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Alzheimer's Disease (AD) and Type 2 diabetes mellitus (T2DM) are two incurable diseases both hallmarked by an
abnormal deposition of the amyloidogenic peptides Aβ and Islet Amyloid Polypeptide (IAPP) in aﬀected tissues.
Epidemiological data demonstrate that patients suﬀering from diabetes are at high risk of developing AD, thus
making the search for factors common to the two pathologies of special interest for the design of new therapies.
Accumulating evidence suggests that the toxic properties of both Aβ or IAPP are ascribable to their ability to
damage the cell membrane. However, the molecular details describing Aβ or IAPP interaction with membranes
are poorly understood. This review focuses on biophysical and in silico studies addressing these topics. Eﬀects of
calcium, cholesterol and membrane lipid composition in driving aberrant Aβ or IAPP interaction with the
membrane will be speciﬁcally considered. The cross correlation of all these factors appears to be a key issue not
only to shed light in the countless and often controversial reports relative to this area but also to gain valuable
insights into the central events leading to membrane damage caused by amyloidogenic peptides. This article is
part of a Special Issue entitled: Protein Aggregation and Misfolding at the Cell Membrane Interface edited by
Ayyalusamy Ramamoorthy.

1. Introduction
An increasingly large number of proteins are known to lack a stable
structure under physiological conditions [1].These intrinsically disordered proteins (IDPs) are thus present as highly dynamic ensembles
characterized by signiﬁcantly variable conformations over time. Their
structural adaptability provides IDPs with unique functional capabilities that cannot be accomplished by folded proteins [2]. Due to
their delicate biological tasks, IDPs are involved in a large number of
human diseases [3] and represent one of the most attractive (and
challenging) drug target of the last decade. Important examples of
unstructured polypeptides which form pathogenic amyloid aggregates
in vivo include: the Aβ peptide, present in brain of patients aﬀected by
Alzheimer's Disease (AD); the Prion protein, responsible for the “mad
cow” disease and IAPP, which is the protein component of type 2 diabetes-associated islet amyloid [4]. Upon interacting with other cytosolic partners such as proteins or membranes, IDPs can partly (mis)fold
into (dys)functional conformations [5]: therefore, the mechanism of
amyloid formation in vivo may be quite diﬀerent from that observed in
dilute aqueous solution and studies of IDPs assembly in an heterogeneous water/membrane environment are expected to provide more
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signiﬁcant advances in our understanding of these pathogenic mechanisms. Many in vitro studies have shown that several IDPs become
structured when bound to membrane surfaces, and that small-sized
intermediates play a signiﬁcant role in amyloid-mediated membrane
damage and toxicity [6–8]. Three major membrane damage models
have been proposed so far: (i) generation of stable transmembrane
protein pores (poration); (ii) membrane destabilization via a “carpet
model” or iii) removal of lipid components from the bilayer by a detergent-like mechanism (see Fig. 1) [9]. Whether these three models are
mutually exclusive or if (and how) they may cooperate in triggering
membrane damage remains to be established. However, several factors
have been suggested to come into play. First, electrostatic forces are
supposed to lead to an eﬀective migration of the positive IDP from the
aqueous environment to the negative membrane surface. Second, association of IDP with the membrane surface would result to an increased local peptide concentration and membrane-bound IDP monomeric units interact one another in a two-, rather than in a three
dimensional space. Despite the wealth of information that can be obtained on IDP-induced changes in membrane properties and on structural rearrangements of membrane-bound IDP, a thorough description
of the conformational dynamics sampled by IDP/membrane systems
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Fig. 1. Schematic representation of the amyloid formation and membrane disruption process. Misfolding of soluble peptide monomers starts aggregation via the formation of β-sheet rich
protoﬁbrils. and/or amorphous aggregates. Consequently, in the water phase, amyloid growth and ﬁbril formation may occur. Peptide monomers and/or amorphous aggregates may also
bind lipid membrane surfaces where they acquire an α-helix structure. Next, clustering of proteins on the membrane surface induces their assembling into β sheet-rich aggregates.
Peptides may also assemble to form a pore thus enabling membrane leakage. Concomitant with this mechanism, peptide protoﬁbrils may assemble in solution and permeabilize the
membrane (pore-formation mechanism). Moreover, amyloid aggregates may grow at the membrane surface and induce lipid extraction by a detergent-like mechanism.

a progressive decline of cognitive function and memory failure [12].
This is the ﬁrst scientiﬁc description of age-related dementia, a neurological pathology that will be later on commonly recognized as Alzheimer's Disease. A detailed analysis of those brain tissues allowed
Alzheimer to characterize the main components in the senile plaques
which were termed “amyloids” for their properties bordering on the
staining capacities of starch with iodine. After those pioneering reports,
over 8 decades have passed before the protein aggregates (Aβ peptide
and tau aggregates) that form amyloids present in senile plaques [13]
and NFTs [14] respectively were fully characterized. Based on those
reports, the aggregation of Aβ peptides has been considered for many
years a major target to develop eﬀective therapeutic strategies for AD.
Although the “amyloid hypothesis” is considered by many prominent
scientists [15], the prevalent issue to describe the underlying molecular
mechanisms involved in AD development [16,17], a large part of the
scientiﬁc community has raised severe concerns on this assumption
[18]. Certainly, several weak points of the amyloid hypothesis have
been described and reverberate into the long list of amyloid-targeting
drugs that were unsuccessful at clinical trials [19,20]. Surely, other
factors contributing to Aβ proteotoxicity have to be considered and
membranes have been called out as one of the other main checkpoints
of the disease [21].

remains often unapproachable by conventional experimental techniques. On these bases, in silico methods play an increasingly central role
in helping to ﬁgure out the atomistic implications of experimental
evidences, as well as in generating de novo predictions.
The link between amyloid forming proteins and membrane disruption is largely documented. However, our understanding of the molecular details by which subtle changes in the microenvironment surrounding amyloid-membrane interfaces aﬀect amyloid membrane
interactions is still far from being complete. Indeed, such knowledge
would be of great importance since it is required for a better comprehension of the role played by some risk factors such as lifestyle, diet,
aging and the occurrence of other pathologies. For instance, several
important issues remain concerning the variations of the membrane
disruption mechanism depending on i) the presence on unbalanced
levels of metal ions, ii) abnormal concentration of cholesterol and iii)
changes in lipid membrane composition.
A ﬁrst aim of the present review is to recapitulate the latest literature focusing on these speciﬁc issues. In particular, we present the
current knowledge concerning the eﬀect of metal ions, cholesterol and
lipid composition on amyloid-induced membrane leakage. In silico
studies including experimental results supporting each proposed model
will be speciﬁcally considered in this review. This Review addresses the
most recent results obtained for Aβ and IAPP highlighting, if possible,
the common mechanistic aspects that are related to the pathogenesis of
Alzheimer's Disease and Diabetes Mellitus. Studies addressing both
IAPP and Aβ are of particular interest given recent epidemiological data
showing that diabetic patients have an increased risk to have shown
that patients suﬀering from T2DM have an increased risk to develop AD
[10] supporting the attractive hypothesis that both Aβ and IAPP may
share the same mechanism of toxicity [11].We hope that this Review
will provide novel perspectives for a better of the mechanisms of
amyloid toxicity and inspire further, multidisciplinary research in this
area.

