the decline in 𝛽-cell mass are attributed to several factors,
including glucolipotoxicity, inflammation, accumulation of
cholesterol, and islet amyloid formation [117–122].
Islet amyloid deposition is also a key factor contributing
to the failure of islet cell transplants. Islet amyloid has
been detected in transplanted human islets in a patient
that suffered islet graft failure and has been shown to form
rapidly after transplantation of human islets into nude mice
[4, 123–125]. Islet amyloid formation in the mouse studies
is correlated with the loss of 𝛽-cells and occurs before
the recurrence of hyperglycemia. Porcine IAPP is far less
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amyloidogenic than hIAPP and the prevention of amyloid
formation by transplantation of porcine islets prolongs islet
graft survival [126]. Recent work also highlights a role for
hIAPP aggregation and hyperamylinemia in cardiovascular
complications of diabetes [16, 127].

14. Multiple Mechanisms of hIAPP Induced
𝛽-Cell Toxicity Have Been Proposed
A range of mechanisms have been proposed to account for
the toxic effects of amyloidosis, but the exact causes of cell
death are still not completely defined. In some cases, amyloid
fibril deposits disrupt tissue and can lead to organ failure, but,
in most cases, activation of overlapping cellular mechanisms
and downstream signaling pathways are believed to lead to
toxicity. These include receptor-mediated mechanisms and
non-receptor-mediated processes.
ER stress, defects in autophagy, the enhanced production
of proinflammatory cytokines, mitochondrial membrane
damage, permeabilization of cell membranes, activation of
Calpain-2, receptor-mediated mechanisms linked to oxidative stress, and the activation of cell death signaling pathways
have all been proposed to contribute to IAPP toxicity [128–
147]. Here we provide an overview; more information can be
found in other recent review articles [4, 15, 116, 130].
Defects in autophagy play a role in the toxicity of other
amyloidogenic proteins. Upregulation of autophagy is a
common protective response to the accumulation of toxic
amyloidogenic aggregates in degenerative disease. However,
autophagocytosis and lysosomal degradation of amyloidogenic polypeptides are not always entirely successful and
the resulting accumulation of amyloidogenic aggregates can
lead to autophagy-mediated lysosomal dysfunction and cell
death. Overexpression of hIAPP in 𝛽-cells has been reported
to lead to impaired autophagy [135, 143, 146]. Inhibition
of autophagy-lysosomal degradation has been shown to
enhance hIAPP induced 𝛽-cell apoptosis, while stimulation
of autophagy protected against IAPP toxicity [135, 146].
Defects in ER stress, endoplasmic reticulum associated
protein degradation (ERAD), and the unfolded protein
response (UPR) have all been reported to induce 𝛽-cell
death by hIAPP aggregates. ProIAPP and partially processed
proIAPP may be one of deleterious species in cases where
toxicity arises from intracellular aggregates since proIAPP
miss-processing has been shown to occur in diabetes and
posttranslational modification is completed in the Golgi and
insulin secretory granules [4, 7, 8]. The role of ER stress in
hIAPP mediated toxicity in vivo is controversial. Transgenic
mouse studies using mice that overexpress hIAPP led to the
proposal that ER stress is a key contributor to hIAPP induced
𝛽-cell dysfunction and exogenously added hIAPP has been
reported to induce ER stress [114, 141]. On the other hand,
ER stress was not detected in studies of cultured islets that
produce IAPP at more physiological levels [142].
Chronic inflammation may be an important contributing
factor to amyloidosis toxicity and it is frequently observed
in local and systemic amyloidosis. hIAPP aggregates can
contribute to 𝛽-cell dysfunction by triggering a localized
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inflammatory response by stimulating inflammasome activity [136, 137]. Inflammasomes are multiprotein assemblies
that recognize a diverse range of proinflammatory stimuli
and produce active caspase-1. Caspase-1 in turn activates the
cytokines IL-1𝛽 and IL-18 by cleaving their proforms. IL-1𝛽 is
thought to play a direct role in hIAPP induced 𝛽-cell death
and dysfunction [136, 137].
Amyloid formation by hIAPP induces apoptosis in cell
culture and in isolated human islets, but the pathways that
lead to IAPP induced 𝛽-cell apoptosis are not yet fully elucidated [128–134]. The JNK pathway mediates 𝛽-cell apoptosis
in islets and in cultured cells exposed to high concentrations
of hIAPP and is upregulated in response to amyloid formation
by endogenous hIAPP [133]. Interaction of exogenous or
endogenous hIAPP aggregates with Fas, also known as the
death receptor, leads to caspase-3 activation, while deletion
of Fas protects 𝛽-cells from hIAPP induced toxicity and
inhibition of caspase-3 in vivo protects 𝛽-cells from hIAPP
induced 𝛽-cell apoptosis [15, 134].
IAPP toxicity has also been proposed to result from
the perturbation of membrane integrity [144, 145, 148].
The efficiency with which hIAPP permeabilizes membranes
depends on a range of factors including the lipid to peptide
ratio, the lipid composition, pH, and ionic strength. IAPP
interacts significantly more strongly with model membranes
that contain a high fraction of anionic lipids. Commonly
used model systems contain a much higher percentage of
anionic lipids than that found in the 𝛽-cell membrane [110]
and usually lack cholesterol and gangliosides. These are
important considerations since high percentages of anionic
lipids significantly promote IAPP membrane interactions
and because gangliosides and cholesterol modulate hIAPP
membrane interactions [111, 148]. In addition, there is experimental evidence that membrane gangliosides and cholesterol
play a role in the uptake and clearance of hIAPP [111, 148].
More physiologically relevant model membrane systems are
starting to be employed in biophysical investigations and
should provide new insights [110–112].
The correlation between in vitro biophysical studies using
model membranes and in vivo toxicity is not clear and caution
needs to be employed when extrapolating from biophysical
studies that utilize simple model membranes to the in vivo
environment. For example, variants of hIAPP that do not
induce 𝛽-cell death in vivo and are not toxic in vitro can
disrupt standard model membranes in vitro and can do
so as effectively as hIAPP [149]. It is also worth noting
that exogenously added IAPP has been reported to induce
different toxic effects on closely related cell types, arguing
that nonspecific membrane disruption cannot be the only
mechanism of toxicity [150].
Mechanistic studies of IAPP induced model membrane
disruption are an active area of research and a variety of models have been proposed. Some studies provide evidence for a
detergent or carpeting mechanism while others have argued
for a pore-like mechanism. The process of fiber growth at the
membrane surface can contribute to membrane disruption in
some cases, while other studies have shown that formation of
𝛽-structure is not required to disrupt membranes [149, 151–
156]. It is possible that multiple mechanisms are operative and
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the specific mechanism depends on the membrane system
under investigation [157, 158]. Much more information on the
mechanisms of membrane disruption can be found in other
contributions to this issue.

15. Macromolecular Crowding Impacts the
Rate of Amyloid Formation and Does So by
Multiple Mechanisms
The cell is an inherently crowded environment, containing
numerous proteins and other macromolecules as well as
osmolytes, and there is no guarantee that a protein will behave
the same in dilute solution and in a crowded environment.
The effects of molecular crowding and osmolytes on the
stability and folding of globular proteins are well studied and
are still an active area of research. Early work focused on
inert crowders and the role of excluded volume effects, but
more recent efforts have been directed at better mimics of
the cellular environment and consideration of interactions
beyond excluded volume [159–163]. Indeed, it is now clear
that the effects of many crowding agents, and by implication
the cellular environment, cannot be explained solely on the
basis of excluded volume. Less work has been reported on
the effects of crowding and osmolytes on amyloid formation,
but this is an active area and recent papers have appeared
that have examined the effects of osmolytes and crowders
on amyloid formation by hIAPP and other proteins [164–
169]. Two themes which have emerged from recent studies
are that the impact of crowding on amyloid formation goes
beyond excluded volume effects and specific interactions
of the amyloidogenic protein of interest with biologically
relevant crowding agents can make significant contributions.
The effects of crowding agents and osmolytes on amyloid
formation by IAPP are reviewed in detail in this volume by
Gao and Winter [169].

16. Nontoxic Bioactive Variants of IAPP
with Improved Solubility Are Clinically
Relevant for the Treatment of Type-1
Diabetes and Obesity
Coadministration of IAPP with insulin helps to normalize
fluctuating glucose levels to a greater degree than is possible
with insulin alone; however the extreme tendency of IAPP
to aggregate and its amyloidogencity and toxicity prevent
its direct use as an adjunct to insulin therapy [170–174].
A nonamyloidogenic analog of human IAPP, denoted by
Pramlintide, in which residues 25, 28, and 29 were replaced
by proline is approved by the FDA for use in type-1 and
type-2 diabetes [170, 171]. Pramlintide was designed based
on comparison of the sequences of rat and human IAPP
and is simply human IAPP with the three Pro substitutions
found in the rat polypeptide. Ideally, Pramlintide would be
formulated with insulin and coadministrated. Unfortunately,
Pramlintide is not soluble at the appropriate pH. There is also
interest in combining leptin and hIAPP for the treatment of
obesity [175]. However, coformulation is also difficult in this
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Figure 4: Primary sequences of human IAPP, Pramlintide, and four rationally designed sequences with improved solubility, denoted by SeqA through Seq-D. The final sequence, denoted by hIAPP∗ , represents a family of designed bioactive analogs of human IAPP in which one of
the Asn residues indicated with a (∗ ) has been glycosylated.

case because of the poor solubility of hIAPP and Pramlintide.
Recent efforts at developing more soluble analogs of hIAPP
have utilized a number of approaches. Nontoxic variants of
hIAPP with considerably improved solubility at pH 7.4 have
been developed by rationally redesigning the sequence to
incorporate strategic proline residues together with additional charges (Figure 4) [176]. An alternative approach has
employed the strategy of conjugating groups to hIAPP.
Engineering the polypeptide by the selective modification
of specific Asn residues with carbohydrates or by attaching
polyethylene glycol to the side chain and N-terminal amino
group of Lys-1 has led to bioactive analogs with improved
properties [177, 178]. An interesting feature of the Asn
modification work is that the effects of the modifications on
the normal activity of hIAPP were found to depend on the
site modified and thus provide indirect information about
regions of hIAPP which are critical for receptor binding [177].
A fourth approach has made use of N-methylation and builds
upon the development of N-methylated hIAPP analogs as
potent inhibitors of wild type aggregation and toxicity [34].
N-methylated analogs have been reported which are bioactive
and nonamyloidogenic and which inhibit amyloid formation
by insulin [179, 180]. Collectively, these different approaches
demonstrate that there is considerable potential for the design
of hIAPP therapeutics with improved properties.

17. Conclusions
Impressive progress has been made in studies of amyloid
formation by hIAPP, but important challenges remain. These
include identifying the initiation site(s) of amyloid formation
in vivo; defining the nature of the toxic species; elucidating the
mechanisms of islet amyloid formation in vivo and in vitro;
understanding the mechanisms of 𝛽-cell death; defining the

mechanisms of hIAPP clearance in vivo and the role such
processes may play in IAPP toxicity. Experimental challenges
include relating reductionist biophysical experiments to the
situation in vivo and understanding the connection between
mouse models that highly overexpress hIAPP and human 𝛽cell physiology. Although not discussed in this review, the
development of inhibitors of hIAPP toxicity is also an area
that warrants further effort. There are no clinically approved
inhibitors of IAPP toxicity and very few, if any, effective
“drug-like” inhibitors of IAPP amyloid formation have been
reported in the literature.
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Fibrillar aggregates of human islet amyloid polypeptide, hIAPP, a pathological feature seen in some diabetes patients, are a likely
causative agent for pancreatic beta-cell toxicity, leading to a transition from a state of insulin resistance to type II diabetes through
the loss of insulin producing beta-cells by hIAPP induced toxicity. Because of the probable link between hIAPP and the development
of type II diabetes, there has been strong interest in developing reagents to study the aggregation of hIAPP and possible therapeutics
to block its toxic effects. Natural products are a class of compounds with interesting pharmacological properties against amyloids
which have made them interesting targets to study hIAPP. Specifically, the ability of polyphenolic natural products, EGCG,
curcumin, and resveratrol, to modulate the aggregation of hIAPP is discussed. Furthermore, we have outlined possible mechanistic
discoveries of the interaction of these small molecules with the peptide and how they may mitigate toxicity associated with peptide
aggregation. These abundantly found agents have been long used to combat diseases for many years and may serve as useful
templates toward developing therapeutics against hIAPP aggregation and toxicity.

1. Introduction
Human islet amyloid polypeptide (hIAPP) or amylin is a 37residue peptide hormone secreted from 𝛽-cells within the
islet of Langerhans in the pancreas. Physiologically, IAPP has
a role in glucose metabolism by inhibiting insulin stimulated
glucose uptake and glycogen synthesis as well as possible
roles in gastric emptying and modulating insulin secretion
[1, 2]. Beyond this normal physiological role, IAPP has
received much attention due to its possible involvement in
the pathology of diabetes mellitus, or type II diabetes [1, 2].
Comparisons of the pancreas of diabetic and nondiabetic
individuals at the beginning of the 20th century revealed
many (but not all) diabetics had large masses of insoluble
protein of an unidentified protein that could be stained
with iodine [3]. Later sequencing in the 1980s identified
this protein in these deposits as the new hormone IAPP
and further confirmed the deposits as amyloid fibers [4], a
particular form of misfolded proteins which adopt a cross-𝛽
sheet structure with each monomer in the fiber adopting a
𝛽 sheet structure and the 𝛽 sheets of each monomer linked
together by strong hydrogen bonds to create a long fiber.

Since amyloid deposits are found in some type II diabetics
but not others, its role in type II diabetes was initially
ignored. More careful microscopic analysis indicated 𝛽-cell
mass is reduced strongly in islets containing IAPP deposits
while neighboring islets lacking the deposits are relatively
unaffected [5, 6]. More directly, some forms of IAPP were
shown to be toxic to 𝛽-cells. The relationship between IAPP
aggregation and toxicity is not simple as both the freshly
dissolved peptide and fully formed fibers show minimal
toxicity [7]. Instead, increasing evidence suggests that the
toxicity is due to intermediates generated during the assembly
of amyloid fibers. These intermediates have been proposed to
attack cells in a variety of ways, such as by generating inflammation, creating reactive oxygen species, and overloading the
misfolded protein response pathway (Figure 1) [2].
One common, well-studied mechanism of toxicity by
IAPP is the disruption of the plasma and organelle membranes [8]. Two of the most commonly studied theories
relating to membrane disruption are the pore hypothesis and
the fragmentation hypothesis [9–13]. In the pore hypothesis,
amyloid species can interact with the membrane surface
and oligomerize to form localized pores or channels that
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Figure 1: Simplified representation of hIAPP aggregation in solution
(a) and on the membrane (b). In solution (a), hIAPP initially
exists in most experiments as a monomeric peptide (i) in exchange
with a micelle-like form (ii). Transient helical (iii) and 𝛽-sheet (iv)
intermediates have been proposed but the exact nature and order
of these species in the aggregation process are not clear. Once the
nucleus for aggregation is formed, the final steps of the aggregation
process are the elongation of the fiber by the addition of monomers
(or possibly 𝛽-sheet oligomers) to the ends of the fiber and the lateral
association of individual fiber strands (protofilaments) to form the
amyloid fiber (v). On the membrane (b), monomeric hIAPP (i) can
bind the membrane (ii) and self-associate on the membrane to form
pores (iii) or helical structures (iv) that eventually form membraneassociated amyloid fibers (iv). During the fiber formation process
(iv), lipids can be incorporated into the hydrophobic ends of the fiber
which would be otherwise exposed to water, causing disruption of
the membrane (iv).

cause an uncontrolled, nonphysiological flux of ions across
the membrane [9, 10, 14]. In the detergent or fragmentation
mechanism, hIAPP intermediates interact with the membrane causing the formation of vesicle-like structures [12,
15, 16]. Membrane fragmentation is due to the process of
amyloid formation rather than a property of amyloid fiber
itself. In particular, the reactive hydrophobic regions at the
ends of amyloid fibrillar may incorporate lipid molecules
into the fiber during the ongoing process of aggregation
[16]. Supporting this concept, it has been found that while
A𝛽 amyloid fibers and monomeric A𝛽 are nontoxic by
themselves the addition of two species together is strongly
toxic to neurons [7, 17]. The two mechanisms of membrane
disruption appear to exist simultaneously and the relative
balance between each mechanism can be influenced by the
cellular environment [18, 19] or ligands [20].

2. The IAPP Aggregation Pathway
The IAPP aggregation pathway shows some common characteristics with other amyloidogenic proteins and important

differences in other aspects. When freshly dissolved in vitro,
after complete dissolution of the fiber (at low pH and temperature), the initial dominant species under most conditions
is the monomeric peptide [21, 22]. The monomeric hIAPP
is primarily unfolded but is not a true statistical random
coil. Instead, NMR experiments under these conditions [23,
24] suggest the conformational landscape is biased towards
helical conformations, particularly in the N-terminal regions.
Similarly, measurements of the hydrodynamic radius by
NMR [25] and triplet quenching of hIAPP labeled with tryptophan at the C-terminus [26] suggest a more compact state
than expected for an unfolded peptide with the C-terminus
folding back to the disulfide bond at the N-terminus [26].
Measurements of the secondary structure of the monomer by
circular dichroism (CD) similarly indicate a small amount of
secondary structure. Specifically, the NMR, CD, and diffusion
measurements indicate monomeric hIAPP adopts a state
similar to the premolten globule state in protein folding,
with fluctuating metastable structure and condensed fold that
is less compact than an unfolded protein but lacking the
well-packed core of a natively folded protein [27]. This state
appears to be particularly aggregation-prone in general; many
other amyloidogenic peptides and proteins also appear to be
premolten globules of this type [28–30]. The conformational
tendencies of the monomer also appear to be linked to the
propensity to aggregate; helix inducing solvents (such as
hexafluoroisopropanol (HFIP)) at low concentrations give
rise to a dramatic increase in fiber formation rates, although
the exact cause of this effect is still not fully understood [31].
Freshly dissolved hIAPP only exists as a monomer under
specific conditions. Under the conditions usually used in in
vitro experiments (neutral pH and temperature 20–37∘ C),
the monomer coexists with a micelle-like aggregate with a
CMC of approximately 1.5–2 𝜇M [21]. At lower temperatures
and pH 7.3, small oligomers form apparently by N-terminal
association while, at pH 5, hIAPP apparently exists exclusively in the monomeric form initially, with very slow selfassociation [21]. The absence of oligomerization at pH 5 is
important because the peptide is initially stored at very high
concentrations at low pH in the secretory granule before it
is released into the bloodstream and then diluted to lower
concentrations [32].
In contrast to some other amyloid proteins which form
a diverse set of stable or metastable oligomers [33], aggregation by hIAPP appears to be a largely downhill, smooth
process under physiological conditions without an appreciable buildup of intermediate aggregation products [22].
Phenomenologically, the aggregation kinetics of hIAPP are
sigmoidal with a short lag time followed by explosive fibril
growth. The kinetics of IAPP have been successfully modeled
by a modified nucleated polymerization mechanism [34].
In this model, aggregation is controlled by the buildup of
a small population of energetically unfavorable nuclei that
initiate fiber formation. Once fiber formation starts, it is
accelerated by a secondary nucleation process caused by fibril
breakage. Each broken end of the amyloid fiber serves as a
new nucleus for fiber elongation. Micelle formation plays an
important role in the aggregation process (Figure 2) [21, 35].
In conditions in which the micelle is present (neutral pH,
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Figure 2: Dependence of IAPP self-association on sample conditions. (a) IAPP aggregation is strongly dependent on the formation of micelles
occurring at specific critical micellar concentrations. (b) Mapping of the self-association of hIAPP as a function of pH and temperature. (Top)
The micelle is not formed when H18 is ionized and no self-association is observed below pH 6. (Middle) At neutral pH, but below a critical
temperature for micelle formation (4∘ C), small oligomers form which predominantly interact with the N-terminal helix (residues 7–16).
(Bottom) Above the temperature for micelle formation (10∘ C), self-association is found throughout the peptide but particularly in the central
region (residues 12–21). Adapted from [21].
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Figure 3: Possible influences of ligands on hIAPP aggregation. Schematic illustrating some of the possible mechanisms by which an inhibitor
can affect aggregation: (a) monomer stabilization; (b) stabilization of off-pathway intermediates; (d and e) dissolution of fibers either
completely to the monomeric state (d) or incompletely to another oligomeric form (e); (f) prevention of fiber extension. Note that this is
not an exhaustive list of possible interactions.

temperature > 10∘ C, and concentration > 2 𝜇M), aggregation
appears to nucleate within the micelle from the central region
of the peptide (residues 12–21) [21]. Under conditions in
which the micelle is not present (pH < 6, temperature < 10∘ C,
or concentration < 1 𝜇M), aggregation is much slower and is
dominated by contacts within the N-terminus of the peptide
[21].

3. Targets for Intervention in
the Aggregation Pathway
Any point in the aggregation process could conceivably
serve as a target for inhibition (Figure 3). An inhibitor
could block the formation of toxic oligomers by stabilizing the monomer (Figure 3(a)), diverting the monomeric
peptide to off-pathway, nontoxic intermediates (Figure 3(b)),
prevent the primary nucleation process by destabilizing
small oligomers (Figure 3(c)), prevent fiber elongation and
stop secondary nucleation by capping reactive fiber ends
(Figure 3(f)), or destabilize the fiber into either monomers
(Figure 2(d)) or other oligomeric species (Figure 3(e)). Note
that diverting aggregation is not the same as stopping toxicity;
in some cases the oligomers formed by dissolution of the fiber
are even more toxic generated in the unperturbed aggregation
process.
Given this complexity, identifying the actual target of
inhibition is challenging. Amyloid fibers are commonly
detected by the fluorescent dye thioflavin T (ThT), which
becomes fluorescent when bound to the cross-𝛽 spine of the
amyloid fiber [36]. This method has become dominant in
amyloid research as, unlike many other techniques, it lends
itself naturally to high-throughput analysis through multiwell
plates, allowing the real time characterization of the kinetics
of aggregation under multiple conditions simultaneously
with multiple inhibitors. Since the intensity of the fluorescent
signal is believed to be proportional to the concentration of
fibers present, a shift in the time constant of the sigmoid upon
the addition of a molecule is often interpreted as inhibition of

fiber formation by the molecule. More specifically, an increase
in the lag time is usually interpreted in terms of the nucleated
polymerization model as inhibition of nucleation (Figures
3(a) or 3(c)). Analogously, a decrease in the final intensity
at equilibrium when an inhibitor is added is sometimes
interpreted as a shift of the equilibrium constant away
from fiber formation towards other, nonfibrillar species. A
decrease in the slope of the sigmoid can be interpreted within
this model as inhibition of fiber elongation (Figure 3(f)).
The reverse reaction, adding the putative inhibitor to fully
formed fibers, and the seeding reaction, adding monomer
to fully formed fibers, can help establish if the inhibitor can
destabilize the fiber (Figures 3(d) and 3(e)) or blocks reactive
fiber ends (Figure 3(f)).
The ambiguity in these statements is deliberate and
reflects the actual ambiguity in interpreting ThT results.
Small molecule inhibitors such as curcumin and quercetin
that overlap in absorbance at the excitation wavelength of
ThT can yield a false positive for fibril inhibition, as the
fluorescence of ThT is decreased by an inner-filter effect
[37]. More commonly, the putative inhibitor may bind to
the same site as ThT on the amyloid fiber, resulting in a
false positive for inhibition from displacement of ThT by
competitive inhibition [38]. Alternatively, ThT (Kd ∼ 1 𝜇M)
[39] may shield a weakly binding inhibitor from binding
to the fiber, yielding a false negative result [22]. Finally,
ThT is only sensitive to amyloid fiber formation and cannot
distinguish the different oligomeric species that may arise.
A more rigorous approach is to directly observe fibers by
microscopy. However, the technique is low-throughput and
prone to experimental bias both due to inadequate sampling
from uneven distribution on the substrate and the uneven
affinity of different oligomers for the substrate surface [40]. A
promising approach is ligand based detection through saturation transfer experiments, which not only directly establish
binding to large oligomeric species but also provide information on intermolecular contacts [41, 42]. Unlike thioflavin
T experiments, saturation transfer difference (STD) NMR
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spectroscopy is not limited to the amyloid fiber alone but
can measure the interaction of a ligand with any species
large enough to enable the observation of spin diffusion
from the oligomer to the ligand. Importantly, it is one of
the few techniques that can give the specific information on
intermolecular contacts important for optimization of the
ligand.

4. Natural Products Are Natural Choices for
Amyloid Intervention
Particular areas of interest toward discovering agents against
amyloidosis have been natural products. Natural products are
small molecules found abundantly in nature, particularly in
foods and have been the main source for early medicines
and therapeutics. They feature specific scaffolds that have
made them beneficial receptor agonists, enzyme activators,
inhibitors of protein-protein and DNA-protein interactions
and channel openers [43]. Some natural products have also
been shown to act as colloidal species which can sequester
low molecular weight aggregates and prevent their fibrillation [44]. Importantly, natural products often exhibit better
pharmacological profiles than their synthetic counterparts,
especially with regard to toxicity and absorption [43]. Based
on early successes, natural products such as flavonoids and
curcuminoids have been extensively researched in regard to
reduction of the amyloid associated toxicity of A𝛽 and 𝛼synuclein.
There have been two main approaches to blocking the
toxicity associated with amyloid aggregation. The first approach
is to reduce toxicity by preventing the toxic species from
forming. The second approach attempts to mediate the effects
of the toxic oligomer formation by serving as an antioxidant
to reduce the reactive oxygen species (ROS) generated by
the aggregation process [45, 46], reduce inflammatory effects
[47], prevent membrane association [48, 49], or block the
channels created by the peptide [50–53]. Given their ability to
target multiple facets of amyloid associated toxicity through
their anti-inflammatory, antioxidant, and antiamyloidogenic
properties [54, 55], natural products make a very promising class of candidates as viable small molecule inhibitors
toward amyloids, specifically hIAPP. Through more stringent
investigations, the use of natural products as aggregation
modulators of hIAPP has provided more direct structural
information about the hIAPP aggregation process itself.
Herein, we will discuss the application of small molecule
natural products toward the modulation of hIAPP aggregation with a particular focus on the most studied natural
products, epigallocatechin-3-gallate (EGCG), curcumin, and
resveratrol (Figure 4).

5. EGCG Diverts hIAPP to Nontoxic
Off-Pathway Oligomers
EGCG is a naturally occurring flavonoid extracted from
green tea that has shown promise as a possible therapeutic
for amyloid related diseases, entering early clinical trials for
the prevention of Alzheimer’s, Parkinson’s, and Huntington’s
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disease and is currently one of the best studied natural
products against amyloid aggregation [56]. EGCG has been
shown in vitro to redirect the aggregation pathway of multiple
amyloids to form off-pathway, amorphous aggregates with
minimal toxicity [54, 57–60]. At substoichiometric levels, the
intensity of ThT fluorescence decreases and the lag phase
lengthens when EGCG is added at the start of the aggregation
process, suggesting hIAPP is still able to form 𝛽-sheet
containing aggregates but at a reduced rate [59, 60]. However,
when stoichiometric to excess amounts of EGCG are added in
solution, a complete mitigation of the ThT fluorescence signal
is observed. NMR experiments indicate that EGCG may
compete with ThT for fibril binding depending on the relative
concentrations of EGCG and ThT; however, under normal
ratios of EGCG and ThT, EGCG diverts aggregation through
a fast consumption of hIAPP monomer to a larger nonfibrillar
aggregate which EGCG may interact with [22]. These results
were also confirmed by electron microscopy where more
small, amorphous aggregates were observed when hIAPP is
coincubated with EGCG with a more pronounced decrease
as the incubation time was increased [22].
The addition of EGCG at various points along the
aggregation pathway also modifies the structural characteristics of the aggregates formed depending on which point
EGCG is added during the aggregation process. When it is
added during the middle and end of the lag phase, small
nonfibrillar aggregates with some amorphous content were
formed. When it is added to early nucleation phase, the preformed 𝛽-sheet containing species were remolded to smaller,
thinner aggregates which have minimal 𝛽-sheet character,
demonstrating that EGCG may not reverse fibrillation to
monomer, but to some other low molecular weight species
[22, 59–61]. Finally, when EGCG was added to preformed
amyloid fibers the ThT signal did not reach the baseline and
electron micrographs indicate that the nonfibrillar aggregates
formed from the dissolution of hIAPP fibers were morphologically distinct from the aggregates formed from the
forward reaction of hIAPP in the presence of EGCG [60].
Seeding experiments shed light onto a possible mechanism
of assembly by displaying whether or not a fibril seed formed
in the presence of EGCG can promote aggregation of the
peptide from a monomeric state. When a fibril seed is added
to hIAPP monomer in solution without EGCG, the peptide
aggregates are almost immediately converted to amyloid
fibrils with a very short lag phase. However, when a seed of
a 1 : 1 EGCG : hIAPP sample was added to a freshly dissolved
sample of hIAPP, the aggregation profile was not affected,
suggesting that the seed may still promote fibrillation through
the natural pathway even in the presence of EGCG [59].
Recently, ion mobility mass spectrometry studies were
utilized to probe possible mechanisms for inhibition as well
as disaggregation of EGCG and hIAPP. EGCG was shown to
bind to the monomer (up to 3 molecules of EGCG), which
induces a conformational change that inhibits the formation
of higher order species in a dose dependent manner through
hydrophobic interactions which was also verified through
ThT and TEM studies [61]. These investigations also gave
insight into a possible mode of disaggregation of hIAPP.
In the presence of varying concentrations of EGCG, the
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Figure 4: Chemical structures of the most studied polyphenolic small molecule inhibitors of hIAPP aggregation: epigallocatechin gallate
(EGCG), gallocatechin gallate (GCG), gallocatechin (GC), curcumin, and resveratrol.

small molecule depolymerizes preformed aggregates to a
more amorphous structure which forms with a low monomer
population [61].
At the molecular level, EGCG was initially proposed to
interfere with aromatic 𝜋-𝜋 stacking interactions in the amyloid fiber as a general mechanism for amyloid inhibition [54].
In support of this mechanism, studies with a modified version
of EGCG lacking the gallate ester (GC) displayed noticeably less inhibition verifying that the trihydroxyl phenyl
rings are important for hIAPP inhibition possibly through
hydrophobic and H-bond contacts [59]. However, EGCG still
displayed inhibitory properties similar to wild-type hIAPP in
an IAPP mutant in which the aromatic residues were changed
to leucine, which suggests that the 𝜋-𝜋 interactions may
not be essential for attenuation of aggregation [59]. EGCG
inhibited fibril formation in truncated peptide variants (8–
37) with an acetylated and free amine N-terminus indicating
that the N-terminus and Cys residues may not be particularly
important in interacting with EGCG. EGCG oxidizes readily
in solution and the oxidized forms can covalently link to
free amines and, if the disulfide bond is reduced, to cysteine
residues in IAPP through Schiff base formation [58, 62].
However, when an oxidized version of EGCG was used
to study inhibition, the small molecule also demonstrated
inhibitory properties independent of covalent binding to
IAPP; thus the Schiff base may not be critical for inhibition,
suggesting a possible hydrophobic mechanism for reforming
aggregates. The role for hydrophobic interactions is partially
borne out by experiments with EGCG and hIAPP in the
presence of a phospholipid monolayer. They found that the
interaction of the peptide and the lipid stabilizes IAPP at the
membrane surface [63]. These contacts may prevent EGCG
from accessing hydrophobic binding sites on the peptide and

reduce its ability to both inhibit aggregation and remodel
preformed aggregates.
Simulation studies of EGCG with the 5-mer and 10mer oligomers have identified that 𝜋-𝜋 stacking and H-bond
interactions are possible avenues of binding to these species
with specific contacts with residues 23, 25, 26, 27, and 37
[64]. This result conflicts with reports that EGCG can inhibit
the hIAPP-8-24 fragment and a modified hIAPP without
aromatic residues, suggesting multiple mechanisms may exist
with different efficacies depending on the actual contacts
present.
Taken together, these experiments indicate EGCG modifies hIAPP aggregation by a complex process that is not
the stabilization of the monomeric species or complete
dissolution of the fiber into monomers. EGCG does not stabilize monomers since NMR studies revealed that monomers
disappear during aggregation and oligomeric species can
be detected by microscopy. However, the mechanism is
not strictly thermodynamic stabilization of off-pathway
oligomers, since adding EGCG to preformed fibers results in
smaller 𝛽-sheet fibers rather than the amorphous aggregates
seen if EGCG is added at the beginning of the aggregation
process. In this case, it would be expected that addition of
EGCG at any time-point would provide similar results.