1.2. Aβ amyloids and membranes
In vivo, the Aβ peptide originates from larger amyloid precursor
proteins (APPs) which are integral membrane glycoproteins of 695,
714, 751, and 770 amino acids [22]. The amyloidogenic Aβ peptide
encompasses 28 residues of the extracellular and 11–15 residues of the
APPs transmembrane domain. In pathological conditions, APP is ﬁrst
cleaved by a β-secretase thus releasing a soluble extracellular domain
(sAPPβ), and an intracellular segment that is further cleaved by the γsecretase to form Aβ and the APP intracellular domain [23,24]. Based
on this evidence, several biophysical studies have been carried out to
describe the eﬀect of membranes on the conformational properties of
Aβ peptides in tube tests. As an example, Circular Dichroism (CD)
spectroscopy, calorimetry and ultracentrifugation assays have been
used to assess the binding capacities of Aβ to negatively charged lipid
membranes. In particular, it was shown that the addition of anionic

1.1. The Aβ peptide and the “amyloid hypothesis”
In the early years of the 20th century, Alois Alzheimer reported for
the ﬁrst time the presence of plaques and ﬁbrillary tangles in neuronal
tissues of a 51 years old woman which have experienced during her life
1626
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aggregation; on the other hand, peptide aggregates may aﬀect membrane integrity and permeability [39]. Although it is believed that
amyloid cytotoxicity is mainly ascribable to small Aβ oligomers, the
real nature of toxic peptide assemblies is still object of controversy.
Actually, freshly dissolved Aβ oligomers were shown to strongly associate with lipid bilayers causing leakage of model membranes. Conversely, it was observed that ﬁbrils bind membranes with a two-fold
reduced aﬃnity if compared to oligomeric Aβ. In turn, their addition
caused a two-fold less eﬀective leakage of the membrane [40]. In an
attempt to solve this apparent contradiction, some of us have previously
demonstrated that Aβ causes membrane damage by a two-step mechanism which implies both binding of small-sized peptide oligomers to
the bilayer to form heterogeneous ion channels and ﬁbrillogenesis on
the membrane surface which causes lipid extraction from the bilayer by
a detergent-like mechanism [41]. It was also shown that the aﬃnity of
Aβ peptides for membranes is increased in the presence of gangliosides
[42] and negatively charged phosphatidylserine (PS) membranes
[43–45]. Notably, when the negatively charged lipids are clustered,
peptide binding to the membrane results fostered [46]. Therefore, adverse environmental factors may promote membrane-Aβ interactions
by recruiting Aβ-competent lipids on the membrane surface. Due to
their importance in AD pathogenesis, here we will focus on two of these
factors: Ca2+ ions and cholesterol.

lipid micelles to Aβ may induce a conformational shift from a prevalent
random coil to a β-sheet rich structure. On this basis, peptide binding
and penetration to the lipid membrane were proposed as the major
driving force to explain the Aβ conversion from a soluble, unstructured
conformation to a potentially toxic β-sheet rich form [25]. Other studies
suggested that addition of dipolar compounds as phloretin or exifone
that shield the negative charges on the surface of the lipid membranes
may prevent both binding to the lipid bilayer and toxicity [26] thus
pointing to a nonspeciﬁc interaction with membranes as the main
reason of peptide pathogenicity. Aβ peptide, when incorporated into
lipid membranes, forms calcium permeable channels that were suggested to induce cell death [27]. Consistently with this “channel hypothesis” of AD, formation of calcium permeable channels by Aβ depends on the presence of anionic lipids and is favored by acidic
solutions. Next, calcium permeable channels are reversibly blocked by
zinc ions and small molecules like Congo Red [28]. The aggregation
state of Aβ may also inﬂuence the peptide-induced membrane damage.
The self-assembly of Aβ results in a decreased membrane ﬂuidity and,
as a consequence, deleterious consequences on cellular functioning
[29]. It was also found that incorporation of gangliosides on artiﬁcial
bilayers induce Aβ peptide to adopt a mixed α/β conformation in
aqueous solution at neutral pH [30]. Several studies have later on
pointed to the close relationship existing between Aβ amyloid growth
and membrane damage. In particular, biophysical studies including
tapping mode atomic force microscopy techniques addressed the interaction of soluble monomeric Aβ with planar bilayers of total lipid
brain extract. Those results suggested that the ﬁbrillogenic properties of
the amyloid peptide are partly associated membrane composition,
peptide sequence, and modes of assembly within the membrane [31].
Aβ was also observed to impact cell cycle by forming heterogeneous or
“chaotic” ion channels. These abnormal modiﬁcations of membrane
integrity were observed before plaque formation and were associated to
the early steps of neuronal impairment [32]. This proposed mechanism
of neuronal toxicity hereinafter referred as to the “channel hypothesis”,
was supposed to damage the plasma membrane by modifying the
membrane potential and/or allowing uncontrolled raise of intracellular
levels of Ca2+ ions. The channel mechanism was also proposed to explain damage of intracellular membranes such as mitochondrial and
lysosomal membranes via release of harmful enzymes prompting apopotosis. Ion permeable channels are also formed by microbial toxins,
and are proposed as a general cytoxic mechanism relevant to all amyloid diseases as Alzheimer's, Huntington's Parkinson's [33]. Oxidative
stress is also known to play a key role in AD development. In particular,
there are evidences of free radical overproduction in those AD brain
areas in which Aβ levels are more abundant. Consistent with this hypothesis, Aβ was shown to induce oxidation of neuronal lipids, possibly
modifying membrane composition and altering membrane ﬂuidity
[34]. By the way, oxidized lipid membranes are known to trigger
misfolding and aggregation of Aβ fostering a vicious circle in which
amyloid promote free radical production, lipid peroxidation and, in
turn, formation of amyloid plaques [35,36]. Later on, it was demonstrated that small sized, soluble Aβ aggregates were the real cause of
neuronal damage and memory loss in the early stages of AD [37].
However, the hypothesis that mature Aβ ﬁbrils are inert was not fully
conﬁrmed by studies aimed at evaluating the neuronal toxicity of different Aβ assemblies. In particular, it was shown that both ﬁbrils and
oligomeric Aβ assemblies induced a decrease of mitochondrial membrane potential in neuron extracted from the brains of transgenic mice.
This eﬀect, however, was not observed when monomeric Aβ was added
to neurons [38]. In general, the diverse eﬀects of Aβ assemblies on cells
depend on the ability of diﬀerent membrane types to bind amyloid
peptides with a consequent ﬁber growth resulting in membrane damage
and, eventually, cell death. This issue has been investigated by a wide
variety of experimental techniques all highlighting that amyloidmembrane interactions may be considered from a twofold viewpoint:
on one hand, the lipid membrane may inﬂuence peptide misfolding and