6. Curcumin Destabilizes Helical
Intermediates of hIAPP
Similar to EGCG, curcumin, a natural product found abundantly in turmeric has been widely used as a therapeutic due
to its antioxidant, anticancer, antibiotic, and antiamyloidogenic properties. It has been shown to nonspecifically bind
to amyloid-𝛽 and modify its aggregation pathway; however
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less is known about the interactions between curcumin and
hIAPP. Curcumin has demonstrated inhibitory properties
against hIAPP aggregation; however, its mechanism of action
still remains elusive. Studying the effects of curcumin on
amyloid aggregation can be difficult by conventional fluorescence methods due to its ability to displace ThT and its strong
absorption in the excitation range of ThT [37]; therefore other
biophysical and spectroscopic techniques have been used to
monitor the inhibitory activity of curcumin. Furthermore,
curcumin is insoluble in water and its stability is dependent
on sample conditions and therefore studying its role with
peptides must be completed carefully.
The ability of curcumin to suppress the formation of
mature fibrils has been observed through the retainment of
NMR signal intensity of the amide peaks in the presence of
curcumin, which was significantly reduced in the absence of
the small molecule [65]. Intensities of cross-peaks observed
in the 2D 1 H/1 H TOCSY spectrum did not change in
the presence of curcumin, confirming the propensity of
the small molecule to mitigate fibril formation. The TEM
images of samples at the end time-point (45 days) showed
morphology markedly different than when curcumin is not
present [66]. The micrographs showed smaller species which
do not resemble traditional amyloid fibrils. When curcumin
was added to a sample of peptide containing oligomeric
intermediates with helical structure, the secondary structure
content shifted to more random coil assemblies, suggesting
that curcumin may disfavor helical oligomers which can
promote fibrillation [65].

7. Resveratrol Blocks hIAPP
Membrane Association
The third natural product to be discussed in this review has
been studied to a lesser extent than EGCG. Resveratrol is
a polyphenolic stilbene derivative found mainly in grapes
and red wine. Resveratrol has been shown to inhibit the
fibrillation of A𝛽 and reduce inflammation as well as reduce
the amount of intracellular A𝛽 levels [45]. However, little is
known regarding how resveratrol interacts with hIAPP. The
small molecule has demonstrated to have inhibitory activity
against hIAPP (IC50 = 3.3 𝜇M) and reduce hIAPP fibrillation
by diverting aggregation to an off-pathway species [48].
Due to the interference of resveratrol with ThT, it has been
difficult to study the aggregation kinetics by fluorescence
assays. Other biophysical and analytical methods have been
employed in order to probe the relationship between hIAPP
and resveratrol more closely [48, 67]. Early investigations
measured IAPP species by AFM which displayed small,
spherical aggregates as opposed to fibrillar species. Transmission electron micrographs showed that even at a large excess
of resveratrol, IAPP fibril formation was not completely
abolished, as seen with EGCG. The lag phase was increased;
however, smaller, thinner fibrillar species were observed. ESI
mass spectrometry probed that there is no strong interaction between monomeric hIAPP and excess resveratrol,
suggesting there is a weak interaction between these two,
also suggested by MD simulation studies which indicated
a possible 𝛽-sheet U-shaped confirmation that may block
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hIAPP from interacting with other 𝛽-sheet monomers [68,
69]. Early investigations by NMR studies showed chemical
shift changes in H18 and K1 upon titration with resveratrol
revealing these residues may be involved in interacting with
resveratrol [70]. A detailed study investigated the effects of
hIAPP mutations and how they perturb resveratrol binding
and inhibitory activity. These were specifically designed to
measure the involvement of 𝜋-cation interactions, hydrophobic stacking through aromatic residues, and the N-terminus.
The results verified that H18 and R11 may have played a
role in interacting with resveratrol, possibly through 𝜋-cation
interactions; however a lesser but still visible effect by aromatic 𝜋-𝜋 stacking may not be a primary mode of interaction
between small molecule and peptide as hypothesized before
[67]. This study also examined the ability for resveratrol to
remodel hIAPP fibrils to smaller species, but unlike EGCG
no substantial modulation of preformed fibrils was seen [67].
Studies of how resveratrol may impact aggregation and
membrane disruption in the presence of hIAPP have also
been conducted, which may shed light into possible mechanisms towards alleviating membrane-induced toxicity [48,
49, 68, 71]. The aggregation of hIAPP occurs at a faster
rate in the presence of negatively charged lipid bilayers,
which may be responsible for membrane-induced toxicity.
When resveratrol was coincubated with hIAPP and PC/PG
vesicles, peptide aggregation was inhibited as seen by FTIR
[48]. A possible mechanism has been proposed based on
X-ray synchrotron studies suggesting that resveratrol first
inserts itself in the upper chain region and decreases the
chain packing of the lipids [49]. However, the insertion is
incomplete and a substantial fraction of resveratrol remains
in solution. The soluble resveratrol fraction was proposed
to interact strongly with exposed hydrophobic interfaces
in soluble hIAPP, masking these sites and preventing the
hIAPP from interacting with the bilayer [49]. In this way,
the structural integrity of the membrane is maintained in the
presence of hIAPP [49]. The membrane-resveratrol-hIAPP
system has also been investigated by simulation studies,
which suggest resveratrol may inhibit hIAPP fibrillation at the
membrane surface by locking the peptide confirmation into a
helix and thus not allowing the structural transitions required
for further aggregation [68].
Lastly, toxicity studies indicated that, in the presence
of resveratrol, INS-1 cells had 90% viability, demonstrating
its positive effects on cells under the influence of hIAPP.
Interestingly, the relative effectiveness of EGCG and resveratrol in protecting aggregation induced membrane damage
is opposite in hIAPP (resveratrol > EGCG) compared to the
amyloidogenic protein 𝛽-microglobulin (EGCG > resveratrol) [72], suggesting interaction rules are not completely
general for all amyloids and further that efficacy against
aggregation in the solution phase is not a guarantee of
efficacy against membrane mediated aggregation or pore
formation. Along these lines, we measured the ability of
several flavanols to inhibit membrane disruption by hIAPP.
In this experiment, membrane disruption typically occurs in
two stages. The first stage is reflective of early pore formation
while the second stage is reflective of a large-scale detergentlike disruption caused by the incorporation of membrane
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Figure 5: Dye leakage induced upon hIAPP addition (2 𝜇M) to
0.2 mg/mL POPC/POPG (7 : 3 molar ratio) lipid vesicles in the
presence and absence of indicated flavanols. Membrane disruption
is detected by concentration dependent quenching of a vesicleencapsulated dye. Within the vesicle, the carboxyfluorescein dye is at
a high concentration and is quenched. Disruption of the membrane
integrity of the vesicle dilutes the concentration of the dye and
thereby increases the measured fluorescence.

lipids into the growing fiber [18–20, 73, 74]. Notably, stoichiometric amounts of EGCG and another flavanol myricetin
(see Figure 6 for structure) enhanced early pore formation
(first 50 minutes, Figure 5) while suppressing the latter phase
associated with fibril growth on the membrane (Figure 5), a
behavior similar to insulin, a strong inhibitor of hIAPP fiber
formation [20].

8. Other Flavanols
EGCG, curcumin, and resveratrol have been the most widely
studied natural products with hIAPP; however, other naturally occurring compounds may also be useful toward
probing, modulating, and understanding IAPP aggregation.
Myricetin has demonstrated to have antiamyloidogenic properties against A𝛽; however, its effects were less clear with
hIAPP. AFM studies indicated that myricetin in high molar
excess prevented the formation of insoluble fibrillar species
[75]; however by TEM, even in the presence of myricetin,
thin fibrillar aggregates were present in solution [76]. Cell
viability assays also indicated that there was partial rescue
of cell viability in the presence of myricetin, compared to
when only hIAPP was added. Similarly, inositol compounds,
which have shown promise in inhibiting A𝛽 aggregation,
are ineffective against hIAPP [77]. On the other hand,

another polyphenolic compound, morin hydrate, showed
some promise toward modifying hIAPP aggregation [76].
When incubated with hIAPP, in excess, morin hydrate
formed small, thin IAPP species with some amorphous
character. Similarly, morin hydrate showed the propensity to
disaggregate preformed aggregates when added stoichiometrically [76]. Morin hydrate differs from myricetin in its Bring substitution, which may influence its role in modifying
hIAPP aggregation and therefore can be used another framework for modulating aggregation.
Some promising data testing silibinin, a natural product
extracted from the seeds of the herb milk thistle, against
hIAPP has shown potential for this class of molecules to
be used as possible inhibitors and aggregation modulators
[61]. Silibinin favored the 3+ monomer as seen by mass
spectrometry and does not allow oligomerization of the
peptide. Electron microscopy also showed that no fibrillar
species were present when incubated with excess silibinin
[61]. This natural product can also disaggregate preformed
fibrils into smaller oligomeric assemblies, which may be
nontoxic, off-pathway oligomers. Similarly, salvianolic acid B
was found to inhibit both the formation of fibers and lower
order oligomers as well as suppress membrane disruption and
cytotoxicity [78].

9. Conclusions
Natural products have shown some promise against hIAPP
aggregation and hIAPP induced toxicity but there is still
much to be done and many fundamental questions remain
unanswered. Before much progress can be made, it is essential
to know the actual dominant mechanism of toxicity by hIAPP.
It is also essential that methods can be developed for highthroughput screening for potential lead compounds [79–82].
However, most of these assays currently select against fiber
inhibition with the assumption that stopping fiber formation
will stop hIAPP toxicity. Alternatively, the dye leakage assay
can be adapted to a high-throughput format for screening
compound libraries for the ability to attenuate membrane
disruption (Figure 5) [83–85]. Less studied is how other
potential mechanisms may contribute to toxicity. IAPP is
known to bind copper [86–88] and there are conflicting
reports on whether metal association can drive the formation
of reactive oxygen species similar to the A𝛽 peptide [87, 88].
Natural products often exhibit antioxidative properties that
may reduce ROS and may open up a new potential avenue
for treatment.

10. Future Directions
In vitro biochemical and biophysical assays have provided
a basis for more clearly understanding how small molecule
natural products influence hIAPP aggregation and toxicity.
Recently, mass spectrometry has been employed to give more
detailed information about specific interactions between
these molecules and their peptide target [61, 89]; however
to probe these interactions further, atomic-level resolution
techniques need to be utilized. The screening of natural products using high-resolution NMR methods has not yet been
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Figure 6: Chemical structures of other polyphenolic small molecule inhibitors of hIAPP aggregation.

used for studying hIAPP but has demonstrated to be effective for other amyloid proteins. Measuring peak intensities
and broadening through simple 1D NMR experiments can
provide valuable information about the effect of ligands on
hIAPP [65, 66]. Furthermore, STD NMR experiments have
been used as a method for monitoring the contacts between
specific atoms of a ligand and a larger protein target, like
amyloid-𝛽 [90]. Small molecules can also be screened against
amyloid proteins using two-dimensional techniques, such
as Heteronuclear Multiple Quantum Coherence (HMQC).
Using these techniques it is possible to directly obtain residue
specific information of ligand interactions with the peptide
using a fast data acquisition approach (SOFAST) [91], which
can circumvent the possible changes in chemical shifts associated with peptide aggregation rather than ligand binding [92].
Solid-state NMR methods can also be employed to investigate
structural features related to small molecule interactions
with amyloids when inaccessible to solution techniques, as
seen with A𝛽 and EGCG [93] and curcumin and resveratrol
[94]. Overall, NMR can be an effective tool to study the
interactions between natural products and hIAPP, providing
atomic-level details unobtainable by other techniques which
can help elucidate mechanisms of inhibition or oligomer
formation and stabilization.
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2

Correspondence should be addressed to Lucie Khemtemourian; lucie.khemtemourian@upmc.fr
Received 27 November 2014; Accepted 3 March 2015
Academic Editor: Hiroshi Okamoto
Copyright © 2016 Lucie Caillon et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Human islet amyloid polypeptide (hIAPP) is the major component of the amyloid deposits found in the pancreatic islets of patients
with type 2 diabetes mellitus (T2DM). Mature hIAPP, a 37-aa peptide, is natively unfolded in its monomeric state but forms
islet amyloid in T2DM. In common with other misfolded and aggregated proteins, amyloid formation involves aggregation of
monomers of hIAPP into oligomers, fibrils, and ultimately mature amyloid deposits. hIAPP is coproduced and stored with insulin
by the pancreatic islet 𝛽-cells and is released in response to the stimuli that lead to insulin secretion. Accumulating evidence
suggests that hIAPP amyloid deposits that accompany T2DM are not just an insignificant phenomenon derived from the disease
progression but that hIAPP aggregation induces processes that impair the functionality and the viability of 𝛽-cells. In this review,
we particularly focus on hIAPP structure, hIAPP aggregation, and hIAPP-membrane interactions. We will also discuss recent
findings on the mechanism of hIAPP-membrane damage and on hIAPP-induced cell death. Finally, the development of successful
antiamyloidogenic agents that prevent hIAPP fibril formation will be examined.

1. Introduction
Type 2 diabetes mellitus (T2DM) is classified as a proteinmisfolding disease and shares the debilitating consequences
of misfolded and aggregated peptides and proteins with more
than 20 other diseases, such as Alzheimer’s disease, Parkinson’s disease, and spongiform encephalopathy [1–3]. T2DM
is characterized metabolically by defects in both insulin
secretion and insulin action, resulting in hyperglycemia, and
is histopathologically characterized by the presence of fibrillar amyloid deposits in the pancreatic islets of Langerhans
(islet amyloid) [4]. Amyloid is a generic term for a protein
aggregation state in which the proteins bind to each other in a
𝛽-sheet conformation [5, 6]. In T2DM, amyloid deposits were
initially assumed to be composed of insulin; however, in 1987
two different groups discovered that the major component of
islet amyloid is a 37-residue polypeptide pancreatic hormone
[7, 8], initially named insulinoma amyloid peptide [9], then

diabetes-associated peptide [7], and finally islet amyloid
polypeptide (IAPP) [8] or amylin [10]. The presence of these
amyloid deposits in T2DM has been linked to the death of
the insulin producing islet 𝛽-cells, thereby contributing to the
development of this disease [4].
IAPP, found in all mammals, is coproduced and cosecreted with insulin in a molar IAPP : insulin ratio of 1 : 100
in healthy individuals, a ratio that can increase to 1 : 20 in
T2DM. The function of hIAPP is still not entirely clear. As a
paracrine hormone, hIAPP may be involved in the regulation
of glucose metabolism, the control gastric emptying, the
suppression of glucagon, the control of satiety, and other
cellular processes [11–16]. Along with these functions hIAPP
disrupts cell coupling and is also reported to induce apoptosis
in isolated human islets [17]. Although hIAPP is a hormone,
no specific receptors have yet been found. However, specific
binding sites have been identified in the brain and in the renal
cortex [18–20].
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PreprohIAPP
MGILKLQVFLIVLSVALNHLKA TPIESHQVE KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY GKRNAVEVLKREPLNYLPL

ProhIAPP PC2

PC1/3

TPIESHQVE KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY GKRNAVEVLKREPLNYLPL
CPE
Mature hIAPP
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

Figure 1: Processing of human PreproIAPP that lead to the formation of mature hIAPP. The cleavage site for PC2 and PC1/3 is indicated by
arrows. The residues KR, indicated by arrow, which remain after the cleavage is induced by PC1/3 are removed by the carboxypeptidase E.
This results in the amidation of the C-terminus of mature hIAPP. The disulfide bridge is shown on the mature hIAPP.

hIAPP is stored with insulin by the pancreatic islet 𝛽cells and is released in response to the stimuli that lead to
insulin secretion [21–23]. hIAPP is initially expressed by 𝛽cells as an 89-aa residue preprohormone containing a 22-aa
signal sequence which is cleaved off upon translocation across
the endoplasmic reticulum, resulting in the prohormone
precursor prohIAPP (Figure 1). Further processing of the
prohormone proIAPP (67-aa in humans) involves cleavage
at the C-terminal end either in the trans-Golgi network
or in secretory granules, resulting in an intermediate 48aa residue peptide. The second cleavage, at the N-terminal
end, generates the mature 37-aa peptide, hIAPP, in the
secretory granules. The two flanking peptides from prohIAPP
remain in the secretory granules. Cleavage is initiated at two
conserved dibasic sites and involves the two endoproteases
prohormone convertase 2 (PC2) and prohormone convertase
1/3 (PC1/3) and the carboxypeptidase E (CPE), which are the
same enzymes that process proinsulin to mature insulin [24–
27]. A glycine residue at the start of the C-terminal propeptide
acts as an amidation donor. The mature peptide undergoes
posttranslational modification via formation of a disulfide
bond between cysteine residues 2 and 7 (Figure 1).
There is a large and growing body of work on the
biophysics of hIAPP amyloid formation and on the biological consequences of islet amyloid deposition. In this
review, the current knowledge of hIAPP structure, hIAPPmembrane interactions, hIAPP toxicity, and the development
of inhibitors of hIAPP toxicity will be presented and analysed.

2. Conformation and Structure of
IAPP in Solution
hIAPP can appear in various states (monomer, oligomer, or
fibril) all with very different structures. In solution, it has been
shown, using circular dichroism, that monomeric hIAPP is
a natively unfolded peptide which is predominantly random
coil, aside from a rigid ring structure formed by the disulfide
bridge between Cys2 and Cys7 residues. As for all amyloid forming peptides, hIAPP undergoes a conformational

transition from its nonfolded state to a 𝛽-sheet structure,
which increases over time [28–30]. This initial peptide conformational change is the key step leading to the formation of
oligomers to highly ordered and insoluble amyloid fibrils.
Little information on the structure of hIAPP oligomers
(and other oligomers associated with amyloid diseases) is
available, mainly due to the instability of the species and to
the relatively fast aggregation process of hIAPP. Both 𝛽-sheetrich hIAPP oligomers and 𝛼-helix-rich hIAPP oligomers have
been observed [31, 32]. High resolution microscopy (electron
and atomic-force) and spectroscopy techniques (NMR) are
most often used to detect oligomeric species, although NMR
generally lacks the time resolution necessary to obtain a
snapshot of oligomers. A handful of microscopy studies have
confirmed that hIAPP oligomers consist of 10–20 hIAPP
monomers with large variations in size and shape [33–35].
However, data on the size of hIAPP oligomers is somewhat
scarce, where one study showed a range of 25–500 monomers
and another showed a range of 20–40 monomers [36, 37].
The structure of hIAPP fibrils is more comprehensively
described, probably due to the stable nature of the fibrils.
Observation by electron microscopy (EM) of hIAPP fibrils
reveals a polymorphism among the fibrils. In some cases, they
organise themselves as helical fibrils of variable width, presenting some periodical twists. In other cases, the oligomers,
also called “protofibrils” at this point, associate themselves
laterally in long and striated ribbon-like strands. These
strands, whose structure will be made more explicit later on,
can be several nanometers long and have a width ranging
from 5 to 15 nm [6, 38]. Further observation into the atomic
organisation of these ribbon-like fibrils finds that the mature
amyloid fibrils are characterized by a cross 𝛽 structure, where
all 𝛽 strands, linked by interstrand hydrogen bonds, are
oriented perpendicularly to the fibril axis. The insoluble and
noncrystalline nature of hIAPP fibrils has complicated the
determination of their molecular structure; however, further
investigations using different techniques such as solid-state
NMR spectroscopy or X-ray crystallography have provided
two similar atomic level models for hIAPP fibrils. The first
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model was obtained using solid-state NMR spectroscopy in
association with molecular modelling. The resulting model
suggests that a single protofibril is made of two symmetric
hIAPP monomers. The backbone of those hIAPP monomers
possesses two 𝛽-strand segments formed by residues 8–17 and
29–37 separated by a bend or loop that is formed by residues
18–27. As the monomer structures itself into this hairpin, different orientations of the side chains of the residues between
the two 𝛽-sheets have been obtained by Langevin dynamics.
Either side chains of Gln10, Leu12, Asn14, and Leu16 are in
contact with the 𝛽-sheet formed by residues 28–37, whereas
side chains of Arg11, Ala13, and Phe15 are located on the
outside of the fibril, or the organisation of the side chains is
reversed, meaning that side chains of Gln10, Leu12, Asn14,
and Leu16 are located outside the protofibril when side chains
of Arg11, Ala13, and Phe15 are facing the core of the block.
Each single monomer then interacts with another, as a pair,
via the side chains of residues 26 to 32, thus forming the single
protofilament. Protofilaments then laterally associate, leading
to the mature fibril [6]. The second model for hIAPP fibrils
was obtained by using X-ray crystallography and is based on
steric zippers and on crystal structures that were obtained
on segments 20–27 (NNFGAIL) and 29–33 (SSTNVG) of
the peptide. This model, similar to that obtained by solidstate NMR with the exception of atomic distances between
𝛽-sheet layers, suggests that a monomer of hIAPP has a
hairpin structure consisting of two 𝛽-strands. Each monomer
then associates with another, with the SSTNVG segment
of the first molecule creating a steric zipper that interacts
with the NNFGAIL segment of the second. These stacks of
peptides then associate themselves one on top of another,
perpendicular to the fibril axis, to form the mature amyloid
fibril [39].

3. Structure of Membrane-Bound hIAPP
Aggregation of hIAPP on the membrane proceeds through
a different pathway than in solution, as the structure of
membrane-bound hIAPP is different to that of hIAPP in solution. The conformation of hIAPP has been examined using
CD and NMR spectroscopy in different membrane models.
In the presence of negatively charged membranes, hIAPP
initially displays 𝛼-helical structure [40]. After a few minutes
of incubation, the conformation of hIAPP changes to 𝛽sheet, characteristic of fibril formation. hIAPP freshly added
to zwitterionic membrane models (including among others phosphatidylcholine, phosphatidylethanolamine, cholesterol, or sphingomyelin) displays typical random coil conformation, which undergoes a typical change to 𝛽-sheet
secondary structure in a few hours (Figure 2) [41]. In both
anionic and zwitterionic micelles, the 𝛼-helical structure
is predominant for several days, suggesting that in these
media the peptide is kept in a monomeric conformation
[41]. The micelle models enabled two groups to characterize
the conformation of monomeric hIAPP, in SDS or DPC
micelles using NMR [42, 43]. Both groups have found that
the core (residues 7 to 28) is an 𝛼-helix structure with a
kink region near residues 18–22. However, the presence of
this kink is likely due to the high curvature of the micelles.
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The C-terminal part of hIAPP is unfolded with a high
degree of flexibility, while the N-terminal part (residues 1–
7) forms a hairpin due to the presence of the disulfide bond.
The structure of hIAPP in the presence of membranes was
also studied using microscopy techniques [44]. This study
showed that hIAPP forms ion-channel-like structures in
reconstituted membranes suggesting that these oligomeric
hIAPP pores could insert in membranes and therefore change
their barrier properties.

4. Mechanism of hIAPP Fibril Formation
As for all amyloid peptides, hIAPP is produced as a soluble monomer and undergoes oligomerization and amyloid
fibril formation via a nucleation-dependent polymerization
process [45]. This process is divided into three main steps,
in the first step, also named the lag phase, the peptide is in
a monomeric form and/or in small soluble oligomers and
no fibrils are present; the second step, called the elongation
phase, is indicated by the propagation of the fibril growth with
consumption of monomer and finally the plateau is reached
when the amount of fibril remains constant. The kinetics
of hIAPP fibril formation can be monitored in time by the
commonly used method of specific binding of the fluorescent
molecule Thioflavin T (ThT) to amyloid fibrils [46]. A kinetic
trace of hIAPP fibril formation shows a lag phase and a
sigmoidal transition which are both typical for fibril growth
of amyloidogenic proteins and peptides (Figure 3). The lag
phase is dependent on experimental conditions such as the
peptide concentration, the ionic strength, the temperature,
and the pH [47, 48].
In most species, IAPP is expressed as an immature 89membered amino acid peptide which is ultimately processed
into a mature peptide of 37 amino acid residues [49]. Most of
the N- and C-terminal residues, the intramolecular disulfide
bridge, and the amidated C-terminus are strongly conserved
throughout the mammalian species (Figure 4). There is a
correlation between the sequence of IAPP and its propensity
to form amyloid fibrils. For example, rat or mouse IAPP
(rIAPP or mIAPP) differ from human IAPP by only six
residues out of 37 and do not form fibrils. Note that those five
of six positions between hIAPP and the nonamyloidogenic
mIAPP are located between residues 20 and 29, the region
which is known to be important in hIAPP fibrillation [50] and
that three of the six residues involve a proline (at positions 25,
28, and 29) which is well-known as a disrupter of secondary
structure and acts as a 𝛽-sheet breaker. Unlike rodents, dogs,
and cow that do not form fibrils, primates, cats, porcine,
ferret, and guinea pigs can form amyloid fibrils and are prone
to T2DM [51].
Several studies have shown that hIAPP sequence can
be divided into three parts, (i) the 1–19 region which is
responsible for hIAPP/membrane interaction and insertion
[52, 53], (ii) the 20–29 region, which is essential for amyloid
fibril formation [29, 50], and (iii) the amyloidogenic 30–
37 region which favours fibrils formation [54–56]. The Nterminal region contains all charged residues: Lys1, Arg11, and
His18 [56]. In particular, the protonation state of the His18 is
affected by the change in pH between the 𝛽-cell granules of
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Figure 2: (a) CD kinetic study of hIAPP in vesicles. Plot color code: dark blue: CD spectrum recorded after 5 minutes and green: CD spectrum
recorded after few hours. (b) Time course of CD ellipticity at 220 nm. (c) Negatively stained microscopy images of hIAPP after incubation
with vesicles.

the pancreas where hIAPP is stored at a pH of approximately
5.5 and released into the extracellular compartment, which
has a pH of 7.4. Studies in solution have shown that hIAPP
aggregation is faster at a pH of 8.8 than at 4.0 and that
the fibril morphology is affected by a pH of 2.4 [56, 57],
indicating that in solution the pH really plays a role in
hIAPP aggregation. hIAPP contains one aromatic residue in
each of the three main parts (Phe15, Phe23, and Tyr37), that
raise the question of the importance of aromatic-aromatic
and aromatic-hydrophobic interactions in IAPP aggregation.
Studies using single, double, and triple mutants in which the
aromatic residues were replaced by Leu residues (F15L, F23L,
and Y37L) indicated that aromatic residues are not required
for fibril formation. However, the substitution decreases

the rate of fibril formation and alters the tendency of fibrils
to aggregate [58–60]. The 20–29 region is the segment in
which most mutations occur between the species (vide supra).
Many substitutions that impact amyloid formation fall within
the 20–29 domain confirming the importance of this region.
A mutation (Ser → Gly) at position 20, which is found at
low levels in certain Asian populations, was found to affect
amyloid fibril formation and the development of T2DM in
vivo. Indeed, this mutation seems to constitute a risk factor
for diabetes, and it has been shown to increase the fibril
formation rate in vitro [11, 61]. The effect of the proline residue
has been further investigated on an 8–37 fragment of hIAPP,
known to be amyloidogenic [62], but presenting substitutions
by prolines in positions 17, 19, and 30. This study has shown
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Figure 3: Schematic representation of fibrillation of hIAPP over time. During nucleation phase, hIAPP monomers associate themselves in
order to form oligomers of various sizes. As the nucleation phase extends to the elongation phase, we can observe the formation of protofibrils,
building blocks of the mature fibrils that characterize amyloidoses.

Human

1
10
20
30
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

Rat/mouse

KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY

Monkey

KCNTATCATQRLANFLVRSSNNFGTILSSTNVGSDTY

Porcine

KCNMATCATQHLANFLDRSRNNLGTIFSPTKVGSNTY

Cow

KCGTATCETQRLANFLAPSSNKLGAIFSPTKMGSNTY

Cat

KCNTATCATQRLANFLIRSSNNLGAILSPTNVGSNTY

Dog

KCNTATCATQRLANFLVRSSNNLGAILSPTNVGSNTY

Guinea pig

KCNTATCATQRLTNFLVRSSHNLGAALLPTDVGSNTY

Hamster

KCNTATCATQRLANFLVHSNNNLGPVLSPTNVGSNTY

Ferret

KCNTATCVTQRLANFLIHSSNNLGAILLPTDVGSNTY

Rabbit
Hare

CNTVTCATQRLANFLIHSSNNFGAFLPPS
T QRLANFLIHSSNNFGAFLPPT

Figure 4: Primary sequence of IAPP from different species. Only
partial sequences are available for rabbit and hare. Residues that
differ from the human IAPP sequences are highlighted in red.

that proline substitution outside the core 20–29 region of
hIAPP not only reduces the aggregation of hIAPP in solution
but also induces instability in the 𝛽-sheet structure. It is
therefore suggested that proline substitution has a dominant
negative role in fibril formation by either disruption of the
nucleation process of hIAPP or by favouring the nonstructured state of the peptide [63]. A ≪reverse study≫ has been
performed by Green and coworkers on rIAPP [64]. In this
case, the proline residues have been conserved while Arg18,
Leu23 and Val26 have been substituted by His18, Phe23, and
Ile26 as in hIAPP. Results have shown that although the
modified rIAPP does not complete the fibril formation to its
maturity as would the wild type hIAPP, the peptide is able

to form fibrils. This implies that the presence of the prolines
in rIAPP does disrupt fibril formation but is not completely
sufficient to avoid it. Moreover, these different studies also
show the importance of key residues in hIAPP that influence
its structure and induce mature fibril formation.
The mechanism of islet amyloid formation is not well
understood. One potential cause has been proposed to
be alterations in the processing of the hIAPP precursor
molecule, prohIAPP, by the islet 𝛽-cells [26, 65]. Recent
investigations have demonstrated that the precursor does not
form amyloid aggregates in solution and may be important
in early intracellular amyloid formation [27, 66, 67]. For
example, several studies demonstrated that proIAPP interacts
with heparin sulphate proteoglycan of the basement membranes that may act as a seed for amyloid formation [68].
In addition, it was shown that incomplete processing has
large consequences for the properties of hIAPP and that these
consequences point toward a less cytotoxic activity of the
precursor as compared to mature hIAPP [69].
Another characteristic of hIAPP is the intramolecular
disulfide bridge between Cys2 and Cys7 at its N-terminal,
which was shown to be essential for its biological activity
[70]. In vitro studies highlight that the disulfide bond is not
involved in the amyloid fibril core structure, prohibiting the
N-terminal region of hIAPP from forming 𝛽-sheet structures.
However, it does contribute to the assembly mechanism since
the loss of the disulfide bond reduces fibril formation [62].

5. The Role of Lipid Membranes in
hIAPP Aggregation
Membranes are implicated in hIAPP aggregation, both as
the target of toxicity and as a catalyst [32, 71, 72]. hIAPP is
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Figure 5: Schematic representation of permeabilization hypothesis. The natively fold peptide first starts to unfold. The first hypothesis (a)
proposes that the monomeric peptide or small oligomers interact with the membranes and insert into the membranes. Fibril formation leads
to membrane permeabilization by changes in membrane curvature and lipids recruitment. The second hypothesis (b) suggests that oligomeric
species are toxic for the membrane interacting with it and forming pores.

known to interact with the membranes and to be inserted
into the membranes, which affect hIAPP aggregation [52, 73].
The analysis of the first step of hIAPP/membrane interaction
shows that hIAPP is inserted into phospholipids membranes
most likely as a monomer and that the N-terminal part (1–
19) is responsible for insertion [49]. This is in agreement with
theoretical predictions from the amino acid sequence which
suggest that only the 1–8 region has a membrane-interacting
ability [74]. A study found that the disulfide bridge located in
the N-terminal part (1–19) has a minor effect on membrane
insertion properties and peptide conformational behaviour,
suggesting that this disulfide bridge does not play a significant
role in hIAPP/membrane interactions [75].
It is known that lipid membranes can promote hIAPP
aggregation [71]. Lipid composition is a key factor that
governs the extent to which membranes alter peptide aggregation. Several compositions were studied, highlighting the
influence of various lipids on hIAPP aggregation and fibrillation. It has been shown that anionic lipids such as phosphatidylserine (PS) and phosphatidylglycerol (PG) strongly
accelerate the kinetics of fibrils formation, thus reducing the
lag time of the kinetics [40, 41, 71, 76]. In the presence of
such membranes, hIAPP fibril formation occurs within a
few minutes as opposed to a few hours in their absence. In
contrast, the zwitterionic phosphatidylethanolamine (PE) is
prone to slowing down these kinetics [41, 77]. Literature data
thus indicate that the lipid composition of membranes has a
large effect on hIAPP fibril formation kinetics but does not
affect fibril morphology.
The modifications of fibril formation kinetics by lipid
membrane composition could be attributed to peptide/lipid
interactions. In particular, electrostatic interactions between
anionic lipids and the positively charged hIAPP could explain
the enhancement of hIAPP aggregation. Thus, as in solution,
changes of pH, as well as ionic strength, could affect hIAPP
aggregation and fibrillation in the presence of membranes

[47, 48]. It has been shown that in the presence of membranes,
a low pH decreases the rate of fibril formation, suggesting that
a low pH prevents aggregation of hIAPP as well as membrane
damage in the secretory granules [48]. The ionization state
of the histidine residue significantly affected the kinetics
of hIAPP conformational changes and concomitant fibril
formation and this is directly related to the kinetics of hIAPPmembrane damage. These results confirmed that the change
of protonation of His18 is very important in the kinetics of
hIAPP aggregation and fibril formation.
Despite considerable progress in the field of hIAPPmembrane interaction, the mechanism of peptide-lipid interactions and membrane permeabilization still remains to
be elucidated and it is not known how hIAPP-membranes
interactions are related to cytotoxicity in T2DM.

6. hIAPP-Induced Membrane Damage
The most widely accepted hypothesis is that hIAPP-induced
cytotoxicity occurs via a membrane disruption mechanism
(Figure 5). The first experimental evidence that an amyloid
protein could cause membrane damage came from the work
of Pollard [78]. It was found that the peptide A𝛽, involved in
Alzheimer’s disease, could form cation-selective channels in
planar lipid bilayers. A few years later, similar experiments
were done on hIAPP and showed that hIAPP could also
form cation-selective channels and ultimately disrupt the
membranes [79]. On the other hand, neither the nonamyloidogenic mouse IAPP nor the amyloid hIAPP fibrils formed
channels. These ion-channels have been also observed for
other amyloidogenic proteins suggesting that the toxicity
of amyloid proteins seems to be linked to their shared
potential to form channels (or pores) in membrane [80, 81].
At this stage, it was clear that hIAPP could induce membrane
damage; however, the exact mechanism of hIAPP-induced
membrane disruption is far from clear and numerous models
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have been described during the last 15 years [33, 34, 36, 37,
52, 71, 79, 82–84]. A report concluded that soluble oligomers
from several types of amyloids, including hIAPP, specifically
increase lipid bilayer conductance, while fibrils and soluble
low molecular weight species have no effect, suggesting that
this may represent the common primary mechanism of
pathogenesis in amyloid-related diseases [82]. It was also
suggested that antimicrobial and amyloid peptides may share
membrane-permeabilization mechanisms since these peptides share many characteristics. Indeed, for both peptides,
a threshold peptide concentration is required to induce the
oligomerization on the membrane surface which leads to
the membrane damage. Recent studies on hIAPP and A𝛽
suggested that the amyloid fibril formation on the membrane
surface induces membrane damage [84–86]. It was postulated
that it is the growth of hIAPP fibrils at the membrane surface
rather than the formation of oligomeric species that causes
hIAPP-induced membrane damage. Thus, as soon as the fibril
develops on the membrane surface, the structural integrity
of the membrane is compromised, possibly by forcing the
curvature of the bilayer to an unfavourable angle or by
uptake of lipids by hIAPP fibrils during fibril elongation at
the membrane (Figure 4). Uptake of membrane phospholipids in amyloid that forms at the membrane, as observed
from in vitro studies [72, 76], as well as in vivo studies
[87], could indeed be an additional factor that contributes
to membrane leakage. Coarse-grained molecular dynamics
simulation results agree with this hypothesis and showed
that amyloidogenic peptides, including hIAPP, fibrillate on
the surface of the membrane, damaging the vesicles and
promoting leakage [88]. In all of these hypotheses, the
membranes have an important role as mediator or accelerator
of the conversion of one hIAPP species to the other. However,
membrane disruption by hIAPP is not the only mechanistic
hypothesis that has been proposed regarding 𝛽-cell death
linked to the presence of the peptide; other mechanisms will
be discussed next.

7. hIAPP-Induced Cell Toxicity
A primary question resides in the main location of hIAPP
in the islet of Langerhans. As it has been described that
amyloid deposits that are involved in T2DM appear to be
extracellular, some evidence has suggested that the amyloid
formation actually starts intercellularly. Indeed, several studies, performed either on transgenic mice capable of secretion
of hIAPP or on baboons, have reported that hIAPP fibrils
or in prefibrillar states could be observed either freely in
the intracellular medium, locating the development site of
the peptide’s oligomers in the endoplasmic reticulum (ER),
Golgi, or secretory granules of the 𝛽-cells [27]. Localisation of
fibrillar species intracellularly may be particularly important
as it could be the root of extracellular deposition of amyloid
fibrils on pancreatic 𝛽-cells and imply different mechanisms
of cellular death. Since the presence and oligomerization of
hIAPP is related to dysfunction followed by apoptosis of
pancreatic 𝛽-cells, different cell factors have been investigated
in order to determine the origin and mechanism of the
decrease of 𝛽-cell mass in the pancreas. As the source of
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amyloid formation is the misfolding of a specific peptide,
studies have focused on the likely correlation between hIAPP
synthesis and ER stress.
The ER serves many different functions in the cell, including assuring the correct native folding and posttranslational
modification of peptides and proteins synthesized within
the cell but also transportation of those molecules to the
Golgi and secretory granules and release into the extracellular
matrix. Those properties of the ER are well-balanced and
regulated to avoid any misfolding and aggregation of proteins
or peptides. However, this equilibrium can be disrupted by
any ill-factors such as disturbances in redox regulation or
calcium regulation and viral infection, applied on the ER.
In particular, and as previously stated, insulin resistance
results in a higher biosynthesis of insulin and thus of hIAPP.
The consequent overproduction of protein and peptide in
the 𝛽-cells then results in ER stress and triggers some
malfunction in the folding process of the molecules, as it
reaches overcapacity. The accumulation of misfolded protein
in the cells along with ER stress cascades into the unfolded
protein response (UPR). This regulation process involves
simultaneously the production of chaperones to both assist
the folding of proteins and limit their aggregation; reducing
ER workload by inhibiting the protein synthesis triggering
the UPR; enhancing the transportation of misfolded protein
to the ubiquitin-proteasome system for degradation; and, as
a last resort, triggering of the apoptosis process.
In spite of the various regulation responses to counteract
the misfolding of proteins or peptides following ER stress,
it is observed that hIAPP still autoassociates and forms
toxic oligomers. This behaviour suggests that the prevention
mechanism against hIAPP misfolding and therefore aggregation can be saturated and rendered noneffective. Different
hypotheses regarding this fact can be evoked among which
is the decrease in 𝛽-cell mass, also linked to apoptosis,
enhancing once more the joint synthesis of insulin and hIAPP
or the inability of the cell to eliminate cytotoxic oligomers
once they are formed in the system.
To a larger extent, whether the cells are exposed to
high concentration of hIAPP and/or if the responses to
the peptide’s aggregation are revealed to be inefficient, 𝛽cell apoptosis is observed. Although mechanisms of the
apoptotic behaviour of 𝛽-cells have yet to be fully elucidated,
there have been some hypotheses that have been proposed
concerning the different pathways and triggers that induce
cell death. The first pathway, called the extrinsic pathway,
involves extracellular factors such as membrane disruption,
as described previously, or the binding to cell receptors. In
particular, it has been described that exogenous or endogenous hIAPP could interact and thus activate the FAS receptor,
present on the surface of cells. The activation of this “death
receptor” results in apoptosis by in turn activating specific
proteins such as caspase-3 [89]. The second pathway that has
been described is the exogenous pathway and is linked to
intracellular factors. Besides ER stress and UPR, mentioned
before and mainly involved in pancreatic 𝛽-cells death, other
factors disturbing the main function of ER are likely to
enhance hIAPP oligomerization and cell death. Among those,
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mitochondrial dysfunction, generation of oxygen free radical,
defects in autophagy can also be mentioned [90].
Lastly, it has also been suggested that 𝛽-cell toxicity can
be induced by an inflammatory response linked to hIAPP.
Indeed, it has been found that the insulin resistance and
production of hIAPP initiate an increase in the concentration
of proinflammatory cytokines such as interleukin 1𝛽 (IL1𝛽), which has been previously described to be cytotoxic to
pancreatic islets of Langerhans [11, 27, 90–97].

8. Inhibition of hIAPP Fibril Formation
The amyloid pathway leading to fibrils is supposed to be
responsible for 𝛽-cell death and T2DM. The development of
inhibitors of amyloid formation is therefore of considerable
interest in treating patients suffering from T2DM. However,
although hIAPP is extremely amyloidogenic, most research
has focused on other amyloidogenic proteins like A𝛽 peptide
or 𝛼-synuclein, involved in Alzheimer’s and Parkinson’s
disease, respectively. Different classes of inhibitors of hIAPP
amyloid formation have been identified and have been tested
for their ability to reduce amyloid cytotoxicity, using either
cells or in vitro model systems [98–104].
First of all, insulin is one of the most effective inhibitors
of hIAPP amyloid formation [71, 105–111]. However, little
is known about the mechanism of this inhibition process.
Some studies have demonstrated that insulin interacts with
the growing hIAPP fibril [106, 108]. Another study showed
that the mechanism of inhibition of hIAPP fibril formation
by insulin is related to strong binding of the insulin 𝛽chain to hIAPP [112]. A recent molecular modelling study
has shown that it involves a helix-helix interaction between
the helical insulin and the N-terminal helix of hIAPP. The
interaction between insulin and hIAPP may stabilize hIAPP
in a nonamyloidogenic monomeric state [111].
Another valuable class of inhibitors are the polyphenols,
which are thought to interact with amyloidogenic proteins via
aromatic 𝜋-𝜋 interactions, although the precise mechanism
is an issue still under debate [102, 113–116]. The molecule
(−)-Epigallocatechin 3-Gallate (EGCG), a natural component
of green tea, is of particular interest [117, 118]. Indeed,
EGCG could have the ability to bind the unaggregated
hIAPP, leading to the formation of noncytotoxic oligomers
through another pathway. Nevertheless, the mechanism
remains under some debate [114, 115]. In addition to its
inhibitory activity, EGCG is one of the few molecules able
to disaggregate preformed hIAPP amyloid fibrils in bulk
solution [117, 118]. Effects are observed for a 2 : 1 hIAPP to
EGCG ratio and even for a 5 : 1 IAPP to EGCG ratio [118].
On the contrary, a 1 : 1 hIAPP to EGCG ratio is necessary
to increase the cell viability in the presence of EGCG.
This molecule is then less effective in the presence of cell
membranes than in solution [118]. Morin hydrate (2 ,3,4 ,5,7pentahydroxyflavone) is a polyphenol as well, and more
precisely a flavonoid. This molecule inhibits the amyloid
formation of hIAPP, since the inhibition is effective from a 1 : 1
hIAPP to Morin hydrate ratio. The molecule acts in a ratiodependent manner, because the effects on fibrils formation
are even more pronounced than when the molecule is
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introduced in excess [119]. As with EGCG, Morin hydrate
is able to disaggregate preexisting fibrils at a one to one
ratio. Unfortunately, all not hydroxyflavones are inhibitors
of hIAPP amyloid formation. For example, Myricetin is an
inhibitor of A𝛽 amyloid formation but is totally ineffective
against hIAPP at a one to one ratio. The number and position
of hydroxyl groups may also play a role in the mechanism of
inhibition. However, it has been demonstrated that Myricetin
slows down hIAPP amyloid formation in a 10-fold excess, that
is, at very high concentrations. Nevertheless, this molecule is
effective in vivo and merits further consideration. Equally of
interest is phenol red, a small aromatic polyphenol molecule,
which elicits an effect on hIAPP fibril formation at a 4-fold
excess of molecule in vitro. Its high efficiency in protecting
pancreatic 𝛽-cells from the cytotoxic effect of hIAPP makes it
a particularly attractive target molecule. In addition, phenol
red is a nontoxic and noncarcinogenic compound, in contrast
to many polycyclic aromatics [120]. Unfortunately, the mode
of action of this class of molecules on the hIAPP amyloid
formation is not known and no clear mechanism has yet been
suggested. Their interest lies in their ability to not only inhibit
the formation of amyloid fibrils but also disaggregate existing
fibrils, protecting cells against hIAPP amyloid cytotoxicity.
A third class of molecules which are active against hIAPP
fibrillation are molecular mimics. This particular strategy is
based on molecular recognition thanks to similar molecular
structure. For example, rat IAPP (rIAPP) whose sequence
differs from hIAPP at only six positions is nonamyloidogenic
in vitro or in vivo. rIAPP inhibits hIAPP amyloid formation in
a dose-dependent manner. Even if the slowdown of the aggregation kinetics exists at 1 : 1 or 1 : 2 hIAPP to rIAPP ratios,
the effect on fibril morphology and final quantity is only
observed in a 5-fold or 10-fold excess of rIAPP [121]. As in the
case of insulin, a mechanism involving interactions between
helical N-terminal regions of the two peptides has been
suggested. In addition, efficient inhibition of hIAPP amyloid
formation has been demonstrated by the modified aromatic
peptide fragment NFGAILSS in which phenylalanine was
substituted with tyrosine (NYGAILSS) [33, 120]. Replacement of this aromatic amino acid leads to the formation
of a nonamyloidogenic peptide, aromatic residues playing a
role in accelerating the process of fibrillation. Unfortunately,
this peptide proved to be cytotoxic toward 𝛽-cells and thus
cannot be used as an inhibitor [120]. A study showed that
Aib modified peptide induced a high inhibition effect on the
full-length hIAPP [122]. More recently, another analogue of
hIAPP was designed by N-methylation of the amide bonds
at G24 and I26, called IAPP-Gl [123]. This molecular mimic
is a nonamyloidogenic hIAPP analog that is able to associate
with hIAPP and thus inhibits the process of fibrillation and
cytotoxicity. hIAPP-Gl was found to be a remarkable inhibitor
of hIAPP amyloid formation. In fact, a 1 : 1 hIAPP to hIAPPGl ratio is sufficient to completely inhibit amyloid formation.
Moreover, hIAPP-Gl dissociates existing oligomers and fibrils
and reverses their cytotoxicity [123].
Finally, an original compound, selenium phycocyanin
(Se-PC), has been discovered as an inhibitor, acting in a
dose-dependent manner [124]. The combination of Se and
phycocyanin proved to be particularly effective at stopping
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the fibrillation process of hIAPP. In fact, Se-PC is effective
at even a 4-fold less concentration relative to hIAPP. A
mode of action has been proposed according to which
Se-PC interferes with hIAPP to interrupt the fibrillation
process thanks to the formation of nanoscale oligomers. This
compound is a good inhibitor of the 𝛽-cell death induced by
hIAPP. Se-PC is thus a promising candidate for antidiabetes
drug development due to its activity on the cell media.
Unfortunately and despite considerable effort, the mechanism of hIAPP amyloid formation is not understood nor
the mode of action of most of the hIAPP amyloid inhibitors.
It is even more difficult to understand these mechanisms as
most of the experiments described refer to studies in bulk
solution [125]. In vitro studies in diluted bulk solution do not
adequately reflect the complexity of the cellular surrounding.
Thus, the effect of inhibitors can be widely changed according
to the medium. This is especially the case for the inhibitor
EGCG whose inhibitory activity is lower than that in bulk
solution [117]. AFM images confirm the presence of abundant
fibrils at the phospholipid interface, even in a large excess
of EGCG, whereas this molecule is very effective in bulk
solution.
It is important to note that some publications referencing
hIAPP inhibitors only draw conclusions from ThT assays. The
monitoring of amyloid fibril formation via ThT experiments
is a very convenient and common technique, but with a
large disadvantage concerning the study of inhibitors. Indeed,
many potential inhibitors can interfere with the ThT dye,
thereby inhibiting the fluorescence of the probe and leading
to false positive inhibitors. This is particularly the case for
rifampicin or hydroxyflavones that interfere with ThT and
might suggest that they inhibit hIAPP amyloid formation,
which is contradicted by TEM images [119, 126]. It is thus
necessary to check the results obtained by ThT fluorescence
and to confirm the inhibitory activity with other techniques
such as circular dichroism (CD), nuclear magnetic resonance
(NMR), transmission electron microscopy (TEM), or atomic
force microscopy (AFM).

9. Conclusions
Today, there are 382 million people living with diabetes.
Diabetes is on the rise all over the world and medical practitioners are struggling to keep pace. Worldwide, one person
dies as a consequence of diabetes (such as cardiovascular
disease, kidney failure, and lower limb amputation) every
6 seconds. In this regard, there is currently great interest
in the field of islet amyloid. However there are important
outstanding issues. Important questions that remain to be
answered include the following. What is the mechanism of
hIAPP fibril formation in vivo? What are the morphology
and structure of hIAPP oligomers and hIAPP fibrils in vivo?
Why do oligomers and amyloidogenic protein form? What is
the exact nature of the toxic species? Much of the research
work on hIAPP-membrane structure and hIAPP-membrane
interactions is performed on membrane models. Progresses
have been made and the results from the biophysical studies
have generated some hypotheses. However, an important
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challenge will be now to connect these biophysical results
with the in vivo experiments.
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Type 2 diabetes mellitus (T2DM) is an age-related and metabolic disease. Its development is hallmarked, among others, by the
dysfunction and degeneration of 𝛽-cells of the pancreatic islets of Langerhans. The major pathological characteristic thereby is
the formation of extracellular amyloid deposits consisting of the islet amyloid polypeptide (IAPP). The process of human IAPP
(hIAPP) self-association, and the intermediate structures formed as well as the interaction of hIAPP with membrane systems seem
to be, at least to a major extent, responsible for the cytotoxicity. Here we present a summary and comparison of the amyloidogenic
propensities of hIAPP in bulk solution and in the presence of various neutral and charged lipid bilayer systems as well as biological
membranes. We also discuss the cellular effects of macromolecular crowding and osmolytes on the aggregation pathway of hIAPP.
Understanding the influence of different cellular factors on hIAPP aggregation will provide more insight into the onset of T2DM
and help to develop novel therapeutic strategies.

1. Introduction
Type 2 diabetes mellitus (T2DM) is a metabolic disease that
affects over 340 million people worldwide. It is defined by the
two hallmarks, insulin resistance and pancreatic 𝛽-cell failure. The dysfunction and degeneration of pancreatic 𝛽-cells
are caused amongst others by the formation and deposition
of extracellular amyloid plaques [1–4]. Such amyloid deposits
were described already in 1901 [5, 6]. However, its main
amyloidogenic component human islet amyloid polypeptide
(hIAPP), also named amylin, was extracted and sequenced
85 years later [7, 8]. Therefore, T2DM belongs to the protein
misfolding diseases, also known as proteopathies, which are
associated with abnormal accumulation of insoluble fibrillar
protein aggregates in tissues and organs. Although distinct
proteins are involved in the formation of those deposits in
different diseases such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease and T2DM, amyloids feature
a common morphology with cross-𝛽-sheets as secondary
structure [9–12]. Some peptides, including peptide hormones, show a tendency to aggregation due to their small

size, lack of secondary structure as well as their appearance
at high local concentrations [13, 14]. During aggregation,
specific species such as monomers, oligomers and fibrils can
be observed at different stages. In the past it was believed that
the fibrillar deposits are the toxic species and are responsible
for the pathological phenotype of the disease because they are
found in post mortem organs or tissues.
Nowadays, there is much evidence that the aggregation
process itself or even the intermediate species are cytotoxic, whereas the final fibrillar aggregates and inclusions,
respectively, may even have protective functions [11, 15–17].
However, fibrils are the best studied species due to their
low solubility and high stability. The in vitro formed fibrils
consist of several proto-fibrils which are twisted around each
other and feature intermolecular 𝛽-sheets perpendicular to
the fibril axis. This characteristic conformation is also known
as cross-𝛽-sheet structure [9–12].
IAPP is a 37 amino-acid residues long peptide hormone,
which is coproduced and cosecreted along with insulin
through the secretory pathway in 𝛽-cell in a ratio of 1 : 100,
but can increase to 1 : 20 in case of T2DM [18]. During protein
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Figure 1: Posttranslational modification of hIAPP through the secretory pathway in islet 𝛽-cells. Upon expression of the preproIAPP, a
disulfide bond is formed at the ER and the N-terminal signal peptide (𝑆: MGILKLQVFLIVLSVALNHLKA) is cleaved after transport to the
trans-Golgi network. The cleavage of the C-terminus fragment (𝐶: NAVEVLKREPLNYLPL) from proIAPP is catalyzed by PC1/3. PC2 removes
the N-terminal fragment (𝑁: TPIESHQVEKR) of proIAPP within the secretory vesicles. The remaining basic residues at the C-terminus are
removed by the action of CPE. The final step of removal of Gly38 and amidation of IAPP at the C-terminus is realized by the PAM complex.

translation, hIAPP is processed and modified (Figure 1).
The hIAPP gene is expressed as an 89 amino-acid residue
long preproIAPP. The 20 amino-acid residue long signal
peptide, which is located at the N-terminus, guides the
protein from the endoplasmic reticulum (ER) to the transGolgi network. During that transport a disulfide bridge
between two cysteine residues is formed. Arrived at the transGolgi network, the signal peptide is cleaved resulting in a 67
amino-acid residue long proIAPP, which is further processed
by prohormone convertase (PC) enzymes. First, the 16 Cterminal amino acids are cleaved by PC1/3 in the trans-Golgi
network. Next, in the secretory vesicles, PC2 cleaves the 11
N-terminal amino acids. Finally, carboxypeptidase E (CPE)
catalyzes the cleavage of the two C-terminal basic amino acids
and activates the peptidyl amidating monooxygenase (PAM)
complex which operates the cleavage of glycine at position 38
and the amidation of tyrosine at position 37 [1, 19–22].
Contradictory to the concept of folding funnels, the
monomeric hIAPP is intrinsically disordered and thus features numerous flexible and random coil conformations [23–
25] with a transient amphipathic helix in the N-terminal
region [26, 27]. The IAPP22–27 region has been shown to be
essential for amyloid formation [28]. It has been suggested
that aggregated IAPP is folded into a double 𝛽-hairpin with
three 𝛽-strands between residues 12 and 37 [29]. However, an
alternative atomistic structural model of a single 𝛽-hairpin
has been obtained from three independent studies based on
nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR) and X-ray diffraction approaches [30–32],
but they differ in the details of the monomeric folding and
the packing of the peptide within the fibrils. Principally, the
polymorphic nature of amyloid fibrils provides the possibility
that different monomeric conformations and various sets of
interresidue interactions within the fibrils can coexist [33].

Interestingly, amyloid formation of IAPP does not occur in
every mammalian species, although its primary structure is
well conserved through evolution. For example, pathological
deposition of IAPP amyloids cannot be found in the islets of
Langerhans of rodents [1]. The main reason for this is proline
mutations (acting as 𝛽-sheet breaker) in the most fibrillogenic
IAPP20–29 region.
Similar to its monomeric structure, the effect and exact
physiological functions of hIAPP are contradictory and still
under debate [1]. Due to its cosecretion with insulin, it may
act as a hormone regulating the glucose homeostasis. Despite
the difficulty to distinguish between its physiological and
pathophysiological effects, two fundamental physiological
roles of hIAPP have been determined. First, it acts as an autoor paracrine molecule in the islets of Langerhans regulating
the secretion of insulin and glucagon. However, the results are
ambiguous, ranging from stimulation via no effect through
to inhibition [34–42]. This phenomenon might be explained
by the fact that monomeric hIAPP as an intrinsically disordered protein (IDP) features conformational diversity and
thus interacts with its target differently depending on its
conformation. Second, hIAPP functions as a hormone for the
central nervous system. As an anorectic, it reduces the caloric
intake and the meal duration [43]. Moreover, inhibitory
effects of hIAPP on gastric emptying and bone resorption
have been reported [44].
The clear link between islet amyloid deposition and
reduction of the 𝛽-cell mass gives rise to the pathophysiological effects of hIAPP. An increased expression level
and aggregation of hIAPP have been reported to cause
dysfunctions and death of 𝛽-cells at different subcellular
levels. An inductive effect of hIAPP on the unfolding protein response (UPR) within the ER compartment has been
detected when the expression level of hIAPP is upregulated.
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However, contrary findings have also been reported [45, 46].
Therefore, the ER stress and its role in IAPP toxicity are
controversial and are still an open question. Additionally,
accumulation of polyubiquitinated proteins and autophagosomes have been found in 𝛽-cells from T2DM patients at
autopsy, indicating dysfunction of the two major intracellular
protein degradation systems ubiquitin-proteasome system
(UPS) [47] and autophagy [48–51]. There is also evidence that
hIAPP contributes to islet inflammation by being internalized
in macrophages in its aggregated state in order to activate
the Nlrp3 inflammasome and thus the production of the
pathogenic cytokine IL-1𝛽 [52–54].
An additional major pathophysiological effect of hIAPP
is its interaction with membranes. In vitro studies show that
hIAPP fibrillation is membrane-mediated, especially in the
presence of anionic lipids [23, 55–59]. Exogenous exposure
of pancreatic 𝛽-cells (INS-1) to hIAPP via culture medium
causes dysfunction of mitochondria and finally death of cells
[60, 61]. There is much evidence that hIAPP can escape from
the secretory pathway by attacking the vesicle membrane [62–
67]. Thus, the hIAPP-mediated cytotoxicity is proposed to
be initiated by intracellular oligomerization and fibrillation
and presumably caused by disrupting membrane integrity
of different cellular compartments, but its mechanism is
still under debate. Three general, but not exclusive theories
of membrane disruption by hIAPP have been developed
(Figure 2). They might act in tandem. (1) The nonspecific
model, where the membrane integrity is disturbed by fibril
growth on the membrane. In a detergent-like mechanism
hIAPP fibrillation causes large-scale defects in the lipid
bilayer, resulting in membrane thinning and fragmentation,
accompanied by increased membrane conductance [68–73].
(2) Binding of monomeric hIAPP to the membrane facilitates the structural transition of hIAPP from a disordered
structure into a partially 𝛼-helical conformation, followed by
oligomerization. The hydrophobic and membrane permeable
on-pathway oligomers represent the toxic species in this
case [17, 26, 74]. (3) Electrophysiological measurements and
small molecule selectivity support the pore theory, where
hIAPP forms ion channel-like pores (“barrel stave”) within
the membrane, leading to deficient ion homeostasis [75–79].
However, the relationship between the formation of islet
amyloid and the onset of T2DM is still largely unknown
[1]. The question if hIAPP aggregation is a cause for 𝛽-cell
dysfunction and destruction or just a consequence remains
unanswered. In secretory vesicles, hIAPP exists at high
concentrations (mM range). In vitro at those concentrations,
hIAPP would rapidly aggregate. This leads to the suggestion
that hIAPP has to be stabilized to prevent rapid aggregation
in vivo. It has been shown that insulin, but not proinsulin,
is able to inhibit hIAPP fibril formation in vitro by forming heteromolecular complexes. Therefore, deficient insulin
processing would prevent this protective interaction and
lead to hIAPP aggregation [80–82]. Moreover, age-related
changes of environmental factors (pH, salt concentration,
chemical modifications, and changes in lipid composition)
and protein homeostasis could also lead to destabilization of
monomeric hIAPP [80, 83, 84]. However, the exact factors

3
(1) Pore formation by oligomers

(2) Membrane disruption by oligomers

(3) Membrane disruption by ﬁbril growth

Figure 2: Three different, but not exclusive proposed mechanisms of
membrane disruption by hIAPP and its aggregation. Upon binding
of hIAPP with the membrane, formation of 𝛼-helical structure
within monomeric hIAPP is favored due to its amphipathic nature.
Initial irritation of the membrane integrity occurs. Self-assembly
of hIAPP results in the formation of 𝛽-sheets and causes deeper
membrane disruption. The further formation of oligomers leads
to enhanced membrane disruption and disintegration either by
forming pores within the lipid bilayers (1) or simply by extracting
lipids from the membrane (2). At a later stage, the growth of
fibrils (3) has also been observed to be responsible for membrane
disruption.

that are responsible for hIAPP aggregation are still poorly
understood.
In vitro, hIAPP fibrillogenesis has been thoroughly studied by varying salt [85, 86], pH [84] and temperature
[87]. On the other hand, hIAPP transgenic mice have been
developed to study the consequence of hIAPP aggregation
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in vivo [1]. However, less attention has been paid to studies
considering the heterogeneity of cellular membrane systems
and the highly crowded milieu encountered in cells. For
example, it has been shown that hIAPP cytotoxicity highly
depends on the location of the peptide. There is an enormous
difference if pancreatic 𝛽-cells are exposed exogenously and
endogenously to hIAPP, respectively [61]. Here, we compare
the amyloidogenic properties of hIAPP in bulk solution
and in the presence of various membrane systems which
have been found to drastically modulate fibril formation. An
interaction between extracellular islet amyloid fibrils and 𝛽cell membrane has already been reported in 1973 [88]. Since
then, the membrane disruption hypothesis for cytotoxicity
has become the most studied for hIAPP and is thus one major
focus of this review, with a special focus on the structural
changes that occur in hIAPP upon membrane binding and
aggregation as investigated in our laboratory. Moreover, the
effects of crowding agents and osmolytes, both important
constituents of cellular environments, are discussed.

2. Characterization of Monomeric hIAPP and
Its Aggregation and Fibrillation Propensity
in Bulk Solution
hIAPP is one of the most amyloidogenic peptides. The aggregation kinetics depends on the monomer concentration as
well as on the presence of aggregation nuclei and is often too
fast to be resolved by spectroscopic methods. One strategy
to decelerate the fibrillation time, which is often needed for
time-dependent studies, is directly derived from nature. After
in vivo synthesis, hIAPP is stored in the 𝛽-cell granules of the
pancreas at a pH of approximately 5.5, and, when in need,
released into the extracellular compartment at a pH of 7.4.
Khemtémourian et al. have shown that low pH decreases
the rate of fibril formation [89]. They also showed that these
differences in kinetics are directly linked to changes in the
conformational behavior of the peptide. One explanation is
the protonation of His18, resulting in repulsive interactions
between the peptides. In addition, hIAPP is often stored in
or pretreated with hexafluoroisopropanol (HFIP) in order to
dissolve any form of aggregates and to keep the peptide in
its denatured monomeric conformation. Lowering the pH
value to 5.5 and pretreatment with HFIP allowed the study
of the conformation of monomeric hIAPP by using far-UV
CD, FTIR, and NMR spectroscopy. A typical CD spectrum
of monomeric hIAPP exhibits a minimum at ∼201 nm along
with a shoulder around 220 nm, indicating a predominantly
disordered structure (∼40%) of hIAPP in its initial conformation (Figure 3(a)), which is in good agreement with
FTIR data showing an amide-I band maximum around
1645 cm−1 [56]. The predominant random coil conformation
of native hIAPP is also in agreement with literature data
[24, 25]. Corresponding results of molecular dynamics (MD)
simulations revealed an essentially random-coiled conformation of hIAPP in solution, although transient 𝛼-helices were
observed as well [90]. 2D-NMR spectroscopy data was also
employed to elucidate the monomeric structure of hIAPP
and the role of specific amino acids. The chemical shift
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dispersion observed is characteristic for a largely disordered
peptide [91]. Solution NMR data [59, 92, 93] also suggest
that the monomeric states of hIAPP transiently sample helical
states and show a lack of stable secondary structures. Thus,
the helical state of hIAPP seems to be a low-lying excited
state conformer. Relating to the hIAPP self-association in the
bulk phase, time-lapse NMR data strongly suggested that the
N-terminal region of hIAPP is involved in the initial step
of aggregation, followed by transient 𝛼-helical intermediate
structures [91]. This is consistent with observations that the
presence of low percentages of the helix-inducing solvent
HFIP strongly catalyzes the aggregation of hIAPP. In another
recent MD simulation study on monomeric hIAPP, Singh et
al. highlighted the interconversion of hIAPP between an 𝛼helix and a 𝛽-hairpin as an important activating process that
could be the initial step of the nucleation process [94].
The extrinsic fluorescent dye thioflavin T (ThT) has
been established as a standard tool to follow the fibrillation
process of amyloidogenic peptides. ThT displays enhanced
fluorescence upon noncovalent binding of mature amyloid
fibrils where it binds to 𝛽-sheet rich areas, probably in a
channel binding mode [95, 96]. As an example, Figure 3(b)
shows data using the ThT assay for 100 𝜇M hIAPP in acetate
buffer, pH 5.5 at 10∘ C. A lag phase for the first ∼100 h followed
by a slow exponential growth phase with the fibril formation
completed after ∼400 h was detected. The morphology of the
isolated hIAPP species was analyzed by tapping mode AFM
[17]. hIAPP oligomers appeared nearly exclusively between
the time points of 0 and 100 h which is the lag phase of the
aggregation process. The mean height ± standard deviation
of the oligomers detected at 0 h was 0.7 ± 0.2 nm. Exponential
growth was observed subsequently in the ThT assay where
hIAPP proto-fibrils are formed, as revealed by AFM. These
species exhibited a mean height of 3.9 ± 1.0 nm at 150 h of
incubation time. After longer aggregation times up to 28 days,
higher-ordered 𝜇m-long fibrillar structures were detected
showing a mean height of 6.4 ± 1.8 nm. Only few oligomeric
structures with a mean height of ∼0.9 nm remained in the
solution.