1.3. The role of calcium ions in Aβ/membranes interactions
The notion that calcium dyshomeostasis is correlated to the development of AD dates back to 1984 [47]. Later on, it was also shown that
intracellular Calcium levels of lymphocytes and ﬁbroblasts are elevated
in AD patients when compared in age-matched controls [48,49]. Several authors also reported that the observed increase in intracellular
calcium is ascribable to the formation of Calcium channels subsequent
to the incorporation of Aβ amyloids into lipid membranes [44]. Actually, these ﬁndings suggest that there is a close correlation between
calcium dysregulation, abnormal interaction of Aβ amyloids with the
membrane and, eventually, cytotoxicity. Ca2+ ions, as an example,
promote lipid phase segregation by clustering negatively charged lipids
on the membrane/water interface [50,51]. Next, they aﬀect many
membrane properties including the structure of membrane domains,
[52] and vesicles fusion [53]. In previous papers some of us demonstrated that Ca2+ ions may promote the interaction of hIAPP with the
hydrophobic core of PS-enriched membranes [54] and favor lipid loss
via a detergent-like mechanism [55]. However, both membrane-damage mechanisms (i.e. channel formation and detergent-like lipid loss)
are shared by Aβ and IAPP; it is therefore plausible that calcium eﬀects
on amyloid-induced membrane damage may be part of a general mechanism underlying amyloid cytotoxic properties. This last hypothesis,
however, still needs to be conﬁrmed.
1.4. Cholesterol, lipid components and Aβ-activated membrane damage: a
double faced partnership?
The eﬀects of high levels of cholesterol on the accumulation of intracellular Aβ amyloids were ﬁrst examined by feeding rabbits with
dietary cholesterol [56]. Long-term therapy with statins, agents widely
used in the prevention of myocardial infarction by a strict control of
cholesterol levels, were also shown to decrease the risk of developing
AD [57]. Those early reports, however did not addressed the causal link
of high cholesterol levels, amyloid accumulation and dementia. Using
ﬂuorescent dye-labeled human Aβ, it was observed that gangliosides
and also cholesterol content enhances peptide ability to bind membranes inducing a conformational transition from an α-helix to a βsheet rich structure. Moreover, those results suggested that Aβ has a
preferential aﬃnity for “clusters” of gangliosides which are favored by
cholesterol [58]. Further studies also underscored the important role
played by cholesterol-enriched lipid rafts in accelerating plaque
1627

BBA - Biomembranes 1860 (2018) 1625–1638

M.F.M. Sciacca et al.

Cooper and Westermark, independently, isolated a novel protein called
Human Islet Amyloid Polipeptide (hIAPP also known as Amylin) from
pancreas tissues of T2DM patients [71,72]. The presence of these proteinaceus deposits in pancreas is one of the most common pathological
features of T2DM, which aﬀects more than 150 million individuals
worldwide [73,74]. Despite the scientiﬁc community put an extraordinary eﬀort to uncover the biochemical properties of hIAPP, considered the principal actor in the development of T2DM, the causal
factors that contribute to diabetes onset are largely unknown. These
include both the relationship of hIAPP aggregation with the development of diabetes as well as the causative factors at the root of hIAPP
ﬁbrillogenesis. Improved understanding of pancreatic islet function in
diabetes and development of biophysical methods to investigate protein
misfolding processes as well as the extensive study of the interaction of
hIAPP with phospholipid membranes, have resulted in new approaches
to the problem of how amyloid forms and how it aﬀects islet function
[75].

formation and membrane disruption [59]. Additional evidence obtained from mouse models of excess cholesterol has shown that a
cholesterol-induced perturbation of mitochondrial membrane makes
neurons more sensitive to Aβ cytotoxic eﬀects [60]. Despite accumulating evidence suggests that the presence of cholesterol in the plasma
membrane plays a pivotal role in AD, the exact mechanism of cholesterol-dependent Aβ aggregation, membrane damage and toxicity remains unclear [61]. It has been shown that cholesterol-induced alteration of the biophysical properties of membranes including bilayer
thickness, membrane curvature, surface hydrophobicity and lipid dynamics promote Aβ adhesion to lipid membranes [62]. Notably, in the
same paper it was proposed that Calcium ions may also favor peptidemembrane binding, by optimizing the hydrophobic forces stabilizing
the lipid-peptide complexes. All these data point to a signiﬁcant role
played by cholesterol in promoting peptide membrane interactions.
Consistent with this hypothesis, other authors have examined the effects of cholesterol and Aβ on membrane ﬂuidity [63]. In particular, it
was shown that neuronal membranes containing high levels of cholesterol may incorporate Aβ more eﬀectively. However, membrane components are not indiscriminately dispersed but, rather, they are organized in diﬀerent domains. Each of these lipid domains has a speciﬁc
role in signal transduction, lipid traﬃcking and cell metabolism. These
domains consist of gangliosides, negatively charged pools of lipids, and
cholesterol-rich lipid rafts. In particular, it was observed that in neuronal membranes there is an age-dependent increase of cholesterol
distributed in the outer leaﬂet of the lipid bilayer that is consistent with
the observed accumulation of Aβ with cholesterol-rich lipid rafts [64].
Metal ions are also known to play a pivotal role in protein misfolding
[65] in general and, in particular, in Aβ toxicity [21]. Electron Paramagnetic Resonance (EPR) and CD spectroscopy have underscored the
key role played by copper and zinc ions in modulating the interactions
of Aβ peptides with membranes [66]. Of note, if cholesterol content is
increased up to 0.2 mol fraction insertion of peptide into the membrane
resulted inhibited in all the conditions investigated. Further studies
revealed that Aβ peptide insertion into the lipid bilayer is strictly dependent on the cholesterol membrane content [67]. In particular, at
low cholesterol concentrations the peptide remains on the membrane
surface and adopts a predominantly β-sheet structure. Conversely, at
high cholesterol levels (higher than 30% mole) the peptide inserts into
the hydrocarbon core of the lipid bilayer and adopts an α-helical
structure. The notion that low levels of cholesterol in the brain are
associated to a lower risk of AD pathogenesis is contradicted by pharmacological evidences pointing to neuroprotective role for cholesterol
[35]. This apparent contradiction was only in part solved by studies
evidencing an enhanced amyloid deposition in membrane domains in
which there is an increased colocalization of APP and cholesterol. Later
on, biochemical studies have evidenced that speciﬁc components of
membrane, including cholesterol, may accelerate the accumulation of
Aβ on the plasma membranes in the presence of gangliosides [68]. In
particular, it was shown that Aβ monomers, and not ﬁbrillar Aβ was
able to attack membrane causing toxicity [69]. However, this eﬀect of
Aβ was abolished when cholesterol levels are decreased of below 30%.
These ﬁndings support the hypothesis that cholesterol may have multiple eﬀects on membrane architecture and, in turn, on its ability to
bind Aβ. It is likely that, depending on the composition of the host
membrane, cholesterol acts as a switch between diﬀerent mechanism of
membrane damage i.e. pore formation or ﬁbril growth on the membrane surface. The next sections will describe the presence of similar
phenomena in IAPP/membrane systems. The whole of these observations is summarized in Table 1.

1.6. Mechanism of hIAPP toxicity
Over the last decade several mechanisms to explain IAPP toxicity
have been proposed. It has been suggested that IAPP aggregates might
be toxic to pancreatic β-cells by forming pores that permeabilize not
only plasma membranes but also those of the organelles involved in
protein synthesis and secretory pathways (i.e. the ER, secretory vesicles) [76]. Several studies have focused on the interpretation of molecular mechanisms underlying T2DM, in particular by investigating the
interaction between hIAPP and phospholipid membranes, a process that
seems to be correlated to the loss of pancreatic β-cells [77–80]. Although some recent papers [81] suggest that the water/membrane interface is critical for inﬂuencing hIAPP amyloid aggregation, the mechanisms by which abnormal hIAPP/membrane interactions cause
cytotoxicity remains unsolved.
It is known that human IAPP is toxic to islet cultured cells [82–84]
and that the mechanism of cytotoxicity is mediated by apoptosis. Initially these eﬀects have been attributed to the ability of mature hIAPP
ﬁbrils to bind cell membranes, create pores and aﬀect normal transmembrane ionic currents [85]. Similar cytotoxic eﬀects have been already described for ﬁbrillar synthetic Aβ peptide [83,86] but only when
ﬁbrils are formed with aging since Aβ is not toxic when freshly prepared [87–89]. Indeed, it was initially supposed that the appearance of
extracellular amyloid ﬁbrils and apoptosis were correlated, and that the
extracellular amyloid ﬁbrils had induced apoptosis [82]. However,
other studies did not evidence cytotoxicity despite the appearance of
hIAPP ﬁbrils [90,91]. The relationship between small non ﬁbrillar
hIAPP aggregates and apoptosis was studied by treating cells with
freshly prepared solution of hIAPP [90]. These data suggest that the
most toxic species which induce apoptosis are not mature amyloid ﬁbrils but probably hIAPP protoﬁbril or small oligomers, rapidly formed
in aqueous solution [92]. The nature of the toxic form of hIAPP and the
mechanism of induction of cell damage are still object of intense debate.
It has been reported that IAPP oligomers are able to form pore-like
structures in the membrane resulting in pro-apoptotic Ca2+ dysregulation [93,94]. Of note, similar mechanisms have been reported for Aβ,
α-synuclein and PrP oligomers (Fig. 2) [95,96]. It has been suggested
that the composition of lipid bilayers may promote IAPP aggregation.
For example, the presence of negatively charged phospholipids, such as
phosphatidylserine, promotes the interaction of the positively charged
IAPP monomer with the membrane [97]. Binding of negatively charged
heparan sulfate proteoglycan, present on the cell surface, to positively
charged N-terminal of IAPP and pro-IAPP, have also been shown to
promote the aggregation of the peptide [98,99].

1.5. Brief history of hIAPP and its involvement in the development of type II
diabetes mellitus

1.7. The two step mechanism
Although amyloid deposits in pancreatic islets of a diabetic subject
were ﬁrstly described more than 100 years ago [70], only in 1987

Variation in bilayer ﬂuidity, pore formation, carpet mechanism or
1628
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Table 1
Eﬀects of Aβ peptides on diﬀerent model membranes.
Peptide

Membrane

Technique used

Eﬀects

Ref

Aβ1–40

POPC/POPG (3:1)

Random-coil to beta-sheet structure transition induced
by negatively charged lipids.

[25]

Aβ1–42
Aβ25–35
Aβ1–42

POPC/POPG

Circular Dichroism (CD),
Isothermal Titration Calorimetry
(ITC)
HS-ITC

Dipolar compounds prevent peptide-membrane
interactions.
Formation of Aβ ion channels, inhibited by the
presence of Al3+ or Zn2+ and Congo Red.
Membrane ﬂuidity decrease as consequences of Aβ selfassembly.

[70]

Aβ1–39
Aβ1–40
Aβ25–35
Aβ1–40
Aβ1–42
Aβ1–28
Aβ1–40
Aβ1–40

Anionic lipid membranes (PS)
POPG:POPE (1:3)
POPC:POPG
POPC:POPE:POPS:chol
POPC:POPE:POPS:chol:gangl
mixtures of bovine brain PG, PS, PA, PC
mixed ganglioside fraction of bovine brain pure
gangliosides
DMPC
TLBE
DLPC
DOPC

Aβ1–42

DMPC:DMPE:DMPG:DMPS:Chol:GM1:biotine-PE

Aβ1–40

Aβ1–40

TLBE
POPC:POPS 7:3
POPC:POPS:GM (15%)
GM:chol:SM, POPE:POPS, GM1:chol:SM. GM1, GM2

Aβ1–40
Aβ1–42
Aβ22–35

GM1:SM:chol (2:4:4)
GM:PC (2:8)
Membranes containing cholesterol

Aβ1–40
Aβ1–42
Aβ1–40
Aβ1–28

POPC:POPS

Aβ1–40

DOPC

DMPC:DPPC:chol

Conductance measurements
Dynamic Light Scattering (DLS),
Fluorescence, Electron
Microscopy (EM)
Dye-Release (Fluorescence), CD

Atomic Force Microscopy (AFM),
CD, EM
CD, AFM, ThT-assay,
Trasmission Electron Microscopy
(TEM), NMR
Surface Plasmon Field-Enhanced
(SPR) Fluorescence, AFM
ThT assay. Dye-leakage assay,
Fura-2 assay, NMR.
SEC analysis
Fluorescence
CD
Conductance measurements
CD, Confocal Fluorescence
Microscopy, TEM
Lamgmuir Blodgett (LB)
experiments

EPR
CD
Monolayer Surface Pressure
Measurementes, MALDI-TOF
MS, CD, EM
CD, Gel electrophoresis, Ion
channel current measurements,
AFM

[27]
[28]
[29]

Gangliosides induce mixed α/β conformation of Aβ
peptides and increase aﬃnity with membrane.

[30] [42]

Tight correlation between amyloid growth and
membrane damage.
Oxidized lipids promote peptide misfolding and
aggregation.

[31]

Aβ oligomeric species bind lipid bilayer and cause
stronger membrane disruption.
Aβ causes membrane damage with a two-steps
mechanism.

[40]

Gangliosides, anionic lipids membranes and cholesterol
increase Aβ interaction with membranes. Plaque
formation rate is directly proportional to gangliosides
concentration.
Aβ peptide prefers to bind GM that occur clustered, not
homogeneously distributed.
The presence of cholesterol induces alteration of
biophysical properties, such as bilayer thickness,
membrane curvature, surface hydrophobicity and
membrane ﬂuidity.
Cu2+ and Zn2+ ions modulate interaction between Aβ
peptide and model membranes.
The peptide ability to penetrate the bilayer is
inﬂuenced by cholesterol concentration.

[42–44]
[58]
[59]

Formation of ion-channel-like structures is a common
mechanism of diﬀerent amyloidogenic proteins.