3. Fibrillation Kinetics of hIAPP in the
Presence of Lipid Bilayer Membranes
The interaction of hIAPP with lipid membranes has been
considered to be a main reason for the cytotoxicity of
hIAPP. Hence, the properties of hIAPP, while interacting
with lipid membranes of different composition, have been
extensively studied. In the past, attenuated total reflectance
Fourier-transform infrared (ATR-FTIR) spectroscopy has
been established in our laboratory as a promising tool to
investigate the time-dependent secondary structural changes
of hIAPP aggregation in the presence of lipid bilayers.
In Figure 4, the aggregation propensity of hIAPP in the
presence of a neutral, zwitterionic DOPC and an anionic
DOPC/DOPG 7 : 3 w/w lipid bilayers was evaluated by ATRFTIR spectroscopy. Comparison of the time evolution of
the amide-I band shows that the presence of DOPC/DOPG
strongly favoured the peak shift of the amide-I band from
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Figure 3: Structure, morphology, and cytotoxicity of hIAPP during its self-assembly. (a) CD spectrum of freshly prepared hIAPP (10 𝜇M) in
10 mM phosphate buffer, pH 7.4 at 25∘ C, and secondary structure content obtained indicating a predominantly disordered structure of the
monomeric peptide. (b) ThT assay of 100 𝜇M hIAPP in 10 mM sodium acetate buffer containing 50 𝜇M ThT, at pH 5.5, and 10∘ C showing
a sigmoidal curve typical for a nucleation-dependent process. The fluorescence intensity was normalized to the intensity recorded at 400 h
assuming the fibril formation to be completed. Time points at which hIAPP species were isolated are highlighted in gray. (c) Tapping mode
AFM images of isolated hIAPP species at particular time points of the aggregation process showing the hIAPP morphology within the lag
phase and the elongation phase. The scale bar included in the images represents 250 nm. (d) WST-1 cell proliferation assay of pancreatic
INS-1E cells exposed to 10 𝜇M isolated hIAPP and nonamyloidogenic ratIAPP species at different time points of the aggregation process,
indicating the highest toxicity of hIAPP species within the lag phase. Adapted and modified from [17, 56] with permission from Wiley-VCH
and Elsevier.

1644 cm−1 to 1627 cm−1 , indicating a decrease in unordered
conformations and a concomitant increase in intermolecular
𝛽-sheet structures. A broad peak at 1616–1619 cm−1 appeared
during the aggregation process, reflecting the formation of
intermolecular 𝛽-sheets with strong hydrogen bonding [56].
Conversely, no significant aggregation could be observed
in the presence of the pure zwitterionic DOPC membrane
within 30 h. Only a small shoulder appeared after 20 h in the
intermolecular 𝛽-sheet region around ∼1625 cm−1 , indicating
the formation of less ordered, probably oligomeric, aggregate
structures after long incubation times.

In many amyloidogenic proteins, small oligomers have
been found to form metastable intermediates such as small
oligomers which are transiently formed and rapidly converted to amyloid fibrils. By performing sedimentation velocity experiments, Vaiana et al. showed that only <1% of the
total population of hIAPP form low-weight oligomers before
fibrillation, indicating that once oligomeric aggregationprone species are formed, they are rapidly utilized in the
formation of 𝛽-rich fibrils [97]. The observation of an
essentially all-or-nothing process of hIAPP aggregation can
also be found in the ATR-FTIR data (Figure 4(d)), which
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Figure 4: Time evolution of the secondary structural change of hIAPP aggregation by studying the amide-I bands at 25∘ C after injection
into the ATR-FTIR cell. (a, b) 10 𝜇M hIAPP in the presence of a neutral (zwitterionic) DOPC bilayer. (c, d) 10 𝜇M hIAPP in the presence
of a phospholipid bilayer consisting of DOPC/DOPG (7 : 3, w/w). In (a) and (c), primary ATR-FTIR spectra are shown. In (b) and (d),
intensity normalized spectra are depicted. A structural transition from partially 𝛼-helical and disordered conformations to the formation of
intermolecular 𝛽-sheet occurs only in the presence of anionic lipid bilayers. (e) Schematics of the ATR-FTIR sample cell. hIAPP molecules
adsorbing to and aggregating/fibrillating at the lipid bilayer membrane are detected, while those distant from the membrane are merely visible
owing to the low penetration depth of the evanescent wave in the ATR-FTIR setup. Adapted and modified from [56] with permission from
Elsevier.
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reveals an isosbestic kind of point between the initial and the
final aggregate state, indicating the absence of a large amount
of intermediate oligomeric species.
Complementary results have been obtained using
infrared reflection absorption spectroscopy (IRRAS) on
lipid monolayers. No significant aggregation of hIAPP was
observed in the presence of a neutral, zwitterionic POPC
lipid monolayer, whereas results for negatively charged
POPG monolayers revealed significant fibrillation [57].
Thus, the aggregation process of hIAPP is considerably
enhanced in the presence of lipid bilayers with a negatively
charged head group. Additional X-ray reflectivity (XRR)
and AFM studies confirmed that the accelerative effect is
initiated by an electrostatic interaction between the positively
charged N-terminal amino acid residues of hIAPP and the
negatively charged lipid head groups [98]. Based on the data
obtained a multiple step fibrillation mechanism for hIAPP
was proposed: First, hIAPP inserts into the membrane
through its N-terminus via electrostatic interaction resulting
in a conformational transition from a predominantly
random coil structure to an 𝛼-helical conformation.
Knight and coworkers showed that membrane binding of
IAPP is a cooperative process leading to the formation of
membrane-bound and heterogeneous 𝛼-helical aggregates.
The structural conversion of the monomeric IAPP from
predominantly disordered to 𝛼-helical and the subsequent
formation of heterogeneous 𝛼-helical aggregates upon
membrane binding hold true for both amyloidogenic
hIAPP and nonamyloidogenic ratIAPP [74]. Thereafter,
rapid conversion to a 𝛽-sheet conformation of hIAPP
takes place, followed by formation of ordered fibrillar
structures. In addition, membrane binding causes a
reduced dimensionality and thus an increased local peptide
concentration which finally promote the growth of hIAPP
fibrils. In a recent MD study by Jia et al. it has been found that
the quick adsorption of hIAPP monomers to the lipid bilayer
surface is mediated by strong electrostatic interactions of the
positively charged residues K1 and R11 with the negatively
charged lipid head groups [99]. A stable helix through
residues 7–22 realizes a parallel binding of hIAPP to the lipid
bilayer surface via electrostatic and H-bonding interactions
[100]. This is in agreement with the observation that the
fragment hIAPP20–29 features a lower affinity to membrane
and without any preference for anionic lipids [101]. The
facts that hIAPP1–19 , the nonamyloidogenic fragment, and
ratIAPP at high concentrations are able to cause disruption
in anionic lipids as well suggest that amyloid formation is
not a necessary condition for membrane damage [74, 102].
This is in line with kinetic leakage studies with hIAPP
wildtype and mutants by Cao et al. demonstrating that
membrane leakage does not require the formation of 𝛽-sheet
or 𝛼-helical structures [103]. These results would fit to the
model of a biphasic kinetics of membrane disruption by
hIAPP with distinct fibril-independent and fibril-dependent
phases as shown by dye leakage experiments [68, 104].
Interestingly, His18 plays an important role in the orientation
of the peptide on the membrane and its protonation, as found
in 𝛽-cell granules, might modulate the membrane disruption
effect of hIAPP [103, 105]. However, the exchange of histidine
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to arginine at position 18 and the lower lipid affinity of
ratIAPP at pH 7.4 compared to hIAPP suggest that the
electrostatic contribution is not the only factor controlling
the membrane binding behavior. A conformational change
in the 𝛼-helix induced by the difference between the
membrane-binding domains of hIAPP and ratIAPP might
define their membrane affinity [74].
Upon formation, the mature hIAPP fibrils show evidence
to detach from the lipid membrane into the bulk solution
or they remain adsorbed at the lipid interface. Via direct
fluorescence microscopic observation, Domanov and Kinnunen showed that hIAPP fibrillation on the surface of supported lipid bilayers induces deformation, vesiculation and
tubulation of the membrane [106]. In addition, hIAPP fibrils
have been observed to be coated by lipid membranes derived
from the vesicles and tubes. Complementary, Sasahara et
al. performed fluorescence recovery after photobleaching
(FRAP) measurements and reported on a significant fluidity
decrease of model lipid bilayers upon binding of soluble
hIAPP, suggesting morphological and functional perturbation caused by the hIAPP-membrane interaction [107].
Plasma membranes are organized in (dynamic)
microdomains termed lipid rafts. They play a key role in many
biological processes, such as modulating a broad range of
signalling cascades [108–110]. Therefore, hIAPP-membrane
studies were extended to neutral and anionic heterogeneous
membrane systems displaying a coexistence of liquid-ordered
(lo ) and liquid-disordered (ld ) phase. In our laboratory, a
neutral DOPC/DPPC/cholesterol (1 : 2 : 1) and an anionic
DOPC/DOPG/DPPC/DPPG/chol (15 : 10 : 40 : 10 : 25) lipid
raft mixture, both exhibiting lo and ld phase coexistence
were used [111, 112]. Confocal fluorescence microscopy of
giant unilamellar vesicles (GUVs) of those lipid mixtures
showed that hIAPP rapidly and preferentially partitions into
the liquid-disordered (ld ) domains of the neutral model raft
membrane, that is, the domains containing less cholesterol.
With time, hIAPP was observed to induce permeabilization
of the membrane and disintegration of the GUVs. However,
colocalization of hIAPP and the fluid lipid domain was
still detectable, indicating an incorporation of lipids into
the hIAPP aggregates. After ∼72 h of incubation no intact
GUVs were detectable anymore [17, 111]. The same systems
were investigated by time-lapse tapping mode AFM to yield
structural data on a nanometer scale. The results indicated a
rapid permeabilizing effect of hIAPP on the zwitterionic lipid
raft membrane (DOPC/DPPC/chol, 1 : 2 : 1), accompanied
by disruption of the lateral organization of the lipid bilayer
within minutes after peptide addition. This degrading
effect of hIAPP to the heterogeneous membrane seemed to
occur through an unspecific, detergent-like mechanism.
Corresponding studies carried out on the anionic
lipid raft membrane (DOPC/DOPG/DPPC/DPPG/chol,
15 : 10 : 40 : 10 : 25) showed an even more accelerated kinetics
than for the aggregation in the presence of the homogeneous
anionic lipid membrane. Complementary ATR-FTIR studies
revealed a slower aggregation kinetics of hIAPP in the
presence of the neutral heterogeneous membrane compared
to the scenario with 30% anionic membrane.
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Taken together, these data clearly demonstrate that the
hIAPP-membrane interaction is more pronounced at anionic
membranes since a stronger adsorption of hIAPP to both the
homo- and heterogeneous anionic membrane compared to
the neutral membrane systems was observed. The electrostatic interaction between the positively charged N-terminal
amino acid residues of hIAPP and the negatively charged lipid
head groups were found to be a dominating effect causing
the peptide-membrane interaction. However, whereas hIAPP
does not seem to aggregate substantially in the presence of the
homogeneous zwitterionic membranes, significant aggregation at heterogeneous zwitterionic bilayers takes place as well,
as also found for other raft containing membrane systems
[113]. The rapid initial adsorption of hIAPP at defect states,
such as the rim of the coexisting lo and ld lipid domains, may
be the reason for an increased local peptide concentration
at the heterogeneous membrane which leads to an enhanced
fibrillation even in the absence of charged head groups. Next
to the lipid bilayer’s lateral organization, also the constituting
lipid components influence the aggregation propensity of
hIAPP. For example, phosphatidylethanolamine (PE), a lipid
with an intrinsic negative curvature, has been shown to
hamper the fibril-independent phase of membrane disruption, but enhances the membrane leakage correlated with the
growth of fibrils on the membrane surface via a detergent-like
mechanism [114]. Cholesterol has been found to effectively
modulate hIAPP fibrillation as well [115, 116].

4. Interaction of hIAPP with Biological 𝛽-Cell
Model Membranes
Model lipid bilayers consisting of few components are often
insufficient in order to represent the scenario in vivo. Therefore, our laboratory extracted cell membrane lipids from a
pancreatic 𝛽-cell line of rat (INS-1E) [117] to be able to study
the hIAPP-membrane interaction in a more natural lipid
environment. Mass spectrometry analysis of the extracted
lipids revealed phosphatidylcholine (PC) as the major head
group component of the lipid mixture and a ratio of 2.5% negatively charged lipids [60]. The ATR-FTIR spectroscopy data
show that hIAPP adsorbs readily at the membrane and shows
an increasing amide-I band intensity at around 1623 cm−1 —
indicating intermolecular 𝛽-sheet formation—already 1 h
after the measurement was started (Figure 5). These findings
are similar to those obtained for hIAPP aggregation and
fibrillation at the homo- and heterogeneous anionic lipid
membranes. However, a much stronger adsorption of hIAPP
to the biological model membrane was detected (Figures 5(b)
and 5(f)). This could be explained by a higher roughness
of the biological membrane with a higher concentration
of membrane defects which could foster the interaction of
hIAPP with the membrane surface.
Fluorescence microscopy measurements on giant unilamellar vesicles (GUVs) of the extracted biological lipids
from the 𝛽-cell membrane supported these findings. To
detect the permeabilization of the vesicles upon hIAPPinduced disintegration of the lipid membrane, a leakage test
was employed. The GUVs were filled with buffer containing
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the fluorophore Atto647. The lipids were labelled by addition of N-Rh-DHPE (N-(lissamine rhodamine B sulfonyl)1,2-dihexadecanoyl-sn-glycero-3-phospho-ethanolamine triethylammonium salt). For visualization of hIAPP, the peptide
was C-terminally labelled with Bodipy-FL and a 5 𝜇M solution of hIAPP-K-Bodipy-FL was added to the GUVs. Fluorescence microscopy images of the interaction are depicted
in Figure 6. At first (𝑡 = 0 min) the GUVs are shown
before hIAPP was added, to visualize the Atto647 fluorophore
containing buffer (blue channel) within the N-Rh-DHPE
labelled GUVs (red channel). Already after 5 min, hIAPPK-Bodipy-FL (green channel) could be mainly detected at
the lipid membrane of the vesicles and led within the next
minutes to permeabilization and leakage of the membrane.
However, colocalization of hIAPP and the biological membrane was still detectable even after 𝑡 = 40 min. At this time
point, disintegration of the GUVs was observed, indicating
incorporation of lipids into the growing hIAPP aggregates
[60].
Taken together, the rapid permeabilization and disintegration of GUVs observed and induced by soluble hIAPP
confirm a fibril-independent mechanism of membrane disruption. Subsequent GUV disintegration and lipid incorporation into the hIAPP aggregates give evidence for a
second fibril-growth dependent mechanism of membrane
disruption, which is in agreement with literature data [68, 75].
One reason for the fibril-independent mechanism could be
the hIAPP-insertion induced formation of negative curvature
within lipid bilayers as Smith et al. concluded from studies using bicelles [118]. hIAPP- and PE-induced curvature
effects may be expected to feature different geometries and
energetics, however. The intrinsic negative curvature of PE
containing membranes hampers a deep insertion of the
peptide into the membrane and favors a shallow binding of
amyloid fibers onto the membrane. Hence, insertion of the
peptide into the membrane and thus the fibril-independent
induced membrane disruption seem to sensitively depend on
the geometry and curvature elastic stress of the membrane
[114]. Upon fibril growth, further curvature might be induced
by the twist of the 𝛽-sheets of the hIAPP fibrils [69]. In
addition, lipid extraction from the lipid bilayers has been
observed during fibril growth which might be a second
reason for the fibril-dependent membrane damage [119]. The
“pore model” for the fibril-independent membrane leakage
has been put forward by Last and Miranker [120]. Using the
amphipathic peptides magainin 2 and ratIAPP, they pointed
out that initial binding of the peptide in the intermediate
region between the head group and acyl chains of the bilayer,
expands the head group region relative to the acyl region
of the membrane. This results in a thinning of the acyl
chain region and thus the formation of an internal surface
tension within the bilayer due to the nonideal packing of
the acyl chains. Formation of membrane pores could be an
energetic consequence to release the surface tension. Recent
imaging total internal reflection-fluorescence correlation
spectroscopy (ITIR-FCS) studies suggest a “carpet model”
and showed that below the critical concentration for peptide
aggregation and upon binding to the plasma membrane
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Figure 5: Aggregation kinetics of hIAPP in the presence of different membrane models. Time evolution of the amide-I bands of 3 𝜇M
hIAPP upon aggregation in the presence of a membrane composed of lipids extracted from a pancreatic 𝛽-cell line of rat (INS-1E)
at 25∘ C. In (a), primary ATR-FTIR spectra are shown; (b) depicts the concomitant intensity normalized spectra. (c–f) Time evolution
of the 𝛽-sheet content and adsorption kinetics upon aggregation of hIAPP in the presence of various membrane compositions. (c, e)
10 𝜇M hIAPP at an anionic (DOPC/DOPG, 7 : 3, w/w) membrane, a neutral, zwitterionic DOPC membrane and a neutral heterogeneous
lipid raft membrane (DOPC/DPPC/chol, 1 : 2 : 1). (d, f) 3 𝜇M hIAPP in the presence of an anionic heterogeneous lipid raft membrane
(DOPC/DOPG/DPPC/DPPG/chol, 15 : 10 : 40 : 10 : 25) and a membrane composed of lipids extracted from the pancreatic 𝛽-cell line of rat
INS-1E. Adapted and modified from [56, 60] with permission from Elsevier.
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Figure 6: Visual leakage assay studying the interaction of hIAPP with biological membrane and its consequence. Confocal fluorescence
microscopy images of the interaction of 5 𝜇M hIAPP with giant unilamellar vesicles (GUVs) composed of lipids extracted from a pancreatic
𝛽-cell line of rat (INS-1E). The GUVs which are labelled with N-Rh-DHPE (red) are filled with phosphate buffer containing the fluorophore
Atto647 (blue). C-terminally labelled hIAPP-K-Bodipy-FL (green) adsorbs within the first 5 min to the lipid vesicles and leads to membrane
permeabilization and disintegration of the GUV. The scale bars represent 10 𝜇m. Reprinted from [60] with permission from Elsevier.

of living cells, monomeric hIAPP increases the fluidity of
the plasma membrane by carpeting the plasma membrane
and forming microdomains. Such dynamic microdomains,
presumably consisting of peptide-lipid complexes, are able to
extract lipids in a hIAPP-concentration dependent manner
[121, 122].

5. Cytotoxicity of hIAPP Polymorphs to
Pancreatic 𝛽-Cells
In vivo, stability and function of proteins are tightly controlled by a protein control network, including chaperonemediated folding and degradation of misfolded proteins via

proteasome and autophagy. Its deficiency results in accumulation of misfolded proteins and causes protein misfolding
diseases including T2DM. The mechanism of hIAPP-induced
cytotoxicity is not yet fully understood, but it seems to
cause dysfunctions at different cellular and subcellular levels
including production of ROS, ER-stress, defects in UPS
and autophagy, increased production of proinflammatory
cytokines, and in particular permeabilization of plasma and
mitochondria membranes [1]. The hypothesis of intermediate
species such as oligomers gaining toxic functions and causing
degeneration of functional cells is common [9–12]. However,
such oligomers are metastable, probably polydisperse in
nature, and thus ill-defined.
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Using the pancreatic 𝛽-cell line INS-1E and a WST-1 cell
proliferation assay, our laboratory studied the cytotoxicity of
various hIAPP species. The results of the proliferation assay
clearly show a correlation between the hIAPP cytotoxicity
and the aggregation time [17]. Within the lag phase of
hIAPP aggregation, the cells showed only small survival rates
between 3.5 and 10% where predominantly oligomeric hIAPP
species have been found by AFM experiments. Proceeding
of the growth reaction led to an increase in ThT intensity
correlated with a significant decrease in cytotoxicity. Samples
taken within this exponential growth phase contained mainly
proto-fibrils as detected by AFM and showed an 80–85%
survival rate of INS-1E cells. Mature hIAPP fibrils, as found in
the saturation phase of hIAPP aggregation and confirmed by
AFM, exhibited with 90% cell viability the lowest comparative
cytotoxicity. As a control, samples at different time points
after incubation with ratIAPP were taken. At same concentration, the nonamyloidogenic ratIAPP did not show cytotoxicity within the whole incubation period (Figure 3(d)). However, using the MTT assay (loss of mitochondrial activity) and
elevated peptide concentrations or another cell line, ratIAPP
has been reported to be also cytotoxic [61, 123]. These results
are in agreement with the biphasic mechanism of IAPPinduced membrane disruption found in vitro. Soluble hIAPP
and even ratIAPP, either monomeric or oligomeric, binds to
the membrane surface by electrostatic and hydrophobic interactions. Once initial binding is achieved, further peptides
are recruited and growth of hIAPP fibrils is promoted. Both
IAPP binding (fibril-independent) and fibril growth of hIAPP
lead to membrane disruption and finally cell death. Mature
fibrils were shown to be least cytotoxic, which is consistent
with in vitro data showing that preformed fibrils do not cause
membrane disruption [68]. However, the hIAPP cytotoxicity
cannot be simply scaled-down to a membrane-disruption
phenomenon. Using nontoxic and nonamyloidogenic IAPP
mutants, Cao et al. demonstrated that there is no one-to-one
relationship between disruption of model membranes and
induction of cellular toxicity [103]. Additional contributions
might be involved.
Obviously, the typical extracellular amyloid deposits
found in T2DM play a minor role in cytotoxicity. In contrast,
small and structurally ill-defined oligomers might play a
more prominent role in the development of T2DM. For
example, recent data illustrate that hIAPP cytotoxicity is
correlated with mitochondrial dysfunction upon abnormal
intracellular release of toxic hIAPP oligomers from 𝛽granules [61, 66]. As reason, a disruption of the mitochondrial
membrane integrity is proposed.

6. Characterization and Inhibition of hIAPP
Fibrillation under Macromolecular
Crowding Conditions
Protein aggregation and fibrillation occur naturally in
a densely crowded, viscous, and heterogeneous solvent,
namely, the cytoplasm, which is filled up to a volume of
40% by differently sized biomolecules such as proteins,
nucleic acids, osmolytes, and salts [124]. The consequential
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reduced accessible volume, also known as the macromolecular crowding effect, is predicted to have a significant impact
on the equilibria and kinetics of biochemical processes by
limiting the conformational sampling space to maximize
the overall available volume [125]. In other words, macromolecules restrict the available molecular space by their
mutual impenetrability and repulsive interactions (termed
as excluded volume effect) and thus entropically stabilize
proteins by favoring the more compact conformations of the
protein. The excluded volume effect strongly depends on the
relative sizes and shapes of the test molecule and the background macromolecules. The more comparable the crowded
molecule and the cosolutes are, the more the excluded volume
effect dominates. However, the excluded volume effect is
accompanied by an increase of viscosity, reduced dynamics,
and changes in solvent polarity and water activity, which in
total describes the macromolecular crowding effect. Since incell techniques are rare and limited, inert and water soluble
synthetic polymer crowding agents such as Ficoll, PEG or
dextran have been used to mimic macromolecular crowding
conditions and to study the effect of steric repulsion on
equilibria of different cellular processes, such as protein
folding and aggregation. Ficoll is a copolymer of sucrose and
epichlorohydrin and behaves as compact and rigid spheres
due to its high branching and cross-linking. In contrast,
dextran is a polymer of D-glucopyranose with less branching
and thus features high flexibility and linearity typical for
a quasi-random coil. Due to their hydrophilicity, inertness,
and neutrality, both polymers have been established as wellsuited macromolecular crowding agents to mimic biological
fluids, whether intra- or extracellular [126]. Despite its high
water-solubility, polyethylene glycol (PEG), a linear polymer of ethylene glycol, is a less promising macromolecular
cosolute, since evidence of attractive interactions between
PEG and hydrophobic side chains on the protein surface has
been found [127–129]. More recently, the macromolecular
crowding effect includes also the consideration of nonspecific
(“soft”) interactions between solute and cosolutes, which are
of enthalpic nature and can have stabilizing and destabilizing
effects [130–135]. Therefore, in order to mimic the in-cell
scenario with more biologically relevant cosolutes, proteins
such as BSA and lysozyme were introduced as proteinaceous
crowding agents because they feature chemically heterogeneous surfaces, providing chemical interactions such as
hydrophobic and electrostatic interactions as well as hydrogen bonding. BSA has a molecular mass of 66.4 kDa and is
negatively charged at physiological conditions, whereas the
14.3 kDa lysozyme has a positive net charge.
Many studies reported on the stabilizing effect of in vitro
macromolecular crowding on protein folding which ranges
from modest to strong [125], whereas cellular crowding was
shown to only weakly shift protein folding equilibria towards
the folded state [136–138] or even to destabilize the native
state, such as of the surface antigen VlsE [139].
Over the last decades, effects of macromolecular crowding have slowly gained attention in protein aggregation and
fibrillation studies [140]. It was shown that the aggregation and fibrillation reaction of several IDPs, including 𝛼synuclein [141–145], A𝛽 [146], apolipoprotein C-II [147],
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prion protein (PrP) [148–150], and copper-zinc superoxide
dismutase (SOD1) [150], are accelerated by synthetic and
protein crowders. In order to understand the accelerative
effect of macromolecular crowding on the protein fibrillation
reaction, several major steps within the aggregation pathway
which might be affected, have to be considered: (1) the
structural collapse of the monomer producing aggregationprone partially folded species, (2) formation of dimers and
oligomers inducing the nucleation process, and (3) the
growth and elongation of fibrils. The excluded volume effect
is expected to favor the first two steps due to structural
compaction upon formation, whereas the viscosity of such
crowded solutions might decelerate the diffusion-limited
process of fibril elongation. By studying the morphology of
fibrils from the IDPs described above and formed under
macromolecular crowding conditions, increased amounts of
fibrils featuring shorter lengths have been reported. This
indicates that the excluded volume effect favors the steps
of structural transformation within the monomer and the
oligomer formation, which dominate over the viscosity effect
of macromolecular crowding. However, the net effect of
macromolecular crowding on protein fibrillation might be
different for different IDPs.
Since hIAPP fibrillation occurs naturally in crowded
biological fluids, both intra- and extracellular, our laboratory recently analyzed the influence of macromolecular
crowding on the aggregation properties of hIAPP by using
different polymeric (dextran 70, Ficoll 70) and protein
(BSA, lysozyme) crowding agents (Figure 7). In contrast to
previous studies on IDPs, we found suppressive effects of
macromolecular crowding on the hIAPP fibril formation
[151, 152]. First, by applying fluorescence correlation spectroscopy (FCS) we found that the mobility of monomeric
IAPP was highly restricted by interaction with the cosolute and increased viscosity under such macromolecular
crowding conditions. 20% of ratIAPP was found to bind to
the polymeric crowding agents Ficoll and dextran, whereas
in solution with BSA nearly 50% of ratIAPP and with
lysozyme nearly 90% of ratIAPP were bound to the protein
crowder (Figure 7(b)). By applying ThT fluorescence spectroscopy (Figures 7(c) and 7(d)) and AFM, a crowder-type
and concentration dependent decrease of fibril formation
was observed. However, for all concentrations of Ficoll
and dextran the aggregation kinetics of hIAPP remained
nearly unchanged, except for higher amount of dextran (30–
40 wt%), resulting in a slightly extended elongation phase.
In contrast, the protein crowders caused a prolonged lag
phase and an extended elongation phase in case of BSA and
a complete inhibition in the presence of 10 wt% lysozyme.
Additional data gained by ATR-FTIR spectroscopy showed
that the structural transition from partially 𝛼-helical and
disordered in the monomeric state to the formation of
intermolecular 𝛽-sheets in the aggregated state remained
unchanged under macromolecular crowding conditions. The
well-known accelerative effect of lipid environment on hIAPP
fibrillation was not affected by macromolecular crowding.
Taken together, these observations confirmed that the in vitro
hIAPP aggregation pathway from monomeric species to fibril
formation via nucleation is competing with stabilization of
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early-stage hIAPP species under macromolecular crowding
conditions by nonspecific binding between structurally disordered IAPP monomers and crowding agents and increased
viscosity. This study showed that the cellular crowding might
not only be an effect of excluded volume, at least for
hIAPP, but also strongly involves nonspecific interactions
(enthalpic contribution). Compared to the other IDPs studied
under macromolecular crowding conditions, hIAPP is the
smallest peptide with only 37 amino acid residues and thus
is rather insensitive to the excluded volume effect. The
cavities confined by the cosolutes might be still too large
in order to favor the structural transition and nucleation
of hIAPP as expected from the excluded volume effect. In
a second study, we compared the modulation effect of the
macromolecular crowding agent Ficoll 70 and its monomeric
equivalent sucrose on the aggregation reaction of hIAPP. We
found that both have approximately the same suppressive
effect on the aggregation kinetics and the amount of fibrils
formed confirming that Ficoll behaves osmolyte-like and
that the steric excluded volume effect does not have a
major effect on hIAPP aggregation. Lee et al. reported on
inhibitory effects of Ficoll and promoting effects of dextran
as crowding agents on the fibrillation reaction of A𝛽, a
comparable peptide in size and involved in Alzheimer’s
disease, under nonagitating conditions [146]. These results
revealed that the chemical nature and the increased viscosity
of a crowding solution can determine the macromolecular
crowding effect and thus dominate over the steric effect
of excluded volume. Computer simulation studies of our
laboratory showed complementary results for fragments of
hIAPP. The probability of the aggregated state vanishes upon
decreasing the system size suggesting that the finite size
of biological cells or their compartments may be playing
a key role in hampering intracellular aggregation of highly
amyloidogenic peptides, whereas aggregation occurs more
frequently in lower crowded environments, such as the
extracellular space [153].
Recently, Huang et al. reported on the stabilization of soluble and neurotoxic 𝛽-oligomers of the recombinant human
prion protein (PrPC ) under macromolecular crowding conditions [148]. In contrast, we found that the globular, early-stage
hIAPP species stabilized under macromolecular crowding
conditions were not toxic when exposed exogenously to the
pancreatic 𝛽-cell line INS-1E, indicating that those species are
formed off-pathway (Figure 7(e)).
Low-concentration working small molecules become
attractive in the light of therapeutic applications. Mostly,
they inhibit protein aggregation and subsequent fibrillation
by direct and hydrophobic interaction due to their planar
structure and hydrophobic nature. Thereby, they bind to partially folded regions within the monomer, lead to formation
of nontoxic off-pathway oligomers, or destabilize the fibrillar
states upon binding to mature fibrils [154]. However, for the
development of such pharmacological chaperones, it is also
crucial to consider the effect of macromolecular crowding
on its inhibition efficiency since the biological fluid itself
has a significant regulative effect on protein aggregation and
fibrillation in vivo. Therefore, we characterized and compared
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Figure 7: Suppressive effect of macromolecular crowding on hIAPP aggregation and cytotoxicity. (a) Schematic illustration of the excluded
volume effect caused by different polymer and protein crowding agents (A: Ficoll and dextran, B: BSA, C: lysozyme). (b) Moderate to strong
interaction between ratIAPP and the crowding agent at equimolar concentration, as analyzed from FCS measurements, affect the aggregation
kinetics of 10 𝜇M hIAPP differently as measured by ThT fluorescence spectroscopy (c, d). In addition, a crowder concentration dependent
decrease of the fibril amount formed is observed. (e) The effect of macromolecular crowding favors the formation of nontoxic off-pathway
hIAPP species. (f) In summary, with the results from complementary AFM and ATR-FTIR studies, two competing reaction pathways of
hIAPP aggregation under crowding conditions are revealed. The horizontal path shows the well-known hIAPP aggregation mechanism from a
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stabilization of nontoxic, off-pathway and globular hIAPP species is shown in a vertical path. Adapted and modified from [151].
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the effect of an orcein-related small molecule, O4, which has
been shown to reduce the cytotoxicity of A𝛽 by stimulating
its aggregation [155], on the hIAPP fibrillation in the absence
and presence of crowding agents [152]. In vitro, we have
shown that O4 is an efficient dose-dependent inhibitor of
hIAPP aggregation by redirecting the aggregation pathway
towards off-pathway globular species, thereby reducing the
cytotoxicity of hIAPP. Further, O4 is able to interact with
hIAPP fibrils at a mature stage, causing disassembly of fibrils
into smaller, less stable structures. A less effective inhibitory
effect of O4 was found in the presence of Ficoll 70, whereas
in the presence of its monomeric unit sucrose, the dosedependent inhibitory effect of O4 is similar to that in the
diluted buffer, indicating that macromolecular crowding does
modulate the efficiency of O4.
Taken together, those studies clearly demonstrate that
the biological fluid itself might be an active contributor
regulating the amyloidogenic propensity of hIAPP in vivo. An
increase of water content and thus a decrease of macromolecular crowding, as found in the extracellular space or induced
by a loss of the health status of the cell, might be a reason
for the onset of hIAPP aggregation in vivo. In addition, the
data highlights the importance and need to develop in-cell
methods in order to get insight into the mechanism of hIAPP
fibrillation in living cells where the influence of biomolecular
solvation, viscosity, excluded volume and complex membrane
systems act in concert. The recently developed optical superresolution techniques such as stimulated emission depletion
(STED) and stochastic optical reconstruction microscopy
(STORM) might be promising tools to spatiotemporally
resolve structural and morphological properties of hIAPP
inside living cells. Schierle et al. used direct STORM to
successfully show the fibrillar structure of in situ formed A𝛽
aggregates [156].