[36]

[41]

[46]
[62]
[63]

[66]
[67]

[96]

of monomeric or oligomeric species inside the membrane hydrophobic
core and is correlated with pores formation. The second step, which is
independent from the ﬁrst step, is ascribable to ﬁbers growth onto the
membrane surface, which causes membrane dissolution through a

detergent-like mechanisms are some of the mechanisms hypothesized to
shed light on membrane damage induced by hIAPP [101]. Recent studies have shown that membrane disruption induced by hIAPP may be
described as a two-step process. The ﬁrst step occurs after the insertion

Fig. 2. Cartoon representation of a amyloid-induced aspeciﬁc ion
channel-like pore. Peptide α-helices (purple), random coil (cyan)
and β-turns (blue) are represented in a POPC model bilayer.
Hydrocarbon tails are reported as grey lines, phosphate headgroups are in yellow. Water molecules surrounding the pore are
also evidenced (red and green atoms). Coordinates were obtained
from ref. [8]. The snapshots were created by using the software
VMD [100] (W. Humphrey, A. Dalke and K. Schulten, VMD: Visual
molecular dynamics, J. Mol. Graph., 14, (1996), 33–38).
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and internal cell membranes composition [117,118]. It plays a key role
in regulating glucose metabolism in adipocytes [119] by activating
several transcription factors and altering the chemico-physical properties of membrane rafts [120]. Cholesterol signiﬁcantly aﬀects membrane properties, participates in lipid bilayer packing, and contributes
to the formation of lipid rafts which ﬂoat in the more ﬂuid lipid domains enriched in unsaturated hydrocarbon chains [121], which are
involved in the regulation of many cell signaling pathways [121].
Cholesterol catalyzes IAPP amyloid aggregation on plasma membranes
of PC12 cells [122]. Transgenic mice lacking Abca1 (ATP-binding cassette transporter 1, which removes excess cholesterol from cells) [123]
speciﬁcally in β-cells were generated [124]. These transgenic mice have
shown a decreased cholesterol eﬄux, an accumulation of intracellular
cholesterol at the plasma membrane and a decreased insulin exocytosis.
Moreover it was demonstrated the presence of lipid rafts in pancreatic
β-cells [125] and in human extracellular amyloid ﬁbrils [126]. All these
evidences suggest that membrane cholesterol is involved in the damaging mechanism of pancreatic β-cells.
In a recent study hIAPP-membrane interactions were investigated
by using two diﬀerent model lipid membrane systems: 7:3 POPC:POPS
and raft-forming 1:2 DOPC:DPPC large unilamellar vesicles [127]. It
was shown that high concentrations of cholesterol, in 7:3 POPC:POPS
non-raft membranes, do not aﬀect IAPP ﬁbril growth kinetics but signiﬁcantly reduce pore formation. On the contrary, cholesterol enhances
both ﬁber and pore formation in raft-like 1:2 DOPC:DPPC model
membranes.
The interaction of cholesterol with the bilayer lipid tails was investigated by using the “nearest-neighbor recognition” (NNR) methodology [128]. The authors have proposed a “push and pull” mechanism
in which the interaction between cholesterol and phospholipid containing a saturated acyl-chain are repulsive (push) and phospholipid
containing saturated acyl-chain shows attractive forces (pull). Thus the
eﬀect of cholesterol on hIAPP interaction with membranes depends on a
delicate equilibrium between i) peptide-membranes electrostatic interactions, ii) the better match of the peptide hydrophobic domain with
the bilayer thickness, and iii) the rigidifying eﬀect of cholesterol on the
lipid bilayer. The balance of all these forces is strictly dependent on the
lipid composition and it is thus not surprising that many studies have
reported a variety of diﬀerent eﬀects of cholesterol on diﬀerent model
membranes. Studies describing the interaction of hIAPP with model
membranes reported in this review are also summarized in Table 2.

Fig. 3. Schematic representation of two-state mechanism of hIAPP-mediated membrane
disruption derived from dye leakage assay, ThT assay, MD simulation and AFM.

detergent-like mechanism (see Fig. 3) [41,78]. It has also been shown
that the formation of amyloid ﬁbers occurs independently of membrane
leakage and that membrane composition and the presence of ions may
have a major inﬂuence on amyloid-mediated membrane damage [55].
The membrane lipid composition is an important factor which regulates
the hIAPP-mediated membrane disruption. For example it was demonstrated that the presence of phosphatidylethanolamine headgroup
lipids modulate the entity of the ﬁrst and second step of membrane
disruption [78]. Moreover, the presence of cholesterol perturbs the
interaction of hIAPP with the membrane and its insertion into the bilayer.
Therefore, the membrane disruption mechanism can be regulated
by several factors, such as metal ions balance, increased hIAPP secretion, the presence of free fatty acid, etc. which could arise from genetic
predisposition, lifestyle, and diet [102].
1.8. Environmental factors inﬂuencing the two-step mechanism
1.8.1. Calcium ions
Patients aﬀected by familial hypercalciuric hypercalcemia are more
prone to develop T2DM [103]. An increase in the intracellular calcium
ion concentration ([Ca2+]i) was reported for diabetic patients
[104,105]. Aging and obesity, which are common risk factors for
T2DM, both induce dysregulation of [Ca2+]i in the cells [106–108].
Dyshomeostasis of intracellular Ca2+ aﬀect domain organization, vesicular traﬃcking, and membrane adhesion/fusion [52,53]. Ca2+ dyshomeostasis and hIAPP–membrane interaction have been already
shown to be correlated [54,55]. hIAPP penetration into membrane to
form pores was shown to be enhanced by high Ca2+ concentration [55].
Amyloid peptides can destabilize Ca2+ homeostasis in cells by inducing
the formation of non-selective cation channels [109,110]. According to
the cation channel hypothesis, it was observed a signiﬁcant [Ca2+]i
elevations in GT1-7 cell lines induced by hIAPP [86]. Ca2+ ions may
also diﬀerently aﬀect the binding properties of hIAPP and rIAPP to
model lipid membranes [54]. Thus it is evident a correlation among
Ca2+ dyshomeostasis, abnormal hIAPP–membrane interaction, and,
eventually, impaired hIAPP traﬃcking.

1.9. Molecular dynamics of membrane/amyloids systems
Recent experimental evidences have shown that the species responsible of cell membrane damaging and toxicity are oligomeric species. These species are formed in the so-called lag-phase. The oligomers
are transient and unstructured species in solution. NMR measurements
showed the amyloidogenic proteins in solution give rise to chemical
equilibrium between monomeric species in random coil conformation
and large alpha-helix oligomeric aggregates, of approximately 50 nm,
oﬀ-pathway [129]. Indeed, it has been hypothesized that toxic and
damaging cell membranes species are small oligomeric ones [130,131].
In addition, experimental QCM-D measurements [79] have shown that
amyloidogenic proteins interact with the membrane immediately,
without any lag-phase. Therefore, it can be deduced from these experimental facts that the protein-membrane interaction must take place
in a very short time, of the order of magnitude of seconds. Therefore, in
order to study the early stage of oligomers formation it is crucial to
reﬁne the investigated event time scale observed. From an experimental
point of view, the time required for sample preparation (protein solutions and model membranes), and all needed operations to carry out the
acquisition data, are of the order of ten minutes. It follows from these
considerations that the early stages of the protein-protein and membrane-protein interaction are not accessible by experimental techniques
because the observer is out of the experimental time scale resolution.

1.8.2. Lipid composition: the role of cholesterol
Several reports have shown dietary type as a risk factor of T2DM
[111]. Hyperlipidemia contributes to the pathogenesis of T2DM [112].
Several data show that an abnormal lipid metabolism may induce hyperglycemia and β-cells failure [113]. Plasma cholesterol is often elevated in obese patients [114] and a high consumption of foods rich in
cholesterol are normally considered a risk factor in T2DM [115,116].
Normally cholesterol constitutes 30–50 mol% of mammalian plasma
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Table 2
A summary of biophysical investigations of hIAPP/membrane interactions.
Peptide

Membrane

Technique used

Remark

ref

hIAPP
rIAPP

DPPC
DPPS
DPPC:DPPS(3:1)
POPC:POPS

Ca2+ ions inhibit membrane damage and enhance ﬁbrils growth [55].

[54]
[55]

hIAPP

POPC:POPS(7:3)
POPC:POPS:POPE(3:4:3)
POPC:POPS:LysoPC

Membranes containing PE strongly modulate bilayer disruption and inﬂuence
the ﬁbrils formation kinetic.

[78]

hIAPP
rIAPP
hIAPP
rIAPP

POPC

Membrane disruption and ﬁbrils formation are related phenomena.

[79]

Egg PG
DOPC:DOPS (7:3)

Peptide permeabilizing activity disappears when ﬁbrils appear. Oligomeric IAPP
is the main responsible of membrane permeabilization. Membrane leakage is
directly related to ﬁbrils formation.

[92]
[97]

hIAPP

PC12 cells

DSC
CD
NMR
AFM
Dye-leakage experiments
QCM-D
ThT-assay
Dye-leakage assay
NMR
CD
AFM
ThT-assay
ThT-assay
Permeabilization assay
CD
Dye-leakage assay
negative-stain EM
Diﬀerential Interference
Contrast imaging
Fluorescence
hpTLC
Light microscopy
Polarized light microscopy
Confocal laser scanner
microscopy
ThT-assay
Dye-leakage assay
CD measurements
AFM

Gangliosides act as platform for the amyloid plaque formation.

[122]

Tissue deposits of amyloid ﬁbrils contain diﬀerent kind of lipids, such as
cholesterol, polar lipids (phosphatidylcoline and phosphatidyletanolamine),
sphingomyelin, glycosphingolipids, FFA.

[126]

Cholesterol does not inﬂuence the kinetics of IAPP ﬁbers formation, but
suppresses pore formation and enhances ﬁber-dependent membrane disruption
in the case of POPC:POPS raft-free bilayer. On the contrary, cholesterol increases
ﬁber growth and pore formation in containing-raft bilayer DOPC:DPPC.

[127]

Cryosections of murine AA
amyloid-laden spleen

hIAPP
rIAPP

POPC:POPS(7:3)
DOPC:DPPC (1:2)

An atomistic description of the early steps of amyloid-membrane
interactions may be conveniently obtained by molecular dynamics
(MD) [132].
MD is still limited by some challenges: high computer demands, the
force ﬁeld used require further reﬁnements and liquid water and hydrophobic parametrization should be described in more accurately way,
especially when protein aggregation is investigated.
As already mentioned, although the mechanism underlying amyloid
toxicity of amyloidogenic proteins is not fully understood, it was evidenced the disruption and pore formation of the cell membrane by
proteins as being the primary toxic behavior. Some representative
snapshots of membrane-bound hIAPP are reported in Fig. 4.
Thus, to understand the mechanism of proteotoxicity it is important
a thorough description of the protein transfer from an aqueous environment to the membrane hydrocarbon core. IAPP and Aβ are the
most studied amyloidogenic proteins. These two amyloid-prone proteins, as recently deﬁned [133], have about 25% of shared sequence
identity and about 50% of similarity. Moreover, IAPP and Aβ show
similarity among sequences of critical importance for amyloid self-assembly into ﬁbrils (see Fig. 5) [134–138].
1.9.1. Aβ polypeptides
Aβ is a 39 to 43 residues polypeptide cleaved from amyloid precursor protein (APP). The polypeptide structure and behavior in solution were widely investigated through computational methods. Here,
we focus on the interaction of model membranes with residues 1–40
and 1–42, the most abundant and neurotoxic fragments [140,141].
Brown and Bevan [142] have used MD simulation to monitor the formation of tetramer of Aβ (1–42) and their interaction of lipid bilayer,
starting from water solution. MD simulations showed that four Aβ
(1–42) monomer form a stable tetramer with an ellipsoid shape. This
tetramer was simulated with pure POPC and cholesterol-rich raft model
membrane. For both model membranes, during the interaction between
tetramer and each membrane surface, the oligopeptide structure
changes. Simulations show an elongation of the tetramer when it is
adsorbed onto lipid surface, leading to more rod-like structure, which is

Fig. 4. Representative snapshots of membrane interacting hIAPP structures (A [80], B
[152], C) and Aβ (1–40) (D [145], E [141], F [142]) interacting with various phospholipid membranes. Structures F and G is derived from solid state NMR. Structures A,B,E
was derived from micellar solution NMR and structure D was obtained from MD simulation starting from solution NMR.
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Fig. 5. Comparison of amino acid sequences of Aβ (1–40) and hIAPP. Amino acids color code: grey, hydrophobic; red, hydrophilic positively charged; light blue, neutral hydrophilic;
green, hydrophilic negatively charged. Yellow bars: amyloidogenic regions. Blue bars: amino acids in α-helix conformation of n-mer aggregates within membrane [8,139]. Purple bars:
amino acids in α-helix conformation of monomer within membrane [8,139].