7. Modulation of hIAPP Aggregation and
Fibrillation by Osmolytes
Apart from macromolecules such as proteins, nucleic acids
and lipids, the cellular cytoplasm contains additional small
organic molecules, also known as osmolytes or chemical
chaperones. They function as responders to equilibrate cellular osmotic pressure and thus to maintain protein stability
and functionality [157–159]. Depending on how they affect
the folding equilibrium of a protein, the osmolytes can be
divided into two classes, namely denaturants and protecting
(or compatible) osmolytes. Denaturants such as urea and
guanidinium chloride favor the unfolded states of proteins
by forming intermolecular hydrogen bonds with the peptide
backbone and polar side chains, which are more favored than
intramolecular hydrogen bonds required for the formation
of secondary and tertiary structures [157]. In contrast, protecting osmolytes including carbohydrates (e.g., trehalose),
polyoles (e.g., glycerine, sorbitol, inositol), amino acids
(e.g., glycine, proline, and taurine), and methylamines (e.g.,
TMAO, glycine-betaine) stabilize protein’s native structure
by favoring interaction with the solvent water and excluding
themselves from the protein surface [157]. As a consequence,
this preferential exclusion effect (also termed as osmophobic
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effect) shifts the folding equilibrium towards more compact
structures with less solvent accessible surface area (SASA)
[160–162]. In nature, denaturants and protecting osmolytes
such as urea and TMAO often act in a certain ratio in concert
to be able to regulate the protein stability under varying
osmotic and other environmental conditions [157].
It is still poorly understood how osmolytes affect
the stability of aggregation-prone proteins and thus their
aggregation propensity. In literature, the rarely investigated osmolyte effect ranges from aggregation-inhibiting to
aggregation-inducing. At a closer inspection, those conflicting results derive from the protein’s specific tendency to
aggregate. Chemically or mutation-induced protein destabilization leads to partial unfolding and thus formation of
aggregation-competent species that can be ameliorated in
the presence of osmolytes such as sorbitol, glycine-betaine
and trehalose [163–165]. In contrast, fibrillation of natively
unfolded proteins such as IDPs has been reported to be
enhanced and accelerated in the presence of osmolytes such
as TMAO, glycerine or glycine-betaine [166–169]. The latter
observation indicates stabilization of compact structures,
probably aggregation-competent nuclei, whose free energy is
decreased due to the osmophobic effect.
Recently, our laboratory investigated the effect of TMAO,
glycine-betaine, proline, and urea on the fibrillation reaction of hIAPP [152, 170]. ThT fluorescence and ATR-FTIR
spectroscopy data revealed a TMAO- and glycine-betaineinduced stabilization of hIAPP proto-fibrils causing retardation of fibril elongation, whereas AFM images showed
that the morphology of the mature fibrils were not affected
by those osmolytes. Despite the similar outcome, the mode
of action of TMAO and glycine-betaine differed from each
other. The prolongation effect of TMAO was concentrationdependent, whereas the same effect of glycine-betaine was
concentration-independent. In case of the denaturant urea,
a concentration-dependent prolongation of the lag phase
has been observed, indicating stabilization of hIAPP in an
aggregation-incompetent state and retardation of IAPP nuclei
formation. Interestingly, that effect was fully compensated
by adding TMAO in a molar ratio of 2 : 1 urea : TMAO,
which could not be found for glycine-betaine indicating
direct interaction between TMAO and urea via hydrogen
bonding. For the natural amino acid proline, we found a
weak concentration-dependent retardation of the elongation
phase as well as a dose-dependent decrease of the amount of
hIAPP fibrils formed. AFM measurements revealed shortening of hIAPP fibrils and formation of globular, amorphous
aggregates apart from the fibrillar assemblies in the presence
of proline (Figure 8). This suggests that proline diverts the
amyloidogenesis of hIAPP into an alternative aggregation
pathway where shorter and smaller, fibrillar and nonfibrillar
species are formed. The observation of disfavoring fibril
formation is consistent with the hypothesis of proline being
excluded from the protein’s surface. As a response to the
preferential exclusion effect, hIAPP might form nonfibrillar
aggregates in order to minimize the exposed surface area.
Studies of Auton and Bolen determined TMAO as the
most effective protecting osmolyte followed by glycinebetaine and proline when the transfer free energy values of
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reported to be accelerated in the presence of TMAO, whereas
TMAO induces the formation of amorphous aggregates in
case of the glutamine-rich IDP huntingtin exon 1 [173].
Interestingly, despite a 25% identity and 50% similarity
between A𝛽 and hIAPP in their primary structure and a
cross-aggregation ability with hIAPP [60, 174], TMAO acts
differently on their aggregation reaction. Taken together, the
results clearly show that osmolytes do not only modulate the
stability, but also the aggregation propensity of IDPs inside
cells. However, the modulation outcome highly depends on
the structural and chemical properties of the monomeric
species.

8. Conclusions

Time
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Figure 8: Effect of various osmolytes on the aggregation kinetics
and morphology of hIAPP. Schematic summary of ThT fluorescence
assays shows the effect of TMAO (blue), proline (red) and urea
(green) on the aggregation kinetics of hIAPP. The corresponding
effect on the morphology of the mature fibrils is studied by AFM.
All scale bars indicate 1 𝜇m. Adapted and modified from [152, 170]
with permission from the Royal Society of Chemistry.

peptide backbone units from 1 M osmolyte to water were
considered [171, 172]. Such a trend could be observed for
the modulation of hIAPP fibrillation. TMAO and glycinebetaine stabilize hIAPP in its proto-fibrillar state, whereas
proline shifts the equilibrium of hIAPP aggregation towards
formation of amorphous assemblies. However, the results
also imply that additional interactions between the peptide
and the osmolyte are involved apart from the preferential
exclusion effect in order to subtly modulate the osmolyte
effect of hIAPP aggregation. Evidence can be found also in the
literature by comparing the TMAO effect on different IDPs.
The fibrillation reaction of tau, 𝛼-synuclein, and A𝛽 has been

To conclude, we have shown that by studying specific steps
in the aggregation and fibrillation process of hIAPP, such
reductionist biophysical approach can yield useful information on the very complex behavior of hIAPP at the molecular
level, which might also contribute valuable insights into the
mechanisms by which the amyloidogenic peptide may induce
cell toxicity. However, as no simple relationship between
the disruption and IAPP-induced leakage of membranes
and cellular toxicity has been found, additional factors
may seem to play a role as well. Moreover, there must
be factors operating in vivo that attenuate the otherwise
strong amyloidogenic propensity and membrane disruptive
characteristics of hIAPP found in vitro. Acidic conditions
[79], divalent ions (Ca2+ [175], Zn2+ [85, 104]) and interaction
with insulin [18, 113, 176] have been reported to strongly
reduce hIAPP’s amyloidogenesis and membrane disrupting
propensity. In addition, we demonstrated in this review that
ubiquitous effects in cells such as macromolecular crowding
and the presence of osmolytes have significant regulative
and even suppressive effects on hIAPP aggregation. However,
in future studies more complex and physiologically relevant
models including in-cell studies are needed in order to
uncover all mechanistic aspects of hIAPP’s cellular toxicity.
Particularly, a molecular understanding how obesity and
aging correlate with the onset of hIAPP aggregation in vivo
has to gain more attention. Such studies are essential for
the development of therapeutic strategies to prevent the agerelated and metabolic disease T2DM.
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Pancreatic islets in type 2 diabetes mellitus (T2DM) patients are characterized by reduced 𝛽-cells mass and diffuse extracellular
amyloidosis. Amyloid deposition involves the islet amyloid polypeptide (IAPP), a neuropancreatic hormone cosecreted with insulin
by 𝛽-cells. IAPP is physiologically involved in glucose homeostasis, but it may turn toxic to 𝛽-cells owing to its tendency to misfold
giving rise to oligomers and fibrils. The process by which the unfolded IAPP starts to self-assemble and the overall factors promoting
this conversion are poorly understood. Other open questions are related to the nature of the IAPP toxic species and how exactly
𝛽-cells die. Over the last decades, there has been growing consensus about the notion that early molecular assemblies, notably small
hIAPP oligomers, are the culprit of 𝛽-cells decline. Numerous environmental factors might affect the conformational, aggregation,
and cytotoxic properties of IAPP. Herein we review recent progress in the field, focusing on the influences that membranes, pH, and
metal ions may have on the conformational conversion and cytotoxicity of full-length IAPP as well as peptide fragments thereof.
Current theories proposed for the mechanisms of toxicity will be also summarized together with an outline of the underlying
molecular links between IAPP and amyloid beta (A𝛽) misfolding.

1. Introduction
Diabetes is a complex metabolic disorder characterized by
chronic hyperglycemia and associated with macrovascular
and microvascular complications [1]. It is estimated that the
total number of people with diabetes will rise from 171 million
in 2000 to 366 million in 2030 [2]. The two major forms of
diabetes, classified by aetiology, are type 1 diabetes, which is
characterized by an absolute deficiency in insulin resulting
from autoimmune destruction of pancreatic 𝛽-cells, and type
2 diabetes which features combinations of decreased insulin
secretion and insulin resistance. Type 2 diabetes mellitus
(T2DM) accounts for about 90% of all the diabetes cases [1],
and amyloid deposits are present in the pancreas of almost
90% of T2DM patients [3–5]. These amyloid deposits are
primarily composed of a protein called the islet amyloid
polypeptide (IAPP) or amylin [6]. The strong correlation
between amyloid fibril formation and 𝛽-cell death indicates

the possible contribution of islet amyloidosis in the increase
of 𝛽-cell failure in T2DM. IAPP is a member of the calcitonin
like family of polypeptide and it is synthesized as an 89residue preprohormone. Removal of the 22-residue signal
sequence leads to the 67-residue pro-IAPP, which is then processed in the Golgi and in the insulin secretory granule to give
the 37-residue mature hormone [7, 8]. Additional posttranslational modifications include formation of an intramolecular
disulfide bridge between residues 2 and 7 and amidation of
the C-terminus. Mature IAPP is stored within the insulin
secretory granules at a ratio of 1 : 50 to 1 : 100 relative to insulin
and is cosecreted with insulin [9].
The physiological roles of IAPP are receptor mediated.
The IAPP receptor is formed by a complex of the calcitonin
receptor with a receptor activity modifying protein (RAMP)
[10, 11]. IAPP binds the calcitonin receptor (CTR) in the
absence of RAMPs, but the affinity is rather low.
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The affinity of IAPP for the CTR-RAMP complex is
higher, with an IC50 reported to be in the order of 8 nM for
the CTR-RAMP-1 complex [12].
Circulating concentrations of IAPP have been reported
to range between 3 and 5 picomolars in rats, rising to 15–20
picomolars with increased blood glucose levels [13]. However
these values are unlikely to be relevant to amyloid formation
since IAPP is stored at a much higher level in the insulin
secretory granule, between 500 micromolars and several
millimolars. This implies that the local concentration of IAPP
after being released from the granule will be temporarily
much higher than the circulating concentration. The normal
physiological roles of IAPP are not completely understood
in humans, but studies in rodent models show that IAPP is
involved in the suppression of satiety and adiposity, as well
as the regulation of glucose homeostasis, gastric emptying,
suppression of glucagon release, vasodilatation, and the
excretion of calcium, potassium, and sodium [13–21]. IAPP’s
effect appears to take place mainly within the area postrema
(AP) in the CNS. Several works provide a critical examination
of the physiological roles of IAPP [13–15, 20–22] but this will
not be discussed in this review.
IAPP is phylogenetically well preserved and found in all
mammals, but not all species form amyloids [23–25]. Mice
and rats do not develop islet amyloids, but cats, nonhuman primates, and humans do. The human polypeptide is
amyloidogenic in vitro, while the rat IAPP (rIAPP) is not,
even though the two polypeptides differ at only six positions
located in the region 18–29. Notably, rIAPP contains three
proline residues within the 20–29 sequence and these are
believed to be responsible for its inability to form amyloid.
Much attention has been focused on the sequence within the
20–29 region and the role it plays in controlling amyloid formation. This portion of the polypeptide chain is considered
to be one of the major determinants of the ability of IAPP
variants to form amyloid [26–28].
While there is a strong correlation between the primary
sequence of the 20–29 segment and in vitro amyloidogenicity,
mutations outside of this region can eliminate amyloid
formation, indicating that it cannot be the sole factor controlling IAPP’s amyloidogenicity [29–31]. Moreover there is
recent evidence that the nonamyloidogenic rIAPP peptide is
endowed with toxicity toward 𝛽-cell cultures as well [32, 33].
In the present review we summarize recent progress in
the field focusing on the influences of membranes, pH, and
metal ions on the aggregation and cytotoxicity of IAPP and
related peptide fragments. The current theories proposed for
the mechanisms of toxicity will be also illustrated together
with a brief account of the molecular links between hIAPP
and amyloid beta (A𝛽) misfolding.

2. Environmental Conditions Affecting IAPP’s
Aggregation Process
2.1. Amyloidogenic Properties of hIAPP. The connection
between amyloidogenic proteins and disease was initially
attributed to the amyloid form of the protein; however,
increasing evidence suggests that the toxicity is due to intermediates generated during the assembly of amyloid fibers.
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hIAPP amyloid deposits have a characteristic structure
shared with other aggregates that commonly occur in
Alzheimer’s, Huntington’s, Parkinson’s, and other degenerative diseases. These amyloid aggregates are defined by their
primarily 𝛽-sheet structure and their supramolecular organization into long fibers with the protein backbone orthogonal
to the fiber axis [5].
Besides these structural characteristics, amyloids share
common physical properties such as the general mechanism
of assembly despite the lack of sequence similarity between
the individual proteins. Amyloids are formed through a
nucleation dependent process. This leads to characteristic sigmoidal type kinetics in which fibril formation is minimal (the
lag-phase) until a critical concentration of nuclei (oligomers)
is reached, at which point fibrils growth proceeds exponentially. The kinetic of assembly is typically intricate and
involves a variety of on- and off-pathway intermediates found
among all amyloidogenic proteins [34, and references cited
therein]. Different aggregation profiles can be observed when
solutions of fibrillogenic peptides contain prenucleated seeds
of aggregates. In vitro, the seeding of amyloid proteins solutions with preformed fibrils leads to dramatically faster fibril
growth [35]. In fact when seeds are present or added to
hIAPP preparations the kinetic profiles of aggregation show
extremely short lag phases.
hIAPP fibrils are stable structures not easily degraded
by proteases. Generally harsh conditions, such as the use of
concentrated formic acid or organic solvents, are needed to
obtain their depolymerization [36]. The stability of amyloid
fibrils makes them easy to handle and has prompted scientists
to study them.
On the contrary, the study of the monomeric and oligomeric structures of hIAPP in physiological buffers has been
troubled by their instability and fast “spontaneous” aggregation of the species. The most recent and most detailed model
for the structure of hIAPP fibrils suggests that they are composed of stacked layers of two symmetric hIAPP molecules.
These molecules form a parallel 𝛽-sheet structure running
perpendicular to the length axis of the fibril [37]. Residues
8–17 and 28–37 form the 𝛽-sheet structure with a loop
region located between them, whereas residues 1–7 are largely
unstructured. Another model of the hIAPP fibril suggests
that the fibril is composed of three protofilaments, each based
on stacking of single hIAPP molecules in which residues 9–
37 participate in a planar 𝑆 shaped fold forming the 𝛽-sheet
structure [38, 39].
2.2. Interaction with Membranes and Membrane Mimicking Environment. Substantial evidence indicates that the
membrane-mediated aggregation and subsequent deposition
of hIAPP are linked to the dysfunction and death of pancreatic 𝛽-cells, but the molecular mechanisms of hIAPP
deposition are poorly understood.
Many in vitro studies have shown that early oligomers of
hIAPP formed during the aggregation process are the principal cytotoxic species and their toxicity is exerted through
interactions with cell membranes. However many different
hypotheses have been reported [39, 40].
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Two general theories exploring membrane disruption by
hIAPP or other amyloid proteins have been proposed to date,
even though the mechanisms are not exclusive and both
may be operative at the same time. The first, known as the
“pore theory,” suggests that amyloid proteins form discrete
pores within the membrane, either through a traditional ion
channel type (“barrel stave”) or in localized ruptures of the
membrane that resemble discrete pores in some respects
[34, 41].
In fact hIAPP has been found to increase the conductance
of planar phospholipid bilayers [40]. The second theory suggests that the cause of membrane permeabilization and cytotoxicity might be not a specific (oligomeric) hIAPP species,
but rather the process of hIAPP fibril growth at the membrane
[39]. It was found that the assembly of hIAPP fibrils at the
membrane causes membrane disruption, possibly by forcing
the curvature of the bilayer to unfavourable angles or by the
uptake of lipids by hIAPP fibrils during fibril elongation at the
membrane [39].
𝛽-cells contain 2.5–13.2 mol% of anionic lipids and raft
components (cholesterol and sphingomyelin) [40–46]. Thus,
studies using model membrane surfaces mimicking the in
vivo environment are useful for the understanding of amyloid
deposition by hIAPP and for the development of effective
therapeutically strategies [47]. Recent studies have demonstrated that cholesterol and lipid rafts content may affect the
membrane driven aggregation of hIAPP and its accumulation
on them [40–49]. Interestingly some lipids, particularly
raft components, have been shown to be incorporated into
amyloid deposits extracted from patients tissues affected with
various amyloid diseases, including T2DM [40, 50]. The
presence of phospholipid bilayers can reduce the lag-phase
of hIAPP fibril formation, an effect that is most pronounced
with negatively charged lipids. Since hIAPP has several
positively charged residues, all of which are located at the
N-terminal side of the peptide, it has been thought that this
region might be involved in the initial interaction of hIAPP
with lipids, namely, with negatively charged lipids. In fact it
has been shown that membrane binding of hIAPP is most
efficient when bilayer lipids are negatively charged [39].
The N-terminal part of hIAPP, whilst not significantly
involved in hIAPP fibril growth, was proposed to be important in the light of hIAPP membrane interactions [51–53].
However, we found that the hIAPP 17–29 peptide, lacking the
N-terminal part of hIAPP, was cytotoxic and was internalized
in the mitochondrial compartment of RIN-5M cells [33].
Finally, similar to hIAPP, rIAPP can cause membranes to
become permeable and cause cell toxicity, but it does not form
amyloid [33, 54].
It is suggested that a transient membrane-bound 𝛼-helical
structure of hIAPP might play an important role in IAPP
fibrillation in vivo. This is probably because of the exposure
of the 20–29 region to an aqueous environment [55, 56],
even if it has been shown that the region 20–29 can interact
with membrane models without affecting their integrity [57].
The exposure of this amyloidogenic region facilitates amyloid
nucleation by enhancing the orientation and increasing local
concentration of the peptide. This suggests that a complex
interplay between the helical intermediates and membranes
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is involved in the membrane-mediated aggregation of hIAPP
and influenced by the peptide concentration and lipid composition [39, 40, 58, 59].
Support to the importance of the helix intermediate on
IAPP aggregations is given by the effect of helix-inducing solvent HFIP on aggregation. A low percentage of HFIP (1%) has
a strong catalytic effect on aggregation while higher percentages trap the protein in a helical monomeric state [34, 39].
Since low percentage of HFIP affects the aggregation
process it is important prior to starting any biophysical or
biological measurements to exclude any trace of HFIP from
the sample solution.
For these reasons it becomes important to adopt suitable
procedures for sample preparation in order to achieve reproducible results [33].
2.3. pH Influence on the Conformational Polymorphism of
IAPP. Fibrillization involves the conversion of soluble random coil, 𝛼-helical or 𝛽-sheet conformations into insoluble,
aggregated 𝛽-pleated sheet structures. The conformational
changes of IAPP are high conditional and even slight changes
in parameters, such as pH, peptide concentration, presence
of preformed seeds, or metal ions concentration, may lead
to different forms of aggregates that can be either fibrillar or
amorphous.
As reported above, hIAPP is stored at extremely high
concentrations in the secretory granules of pancreatic 𝛽-cells
[31], together with insulin and in the presence of high zinc
concentration and an acidic environment (pH of 5.5). These
conditions all together inhibit hIAPP aggregation and protect
cells [60–63].
Conversely, the physiological pH of 7.4 for the extracellular matrix, into which amylin is secreted as the mature active
hormone, favors fibril formation [63].
Amylin is a relatively simple system for the study of
the effects of pH on fibrillization, because it has only two
ionizable groups near neutrality, the 𝛼-amino group at the Nterminus and His18, because the C-terminus is naturally amidated in the mature hormone and it does not titrate with pH
[62, 63].
It has been shown that protonation of the 𝛼-amino group
leads to a relatively modest inhibition of fibrillization; this
slight effect of the 𝛼-amino group is consistent with its location in a disordered part of the amylin fibril structure model
[63]. Ionization of His18, which is part of the intermolecular
𝛽-sheet of amylin fibrils, causes a stronger inhibition of
fibrillation as shown in different works. This is due to
electrostatic repulsion between His18 stacked along the fibril
axis [62, 63]. As a matter of fact, at higher pH the peptide
readily aggregates to form amyloid [33, 64].
While the effect of pH on the morphology of the hIAPP
aggregates has been reported by several groups [62, 63, 65,
66], the effect of pH on hIAPP toxicity cannot be determined
directly in cell cultures and the only data so far available
has been obtained by using H18R hIAPP mutants to simulate
the effect of pH. Generally speaking, decreased cytotoxicity
was observed when a permanently charged arginine is substituted for the histidine at position 18 in agreement with

4
the amorphous nature of the IAPP aggregates formed at low
pH values [62, 63].
Literature work on IAPP’s aggregation process focuses
also on biophysical studies on IAPP related shorter
sequences, derived from fibrillogenic regions of the full
length parent peptide. Among these, the hIAPP17–29 peptide
has been proposed as a useful model able to reproduce some
of the key features of the whole hIAPP1–37 [64, 67]. In
particular the pH dependence of fibrillization was maintained by the hIAPP17–29 peptide because of the presence of
the His residue that is the only aminoacid residue that can be
titrated over the pH range that hIAPP can experience in vivo
[62].
2.4. IAPP Interaction with Transition Metal Ions. Metals ions,
notably Cu(II) and Zn(II), and metal ions dyshomeostasis
have been linked to the progression of several pathologies,
including Alzheimer’s and T2DM diseases [68], as their
presence has been found in amyloid deposits characteristic
of the above mentioned pathologies. Cu(II) is known to
interact with numerous proteins and enzymes and is required
for normal cellular functioning [69]. However, uncomplexed
Cu(II) may be very hazardous, particularly under reducing
environments, such as the cytosolic compartment, where
Cu(II) is readily converted into the potent and reactive Cu(I)
ion known to produce tissue damaging ROS. Many plaqueforming proteins including 𝛽-amyloid and prions were found
to interact with copper, affecting the redox cycle of the metal
to generate ROS in vitro [70–72]. The presence of copper in
amyloid deposits and the alterations in its levels observed in
various biofluids and tissues of individuals suffering T2DM
[73, 74] have promoted investigations on the effect of Cu(II)
on hIAPP aggregation. Nonetheless the role played by the
Cu(II)-hIAPP interaction in both aggregation and 𝛽-cell
toxicity is still controversial. The majority of the studies
dealing with the significance of Cu(II) and IAPP interactions
emphasized the formation of H2 O2 by human IAPP in vitro,
the production of which is modestly elevated in the presence
of Cu(II) [75, 76]. Remarkably, copper-dependent generation
of H2 O2 was found to directly contribute to the toxicity of the
𝛽-amyloid peptide in primary neuronal cell cultures [77]. A
very recent paper reports on a clear interaction mechanism
of Cu(II) and hIAPP in pancreatic 𝛽-cells as copper compounds increased hIAPP-induced cytotoxicity by facilitating
the apoptotic effect of hIAPP. Furthermore, Cu(II) promoted
ROS overproduction and mitochondrial disruption which
might be the main reason for the enhanced apoptosis [78].
Previous studies on complex formation between Cu(II) and
two other common amyloid proteins, that is, 𝛽-amyloid
and prions, were consistent with these findings. It has been
reported that, similar to human amylin, these two misfolded
proteins form Cu(II) complexes with physiologically relevant
affinities. Chelation of Cu(II) by these two amyloids greatly
diminished the production of ROS by Cu(II) and reduced
their toxicity, which further corroborates the hypothesis that
hIAPP/Cu(II) complex may have a protective role in cells
[79, 80]. Other authors reported that Cu(II) protects pancreatic 𝛽-cells from IAPP toxicity by increasing the activation
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energy needed for IAPP aggregation and by inhibiting IAPPinduced stress-kinase activation and signalling. Interestingly,
the interaction of Cu(II) with hIAPP works as an antioxidant
in cells rather than prooxidant activity as observed in vitro.
This study further shows that both the hIAPP-induced ROS
generation and the hIAPP-dependent activation of stress
kinases (JNK) and caspases were blocked by preincubating
hIAPP with Cu(II) [81].
Determinations of hIAPP fibrillization with ThT, AFM,
and EM have revealed that Cu(II) inhibits the formation
of mature hIAPP fibrils [82]. However, while some studies
have shown that the copper-dependent decrease of hIAPP
fibrillization was associated with the reduced hIAPP toxicity
[81], others have pointed out that the copper-hIAPP interaction would increase hIAPP toxicity favouring the formation
of toxic oligomers rather than inert fibrils. In fact, when
supplied along with freshly dissolved hIAPP, Cu(II) decreased
INS-1 rat insulinoma cell viability to a greater extent than
what was observed in cells incubated with hIAPP alone [83].
In this case copper-induced oxidative stress was ruled out
as the cause of toxicity, which was instead imputable to
the inhibition of fibril formation and stabilization of toxic
oligomeric forms. In fact it was demonstrated that Ni(II),
which has similar binding preference as Cu(II) but forms
non-redox-active complexes, also decreased both hIAPP fibril formation and increased hIAPP-related toxicity. Therefore,
in the case of Cu(II), a decrease in amyloid formation does
not correspond to a decrease in toxicity as Cu(II) possibly
stabilizes either a toxic intermediate species of hIAPP or a
toxic oligomerization-driven process.
Conformational changes can also explain the highest
level of toxicity that has been observed after cell culture
treatment with the hIAPP 17–29 fragment preincubated in
the presence of Cu(II) and the absence of effects of copper on
hIAPP1–37 spontaneous evolution towards toxic species [84].
Moreover, the observation that the rIAPP(17–29) peptide
fragment can interact with copper(II) at physiological pH
values, notwithstanding the lack of any common strongly
coordination donor function, is noteworthy and imposes a
revision of the rat amylin role [85].
The effect of Zn(II) on hIAPP fibrillogenesis and toxicity
is of particular interest as 𝛽-cell granules contain millimolar
concentrations of Zn(II), one of the highest levels in the body,
and diabetics often exhibit zinc deficiency [5, 86, 87]. Zn(II)
has a strong effect on hIAPP aggregation, although different from that one observed for A𝛽; however, the physical
basis of the effect is complex [88]. Zn(II) has generally an
inhibitory effect on hIAPP aggregation since H18 is the only
residue that changes the protonation state between pH 7.5
and pH 5.5. The pH dependence can be attributed to the
protonation of H18, suggesting that the binding is localized
near H18. NMR confirms this hypothesis by revealing that the
greatest chemical shift perturbation accompanying binding
of Zn(II) is localized near H18 [5, 68]. Since binding of
Zn(II) to human amylin near H18 would result in electrostatic
repulsion between adjacent 𝛽-sheets, this would disfavour the
formation of mature fibrils [5, 89].
Another study shows that zinc binds and stabilizes prefibrillar aggregates of amylin during the lag-phase [60]. Zinc
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is involved in many aspects of glucose homeostasis, including
paracrine regulation, insulin storage, and glucose stimulated
cascades [90]. In 𝛽-cells zinc was proposed to be required for
multiple steps in insulin synthesis crystallization and release
[91, 92], but conclusive evidence is lacking. Interestingly mice
lacking the only zinc transporter in 𝛽-cells, the ZnT8, were
shown to become glucose intolerant when fed with a high fat
diet [93].