considered on pathway intermediate in Aβ ﬁbril-like structure. This
eﬀect is more evident in raft-like membranes. MD simulations show also
that the physic-chemical properties of the membranes change, becoming more rigid and ordered. Nussinov and co-workers [143], using
explicit solvent molecular dynamics (MD) simulations, observed that an
Aβ (17–42) pentamer with ﬁbril-like structure (U-shaped) is able to
penetrate the membrane, through amphiphatic interaction. Instead,
monomers and dimers are not able to insert into bilayer in U-shaped
conformations. β-harpin structure favors this process, and after the
insertion it may convert in a U-shaped form. These simulations show
that the U-shaped motif is signiﬁcantly present both in ﬁbril like and
dimer structure. Furthermore, they hypothesize that the trimer is the
smallest oligomer with U-shaped conformations that is capable to insert
into membrane. The role of cholesterol in binding of Aβ (1–42) onto the
bilayer surface has been studied by Yu and Zheng [61], using molecular
dynamics simulations. This work is based on the simulations of Aβ
(1–42) monomer onto POPC bilayer with diﬀerent mole fractions of
cholesterol. The results show that an increasing mole fraction of cholesterol modiﬁes the structural properties of membrane bringing to a
thicker bilayer, more ordered hydrocarbon chain, more hydrophobic
surface, and lower lipid mobility. This eﬀect causes a stronger aﬃnity
of the peptide for the lipid bilayer because of electrostatic interactions
and hydrophobic contacts. Furthermore, calcium ions stabilize the
protein adsorption onto bilayer and anα-helix conformation is adopted
when peptide is adsorbed onto the surface. Haddadian and co-workers
[144] investigated the interaction of unstructured Aβ (1–40) both in
form of monomer and ﬁbril-like structure (PDB ID 2M4J) with diﬀerent
lipid bilayers (POPC/Cholesterol, ratio 4:1; POPC/POPG/Cholesterol,
1:1:1; POPC/POPE/POPG 1:1:1), using molecular dynamic simulations,
for a total of 20 μs long simulation. Their computational studies start
with peptides close to lipid surface. They found that the lipid bilayer
accelerates the rate of conversion from random coil to β-sheet structures. Furthermore, also the oligomerization process has a faster kinetic
compared to the bulk simulations. The simulation of ﬁbril structure
shows that ﬁbrils reduce the lipid ﬂuidity of about 40%. Chahinian and
co-workers [62] performed MD simulations of a short Aβ peptide
(22–35) in membrane environment to study the role of cholesterol in
the oligomerization process. Results show that cholesterol alterates the
topology of the peptide tilting α-helix and leading to enhanced interpeptide hydrogen bond network involving Asn27 and Lys28 residues,
until the formation of octameric annular-channel structure in a phosphatidylcholine membrane. Nguyen and co-workers [145], using replica exchange molecular dynamic simulations, pointed out the structural property change of ﬁbril-like Aβ (11–40) trimer, interacting with
model bilayer. During the interaction between trimer and DPPC model
membrane, the secondary structure observed is 44% β-sheet, 54%
random coil, 2% turn, and absent α-helix structure. Simulations show
two domains in trimer structure: one is deeply inserted into bilayer and
contains β-structure (residue 14–19 and 31–37) and the second one is
close to lipid head and contains random coil region (residue 11–13,
20–30 and 38–40). Furthermore, free energy calculations underscore
that Van der Waals interactions have a prevalent role binding between

the Aβ trimer and the membrane. Starting from partially inserted
peptide, the behavior of a single Aβ (1–40) molecule within a dipalmitoylphosphatidylcholine (DPPC) bilayer was studied using allatom MD simulations by Fazli and coworkers [146]. Simulations were
performed at three diﬀerent temperatures (323, 310, and 300 K), the
authors found that the peptide remains embedded in the bilayer for all
simulation time (at all temperatures). The percentage of the residues
inserted into bilayer is higher at 320 K and 310 K than 300 K. This could
be due to changes in the bilayer ﬂuidity induced by temperature. The
results also show that Aβ (1–40) peptide decreases bilayer thickness
and it brings to water insertion into bilayer. This perturbed bilayer,
increasing the local ﬂuidity. Goñi and co-workers [147] used Aβ(1–42)
monomer and three lipid bilayers composed by palmitoylsphingomyelin, dimyristoylphosphatidic acid, and cholesterol in three
diﬀerent proportions to understand how lipid composition (neutral, low
and high charged) changes the binding mode and peptide structure
onto membrane surface. Binding among lipids and protein are diﬀerent
for the low and high charged bilayers. They found that the eﬀect of
charge percentage on both the binding and the structure is not linear.
The charged lipids increase this binding, but the highest eﬀect is observed in the case of low charged bilayer, and furthermore it signiﬁcantly changes protein secondary structure compared to the other
kind of bilayers, leading to loss of helix propensity and β-structure
appearance. Strodel [148] and coworkers performed long time molecular dynamics simulation of Aβ (1–42) embedded in diﬀerent phospholipid membrane containing zwitterionic DPPC in the liquid crystalline state or DOPC and negatively charged POPG. They simulate
transmembrane β-sheet monomer and tetramer optimized by MD and
α-helix structure obtained from NMR measurements. Simulations have
evidenced the role played by surface charge and the lipid tail type are
determinant for transmembrane stability of Aβ (1–42) with zwitterionic
surfaces and unsaturated lipids promoting stability. From the obtained
structures, the β-sheet tetramer is most stable as a result of interpeptide
interactions. In addition, fast water permeation thought bilayer was
observed mainly governed by the lipid type, simulation temperature
and Aβ (1–42) conformation. The β-sheet tetramer allows more water
molecules to penetrate the bilayer respect to monomeric Aβ. These
results support the idea that in the permeation process oligomers rather
than monomers play a fundamental role. Also, Strodel group [149]
found the same behaviour by simulating membrane bound monomers
and tetramers of Aβ (1–42) mutants (wild-type and E22G, D23G, E22G/
D23G, K16 M/K28 M and K16 M/E22G/D23G/K28 M). Increased stability for the E22G Aβ(1–42) peptide and a decreased stability for D23G
compared to wild-type Ab42, while D23G has the largest membranedisruptive eﬀect. Water permeation and the role of electrostatic interaction was observed by other authors using long time multiscale molecular dynamic simulations. Some of us [8] used simulations and
analytical theory to unveil the early stage of spontaneous self-assembling of 36 molecules of Aβ (1–40) as monomer embedded within POPC
lipid matrix. In addition, the authors develop a simple analytical model
describing the electrostatic repulsions among water-exposed charged
residues, able to predict the presence of distorted structures called
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“frustrated helices”. Large scale (20 ms) Coarse Grained (CG) simulations
of 36 replicas conﬁrmed the formation of supramolecular assemblies
which resemble a twisted ribbon and fully atomistic simulations have
demonstrated the stability of these helical structures. Moreover, CG and
atomistic simulations have evidenced membrane curvature operated by
24-mer assembly having cone-shaped inside the membrane. Interestingly, Aβ(1–40) forming 24-mer aggregate assume α-helix conformation with in internal organization by 2-mer and 3-mer units with chiral
structure. Head-Gordon and co-worker [150] used a CG model of Aβ
(1–42) and model membranes containing phospholipids (POPC, DOPE
and POPS) and cholesterol with asymmetric distributions between the
two leaﬂets. The authors found that a highly asymmetric cholesterol
distribution of the model lipid membrane thermodynamically favors
membrane retention of a fully embedded Aβ (1–42). Particularly, high
concentration of cholesterol in the exo-leaﬂet favor the extrusion of the
C-terminus into the extracellular space. Matsuzaki and co-workers
[151] explored the inﬂuence of ganglioside GM1 on the interaction Aβ
(1–42) from water phase to model membrane (GM1:Sﬁngomielin:Cholesterol molar ratio 1:2:2). The authors evidence the role of aromatic
side chains of Aβ(1–42) and GM1 oligosaccharide assisted the polypeptide adhesion. Amine group of Lys28 side chain act as anchor to link
protein and membrane surface. Moreover, after a ﬁrst Aβ is adsorbed on
the membrane surface a second molecule form a dimer and a third
molecule is added a complex forming a 3-mer is formed. We have
discussed diﬀerent scientiﬁc works about Aβ polypeptide, a brief
summary is reported above in order to underline the most important
results. Cholesterol presence changes membrane properties and, consequently, binding aﬃnity between membrane and peptide, leading to
structural changes in peptide and even at octamerization process in
phosphatidylcholine. Cholesterol leaﬂets asymmetry brings to increasing peptide retention into membrane. Compared to bulk simulations, membrane foster oligomerization process and its own composition (in particular the charge of polar head) inﬂuence the binding with
peptide, but this eﬀect is not linearly dependent on the number of
charges. Lipids type inﬂuences even trans-membrane retention of peptide and water permeability. Insertion of peptide in membrane leads to
water permeation, such as has been shown both for monomer and
especially for oligomers (4-mer, 8-mer and 24-mer). Oligomers, particularly 8-mer and 24-mer, show alpha-helical structure. Furthermore,
simulations have shown that both initial conformation and oligomers
dimension are crucial factors for the insertion process. All these observations are summarized in Table 3.