3. Proposed Mechanisms and Pathways
Involved in IAPP Cytotoxicity
Current studies performed in primates strongly support the
concept that islet amyloidosis and 𝛽-cell apoptosis are two
key determinants of islet dysfunction in T2DM [94–96]. The
notion that IAPP evokes degeneration of pancreatic 𝛽-cells
is nowadays acknowledged, but neither the precise nature of
the harmful IAPP species nor the mechanisms of cytotoxicity
have been clarified. Most studies carried out during the last
decade have pointed out that hIAPP amyloid fibrils do not
contribute directly to IAPP cytotoxicity, since there is no
strong correlation between the extent of amyloid deposits
and the disease severity [97]. A growing body of evidence
has instead supported the toxic oligomer hypothesis which
proposes that small membrane-permeant human amylin
oligomers are the toxic form responsible for 𝛽-cell death.
Konarkowska and colleagues found that mature hIAPP fibrils
were not cytotoxic in vitro; rather the transition from random
coil to 𝛽-sheet, coupled with de novo aggregation, was
necessary for the induction of 𝛽-cells death [98]. In line with
this concept, it was shown that rifampicin [99] which is able to
prevent hIAPP fibrillization but not hIAPP oligomer formation [100] did not protect 𝛽-cells from apoptosis induced
by either overexpression or application of hIAPP [101]. Similar amyloid aggregation and toxicity behaviours were also
observed for other amyloidogenic peptides including amyloid-𝛽 linked to Alzheimer’s disease and 𝛼-synuclein linked
to Parkinson’s disease [102, 103]. hIAPP toxic oligomers are
present in 𝛽-cells of patients with T2DM and increase in
abundance with obesity. Recently, antibodies which specifically recognized these assemblies, but not monomers or
amyloid fibrils, have been exclusively identified in diabetic
patients and have been shown to neutralize the apoptotic
effect induced by these oligomers [104]. The presence of
antibodies in sera of diabetic patients provides very strong
evidence in support of the pathological relevance of the
oligomers [105].
Another big unsolved issue is whether the hIAPP-induced
apoptosis is triggered by species formed outside or inside
cells. Based on studies carried out using cultured 𝛽-cells or
transgenic animal model susceptible to hIAPP-evoked diabetes, 𝛽-cell apoptosis may be activated by hIAPP oligomers
originating either on the surface of cells or within them
[95, 97, 106–110]. IAPP oligomers in diabetic patients have
been detected throughout the secretory pathway and are often
associated with disrupted mitochondrial membranes [111]
implying intracellular formation. Also oligomer immunoreactivity has been demonstrated by light microscopy in islets
from hIAPP transgenic mice, but not in mice overexpressing

5
comparable levels of nonamyloidogenic rodent IAPP or
wild-type mice. Immunization against toxic oligomers did
not protect these mice from developing diabetes, indirectly
suggesting that toxic IAPP oligomers originate and act intracellularly [112, 113]. Recently, by using confocal microscopy,
independent groups revealed that exogenous IAPP can enter
the cell and this is associated with signs of cell death [32,
33]. Several mechanisms of toxicity, including receptor and
nonreceptor-mediated events, have been proposed. A consensus in the field has been growing about the role of hIAPP
interactions with cell membranes enabling disruption the cell
membranes integrity, permeability, and functions, resulting
in ions dishomeostasis, changes in signalling pathways,
oxidative injury, and ultimately apoptotic cell death (for a
detailed review see [114]).
3.1. IAPP-Induced Structural Alteration of Extra- and Intracellular Membranes. IAPP is natively unstructured but gains
𝛼-helical structure upon binding to anionic membranes and
forms 𝛽-sheet-rich amyloid fibers during the progression
of type II diabetes. Interaction between IAPP and cellular
membranes was proposed as the cause of IAPP cytotoxicity
and 𝛽-cell death in T2DM, since detailed ultrastructural
investigations have revealed that islet amyloid was often in
contact with 𝛽-cell membranes [115] and because these membranes presented concomitant morphological changes [116].
An important amount of data exists suggesting that toxic
oligomers may be formed within membranes [42, 117–119].
Furthermore, the observation that toxic IAPP oligomers may
escape from the secretory pathway, presumably by disrupting
membranes of ER, Golgi, and secretory vesicles, is consistent
with in vitro studies noting that toxic oligomers of amyloidogenic proteins induce membrane permeability and membrane disruption [42, 118–120]. It should be noted that since
the combination of hIAPP and membranes in nondiabeticpeople does not normally result in 𝛽-cell death, particular T2DM-related surrounding conditions should exist that
initiate hIAPP-induced membrane damage. An increase in
the level of hIAPP, which is coproduced and cosecreted with
insulin, in a state of insulin resistance, could initiate hIAPP
oligomerization. More specifically, an altered ratio of insulin
to hIAPP, as observed in diabetic patients [121], could lead to a
decrease of the inhibitory effect of insulin on hIAPP amyloid
fibril formation. However, the inhibition of insulin on hIAPP
aggregation is only based on in vitro studies [122, 123]. On
the other hand, a modified lipid composition of the 𝛽-cells, in
particular an increase in negatively charged lipids, as inferred
from studies with mouse and rat models for T2DM [124]
could trigger an increase in hIAPP-membrane interactions.
In vitro studies have shown that negatively charged lipids
increase the rate of hIAPP fibril formation [125, 126] and
also enhance hIAPP-induced membrane damage [127, 128].
The membrane itself could promote hIAPP growth by
increasing the local concentration of (membrane bound)
hIAPP and/or by promoting a specific orientation or conformation of the peptide that makes hIAPP molecules more
susceptible to aggregation into oligomers or fibrils. Recent
research shows that not only phospholipid bilayers, but also a
polyanion like heparin [129] or a dichloromethane/water
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interface [130], can induce nucleation and aggregation of
hIAPP. Finally glycosaminoglycans chains of the heparin
sulfate proteoglycan (HSPG) Perlecan have been shown to
significantly accelerate amyloid formation from IAPP and
from the partially processed forms of pro-IAPP in vitro [131].
These results indicate that the overall charge of membrane, a
hydrophobic/hydrophilic interface (both present in biological membranes), and some surrounding molecules are important factors that promote hIAPP fibril formation. In the case
of the Alzheimer’s disease-related A𝛽 peptide, it has been suggested that not a particular species but the ongoing amyloid
fibrillogenesis is the true cause that is responsible for membrane damage [132]. Altogether, these notions suggest that a
cytotoxic mechanism based on fibril growth at the membrane
could represent a common mechanism for amyloid-induced
cell death. Interactions of membrane-located hIAPP species
with each other, or with hIAPP species in solution, lead
to growth of fibrils at the membrane. The mechanism of
membrane damage could entail growth of a rigid hIAPP fibril
on a flexible phospholipids bilayer, which would result in a
forced change in membrane curvature, deformation disruption, blebbing, and vesicle budding of cell membranes as
observed in the presence of synthetic and cell-derived hIAPP
[33, 116, 118].
A number of factors related to the formation of membrane-permeant oligomers might contribute to the dysfunction of pancreatic 𝛽-cells in T2DM in analogous of neurons in
neurodegenerative diseases. Some of them will be discussed
more in depth in the following sections.
3.2. IAPP-Induced Calcium Dyshomeostasis, ER Stress, and
Autophagy. The delivery of toxic oligomers to the extra- or
intracellular membranes might be expected to significantly
affect signalling pathways involved in cell survival and cell
death.
Calcium homeostasis and signalling not only is important for cell survival but also underpins the intracellular
trafficking and regulated discharge of secretory and synaptic
vesicles at the cell membrane. Remarkably, an increase in the
intracellular Ca2+ concentration has been described as being
provoked by amyloid oligomers in neurons and astrocytes
[133, 134]. Notably Ca2+ concentration has been suggested
to be an important cofactor able to modulate the mechanism of membrane destabilization, favouring one mechanism
rather than another. In particular the presence of Ca2+
seems to enhance membrane disruption induced by hIAPP
fibers through detergent like mechanism [135]. Yet, unregulated remodelling of the tubulin cytoskeleton consequent
on hyperactivation of Ca2+ sensitive calpain might contribute
to impaired intracellular vesicle trafficking [136], resulting in
altered secretion of insulin and/or IAPP, exacerbating T2DM
degenerations.
Several studies have reported that hIAPP overexpression
or exposure induces defects in glucose stimulated insulin
secretion (GSIS), possibly due to its capacity to aggregate
and form intracellular oligomers [137, 138]. Zhu et al. [139]
demonstrated that high concentrations of hIAPP inhibited
the activity of voltage-gated calcium channels VCC, leading
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to a defect in the intracellular Ca2+ mobilization in pancreatic
islets. They also suggested that this could explain the failure
in GSIS. Soty and coworker overexpressed hIAPP in rat
pancreatic islets using lentiviral infection, which allows long
term hIAPP overexpression, and demonstrated that hIAPP
overexpression altered the activity of the ATP-sensitive potassium channels (KATP), leading to defects in insulin and
IAPP secretion in response to glucose. Moreover, authors
reported an associated increase in ROS production and mitochondrial activity interpreted as a compensatory mechanism
for counteracting these defects. Elevated ROS levels can, in
turn, lead to the progressive loss of 𝛽-cell function therefore
contributing to the further worsening of the T2DM pathological condition [140]. Other mechanisms described to account
for IAPP-induced GSIS include the direct formation of Ca2+
permeable pores by the amyloid oligomers themselves and/or
the activation of VCC [141] not only in the plasma membrane
but also in the ER. ER stress has been proposed as being an
important contributor to hIAPP-induced 𝛽-cell death since
oligomeric hIAPP has been detected in ER membranes and
exogenously added hIAPP has been reported to induce ER
stress [111, 142]. However, the role of ER stress in hIAPP mediated toxicity in vivo is controversial, since ER stress is important in transgenic models that overexpress hIAPP at high levels but is not detected when lower levels of IAPP are produced
in cultured islet [140–143]. Indeed, theoretically the ER is well
defended from misfolding by the unfolded protein response,
high concentrations of chaperon proteins, high Ca2+ concentration, and an oxidative environment. Mature insulin
secretory vesicles should also be relatively protected from
hIAPP aggregation because of the acidic pH and the high
insulin concentration, both factors being known for their
ability to inhibit IAPP aggregation [144, 145]. It should also
be taken in consideration that in long-lived secretory cells,
such as pancreatic 𝛽-cells, bearing a high burden of protein
synthesis and folding, the disposal of misfolded or denatured
proteins, and particularly those with a potential to form toxic
oligomers, is essential. Therefore the detected increased toxic
IAPP oligomers in T2DM may be due to defective oligomer
removal [146]. The autophagy/lysosome system plays a key
role in cellular adaptation to stress via clearance of misfolded proteins, damaged organelles, and/or oligomerizationprone proteins [147, 148] It has been reported that while
proteasomal degradation is a critical part of the clearance of
nonaggregate-prone proteins, intracellular accumulation of
abnormal aggregated proteins in neurodegenerative diseases,
such as amyloid plaque formation in Alzheimer’s disease
(AD), is associated with malfunction of autophagy [149].
Hence, autophagy seems to be more important for the
removal of amyloidogenic hIAPP and disregulated autophagy
may be more relevant to the pathogenesis of human T2DM
rather than that of murine T2DM. In 2014 three independent
groups have demonstrated that exposure of cultured 𝛽-cells
to hIAPP increases autophagosome formation and that the
inhibition of autophagy increases the vulnerability of 𝛽-cells
to the cytotoxic effects of hIAPP. In mice with 𝛽-cells-specific
expression of hIAPP, a deficiency in autophagy resulted in the
development of overt diabetes, which was not observed in
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mice expressing hIAPP alone or lacking autophagy alone.
Furthermore, lack of autophagy in hIAPP-expressing animals
resulted in hIAPP oligomerization and amyloid accumulation
in pancreatic islets, leading to increased 𝛽-cells death [150].
Also treatment of INS-1 cells with hIAPP enhanced cell death,
inhibited cytoproliferation, and increased autophagosome
formation [151].
3.3. IAPP-Induced Oxidative Stress and Mitochondrial Impairment. Oxidative stress, which is an imbalance between the
generation of ROS and the cells antioxidant defence capacities
provided by glutathione and other reducing molecules, has
been associated with a number of diseases, including cancer,
heart diseases, Alzheimer’s disease (AD), and T2DM [152].
At high concentrations, ROS can cause significant damage
to cell structures, nucleic acids, lipids, and proteins, leading
to apoptotic or necrotic cell death. Growing support for the
involvement of oxidative stress in islet dysfunction and death
has also been discussed [153]. Interestingly, antioxidant treatments have been shown to be effective in reducing ROS levels
and 𝛽-cells apoptosis, suggesting that ROS mediate in IAPP
toxicity [33, 108, 154, 155]. Being the energetic core of the cell,
mitochondria represents also the main source of oxygen radicals, and alteration in the bioenergetic equilibrium of cells
often results in oxidative stress. Therefore, it is not surprising
that both alteration in mitochondrial impairment and oxidative stress are associated to a given disorder. The disruption
of mitochondrial membranes by proximate toxic oligomers,
which escaped from the secretory pathway, also provides a
mechanism for the well-recognized contribution of mitochondrial dysfunction to overall cellular dysfunction in both
𝛽-cells in T2DM and neurons in neurodegenerative diseases
[106, 156–158]. By using quantitative proteomics, Lim and
coworker [159] demonstrated that hIAPP gains toxic features
affecting the oxidative phosphorylation (OXPHOS) system,
which includes the electron transport system (complexes
I to IV) and F1 F0 ATP synthase (complex V), the oxygen consumption (as measured by an altered respiratory states), and
the ROS levels. This demonstrates that different regulatory
systems of the cells, associated with mitochondrial function
and metabolism, are deregulated by hIAPP emphasising a role
for oxidative stress in T2DM. Accordingly, cryoimmunogold
labelling has also been used to directly reveal that the toxic
oligomers of IAPP form within the secretory pathway, escaping and disrupting cellular membranes including mitochondrial membranes [112, 113]. A recent hypothesis was made
in order to explain the ability of IAPP to enter the cell. The
clustering of positive charges from each IAPP peptide chain
at the interface with membrane would result in the formation
of membrane-bound 𝛼-helical aggregates endowed with cell
penetrating features [32]. It has been recently reported that
also hIAPP17–29 enters the cell despite possessing only the
histidine residue as possible cationising site. As expected
for cationic molecules, both fluorescent F-hIAPP17–29 and
F-hIAPP1–37 can be taken up into the mitochondrial matrix.
The presence of this cationic peptide in the matrix leads to
mitochondrial depolarization, opening of the permeability
transition pore (PTP), causing swelling and rupture of the
outer mitochondrial membrane, thus resulting in the rapid
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release of the peptide in the cytoplasm. In fact, mitochondrial
swelling leads to the leakage of a series of mitochondrial
proapoptotic factors resulting in cell death [160]. Therefore
these mitochondrial toxic peptides selectively target the
respiratory complexes I and II causing oxidative phosphorylation deficits and consequently the impairment of ATP
production, oxidative stress, and energy deficits, ultimately
resulting in cell death induction [161]. Disruption of the
lysosomal compartment may also affect the redox balances
of the cell.
3.4. Involvement of Death Receptors and Kinases Signalling
in IAPP-Induced Apoptosis. Several groups have described
activation of multiple apoptosis pathways following hIAPP
exposure, including the sequential activation of caspase8 and caspase-3 and the Jun NH2 -terminal kinase (JNK)1/c-Jun and p38 kinase pathways [162]. Oligomeric hIAPP
might interact with 𝛽-cell membranes in a specific manner
that activates death receptor signaling to trigger apoptosis.
Several death receptor-signalling/death receptor-inducing
molecules, including Fas and Fas-associated death domain
(FADD), have been implicated in 𝛽-cell destruction in various cellular and animal models of immune-mediated diabetes
and type 1 diabetic individual. Increased 𝛽-cell Fas expression
has also been reported in type 2 diabetic individuals [163].
Cell-surface death receptor Fas and the related death domain
protein FADD were shown to be important contributors in
the pathway by which hIAPP evokes 𝛽-cell apoptosis [164].
Numerous studies have also indicated that the c-Jun Nterminal kinase (JNK) pathway has also been reported as a
critical mediator of 𝛽-cell apoptosis induced by both exogenous and endogenous hIAPP. Islet amyloid increased mRNA
levels of both the extrinsic (Fas, Fadd) and the intrinsic
(Bim) apoptotic pathways markers, caspase-3, and the antiapoptotic molecule Bclxl in a JNK-dependent manner [155].

4. The Nonfibrillogenic Rat IAPP Can Turn
Toxic to 𝛽-Cells
Unlike hIAPP, rat IAPP (rIAPP) is a nonamyloidogenic form
that does not accumulate and does not induce oligomer and/
or fibril deposition in 𝛽-cells [23–28]. However, a conspicuous body of evidence is emerging suggesting that nonfibrillogenic rodent IAPP species may also be harmful to 𝛽-cells.
For instance, rIAPP was found that to produce comparable
H2 O2 concentrations, indicating that amylin aggregation and
amylin-induced ROS are unrelated processes [83]. Remarkably, some authors demonstrated that the full-length rIAPP
peptide and its short derivate rIAPP17–29 are cytotoxic to
cultured RIN-M cells and this effect is reverted by previous
treatment with antioxidants [33]. Similar experimental evidence about the rIAPP1–37 cytotoxicity was also reported by
others [32, 165]. Yet, considering some recent papers dealing
with rIAPP/membrane interaction [34, 166] together with
the evidence that small aggregates can be detected also in
rIAPP samples, an rIAPP-associated cytotoxicity could be
conceivable. Very recent work attempted establishing the
relationship between the observed cytotoxicity of rIAPP1–37
and rIAPP8–37 and their ability to form aggregated species.
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Authors observed that, in analogy to hIAPP, rIAPP toxicity
could be inhibited by an amylin receptor antagonist (AC 187)
and a caspase inhibitor (zVAD-fmk). In addition they did
not rule out any possible contribution of rIAPP oligomeric
species to the toxicity of their preparations [165]. Conversely,
in keeping with the in vitro evidence that no aggregated
forms could be detected for rIAPP by using CD and DLS
experiments, 𝛽-cells treated with rIAPP1 were not reactive
when immunostained with the A11 antibody, suggesting that
oligomers formation is not a stringent prerequisite for the
observed rIAPP cytotoxicity. At the moment the hypothesis
which seems more appropriate is that rIAPP toxicity might
relate to a different mechanism compared to hIAPP. As a matter of fact fluorescent rat IAPP was detected in the lysosomal/
endosomal compartment, whereas fluorescent hIAPP was
seen in mitochondria [33]. As Magzoub and Miranker
hypothesized, rat IAPP can be endocytosed and accumulated
into lysosomes where it reaches a critical concentration,
resulting in organelle membrane disruption and cytotoxicity
[32]. In line with this hypothesis, it was observed that
prolonged incubation of the fluorescent rIAPP resulted in
spreading of the fluorescent signal throughout the cytosol,
thereby suggesting that the peptide has disrupted the lysosomal membrane. This event was associated with the condensation of nuclei and the appearance of other morphological
alterations typical of apoptosis [33].

5. Molecular Links between T2DM and AD
A variety of interconnecting factors links T2DM with
Alzheimer’s disease AD [167–169]. This would be not surprising given that aging is a well-known common risk factor
for both pathologies. From a conformational point of view
hIAPP and A𝛽 are more than unrelated molecules: both
can populate several conformational states ranging from
random coil to 𝛼-helix or 𝛽-sheet structures depending on the
environmental surroundings. Similar to A𝛽, IAPP is mainly
unstructured in the monomeric state, but it can readily adopt
𝛼-helical conformation in the presence of helix-inducing fluorinated alcohols (TFE and HFIP) [170] or both 𝛼-helical and
𝛽-sheet conformations in a membrane mimicking environment [171, 172]. Amyloid cytotoxicity by membrane damage
has been suggested not only for hIAPP but also for A𝛽, and
induction of nonselective ion channels and/or disruption of
membranes of the secretory pathway is also consistent with
cytotoxicity mediated by increased cytosolic Ca2+ in AD [136,
173, 174]. Oligomerization/aggregation of A𝛽 and hIAPP that
induce oxidative stress in neurons and 𝛽-cells, respectively,
as well as elevated tissue copper levels found in the brain
and pancreas of the subjects harbouring amyloid plaques, are
also common features shared by T2DM and AD pathologies.
Despite the absence of a large sequence homology between
A𝛽 and hIAPP (about 25% sequence identity and 50%
sequence similarity) both aggregated oligomeric forms of
these peptides display a common conformation structure
[175]. In both cases, the oligomer toxicity is inhibited by
oligomeric-specific antibodies, which suggests a common
mechanism of toxicity shared by the two fibrillogenic peptides [176]. Finally both A𝛽 and hIAPP are substrates for
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insulin degrading enzyme (IDE) a metalloprotease involved
in the homeostasis of these two peptides in the brain [177–
179].
Disturbance of Cu(II) and Zn(II) physiological levels is
another factor joining T2DM and AD. Whereas A𝛽-metal ion
interaction has been extensively investigated, since the recognition of the fundamental role played by transition metal ions
dyshomeostasis in the etiopathology of AD [180–184], less
data is available from the literature concerning the role played
by Cu(II) or Zn(II) in the IAPP-associated aggregation and
toxicity in T2DM. In A𝛽, metal ion interactions occur mainly
within the 1–16 N-terminal region where a variety of metal
coordinating functional groups, from the side chains of the
His, Asp, or Glu aminoacid residues, in addition to the Nterminal free amino group, are present. By contrast in hIAPP
the imidazole moiety of the histidyl residue at position 18 and
the N-terminal amino group are the only physiologically relevant anchoring sites for metal coordination. A lower affinity
for these metal ions is therefore expected for hIAPP in
comparison with A𝛽.
The similar pathological parallels between AD and T2DM
have allowed recent hypotheses suggesting that AD might be
considered as a neuroendocrine-like disorder, in other words
a sort of “type 3 diabetes” [185]. Epidemiological studies
indicate that the incidence of AD is 2 to 5 times higher in individuals with T2DM [186]. Insulin resistance and metabolic
dysfunction related with impaired glycemia in T2DM have
been related to cognitive decline in MCI cases [187]. Both
T2DM and AD are characterized by insoluble 𝛽-sheet rich
fibrillar aggregates of IAPP or A𝛽 peptides in the pancreas
and brain, respectively. IAPP aggregation is associated with
pancreatic 𝛽-cell loss, whereas clumps of A𝛽 lead to neuronal
cell loss. The recent identification of deposits of amylin in the
brains of people with Alzheimer’s disease, as well as combined
deposits of amylin and A𝛽 plaques, strengthens evidence on
the relationship between T2DM and AD indicating also that
amylin is a second amyloid and, potentially, a new biomarker
for age-related dementia and Alzheimer’s [188]. Finally, it
is noteworthy that the monomeric form of A𝛽 seems to
behave as a brain protective factor able to regulate synaptic
activity and to activate insulin/IGF-1 receptor signalling. Thus
it has been suggested that depletion of 𝛽-amyloid monomers,
occurring in the preclinical phase of AD, might be the cause
of early insulin/IGF-1 signalling disturbances that anticipate
cognitive decline [189, 190].

6. Conclusions
According to major research, amylin or IAPP is a pancreatic peptide hormone naturally produced with insulin and
appears to be involved in the cause of both main types of
diabetes. Current efforts are focused on understanding the
local environmental conditions and interactions with metal
ion that can directly influence IAPP aggregation process.
The molecular mechanisms underlying amyloid formation
are not completely known and particularly their temporal
sequence, the hierarchy, and the threshold dividing physiology from pathology are unknown.
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That T2DM causes severe brain injury with time is already
known, and although there has been a lot of speculation about
why that occurs, no conclusive evidence has been found until
now. Amylin can readily cross the blood brain barrier (BBB)
and presumably interact with A𝛽 in the brain. There is clear
evidence that amylin may be associated with A𝛽, but the
nature of their relationship remains unclear. In any case, the
consciousness of such a high connection may support the idea
that beneficial therapeutic strategies against T2DM might
also be beneficial against AD. Thus research efforts at preventing oligomers and fibril formation by IAPP, together with a
clear elucidation of the role played by metal ions in T2DM,
might represent a new research field attempting to develop
drugs as a cure for both pathologies [191–195].
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Type II diabetes mellitus is associated with the deposition of fibrillar aggregates in pancreatic islets. The major protein component of
islet amyloids is the glucomodulatory hormone islet amyloid polypeptide (IAPP). Islet amyloid fibrils are virtually always associated
with several biomolecules, including apolipoprotein E, metals, glycosaminoglycans, and various lipids. IAPP amyloidogenesis has
been originally perceived as a self-assembly homogeneous process in which the inherent aggregation propensity of the peptide and
its local concentration constitute the major driving forces to fibrillization. However, over the last two decades, numerous studies have
shown a prominent role of amyloid cofactors in IAPP fibrillogenesis associated with the etiology of type II diabetes. It is increasingly
evident that the biochemical microenvironment in which IAPP amyloid formation occurs and the interactions of the polypeptide
with various biomolecules not only modulate the rate and extent of aggregation, but could also remodel the amyloidogenesis process
as well as the structure, toxicity, and stability of the resulting fibrils.

1. Introduction
Several diseases are associated with the extracellular deposition of protein aggregates, including the Alzheimer’s disease,
the transthyretin, and light chain amyloidoses as well as
type II diabetes [1]. Accumulation of insoluble protein in
the extracellular space results from the aberrant assembly of proteins into aggregates, usually with a quaternary
structure rich in cross-𝛽-sheets, known as amyloid [2]. The
causative link between the observed pathophysiology and
amyloid formation is now supported by numerous genetic,
biochemical, and pharmacological studies [1, 3–5]. More
than 30 human endogenous proteins have been identified as
precursors of amyloid fibrils whose deposition is associated
with tissue degeneration. Although these amyloidogenic
precursors share no sequence and native state structure
homologies, amyloids extracted from patients share several structural, chemical, and biological features, including

an extensive cross 𝛽-sheet structure and the capacity to bind
specific dyes, such as Congo Red and thioflavin T (ThT)
[1]. Particularly, fibrils are virtually always associated with
nonfibrillar biomolecules, including the serum amyloid P
component [6], apolipoprotein E [7], collagen [8], metals
[9], glycosaminoglycans (GAGs) [10], and various lipids [11].
These cofactors were initially regarded as accessory molecules
and/or contaminants of the amyloids. However, over the
last two decades, several studies have instead highlighted
that these amyloid cofactors can promote and/or modulate
the amyloidogenic process. In this view, amyloid formation
might not be simply a consequence of a protein misfolding
event but may be more a consequence of the interaction of
the amyloidogenic protein precursor with extrinsic factors
and/or its (bio)chemical microenvironment [9].
The deposition of amyloid fibrils in the islets of Langerhans of patients afflicted by type II diabetes was originally described at the beginning of last century [12]. Over
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the 20th century, it was confirmed that islet hyalinization,
that is, tissue degeneration into a classy translucent material,
was closely associated with diabetes mellitus, particularly in
elderly individuals [13, 14]. It is only in 1987 that the major
component of islet amyloids was identified as a 37-residue
peptide, the islet amyloid polypeptide (IAPP) [15] or amylin
[16]. As IAPP is coexpressed, copackaged, and cosecreted
with insulin by the pancreatic 𝛽-cells [17], the overproduction
of insulin often associated with type II diabetes will lead to an
increased release of IAPP. This elevated local concentration of
IAPP in the islets of Langerhans should, in theory, promote
the formation of amyloid. Nonetheless, although IAPP is
expressed in nondiabetic subjects at levels higher than those
required to form amyloids in vitro [18], IAPP rarely deposits
in the pancreas of normal individuals [19]. This suggests that
IAPP concentration is not the critical factor contributing
to its aggregation and proposes that other elements could
play a determinant role in the amyloidogenic process and,
accordingly, in the etiology of type II diabetes.
In this review, we will initially describe IAPP structure
and normal physiological functions and briefly present its
proposed mechanisms of aggregation. We will mainly focus
on the roles of amyloid cofactors and/or the biological
environment in amyloid formation. As the role of model
membranes in IAPP fibrillogenesis has been previously discussed in outstanding reviews [20–23], the present paper
will mainly put an emphasis on other factors, such as GAGs
and metals. Finally, we will discuss the potential roles of
amyloid cofactors in 𝛽-cells degeneration associated with
IAPP aggregation and amyloid deposition.

2. Islet Amyloid Polypeptide
Characterization of the peptide isolated from human islet
amyloids led to the identification of a C-𝛼-amidated 37residue peptide [15]. IAPP is expressed as an 89-residue
polypeptide, called preproIAPP, containing a 22-residue signal peptide that is cleaved off in the reticulum endoplasmic
to form proIAPP [24]. Subsequent posttranslational modifications of proIAPP involving the action of prohormone
convertase (PC) enzymes and carboxypeptidase E (CPE) lead
to the formation of a C-𝛼-amidated, cyclized, and biologically
active peptide [25]. The primary structure of IAPP has
been determined in several mammalian species, including
monkey, dog, mouse, and rat (Figure 1(a)). The N- and Cterminal regions of IAPP have been well conserved in all
mammalian species, whereas the central 21–29 domain is
more variable and shows important interspecies variations.
Particularly, IAPP sequences found in mice and rat contain
Pro residues at positions 25, 28, and 29 whereas the human
sequence encompasses Ala, Ser, and Ser, respectively [26].
This variation is significant for the amyloidogenesis process,
as rat (rIAPP) and mice (mIAPP) peptide are less prone
to aggregation and these two species do not form islet
amyloids [27]. In solution, human IAPP (hIAPP) exhibits
a conformational ensemble mainly populated by disordered
conformations, although it diverges from an absolute random
coil by the presence of local and transient ordered structures
[28]. For instance, the segment 5–19 of rIAPP, which exhibits
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Figure 1: (a) Comparison of amino acid sequences of IAPP from
different species. Residues that differ to those of human are indicated
in red bold whereas the human 20–29 amyloidogenic segment is
represented in bold blue. (b) Schematic ribbon representation of
sodium dodecyl sulfate micelle-bound IAPP secondary structure
(PDB code: 2KB8).

a high homology with hIAPP, appears to transiently populate
𝛼-helix in its monomeric form [28, 29]. Besides, from
molecular dynamics simulations, it was reported that hIAPP
monomers could form ordered and extended 𝛽-hairpins [29].
In presence of lipid membrane models or organic solvent,
such as hexafluoroisopropanol (HFIP), hIAPP readily adopts
an 𝛼-helical conformation (Figure 1(b)) [30]. For example,
in dodecylphosphocholine (DPC) micelles, rIAPP exhibits a
structure characterized by a single helical region spanning
from residues Ala-5 to Ser-23 followed by a disordered Cterminal domain [31]. When incubated with sodium dodecyl
sulfate (SDS) micelles, hIAPP forms, instead, two 𝛼-helical
segments spanning from residues Ala-7 to Val-17 and Asn21 to Ser-28 and a short 310 helix from Gly-33 to Asn-35
[32]. Both rat and human 1–19 IAPP fragments show a helical
conformation in DPC micelles, although they adopt different
orientation on the micelle surface [33].
IAPP is a member of the calcitonin peptide family, which includes calcitonin, calcitonin-gene-related peptides (CGRPs), and adrenomedullin [34]. IAPP shares 46%
sequence homology with CGRP and 20% with calcitonin.
These peptide hormones mediate their biological activities by
binding and activating class B G protein-coupled receptors
(GPCRs) [35]. Interestingly, no specific GPCR per se for IAPP
has been identified so far. Instead, IAPP shares the calcitonin
receptor (CT) with calcitonin, although it binds to CT with
a relatively low affinity. The function, pharmacology, and
selectivity of the CT receptor are altered by its association
with receptor activity-modifying proteins (RAMPs). RAMPs
constitute a family of single transmembrane proteins with 3
members: RAMP1 , RAMP2 , and RAMP3 [36]. Association
of the CT receptor with RAMP1 or RAMP3 changes the
selectivity of the receptor and increases significantly the affinity for IAPP [37]. IAPP specific binding sites were initially
identified in the brain and the renal cortex and have now been
identified in several peripheral tissues [38]. Under normal
physiological conditions, IAPP is cosecreted with insulin
from 𝛽-pancreatic cells in response to an elevated blood
glucose concentration. In skeletal muscles, IAPP inhibits
basal and insulin-stimulated glycogen synthesis, resulting in
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Figure 2: (a) Representative tapping mode atomic force microscopy image (amplitude mode) of IAPP amyloid fibrils prepared in homogenous
solution (50 𝜇M at 37∘ C for 24 h.). (b) Schematic representation of the general cross-𝛽-sheet quaternary structure of amyloids showing the
interstrand (≅4.7 Å) and intersheet (≅10 Å) distances.

an increase of glucose-6-phosphate level [25]. Studies
have also shown that IAPP suppresses glucagon secretion,
decreases gastric emptying, and induces satiety [25, 39,
40]. IAPP may also be involved in the process of tissues
calcification and could play a critical role in the inhibition of
bone resorption [41]. Like other members of the calcitonin
family, IAPP is a potent vasodilator and causes systemic
hypotension and tachycardia [25, 42]. However, these effects
were observed at much higher concentrations than the
circulating physiological concentration of IAPP, normally
ranging in the low picomolar (3–20 pM) [23, 43]. Thus, these
effects should be interpreted with precaution since they could
result from the activation of the CT receptor not associated
with a RAMP and/or of the CT-receptor-like receptor. Taken
together, the biological functions of IAPP are still far from
being clearly understood [25].

3. IAPP Amyloid: Structure and
Mechanisms of Formation
3.1. Structure of IAPP Amyloid Fibrils. Amyloid fibrils,
including IAPP amyloids, are highly ordered assemblies
that predominantly adopt a characteristic cross-𝛽-sheet quaternary structure [44]. This structural motif provides the
most favorable organization for these supramolecular assemblies and can accommodate a high diversity of polypeptide
sequences [45]. Amyloids are characterized by an X-ray
diffraction pattern with two characteristic signals, a clear
reflection at 4.7 Å along the direction of the fibril, and a
diffuse reflection around 10 Å perpendicular to the fibril
axis (Figure 2). By atomic force microscopy (AFM) and
electron microscopy (EM), amyloids extracted from patients
or prepared in vitro appear as long (0.5 to 10 𝜇m) and
unbranched filaments having 4 to 15 nm of diameter [1]
(Figure 2). Until recently, the structure of amyloids at the
atomic level was unclear, since amyloids do not form crystals
and are insoluble, precluding their characterization by Xray crystallography and solution nuclear magnetic resonance
(NMR). Thanks to recent advances in techniques such as solid
state NMR [44] and the ability of growing nanocrystals of
peptide fragments [46], it has been possible to elucidate the
structure of several amyloids. These approaches, along with

cryoelectron microscopy, have suggested that amyloid fibrils
present a core sharing several characteristics. Nonetheless,
it has also been reported that amyloids have significant
structural differences [44]. These differences can be seen in
(i) the length of the 𝛽-strands, (ii) the arrangement (parallel
versus antiparallel) of the constituting sheets of the strand,
(iii) the length and arrangement of structures which are
not inside the fibril core, and (iv) the number of 𝛽-sheets
per each protofilament [1]. Thus, although amyloid fibrils
display similar characteristics, a marked polymorphism exists
not only between fibrils from different precursors, but also
between amyloids assembled from the same polypeptide but
in different conditions [47].
The atomic structure of IAPP in its fibrillar form has been
studied by a variety of approaches, including solid state NMR,
X-ray crystallography, and electron paramagnetic resonance
(EPR) spectroscopy. According to the technique used and/or
the conditions in which IAPP amyloids were assembled, three
main atomic models have been proposed. Firstly, in the model
derived from solid state NMR study, IAPP protofibrils consist
of two columns of symmetry related monomers packed
against each other [48]. Each polypeptide monomer adopts a
U-shaped structure and contains two 𝛽-strands connected by
a bend-loop. These 𝛽-strands comprise, respectively, residues
8–17 and 28–37 whereas the loop involves residues 18–27 [48].
Residues 1 to 7 do not participate in the 𝛽-structure, most
likely because of the conformational constraints imposed
by the disulfide bridge [23]. Secondly, the Eisenberg group
has proposed a model based on the crystallographic studies of IAPP fragments that shares many features with the
solid state NMR model described above but differs in how
the two columns of IAPP monomers pack against each
other and in the length of the C-terminal 𝛽-strand [49].
Thirdly, EPR studies of IAPP variants lacking the Cys2 –
Cys7 disulfide bond have led to a slight variation of these
two models. The protofibrils are still built up of U-shaped
stacks of monomers, but the planes of the two 𝛽-strands
within one IAPP molecule are staggered by around 15 Å [50].
Interestingly, in these three models, the 20–29 amyloidogenic
segment is not part of a 𝛽-sheet. Instead, it forms a partially
ordered bend that connects the two 𝛽-strands, questioning
the sensitivity of hIAPP amyloid formation to substitutions
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and/or modifications within this amyloidogenic prone region
[51]. Structural analysis of IAPP fibrils was so far exclusively
performed using homogenous peptide assemblies, although
amyloid deposits in islets of Langerhans of diabetic patients
contain a variety of biomolecules, including GAGs, lipids,
and other proteins. Thus, it will be interesting to study the
molecular architecture of IAPP amyloids assembled in a
biologically relevant heterogeneous environment.
3.2. Models of IAPP Amyloid Formation. While the mechanism by which proteins self-assemble into amyloids has been
intensively studied over the last two decades, mechanistic
details remain partially elusive and still the matter of controversy. Amyloidogenic polypeptides can be divided into
two different structural classes: those that are intrinsically (or
partially) disordered in their native state and those that show
a well-defined tertiary structure in their monomeric soluble
state. Generally, natively folded amyloidogenic proteins, such
as transthyretin and 𝛽2-microglobulin, have to unfold (or
misfold), at least partially, to form amyloids. In contrast,
intrinsically disordered polypeptides, such as IAPP and A𝛽
peptide, need to undergo conformational rearrangements
allowing the formation of locally ordered structure(s) to
initiate the amyloidogenic process. The formation of amyloid fibrils is often described as a nucleation-dependent
polymerization, although other models have been suggested
[52], including the nucleated conformational conversion [53]
and the monomer-directed conversion [54]. The nucleated
polymerization model is characterized by the rate-limiting
formation of the nucleus, which results from the equilibrium
between monomers that are and are not assembly competent
[52]. As soon as the nucleus is formed, assembly rapidly
occurs by the addition of competent monomers to the
growing end of the protofibrils. This model is characterized
by two well-defined kinetics phases. Firstly, a low amount of
dynamic and transient oligomeric species is produced in the
lag phase. This phase takes place slowly because of the unfavorable interactions between monomers to form oligomers.
Secondly, once the nucleus (competent oligomer) is formed,
the elongation phase begins, leading to the rapid growth of
the (bio)polymers [55]. Amyloid formation kinetics, seeding
experiments as well as the difficulty of detecting low ordered
oligomers [23], suggest that IAPP amyloidogenesis could be
ascribed to a nucleated polymerization.
Recent studies performed with different amyloidogenic
proteins have suggested that oligomers could be the most
proteotoxic species of the aggregation cascade [56–58].
This hypothesis has prompted the biophysical investigation
of the early steps in protein aggregation. For IAPP, two
major models have been proposed for its oligomerization
in homogenous solution: the helical intermediates model
[59] and the 𝛽-hairpins model [60]. As inferred from NMR
analysis and in silico prediction, monomeric soluble IAPP
transiently adopts an 𝛼-helix between residues 5–19 [28]
and it has been suggested that this helical intermediate
could be on-pathway to amyloid formation. For instance,
by analyzing the kinetics of 𝛽-sheet formation using twodimensional infrared (2D IR) spectroscopy, it was observed
that the disappearance of the random coil conformation was
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associated with the emergence of a 𝛼-helix [61]. Besides, the
presence of a low percentage of HFIP, a solvent known to promote helical formation, in the aggregation solution of IAPP
accelerates the rate of amyloid formation [62, 63]. Similarly,
whereas the binding of IAPP to model membranes favors
its initial conformational conversion from a random coil to
a 𝛼-helix, it is well known that lipid vesicles significantly
accelerate IAPP amyloid formation [64]. According to the
helical intermediates hypothesis, self-association would be
thermodynamically associated with helix formation within
the 5–20 segment, in a similar way of the driven forces
of coiled-coil motif formation [59]. In turn, this transient
helical oligomer would generate a high local concentration
of the C-terminal amyloidogenic segment of IAPP, favoring
the intermolecular 𝛽-sheets formation. This 𝛽-sheet structure
would then propagate leading to the formation of 𝛽-sheet rich
supraassemblies [59]. Taking into account this model, several
molecules have been recently designed to target and stabilize
helical intermediates with the ultimate goal of inhibiting
IAPP amyloid formation [65–68]. By combining ion mobility
mass spectrometry and molecular dynamics simulations,
it was instead proposed that IAPP early oligomerization
steps include the formation of 𝛽-strand rich dimers [29,
60]. Bowers and colleagues have suggested that IAPP 𝛽sheet-rich assemblies are formed from ordered beta-hairpins
rather than from coiled structures. The discrepancy between
these two models indicates that the initial events of IAPP
amyloidogenesis still remain unclear. It is worth mentioning
that in contrast to in vitro homogenous aqueous solution,
the mechanisms of amyloid formation in vivo are most likely
to be different and could involve alternative pathways. IAPP
amyloidogenesis takes place in a heterogeneous and crowded
environment with the potential interactions with several
components of the extracellular matrix and the plasma membrane. Thus, mechanistic examinations of amyloid formation
in heterogeneous environments constitute an important issue
and relevant studies will now be discussed.

4. Biochemical Factors Modulating
IAPP Amyloidogenesis
Amyloid formation has been originally perceived as a selfassembly homogeneous process in which the inherent physicochemical and structural properties of the amyloidogenic
proteic precursor as well as its concentration constitute the
major driving forces to fibrillation. Accordingly, the presence
of biomolecules tightly associated with the amyloids in vivo,
including GAGs, metals, glycoproteins, and lipids, was seen
as a contamination of the fibrils occurring after aggregation and/or deposition. However, numerous biophysical
investigations as well as in vivo biochemical studies have
shown a prominent role of these extrinsic factors in amyloid
deposition associated with the etiology of various diseases,
including type II diabetes [1, 8, 9]. It is now evident that the
biochemical microenvironment in which amyloid formation
occurs and the interactions of the polypeptide precursor with
various biomolecules not only modulate the rate and extent
of aggregation, but also remodel the mechanisms as well as
the structure, toxicity and stability of the resulting fibrils.
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4.1. Glycosaminoglycans. Immunohistochemical analysis
revealed that the basement membrane heparan sulfate
proteoglycan (HSPG), perlecan, was present within islet
amyloid deposits, suggesting a causative role of sulfated
GAGs in IAPP fibrillogenesis [69]. Besides, incubation
of hIAPP transgenic mouse isolated islets with WAS-406,
an inhibitor of HSPGs synthesis, resulted in a dosedependent decrease in amyloid formation [70]. Similarly,
the Westermark group has established a mouse strain that
overexpresses both hIAPP and heparanase, an enzyme
that catalyzes the cleavage of cell surface heparan sulfate.
They reported that isolated islets from these mice showed
a marked reduction in amyloid accumulation upon a 2week high glucose treatment; these conditions simulate the
hyperglycemia observed in type II diabetes and stimulate
IAPP expression and secretion [71]. In addition, since the
original work by Castillo et al. [72], several reports have
shown that sulfated GAGs, including heparin, heparan
sulfate, and heparin derivatives, accelerate dramatically
the rate of IAPP and pro-IAPP amyloid formation in vitro
[73–77]. Overall, these studies constitute a clear testimony
that sulfated GAGs could play an active role in islet amyloid
deposition associated with type II diabetes.
GAGs are long and linear polysaccharides composed of
repeating disaccharide units and some GAGs can contain up
to 200 repeating disaccharide units [78]. They are abundant
on the outer leaflet of the plasma membrane of every cell type
of metazoan organisms and in their basement membrane and
extracellular matrix (ECM) [79]. According to the structure
of their carbohydrate backbone, GAGs can be classified into
several classes. The most ubiquitous class of GAG is heparan
sulfate (Figure 3(a)) which is expressed at the cell surface
of nearly every cells, constituting more than 50% of total
proteoglycans [80, 81]. Other types of GAGs include heparin,
chondroitin sulfate, dermatan sulfate, keratan sulfate, and
hyaluronic acid. Owing to their high density of carboxylate
and sulfate groups, GAGs are highly negatively charged
biopolymers that constitute a major reservoir of polyanions
surrounding cells. With exception of hyaluronic acid and
heparin, GAGs are usually covalently O-linked to a protein
core, forming a structure known as proteoglycans. HSPGs,
which constitute approximately 95% of all proteoglycans
[82], are present in all tissues and comprise five types of
protein core, including the cell surface syndecan and the ECM
perlecan, the latter being a major constituent of pancreatic
islet amyloids [69].
Over the last 15 years, several studies have demonstrated
that the addition of sulfated GAGs to amyloidogenic proteins
accelerates their fibrillogenesis in vitro. These polypeptides
include both intrinsically disordered polypeptides such as the
A𝛽 peptide [83], 𝛼-synuclein [84], and IAPP [72] and natively
folded proteins such as transthyretin [85], gelsolin [86], and
𝛽2-microglobulin [87]. It has been proposed that GAGs
hasten amyloidogenesis by a scaffold-based mechanism, in
which the amyloidogenic protein, either in its monomeric or
oligomeric form, interacts with the sulfated polysaccharides
mainly through electrostatic interactions, increasing its local
concentration and promoting aggregation [85, 86, 88]. It
was also reported that the interaction with GAGs induces
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Figure 3: Roles of sulfated GAGs in IAPP amyloidogenesis. (a)
Representative structure of heparin or heparan sulfate composed of
glucuronic acid (GlcA) linked to glucosamine (GlcN) disaccharide
repeating subunit. R1 could be –H or –SO3 − whereas R2 could be –H,
–SO3 − , or –COCH3 . (b) Schematic representation of the postulated
mechanism by which sulfated GAGs might promote IAPP amyloid
formation. The positively charged N-terminal domain of IAPP
binds to the sulfate moieties of GAGs by means of electrostatic
interactions. This binding event triggers the formation of a 𝛼-helix
(represented as a cylinder). This generates a high local concentration
of peptide on the GAG scaffold that drives the association of IAPP
amyloidogenic C-terminal segment, which has a high propensity
to adopt a 𝛽-sheet (represented as an arrow). This drastically
accelerates the formation of 𝛽-sheet rich assemblies.

the conformational transition of the 3 kDa fragment of gelsolin [89] and A𝛽 peptide [83] from a random coil to 𝛽-sheet.
However, this structural modification is most likely related
to the aggregation process rather than to a conformational
conversion within the monomeric protein.
The mechanisms by which sulfated GAGs accelerate IAPP
amyloid formation have been studied by a combination of
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biophysical approaches and are similar to the one described
for other amyloidogenic polypeptides. Owing to its net
positive charge at physiological pH, IAPP can bind by means
of electrostatic interactions with polyanionic sulfated GAGs.
As a matter of fact, it was observed by NMR spectroscopy
that heparin binds to the N-terminal segment of IAPP [73],
which includes the only four potential positive charges in
IAPP sequence: the 𝛼-amino group, Lys-1, Arg-11, and His18. Besides, it was reported by isothermal titration calorimetry (ITC) that the affinity of IAPP to sulfated GAGs was
dependent on the protonation state of His-18 and that the
binding was predominately enthalpy-driven, most related to
electrostatic interactions [75]. A heparin binding site was
characterized within the N-terminal domain of proIAPP [77,
90] and it was suggested that the interaction of unprocessed
proIAPP with sulfated GAGs could have strong implications
for amyloid formation in pancreatic islets. FRET analyses
between ThT and fluorescein-labelled heparin (FH) [73, 74]
showed that IAPP binds to sulfated GAGs before amyloid
formation, most likely in its monomeric form. As reported
for other amyloidogenic polypeptides, heparin is incorporated into the fibrils and/or is tightly associated with the
mature amyloids. By CD spectroscopy, IAPP and proIAPP
association to sulfated GAGs induces a random coil to 𝛼helix conformational conversion [75, 77] and this helical
structure is rapidly converted into a 𝛽-sheet structure. As the
binding of IAPP and proIAPP accelerates the rate of amyloid
formation, this secondary conformational conversion supports the helical intermediates hypothesis described above.
By using heparin analogs of different length and/or degree of
sulfation, it was reported that the effects of GAGs on IAPP
amyloidogenesis were dependent on the oligosaccharide
length and sulfate content and not on the amount of charged
monomers [72, 73]. Nonetheless, it was observed that the
degree of sulfation of heparan sulfate isolated from pancreatic
𝛽-TC3 cells does not determine all aspects of GAG-mediated
amyloid formation [91]. Besides, the nature of GAG backbone
also affects, to some extent, the enhancement of IAPP fibril
formation [72, 92]. Overall, these studies suggest a model
for GAGs-accelerated IAPP amyloidogenesis in which the
positively charged N-terminal segment of the peptide binds
to the sulfate moieties of GAGs, inducing the formation of
a 𝛼-helix. In turn, this generates a high local concentration
of peptide on GAG scaffold that drives the association of
IAPP amyloidogenic segment, accelerating drastically the
formation of 𝛽-sheet rich assemblies (Figure 3(b)).
4.2. Metals. Several reports have suggested that the dysregulation of metal ion homeostasis could be implicated in
the pathogenesis of amyloid diseases, comprising type II
diabetes [9]. Binding sites for transition metals, including
zinc, copper, and iron, have been characterized in numerous
amyloidogenic polypeptides, such as A𝛽 peptide [93], 𝛼synuclein [94], and 𝛽2-microglobulin [95]. Most of mechanistic studies have been so far performed with the A𝛽
peptides and have shown that physiological concentrations
of metals, particularly Zn2+ , are sufficient to accelerate the
rate of amyloid formation, although divergent results were
reported [96]. While it is known for more than 20 years

Journal of Diabetes Research
that the secretory granules in pancreatic islets of Langerhans,
which store IAPP and insulin, are characterized by a high
concentration of zinc [97], the role of this metal in IAPP
amyloidogenesis has not been addressed until recently [98,
99]. Particularly, it has been reported that zinc transport into
𝛽-cells secretory granules, involving the pancreas-restricted
zinc transporter ZnT8, could play a significant role in the
etiology of type II diabetes [100, 101]. This observation
suggests that zinc homeostasis could be associated with IAPP
misfolding/aggregation, although this avenue has not been
explored in vivo so far.
The modulation of IAPP amyloidogenesis in vitro by zinc
is complex and is dependent on zinc concentration as well
as the pH and peptide concentration [98]. At pH 7.5, the
presence of a low concentration of Zn2+ in the incubation
solution decreases the rate of amyloid formation whereas at
higher concentration the fibril elongation rate increases. It
was also observed that while the total amount of fibrils is
greatly reduced by zinc at all concentrations, the general morphology of the individual fibrils remained somewhat similar
[98]. Notably, typical concentrations of zinc reported in the
extracellular space where IAPP deposition occurs, ranging
from 10 to 25 𝜇M [102], decrease significantly amyloid formation at physiological pH. In sharp contrast, at pH 5.5, at
which the residue His-18 is protonated, zinc accelerated IAPP
fibrillogenesis. Brender and colleagues have observed that
IAPP in an organic solvent undergoes a structural conversion
upon zinc binding characterized by a local disruption of
the helical structure around residue His-18 [98]. Thus, the
inhibitory effect of zinc observed at low concentrations was
initially ascribed to the unfavorable incorporation of a charge
inside the loops [98], as the imidazole ring of His-18 is located
in the hydrophobic core of the fiber [48]. By combining
ITC, NMR, and ESI mass spectrometry, it was observed
that zinc favors the formation of off-pathway hexameric
species while creating an energetic barrier for the formation
of amyloids [103]. Thus, zinc binding to nonfibrillar IAPP
with an affinity in the micromolar range [103] promotes the
formation of prefibrillar aggregates [99], ultimately inhibiting
the formation of amyloid fibrils.
The inhibition of amyloid formation by metals appears
to be restricted to metals that are known as good ligands
for histidine, such as Zn2+ and Cu2+ , whereas Mg2+ and
Ca2+ , which are poor imidazole ligands, have no significant
effect on IAPP amyloidogenesis [98, 104]. The effect of the
buffer ion composition on the kinetics of IAPP amyloid
formation was recently examined and it was reported that
IAPP fibrillogenesis was dependent on the anion identity,
while the nature of the cationic species has little effect
on the rate of fibrils formation [105]. Overall, whereas the
modulation of 𝛼-synuclein and A𝛽-peptide amyloidogenesis
by metals is well-documented, the role of metal homeostasis
in islet IAPP deposition has been so far less studied and
deserves further attention. Particularly, it will be interesting
to probe the effects of zinc and copper on the kinetics of
IAPP self-assembly in heterogeneous environment, that is, in
presence of other biological factors such as GAGs and lipid
membrane models.
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4.3. Other Factors Modulating IAPP Amyloidogenesis. Virtually all amyloid deposits, including islet amyloids [106,
107], are associated with apolipoprotein E (apoE), a protein
involved in lipid transport and metabolism. The importance
of this protein in amyloid deposition has been highlighted
in Alzheimer’s disease as transgenic mice lacking the ApoE
gene form only diffuse plaques but not mature neuritic
plaques [108]. In sharp contrast, transgenic mice expressing
hIAPP crossbred with apoE deficient mice showed similar
prevalence and severity of islet amyloids, indicating that apoE
is not a critical factor for islet amyloid deposition [109].
Nonetheless, it was observed in vitro that ApoE4 binds IAPP
and inhibits amyloid formation [110]. Insulin, which is stored
with IAPP in 𝛽-cell secretory granules, is one of the most
potent inhibitors of IAPP aggregation [111]. Insulin binds to
the putative helical domain of IAPP, stabilizing the compact
isoform of IAPP and inhibiting the formation of 𝛽-sheets
[112, 113]. The postulated mechanism of fibrillogenesis inhibition by insulin is consistent with the helical intermediates
hypothesis. Anionic model membranes are the most studied
biological cofactors in the context of IAPP amyloidogenesis,
since they not only accelerate IAPP amyloid formation but
they also recapitulate the postulated initial site of IAPPinduced cell death. The mechanisms of lipid-accelerated IAPP
amyloidogenesis have been previously addressed in several
excellent reviews [20–23, 114] and readers are invited to
consult them for additional information.

5. Mechanism of IAPP Cytotoxicity
5.1. The Toxic Oligomeric Species Hypothesis. The presence
of insoluble protein deposition in the pancreatic islets of
patients suffering from type II diabetes has initially led to
the postulate that amyloid fibrils cause 𝛽-cell degeneration
[115]. This hypothesis was later reinforced by the work of
Lorenzo and colleagues demonstrating the potential toxicity
of IAPP fibrils on human pancreatic islet cells [116]. This cell
death event was associated with membrane blebbing, chromatin condensation, and DNA fragmentation, indicating
that IAPP amyloids trigger 𝛽-cell apoptosis. However, over
the last fifteen years, several studies have instead suggested
that nonfibrillar intermediates are the most toxic species of
IAPP amyloid cascade. For instance, it was observed that
the inhibition of amyloid fibril formation with rifampicin
did not reduce IAPP-induced pancreatic cell death [117].
Furthermore, in a homozygous hIAPP transgenic mouse
model, selective 𝛽-cell death and impaired insulin secretion
were associated with the formation of early, small amorphous
intra- and extracellular aggregates rather than with large
amyloid deposits [118]. Bram and colleagues have recently
reported the isolation of antibodies from diabetic patients
that specifically recognized IAPP oligomers. Remarkably,
these antibodies were shown to neutralize the apoptotic
effect induced by IAPP cytotoxic species on 𝛽-cell [119].
Moreover, dynamic light scattering revealed that cytotoxicity
corresponds to IAPP aggregates containing between 25 and
6 000 IAPP molecules [120]. Thus, as for other amyloidrelated diseases, the scientific community generally agrees
on the hypothesis that prefibrillar aggregates might be
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the toxic species causing 𝛽-cell death. However, considering
that pancreatic islets from patients afflicted with type II
diabetes are almost all converted into amyloids, this massive
IAPP deposition most likely interferes with normal 𝛽-cell
functions, such as insulin release [19]. Noteworthy, the search
for the culprit species of the amyloidogenic cascade has been
so far exclusively performed with aggregates prepared in
IAPP homogenous solution. However, as described above,
amyloid cofactors such as metals, GAGs, and lipids can
remodel the pathway of aggregation and can lead to the
formation of oligomer species with unusual morphological,
physicochemical, and/or biological properties. Thus, it will be
crucial in the nearest future to characterize the cytotoxicity
of IAPP oligomers prepared in heterogeneous environment
that reconstitutes, as possible, the extracellular environment
of pancreatic islets.
5.2. Mechanisms of IAPP-Induced Cytotoxicity. Although the
mechanisms by which IAPP induced 𝛽-cell death have been
intensively investigated since IAPP discovery, the subject is
very complex and is still the matter of debate. This topic
has been recently discussed in excellent reviews [23, 121, 122]
and, accordingly, we will briefly present the main postulated mechanisms. One of the most studied and accepted
mechanisms is membrane disruption and transmembrane
pore formation [20]. IAPP is a cationic peptide, favoring
its electrostatic interaction with anionic lipids of the plasma
membrane. Indeed, the nature of membrane model composition influences its aggregation [123]. Experiments performed
with planar phospholipid bilayer membranes showed the formation of nonselective ion-permeable channels, suggesting
that channel-like formation could trigger IAPP-induced cell
death [124]. Similarly, the formation of abnormal vesicle-like
membrane structures was observed when freshly dissolved
IAPP was added to mouse and human islet cells [120].
Apoptosis, or programmed cell death, is another mechanism
by which IAPP can cause 𝛽-cell death and is closely associated
with membrane disruption. Actually, nonspecific channellike formation by IAPP causes a high influx of Ca2+ inside the
cell that can engage apoptosis [125, 126]. DNA fragmentation,
a key apoptosis characteristic, was observable for RINm5F
cells exposed to IAPP [127]. Moreover, IAPP induces p53
activation, a well-known tumor suppressing gene that regulates the cycle and increases the transcription of proapoptotic
factors [128]. Similarly, it was observed that the gene encoding
the G1 inhibitor p21 is upregulated when cells are incubated
in presence of IAPP aggregates [127]. These studies suggest
that IAPP can also trigger nonspecific apoptotic pathways.
Besides, IAPP expression in islets upregulates the expression
of the FAS receptor, a transmembrane protein able to engage
programmed cell death, whereas the deletion of FAS reduced
IAPP-induced toxicity [129], suggesting the involvement of
specific apoptotic pathways.
Several studies have indicated that IAPP can induce
pancreatic cell death by inducing the generation of reactive
oxygen species (ROS). For instance, an increased level of ROS
was observed when cells were exposed to IAPP oligomers
[130]. Interestingly, it was observed that phycocyanin, a
natural compound known for its antioxidant properties,
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protects pancreatic 𝛽-cells against IAPP-induced apoptosis
by attenuating oxidative stress and modulating apoptotic
pathways [130]. In contrast, treatment with the antioxidant Nacetyl-L-cysteine (NAC) prevented the rise of ROS induced
by IAPP but did not prevent 𝛽-cell apoptosis [131]. Due to
peripheral insulin resistance associated with type II diabetes,
insulin and IAPP expression, maturation, and secretion by
pancreatic 𝛽-cells are significantly increased [132]. This can
overload the endoplasmic reticulum (ER), leading to ER
stress and the activation of the unfolded protein response
(UPR). For instance, an elevated expression of IAPP in hIAPP
transgenic rats induces ER-stress, ultimately leading to 𝛽-cells
apoptosis [133]. Interestingly, by establishing a mouse model
overexpressing rIAPP at a comparable rate as the transgenic
hIAPP mouse model, it was reported that the elevated ER
stress depends on the propensity of IAPP to aggregate but is
not the consequence of protein overexpression [134]. It was
recently showed that the expression of hIAPP in mice with a
𝛽 cell-specific autophagy defect results in an increase of 𝛽-cell
dysfunction associated with IAPP-toxicity [135], suggesting
a protective role of autophagy in type II diabetes. Overall,
these studies indicate that IAPP-mediated cytotoxicity is
multifaceted and is triggered by multiple mechanisms that are
intrinsically related to each other.
5.3. Roles of Amyloid Cofactors in IAPP-Induced Cytotoxicity.
Whereas biophysical studies have indicated that amyloid
cofactors, including GAGs, metals, and lipids, can remodel
IAPP aggregation landscape and biochemical investigations
have suggested that oligomeric species induce 𝛽-cell death,
it appears crucial to address the roles of these cofactors in
IAPP-induced toxicity. It was observed that the coinjection
of sulfated GAGs with IAPP in the culture media protects 𝛽pancreatic cells against IAPP-mediated cytotoxicity [73, 75].
This result suggests that, by hastening amyloid formation,
sulfated GAGs stimulate the formation of nontoxic fibrillar
species, in agreement with the toxic oligomeric species
hypothesis. The role of cell surface proteoglycans in IAPPmediated cell death has been recently investigated. INS-1 cells
treated with heparinase and chondroitinase in order to cleave
polysaccharide chains of proteoglycans showed a similar
vulnerability to IAPP to their nontreated counterpart [75].
This data indicates that the lack of GAGs on the outer leaflet
of the plasma membrane does not prevent nor increases IAPP
toxicity. This result was confirmed by means of the mutant
CHO cell pgsA-745 [75], which lacks cell surface GAGs as a
result of a deficiency in xylosyltransferase, a key enzyme in
proteoglycans biosynthesis [136]. These observations are not
in line with previous studies performed with the A𝛽 peptide
showing that heparan sulfate deficient cells were essentially
resistant to A𝛽 cytotoxicity [137]. Similarly, A𝛽 toxicity is
attenuated in embryonic kidney cells overexpressing heparinase [137]. Nonetheless, as reported for IAPP, the removal of
cell surface GAGs did not prevent HypF-N aggregates toxicity
[138], suggesting some heterogeneity among the mechanisms
of cell death induced by amyloidogenic polypeptides.
As described above, membrane disruption, including
pore formation and membrane fragmentation, appears to
play a key mechanistic role in the toxicity induced by IAPP on
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𝛽-pancreatic cells. However, the contribution of the plasma
membrane lipid composition and of its physicochemical
properties on the cellular susceptibility towards IAPP has
not been directly addressed so far. In an elegant work,
Evangelisti and co-workers have recently shown that the
extent of cytotoxicity of HypF-N oligomers is the result of
a complex interplay between the physicochemical features
of both the cell membrane and the oligomeric species
[139]. Regarding IAPP, it was reported that depletion of
cholesterol from plasma membrane of rat insulinoma cells
inhibits the internalization of oligomers, which in turn
potentiates IAPP cytotoxicity [140]. By means of real-time
single particle tracking, it was shown that IAPP aggregates
interact with GM1 gangliosides and decrease their lateral
diffusion in neuroblastoma cell membrane [141]. As GM1
is a major constituent of membrane lipid rafts, which are
known for their contribution to cell signaling pathways,
it will be interesting to probe the role of GM1 in IAPPinduced toxicity. By combining biophysical approaches, it was
shown that phosphatidylethanolamine (PE) phospholipids
modulate the in vitro membrane disruption induced by IAPP
[142]. This result suggests a possible role of PE in IAPP
plasma membrane disruption, although this possibility has
not been addressed in vivo so far. It was recently observed
that copper interacts with IAPP to form metallopeptide
complexes showing low toxicity towards pancreatic rat 𝛽-cells
[143], indicating that metal ions can also modulate IAPPinduced cell death.

6. Conclusion
As summarized in this review, the role of the so-called
accessory amyloid biomolecules in IAPP amyloidogenesis
has been recently investigated by a combination of biophysical approaches. Regardless of the complexity of the
microenvironment in which IAPP deposition occurs, the
effects of several biological cofactors on amyloid formation
are being increasingly recognized. Nonetheless, several issues
should be addressed in order to better appreciate the implication of these biomolecules in the development of amyloid
deposition. In turn, this knowledge should lead to deeper
understanding of the mechanisms by which IAPP induced
𝛽-cell degeneration. Taking into account the prominent role
of GAGs, metals, and lipids in IAPP amyloidogenesis, it will
be particularly important that the identification of amyloid
inhibitors in vitro is performed in milieu that recapitulates,
as much as possible, the complex biological environment
in which IAPP aggregation occurs. For instance, Hebda
and colleagues have recently performed the screening of
small molecules in presence of lipid membrane model and
identified 36 molecules that were not previously reported as
active toward IAPP fibril formation in homogenous solution
[144]. Similarly, it was observed that the capacity of insulin
to inhibit IAPP amyloidogenesis is significantly reduced in
presence of sulfated GAGs [145] whereas the inhibition of
IAPP fibrillogenesis by IS5, a small molecule alpha helix
mimetic, is increased in presence of heparin [146]. Considering that the simplistic model of IAPP fibrillogenesis as
a homogenous self-assembly process does not recapitulate
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amyloid deposition associated with the etiology of type II
diabetes, it will be important in the future to develop in
vitro experimental conditions to study IAPP aggregation that
resemble the complexity of the pancreatic islet environment.
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To test the hypothesis that electrostatic repulsion is an important force opposing amyloid fibril assembly, we designed peptides
that substitute strings of positively or negatively charged residues into the sequence of the amyloidogenic hormone amylin, which
contributes to type 2 diabetes pathology. Arg-1 and Arg-2 substitute four positively charged arginines for segments that in structural
models of amylin fibrils form the end of strand 𝛽1 and the beginning of strand 𝛽2, respectively. Mem-T substitutes negatively charged
aspartates for the peptide segment with the largest avidity for membranes. All three charge-loaded peptides fibrillize poorly on their
own and inhibit fibril elongation of WT-amylin at physiological ionic strength. The inhibition of WT-amylin fibril elongation rates
is salt-dependent indicating that the analogs act through electrostatic interactions. Arg-1 protects against WT-amylin cytotoxicity
towards a MIN6 mouse model of pancreatic 𝛽-cells, and Arg-2 protects at higher concentrations, whereas Mem-T has no effect.
The most effective variant, Arg-1, inhibits WT-amylin fibril elongation rates with an IC50 of ∼1 𝜇M and cytotoxicity with an IC50 of
∼50 𝜇M, comparable to other types of fibrillization inhibitors reported in the literature. Taken together, these results suggest that
electrostatic interactions can be exploited to develop new types of inhibitors of amyloid fibrillization and toxicity.

1. Introduction
Consideration of amyloid structures suggests that likecharges, replicated along the fibril axis by the intermolecular
𝛽-sheet pairing of monomers, should energetically disfavor self-association due to electrostatic repulsion [1, 2].
Conversely, compensation of charges displayed on fibril
surfaces may be important in the interactions of amyloids
with polyanions such as heparan sulfate proteoglycans and
membrane lipid bilayers [1, 3, 4]. Replacements of single
charged residues can have large effects on fibrillization
kinetics attesting to the important roles of charges in fibril
assembly [2, 5–7].
In type 2 diabetes, the positively charged 37-residue
hormone amylin misfolds into cationic fibrils which have
been implicated in the destruction of the pancreatic 𝛽cells that make insulin and amylin, thus contributing to
pathology [8]. Amylin is a particularly favorable system
for investigating the roles of charges in fibrillization, since
the core of the intermolecular 𝛽-sheet fibril structure has
only one pH-titratable group, His18 [9]. The histidine acts
as an electrostatic switch, inhibiting fibrillization in its
charged state at acidic pH and favoring fibrillization in its

uncharged state at neutral pH [9–11]. The charged state of
His18 affects fibril morphology as determined by TEM [9–
11]. Substitution of a positively charged arginine at position
18 lowers cytotoxicity to MIN6 models of pancreatic 𝛽-cells
compared to WT-amylin, which has an uncharged histidine
at a physiological pH of 7.4 [9, 12]. Similarly, amylin with the
S20K mutation fibrillizes much more slowly, in part due to the
introduction of a positive charge in a segment of the peptide
that participates in the hairpin turn of the fibril structure [7].
Moreover, the S20K mutant peptide inhibits fibrillization of
WT-amylin when added in trans [7].
These observations suggest that the introduction of single
charged amino acids in the portions of the amylin sequence
that form the fibril core can markedly inhibit fibrillization.
We therefore thought to exploit these properties by designing
peptide variants that incorporate a string of residues with
like-charges in the amylin sequence, as shown in Figure 1.
The first peptide, arginine-variant 1 (Arg-1), substitutes four
arginines for WT-amylin residues Asn14-Val17 (Figure 1(a)).
These residues form part of strand 𝛽1 (blue spheres in
Figure 1(b)) in the model of the amylin fibril structure
determined by ssNMR [13]. The protofilament building block
of the amylin fibril structure [13] has two C2 -symmetry
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Figure 1: Design of fibrillization inhibitors. (a) Sequences of WT amylin and the three peptide analogs that incorporate strings of positive
or negative charges in the amylin sequence. (b) Model of the stacked 𝛽-hairpin structure of amylin fibrils based on ssNMR [13]. Positively
charged arginine residues are shown as spheres that are positioned at the end of strand 𝛽1 in Arg-1 (blue) or at the start of strand 𝛽2 in
Arg-2 (green). (c) Solution NMR model of micelle-bound amylin, in which the N-terminal residues 5–17 are embedded in the hydrophobic
environment of the micelle [16]. The Mem-T peptide substitutes hydrophobic residues in this region for five aspartates (red), in order to
interfere with membrane binding through electrostatic repulsion between negatively charged residues on the peptide and lipid head-groups.

related stacks of intermolecular 𝛽-sheets (shown in orange
and purple in Figure 1(b)). The positively charged residues
introduced in the Arg-1 variant would be positioned on the
surface of the protofilament. In our design, we envisioned
that Arg-1 would act as a fibril extension inhibitor. The highly
amyloidogenic segment between residues Ser20-Ser29 [8, 14]
is retained in the sequence and would allow the peptide to
attach to growing fibrils of WT-amylin, whereas the four
arginines in Arg-1 would disfavor addition of monomers
through electrostatic repulsion with the positively charged
residues such as Arg11 and His18 in the WT-sequence. It is
important to note that since the C-terminus of amylin is
naturally amidated, there are no negatively charged residues
in the sequence of WT-amylin. In a second analog, argininevariant 2 (Arg-2), four arginine residues are substituted for
residues Phe23-Ile26 in the center of the amyloidogenic
segment. In the fibril structure [13] this corresponds to the
end of the 𝛽-hairpin and the start of strand 𝛽2 (green
spheres in Figure 1(b)). The design objectives for Arg-2 were
the same as for the Arg-1 but the string of four arginine
residues is positioned in the interior of the protofilament
structure as opposed to the surface (Figure 1(b)). A third
peptide, the “Membrane Trojan” analog (Mem-T), was conceived as an inhibitor of the interactions of WT-amylin with
cell membranes. The motivation for the design of MemT was that some studies have suggested that the critical
species responsible for amylin toxicity may not be amyloid
fibrils but soluble oligomers that form membrane-spanning
pores, thus compromising intracellular ion homeostasis and
cellular integrity [8, 15]. The Mem-T analog (Figure 1(c))
was based on our NMR structure of WT-amylin bound to
membrane mimetic SDS micelles [16]. In the NMR structure,
the Ala5-Val17 segment is positioned in the hydrophobic
environment of the micelle based on paramagnetic probe
studies [16]. This segment has the highest avidity for lipid
membranes based on a number of studies [8, 17]. In the
Mem-T analog, hydrophobic residues from the Ala5-Val17
segment are replaced by five negatively charged aspartates
(Figure 1(a)). We envisioned that the Mem-T analog would
be able to form mixed oligomers with WT-amylin, through

the His18-Tyr37 segment which would be positioned on the
surfaces of membranes but that membrane penetration of
the mixed oligomers would be blocked through electrostatic
repulsion between the negatively charged aspartates at the Nterminus of the Mem-T peptide and the negatively charged
phosphate groups of the membrane lipid bilayer (Figure 1(c)).
In the present work, we examined the ability of the three
amylin analogs Arg-1, Arg-2, and Mem-T to form fibrils
using a kinetic assay that employs the amyloid-specific fluorescent dye thioflavin T (ThT) and by imaging the reaction
products with transmission electron microscopy (TEM). We
investigated the ability of peptide analogs to inhibit fibril
formation when added in trans to WT-amylin and characterized the concentration dependence of inhibition. Because
we expected the three designed peptides to exert their effects
through electrostatic interactions, we also examined how salt
concentration affects inhibition. Finally, we investigated the
ability of the inhibitor peptides to suppress cytotoxicity in a
MIN6 mouse model of 𝛽-pancreatic cells [18] challenged with
WT-amylin.

2. Materials and Methods
2.1. Materials. Human WT-amylin was from Biopeptide
(San Diego, CA). The Arg-1, Arg-2, and Mem-T peptides
were custom-synthesized by NeoBioLab (Woburn, MA).
All peptides were prepared by solid-phase synthesis and
had an amidated C-terminus, which occurs as a natural
posttranslational modification in human WT-amylin. The
peptides were purified to >95%, supplied as lyophilized
powders, and were taken up in 100% DMSO to form stock
solutions that were stored in aliquots at −80∘ C before use. The
peptide concentrations of the stock solutions were measured
using the Micro BCA Protein Assay Kit (Thermo Scientific,
Rockford, IL). Freshly thawed aliquots of the stocks were
used to make solutions of the desired peptide concentration,
which contained final DMSO (v/v) concentrations of 1% for
cytotoxicity experiments and 2% for all other experiments.
Ultrapure grade thioflavin T was from AnaSpec (Fremont,
CA). The Alamar Blue dye to measure cell viability in
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cytotoxicity assays, FBS (fetal bovine serum), and DMEM
(Dulbecco’s Modified Eagle Medium) cell culture medium
were from Invitrogen (Carlsbad, CA). All other chemicals
were from Fisher (Pittsburgh, PA).
2.2. ThT Assays of Fibrillization Kinetics. The time course
of fibrillization in solution was monitored using 100–200 𝜇L
amylin samples, contained in white polystyrene clear bottom
96-well plates (Corning Inc., Corning, NY). Plates were
covered with a clear polyester sealing tape (Fisher Scientific,
Agawam, MA) to prevent evaporation. Stock solutions of
1.1 mM WT-amylin and inhibitor peptides were prepared
in 100% DMSO, which dissolves and disaggregates amylin
fibrils [20], and were stored at −80∘ C when not in use.
Starting from the 1.1 mM stock solutions in 100% DMSO,
samples for fibrillization reactions were prepared to contain
20 𝜇M amylin and 10 𝜇M ultrapure ThT, in 20 mM sodium
phosphate buffer, pH 7.4, and a final DMSO concentration
of 2% (v/v). For experiments using larger 400 𝜇M concentrations of Arg-2 and Mem-T, the solutions were prepared by
diluting 100% DMSO stock solutions of 20 mM peptide to a
final DMSO concentration of 2% (v/v). Amylin was the last
component added to the samples for the kinetic reactions,
in order to reduce the dead time for the experiments. The
plates were incubated at 25∘ C without agitation. Fluorescence
intensity was recorded at 2 min intervals with excitation at
440 nm and emission at 490 nm on a Fluoroskan Ascent
2.5 fluorescence plate reader. Fibrillization reactions for the
peptides alone were performed in triplicate and for analogpeptide inhibition of WT-amylin in duplicate, to estimate
experimental uncertainties in kinetic parameters.
2.3. Transmission Electron Microscopy. Samples containing
80 𝜇M concentrations of WT-amylin and the three analogs
were incubated without agitation at a temperature of 37∘ C
in 20 mM phosphate buffer (pH 7.4). For the inhibition
reactions, samples contained WT-amylin at an 80 𝜇M concentration, together with 160 𝜇M of Arg-1, Arg-2, or MemT analogs. Aliquots from the reactions were removed after
2 days for TEM imaging. The aliquots were blotted onto
carbon-coated 400-mesh Maxtaform copper grids (Ted Pella
Inc. Redding, CA) for 1–3 min, followed by negative staining
with 1% uranyl acetate. TEM images were recorded on an FEI
Tecnai G2 Spirit BioTwin transmission electron microscope
equipped with an AMT XR-40 camera.
2.4. Cytotoxicity Assays. Amylin samples were prepared by
dissolving lyophilized peptides in 100% DMSO to 8 and
12 mM concentrations for WT-amylin and the analogs,
respectively, as determined with the micro-BCA protein assay
kit. The stock solutions were diluted with FBS-free DMEM
and sonicated continuously for 5 min at 75% amplitude before
use. FBS was subsequently added to a concentration of
15% (v/v), giving final amylin concentrations of 40, 80, and
160 𝜇M. The final DMSO concentration for all cytotoxicity
experiments was 1% (v/v).
Cytotoxicity was measured using the mouse insulinoma
6 (MIN6) cell line model of 𝛽-pancreatic cells [18], which
were a gift from Dr. Anil Rustgi (University of Pennsylvania).
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Cells were seeded at a density of 20,000 per 100 𝜇L in
black clear-bottom 96-well plates. The cells were grown in
DMEM with 15% FBS, 25 mM glucose, 2 mM L-glutamine,
500 mM sodium pyruvate, 55 𝜇M 𝛽-mercaptoethanol, 1000
units/mL penicillin, and 100 𝜇g/mL streptomycin, for 20 h at
37∘ C in a humidified incubator with 5% CO2 . The culture
medium was then removed and replaced with fresh medium
containing WT-amylin and/or inhibitor peptides. The cells
were incubated for another 24 h followed by the addition
of 10% (v/v) of the redox indicator dye Alamar Blue at the
concentration supplied by the manufacturer (Invitrogen).
Fluorescence, due to the reduction of Alamar Blue by viable
cells, was measured after 6 h, using excitation and emission
wavelengths of 544 and 590 nm, respectively. Cell viability
was calculated from the ratio of Alamar Blue fluorescence in
treated to untreated cells. Uncertainties were calculated as the
SEMs of triplicate measurements.

3. Results
3.1. Incorporation of Charged Residues Inhibits Fibrillization.
The three amylin analogs Arg-1, Arg-2, and Mem-T considered in this work substitute strings of like-charged amino
acids for segments of the amylin sequence. We first compared
fibrillization of the analogs and WT-amylin (Figure 2). At a
physiological salt concentration of 150 mM NaCl and peptide
concentration of 20 𝜇M, we could only detect fibrillization
for WT-amylin and Arg-1. The change of ThT fluorescence
between the start and steady-state plateau of the reactions is
30-fold larger for WT-Amylin compared to the Arg-1 peptide
(Figure 2(a)). The lag time for the Arg-1 analog (210 min) is
increased about 2-fold compared to WT-amylin (120 min)
while the elongation rate for Arg-1 (0.0068 min−1 ) is reduced
about 30% compared to WT-amylin (0.010 min−1 ). With a 20fold higher peptide concentration of 400 𝜇M, we observed
weak fibrillization of Mem-T (Figure 2(b) orange to brown)
but Arg-2 still failed to fibrillize (Figure 2(b) light to dark
green). The fibrillization of Mem-T at the larger 400 𝜇M
peptide concentration was salt dependent. In the absence of
salt only a very weak signal for fibrils was detected (orange
in Figure 2(b)). Fibrillization was stimulated at physiological
salt concentrations and above (red and brown in Figure 2(b)),
as expected for a mechanism in which charge-repulsion
for the Mem-T analog is abated when the charges become
screened by salt. At 150 mM NaCl, the fibrillization of 400 𝜇M
Mem-T (lag time of 10,000 min, elongation rate of 6.1 ± 1.4 ×
10−6 min−1 ) was still much weaker than for WT-amylin at a
20 𝜇M peptide concentration (lag time 120 min, elongation
rate of 0.0100 ± 0.0001 min−1 ). The Arg-2 peptide did not
form fibrils under any of the conditions tested (Figure 2(b)).
EM images of the aggregates present after 2 days were
consistent with the kinetics data (Figure 3). WT-amylin
formed large amounts of fibrils (Figure 3(a)). By contrast Arg1 formed much fewer fibrils; the section of the grid shown in
Figure 3(b) has a relatively high number, to aid visualization.
The image in Figure 3(b) clearly shows that Arg-1 formed a
larger proportion of short fibrils than WT-amylin. For Arg2 (Figure 3(c)) and Mem-T (Figure 3(d)) we only detected
amorphous aggregates with nonfibrillar morphologies.

4

Journal of Diabetes Research
8

3.5

7
Fluorescence intensity (a.u.)

Fluorescence intensity (a.u.)

3.0
6
5
4
3
2
1

2.5

2.0

1.5

1.0

0
0

200

400

600

800 1000 1200 1400 1600
Time (min)

WT
Arg-1

Arg-2
Mem-T
(a)

0

0.5

1

1.5
Time (min)

Arg-2 0 mM NaCl
Arg-2 150 mM NaCl
Arg-2 300 mM NaCl

2

2.5
×104

Mem-T 0 mM NaCl
Mem-T 150 mM NaCl
Mem-T 300 mM NaCl
(b)

Figure 2: Fibrillization kinetics of WT and charged amylin variants. (a) Reaction profiles for 20 𝜇M peptide concentrations in the presence
of 150 mM NaCl. (b) For the two variants Arg-2 and Mem-T that failed to fibrillize at 20 𝜇M peptide concentrations, aggregation was also
studied at a larger 400 𝜇M peptide concentrations and the indicated salt concentrations. Representative error bars, calculated as the SEM
from triplicate measurements, are shown for WT-amylin in (a) and for Mem-T at 300 mM NaCl in (b).

Taken together, these observations indicate that the
introduction of charged residues in amylin analogs strongly
interferes with their ability to form fibrils, as manifested by
increased lag times and reduced fibrillization rates in kinetic
assays (Figure 2) of the charge-loaded analogs. TEM imaging
shows that compared to WT-amylin, Arg-1 forms fewer fibrils
with shorter lengths, while Arg-2 and Mem-T form few if any
fibrils (Figure 3).
3.2. Charge-Loaded Peptide Analogs Inhibit Fibrillization of
WT-Amylin. We next examined whether the charge-loaded
analog peptides affected the fibrillization of WT-amylin
when added in trans. Figure 4 shows representative kinetic
traces from experiments in which the concentration of WTamylin was fixed at 20 𝜇M while the concentration of the
charge-loaded analogs was varied. In spite of their poor
ability to fibrillize on their own, each of the three analogs
affects the kinetics of WT-amylin fibrillization indicating
that the analogs interact with the WT peptide. The most
readily apparent effect is that fibrillization rates are reduced
with increasing concentration of the analogs, manifested
by a reduction in the slopes of the growth part of the
reactions compared to WT-amylin alone. With Arg-1 there
is also a reduction in the steady-state fluorescence plateaus
with increasing concentration of the inhibitor (Figure 4(a)).
Fibrillization lag times are increased with increasing concentrations of the Arg-2 peptide (Figure 4(b)) but decrease at
high concentrations of the Mem-T analog (Figure 4(c)).
Figure 5 shows the effects of analog peptide concentrations ranging between 0.001 and 120 𝜇M on the kinetic

parameters for the fibrillization of 20 𝜇M WT-amylin. All
three peptides reduce fibril elongation rates (Figure 5(a)).
The Arg-1 and Arg-2 inhibitors cause an 8–10-fold reduction
in the rates for WT-amylin fibrillization, as conceived in
the design of the peptides as fibril-elongation inhibitors.
Mem-T shows a smaller 4-fold reduction in elongation rates.
Although Mem-T was conceived as an inhibitor of the
interactions of WT-amylin with membranes, the substitution of a string of negatively charged aspartate residues in
the N-terminal half of the amino acid sequence inhibits
fibril elongation, probably by the same mechanism as the
introduction of positively charged arginine residues in the
Arg-1 and Arg-2 analogs. The fact that inhibition of fibril
elongation is weaker with Mem-T than with the arginine
analogs is likely a consequence of WT-amylin being an
entirely cationic peptide with no negatively charged residues
at neutral pH. Electrostatic repulsion should be stronger
between the intrinsic positively charged sites in WT-amylin
and the introduced positive charges in the two arginine
inhibitors than with the negative charges in the Mem-T
analog.
An IC50 analysis of the inhibition data was performed
to obtain quantitative information (Figure 5). The Arg-1
concentration-dependence for the inhibition of WT-amylin
fibril elongation rates gives an IC50 value of 0.6 ± 0.5 𝜇M. For
Arg-2 and Mem-T, the IC50 values are ∼10 𝜇M (Figure 5(a)).
In addition to effecting elongation rates, Arg-2 increases
the lag times for WT-amylin fibrillization with an IC50 of
∼0.1 𝜇M. This indicates that Arg-2 inhibits the nucleation
step of the reaction (Figure 5(b)). By contrast, Mem-T causes
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Figure 3: TEM images of aggregates formed by WT-amylin and charged variants. (a) WT amylin, (b) Arg-1, (c) Arg-2, and (d) Mem-T, after
incubation for 2 days in 20 mM phosphate buffer, pH 7.4, at a temperature of 37∘ C. All peptide concentrations were 80 𝜇M.

a reduction in lag times at high concentrations of the analog
(>10 𝜇M) suggesting that it promotes the nucleation of WTamylin. The half-maximal concentration for this effect was
about 70 𝜇M. The reduction in lag times with Mem-T is
reminiscent of what we previously observed with negatively
charged heparin polysaccharides which enhance fibrillization
of WT-amylin [4] and may occur because the negative
charges in Mem-T complement the positive charges in the
cationic amylin peptide, thereby facilitating fibril nucleation.
With increasing Arg-1 concentration, there were no effects
on the lag times within experimental uncertainty when the
experiments were done with a 20 𝜇M concentration of WTamylin (Figure 5(b)). When the reactions were done at a
larger WT-amylin concentration of 80 𝜇M, the concentration used for cytotoxicity experiments (see below), we saw
increases in lag times with increasing Arg-1 concentration as
well as decreases in elongation rates and steady-state fluorescence plateaus (Figures 6 and 7). The effects of Arg-1 may
be masked at the lower 20 𝜇M WT-amylin concentration,
as fibrillization lag times increase with decreasing peptide
concentration. Within experimental uncertainty, steady-state

fluorescence plateaus were only observed to decrease with the
Arg-1 analog, with an IC50 of 2.8 ± 1.7 𝜇M at 20 𝜇M WTamylin (Figure 5(c)) or 49 ± 82 𝜇M (Figure 5(c)) at 80 𝜇M
WT-amylin (Figure 7(c)).
TEM imaging of WT-amylin fibrils formed in the presence of the charge-loaded analogs showed that the morphology of the fibrils is mostly conserved (Figure 8). In the
presence of the least effective inhibitor Mem-T, the WTamylin fibrils were indistinguishable from those formed
with WT-amylin alone (Figures 8(a) and 8(d)). In the presence of the effective analogs Arg-1 (Figure 8(b)) and Arg2 (Figure 8(c)), we observed somewhat fewer fibrils and a
greater amount of short fibrils, compared to when WTamylin was fibrillized alone. The increase in the amount of
short fibrils is consistent with the greater potency of the
Arg-1 and Arg-2 peptides as inhibitors of WT-amylin fibril
elongation rates. Thus, while the Arg-1 and Arg-2 peptides do
not stop fibrillization, they appear to inhibit fibril elongation
as manifested by the smaller amounts of fibrils and the
greater proportion of short fibrils in the presence of the
inhibitors.
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Figure 4: Representative reaction profiles showing the effects of peptide inhibitors at the indicated concentrations on the fibrillization
of 20 𝜇M WT-amylin: (a) Arg-1, (b) Arg-2, and (c) Mem-T. All reactions were done in the presence of 150 mM NaCl. A single-step
fibril-formation process was assumed for the analysis of all the kinetic reactions. Although some of the reactions appear to show more
complicated fluctuations in the data, these are likely experimental noise (the presence of particulate fibrils leads to nonideality in fluorescence
measurements) as they are not observed in replicate measurements.

3.3. Salt Modulates the Inhibition of WT-Amylin Fibrillization by the Charge-Loaded Analogs. Since we expected the
charge-loaded amylin analogs to inhibit fibrillization through
electrostatic repulsion we looked at the effects of salt, which
should screen charges. Figure 9(a) shows the effects of NaCl
concentration on the most potent inhibitor Arg-1. Although
we have too few data points to accurately determine IC50
values, the experiments clearly show that larger Arg-1 concentrations are required to decrease elongation rates as the salt
concentration is increased. This is the expected result for an
inhibition mechanism that involves electrostatic repulsion,
as the charges become increasingly screened with increasing

salt concentration. A very similar effect is seen with Arg-2
(Figure 9(b)) but with the least effective inhibitor Mem-T, salt
effects on elongation rates are reduced close to the uncertainties of the measurements (Figure 9(c)). The shortening
of fibrillization lag times with the Mem-T peptide, however,
shows a strong salt concentration dependence indicating
that the enhanced nucleation of WT-amylin fibrils in the
presence of Mem-T occurs through electrostatic interactions
(Figure 9(d)).
It is interesting to consider that the data in Figures
9(a) and 9(b) indicate that the reduction in elongation rates
with Arg-1 and Arg-2 is more effective at physiological salt
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Figure 5: Effects of peptides added in trans on parameters describing the fibrillization kinetics of 20 𝜇M WT amylin: (a) elongation rates,
(b) lag times, and (c) fluorescence plateaus. Inhibition data from Arg-1, Arg-2, and Mem-T are shown in blue, green, and red, respectively.
All experiments were done in duplicate in the presence of 150 mM NaCl. The data points are average values for the kinetic parameters, and
the uncertainty bars are SEM values calculated from duplicate reactions. Curves (where the data could be fitted) represent four-parameter
nonlinear least squares fits of the inhibition data to the IC50 equation [19].

concentration or higher than in the absence of salt. This is
because the fibrillization of WT-amylin, in the absence of
any inhibitors, is enhanced with increasing ionic strength
[21]. A 7-fold reduction in elongation rates is seen as the
concentration of Arg-1 is increased between 0 and 200 𝜇M
at 150 mM NaCl. In the absence of salt, there is only a 4fold reduction over the same inhibitor concentration range
(Figure 9(a)).
3.4. Arg-1 and Arg-2 Are Inhibitors of WT-Amylin Cytotoxicity towards 𝛽-Cells. We next looked at the effects of the
charge-loaded amylin analogs on the cytotoxicity of WTamylin towards a MIN6 model [18] of pancreatic 𝛽-cells
(Figure 10). In control experiments, all three charge-loaded

analog peptides show no toxicity towards the MIN6 cells
(dark blue, green, and red in Figure 10(a)), giving viabilities
comparable to untreated cells (gray in Figure 10(a)). We next
did a concentration series challenging the MIN6 cells with
40, 80, and 160 𝜇M WT-amylin (orange in Figure 10(a)). As
the concentration of WT-amylin is increased, cell viability
drops to about 45% in the presence of 160 𝜇M WT-amylin,
comparable to the value obtained with the potent toxin
melittin from bee-venom, which was used as a positive
control (brown in Figure 10(a)). We chose a 80 𝜇M concentration of WT-amylin for the inhibitor studies, as a
compromise between detecting a sufficient signal in the assay
(∼25% cytotoxicity) and minimizing the WT-amylin peptide
concentration, since this would require lower concentrations
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Figure 6: Representative kinetic traces for the fibrillization of WTamylin at the larger peptide concentration used for the cytotoxicity
assays (80 𝜇M amylin), and the indicated concentrations of the Arg-1
inhibitor.

of the inhibitors to counteract the effects of WT-amylin. Of
the inhibitors, Arg-1 analog protects against WT-amylin at
a stoichiometric ratio of the two peptides: 80 𝜇M Arg-1 for
MIN6 cells challenged with 80 𝜇M WT-amylin (light blue
bars in Figure 10(a)). The Arg-2 analog is less effective than
Arg-1 but protects against cytotoxicity at a 2 : 1 inhibitor : WTamylin molar ratio (160 𝜇M Arg-2 : 80 𝜇M WT amylin, light
green in Figure 10(a)). The Mem-T analog failed to protect
against WT-amylin cytotoxicity (pink in Figure 10(a)).
For the most potent analog, Arg-1, we looked in detail
at the inhibitor concentration dependence of cytotoxicity for MIN6 cells challenged with 80 𝜇M WT-amylin
(Figure 10(b)). The inhibitor concentration data were fit with
an IC50 value of 47 ± 17 𝜇M. This value is comparable to other
WT-amylin cytotoxicity inhibitors reported in the literature,
such as oligopyridylamide [22] and diarylated thiophene
[23] 𝛼-helix mimetics (IC50 values of ∼7 𝜇M and ∼50 𝜇M
estimated from the data in Figure 2(d) of [22] and Figure 3(b)
of [23], resp.).

4. Discussion
The motivation for the studies described in this work was
to see if electrostatic charge repulsion could be exploited to
design new types of inhibitors of amylin fibrillization and
cytotoxicity. Our work [9, 11] and that of others [10, 24, 25]
have shown that charging of His18 in amylin at low pH can
markedly inhibit fibrillization. The effects of charging His18
at low pH can be recapitulated in the H18R mutant of amylin
at neutral pH, and this substitution results in an amylin
peptide that is not cytotoxic to 𝛽-cells [9, 12]. Moreover,
addition of a single charged lysine residue in the S20K
mutation was reported to result in much slower fibrillization
and to inhibit fibrillization of the WT-amylin peptide when
the mutant peptide was added in trans [7]. Stimulated by
these observations we designed three peptide analogs that
substitute a string of 4-5 charged residues for neutral residues

in the amylin sequence. The Arg-1 and Arg-2 analogs were
designed as inhibitors of fibril elongation (Figure 1(b)). The
Mem-T peptide (Figure 1(c)) was designed to interfere with
membrane insertion of putative mixed Mem-T : WT-amylin
oligomers. In this work we characterized the ability of the
peptides to form fibrils by themselves, the concentration
dependence of their inhibition of WT-amylin fibrillization,
and their inhibition of WT-amylin cytotoxicity towards the
MIN6 [18] mouse model of pancreatic 𝛽-cells.
In the cytotoxicity assays, Arg-1 was more potent than
Arg-2 in protecting 𝛽-cells from WT-amylin, while the MemT analog offered no protection (Figure 10(a)). The origins of
these differences are unclear but Arg-1 also serves as a more
potent inhibitor of fibril elongation rates than Arg-2, with an
IC50 of 0.60 ± 0.47 𝜇M for Arg-1, compared to 8.6 ± 8.2 𝜇M for
Arg-2 (Figure 5(a)). The greater potency of Arg-1 compared
to Arg-2 could be a structural effect. In the ssNMR model of
amylin protofibrils [13] the four substituted arginines would
be positioned at the surface of the structure in Arg-1, whereas
they would be placed in the interior between the two C2 symmetry related stacks of 𝛽-sheets in Arg-2 (Figure 1(b)).
Alternatively, the greater effectiveness of Arg-1 as an inhibitor
may be related to its relatively better ability to form fibrils
on its own, whereas Arg-2 did not form fibrils even at high
concentrations of the peptide and salt. In other words, the
capacity of Arg-1 to form fibrils although weakened compared
to WT-amylin may make it better able to associate with the
latter, thereby allowing it to better exert its inhibitory effects
on fibril elongation.
The lack of protection against WT-amylin cytotoxicity
with Mem-T could indicate that the design strategy of
interfering with oligomer insertion into membranes did
not work. Another possibility, since we do not know the
optimum Mem-T : WT-amylin stoichiometry ratio for the
putative mixed oligomers on which the design strategy was
based, is that Mem-T could work at higher concentrations
than the highest 2 : 1 Mem-T : WT-amylin ratio tested in this
work. Like Arg-1 and Arg-2, Mem-T acts as an inhibitor
of WT-amylin fibril elongation rates with an IC50 of 7.4 ±
6.6 𝜇M. The reduction in elongation rates with Mem-T is
only about half of that for the arginine-peptides, and in
contrast to the arginine peptides Mem-T decreases the lag
times for WT-amylin fibrillization. The stimulation of the
nucleation step for WT-amylin fibrillization, as manifested
by the reduced lag times observed at high concentrations of
Mem-T (Figure 5(b)), may be why this analog is ineffective
as a cytotoxicity inhibitor. The enhanced fibril nucleation
of WT-amylin at high concentrations of Mem-T is most
likely due to the insertion of negative charges in this analog
which could complement the positive charges in the WT
peptide. An alternative way to design a peptide that could
interfere with membrane insertion of mixed oligomers would
be to disrupt the 𝛼-helix that interacts with the hydrophobic
component of membranes (Figure 1(c)) by inserting prolines
rather than negatively charged residues. This could have
the desired effect of interfering with membrane insertion of
mixed oligomers, while avoiding the stimulation of the nucleation of WT-amylin due to the negative charges in the Mem-T
analog.
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Figure 7: Dependence of kinetic parameters for the fibrillization of 80 𝜇M WT amylin (see Figure 6) on the concentration of Arg-1 inhibitor.
Experiments were done in duplicate in the presence of 150 mM NaCl. Data points are average values for the kinetic parameters, uncertainty
bars are SEM values from the duplicate reactions, and curves are four-parameter fits of the inhibition data to the IC50 equation. The IC50
values were 9.1 ± 5.2 𝜇M for the elongation rates (a), 11.0 ± 12.4 𝜇M for the lag times (b), and 50 ± 80 𝜇M for the steady-state fluorescence
plateaus (c).

For the most effective analog Arg-1, we determined
IC50 values of 1–10 𝜇M from the inhibitor concentrationdependence of the kinetic parameters for WT-amylin fibrillization (Figures 5 and 7). These values are comparable to
those of other fibrillization inhibitors reported in the literature, for example, small molecules containing heterocyclic
groups (IC50 = 1 𝜇M) [26] and 𝛼-helix peptidomimetics (IC50
= 8 𝜇M) [22, 23, 27]. We also looked at the Arg-1 concentration dependence of the inhibition of WT-amylin cytotoxicity
and obtained an IC50 of 47 ± 17 𝜇M (Figure 10(b)). Although
there is a dearth of similar studies for amylin inhibitors in
the literature we were able to estimate a comparable IC50
of ∼7 𝜇M from the data reported (Figure 2(d)) for the IS5
oligopyridylamide 𝛼-helix mimetic inhibitor of amylin cytotoxicity [22]. For the A𝛽1–42 peptide involved in Alzheimer’s
disease, a number of different types of inhibitors give IC50
values in the range between 10 and 100 𝜇M in cell cytotoxicity
assays [28–30]. A problem with the MIN6 cells used in this
paper is that a relatively high concentration of WT-amylin

is required to give a significant cytotoxicity signal, as shown
by the concentration series represented by the orange bars in
Figure 10(a). Under the conditions of this study (1% DMSO
so as to not perturb cell membranes) 10%, 25%, and 50%
cytotoxicity is achieved with WT-amylin concentrations of
40, 80, and 160 𝜇M WT-amylin, respectively. Because of the
large amounts of WT-amylin necessary to detect a sufficient
cytotoxicity signal, large concentrations of inhibitor peptides
were needed to afford protection from WT-amylin. One
possibility is to use another 𝛽-cell model, such as the INS1 cell line but with this system as well, concentrations in the
range between 5 and 50 𝜇M WT-amylin were required to give
50% cytotoxicity [22, 23]. A more sensitive cytotoxicity assay
would allow the use of lower WT-amylin concentrations and
possibly lower inhibitor concentrations.
It is currently uncertain which states of amyloidogenic
proteins are harmful to cells. In the case of amylin, amyloid
fibrils could exert their cytotoxic effects by perforating 𝛽-cell
membranes or by disrupting the network of interactions with
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Figure 8: TEM images of fibrils formed from 80 𝜇M WT amylin in the presence or absence of inhibitor peptides. (a) WT amylin alone, (b)
with 160 𝜇M Arg-1, (c) with 160 𝜇M Arg-2, and (d) with 160 𝜇M Mem-T. Aliquots were removed for TEM imaging 24 h after the fibrillization
reactions were started. Reactions were carried out in 20 mM sodium phosphate (pH 7.4), 1% DMSO (v/v), at 37∘ C.

other cells in the islets (𝛼, 𝜀, 𝛿, PP) that are necessary for
the 𝛽-cells to function [8]. Many investigators have proposed
that soluble oligomers rather than fibrils are responsible for
the deleterious effects of amyloidogenic proteins. Annular
oligomers could form membrane-spanning pores that would
allow unregulated ion transport between the cell and its environment disrupting cellular homeostasis [8, 31, 32]. Because
intermediates would be present at low concentrations and
would be short-lived, oligomeric precursors to amyloids
have proven difficult to isolate, and their properties are
ill-defined [8, 33]. Oligomers also pose the difficulty that
because they are transiently formed, they could interconvert
to fibrils during cytotoxicity measurements making a definite
assignment of their role in pathology equivocal [8, 34]. In
yet another proposed mechanism, it is not the oligomers
or fibrils themselves, but the process of fibril growth that
could be responsible for cytotoxicity, by inducing membrane damage [35]. For the three analogs described in the
paper, we do see a positive correlation between inhibition
of fibril elongation rates and protection against WT-amylin

cytotoxicity to 𝛽-cells. Arg-1 is the most effective inhibitor,
followed by Arg-2, while Mem-T is ineffective (Figures 5(a)
and 10(a)). Although Arg-1 and Arg-2 were designed as fibril
elongation inhibitors, the two analogs together with Mem-T
also have effects on the lag times for the reactions and could
conceivably protect against WT-amylin cytotoxicity through
a different mechanism. To unequivocally prove that Arg-1
and Arg-2 act as fibril elongation inhibitors and that Mem-T
can interfere with membrane disruption by WT-amylin will
require further studies.
The current results with the charge-based inhibitors
are encouraging because they potentially represent a new
electrostatic-based approach to inhibit amyloid fibrillization
and toxicity. Clearly, the efficacy of these first-generation
inhibitors could be improved. Possible strategies include
substituting charged residues for the segments that form the
earliest secondary structure during misfolding [36], using
structural models of amylin fibrils to substitute charged
residues for residues that face the surface or core of the
fibril, substituting charged residues in both strands that form
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Figure 9: Salt-dependence on the effectiveness of charge-loaded analogs for the inhibition of 20 𝜇M WT-amylin fibrillization. Fibril
elongation rates with Arg-1 (a), Arg-2 (b), Mem-T (c), and lag times with Mem-T (d).

the amylin fibril 𝛽-hairpin structure [13, 37], and combining
charge-based substitutions with other approaches such as
the introduction of H-bond blockers [38, 39]. However,
to achieve the goal of rational design, these structural
approaches will require more mechanistic studies that validate the charge-based inhibitors work as envisioned in
their conception. These studies in turn should aid in the
development of more effective inhibitors.
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