1.9.2. Amylin
In silico simulations of IAPP have been reviewed by diﬀerent authors [152,153]. Here we discuss latest simulations of IAPP interacting
with membrane. In general, the transfer of hIAPP into bilayer can be
described, at a ﬁrst approximation, as divided into three steps: in the
ﬁrst step, the protein assumes a proper optimal conformation and is
adsorbed on the membrane surface, in the second step it inserts into
bilayer and rearranges its secondary structure; and in the third step
aggregates into the bilayer. Mittal and coworkers [154] performed
atomistic molecular dynamics simulations on multiple systems containing a full-length amylin monomer and a lipid bilayer, in order to
study the changes induced by the presence of membrane. The authors
used as simulation starting point the protein conformation in the aqueous phase. They found that IAPP is adsorbed into bilayer surface assuming an α-helix conformation on zwitterionic DOPC membranes,
reducing helical propensity on negatively charged DOPS and enhancing
the stability of extended helical conformation if the bilayer surface is
composed of a DOPC:DOPS mixture (7:3). These results ﬁt with previous work reporting that negatively charged phospholipids induce
protein to assume an α-helix conformation. The authors suggest that the
average depth proﬁles of amylin for pure DOPC and mixed membrane
are quite similar, especially in the 15–28 region, implying that the only
adsorption is not suﬃcient for imposing helical stability. Considering
that the localization of each lipid type around speciﬁc residues in the
mixed membrane ensemble, it is likely that each residue of the peptide
selectively forms contacts with speciﬁc head groups, resulting in conditions more favorable for both insertion and helical stabilization.
Schiøtt [155] and coworkers, using all-atom molecular dynamics
simulations, studied the eﬀect of pH on amylin interacting with mixture
of negatively and zwitterionic charged phospholipids (molar ratio 1:3).
In this set of simulations, the authors adopt as a starting point amylin as
monomer in the aqueous environment by considering two possible
conﬁgurations. One conﬁguration is amylin as α-helix with histidine 18
pointing to the membrane surface and a second conﬁguration where
His18 is located in the opposite side with respect to the membrane
surface. These simulations suggest that the pH acts as switch on ﬁbrils
formation. A low pH, where His18 is protonated, strong interactions of
the C-terminal part of the peptide with the membrane are observed,
with resulting immobilization of the C-terminal part on the membrane
surface. This might constitute a mechanism by which low pH inhibits
ﬁbrils formation. Instead, at neutral pH the C-terminal part of amylin,
displays a highly dynamic, unfolded state, which interacts with the

Table 3
Main remarks, model membrane used in molecular dynamics investigation of Aβ polypeptides.
Peptide

Membrane

Remark

Ref

Aβ1–40

POPC

[8]

Aβ1–42

POPC/cholesterol

Aβ22–35
Aβ1–42 4-mer

PC/cholesterol
POPC and cholesterol-rich raft membrane

Aβ17–42
Aβ 1–40
Aβ11–40 3-mer

DOPC
POPC/Cholesterol(4:1) POPC/POPG/Cholesterol
(1:1:1) POPC/POPE/POPG (1:1:1)
DPPC

Aβ1–40

DPPC

Aβ1–42

Neutral/low and high charge bilayer

Aβ1–42
Aβ1–42

DPPC (or DOPC and POPG)
Mix of POPC, DOPE and POPS with asymmetric
leaﬂets cholesterol fraction
GM1, myelin and cholesterol in ratio 1:2:2

Early steps of self-Assembly of 36 replicas of monomer (alpha-helical conformation) in POPC
environment. Presence of distorted structures called “frustated helices” is predicted based on an
analytical model.
Cholesterol brings to more rigid membrane and increases the binding with peptide. Helix propensity
is taken into account.
Formation of octameric channel-like structure
Tetramer structure changes from ellipsoid-shape to rod-like structure. Rigidity of membrane is
inﬂuenced by tetramer
Topology inﬂuences the capability of protein in insertion process
Speed-up of oligomerization process. Adsorption of ﬁbril-like structure leads to less bilayer ﬂuidity
of 40%.
DPPC leads to random-coil and B-sheet structure. B-sheet fragment stays embedded and random-coil
fraction stays out of membrane
Peptide insertion into membrane changes bilayer thickness and water permeability. This process is
temperature dependent
Charge fraction inﬂuences the binding between protein and membrane surface. This eﬀect is not
linear with charge.
Tetramer is most stable than monomer into bilayer. Tetramer bring to more water permeation
Peptide retention is favored by high cholesterol concentration asymmetry

Aβ1–42

Aromatic interaction between peptide side-chain and GM1 promotes protein adsorption onto lipid
surface. Adsorbed peptide acts as a nucleation seed.
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membrane signiﬁcantly less than the N-terminal part and ﬁbrils formation are favored. Zheng and coworkers [156] performed all-atom
MD simulations to study the adsorption, orientation, and surface interaction of IAPP with membranes. Starting from water solution, different aggregates sizes were used such as monomer to tetramer and
protein conformations as monomer with α-helix and tetramer with βsheet-rich U-turn upon adsorption on the lipid bilayers composed of
both pure zwitterionic POPC and mixed zwitterionic POPC/POPE (3:1)
phospholipids. Authors found a stronger interaction of IAPP and POPC/
POPE mixed bilayer surface rather than for pure POPC. This result is
explained considering the electrostatic interactions between of Lys1
and Arg11, and negatively charged lipid head group phosphate. The
same sites of interactions were found by Wei and coworkers [81] using
double negatively charged lipid POPG interacting with monomer and
dimer of full length amylin. Authors used all-atom MD simulations,
choosing as initial conﬁgurations the one where the N-terminal region
of hIAPP is pre-inserted in POPG bilayer. During peptide-lipid interaction process, peptide dimerization occurs mostly through the Cterminal 20–37 region containing the amyloidogenic 20–29-residue
segment NNFGAIL. Phe23 side chain of this region seems to have a
crucial role in the aggregation process [157–161]. This ﬁnding is also
consistent with simulations of IAPP in presence of model membranes
interacting with some small molecules, such as resveratrol. Resveratrol
signiﬁcantly perturbs the interaction of IAPP with negatively charged
membranes by anchoring speciﬁc hydrophobic regions (23FGA25 and
32VGS34) of the peptide and forming a stable 1:2 IAPP:resveratrol
complex at the water/membrane interphase [162]. Also Phe15 side
chain of IAPP is not required for aggregation process and membrane
damage but inﬂuences the kinetic of self-assembling process [80,163].
These results support a general theory [164] suggesting that aromatic
residues, although capable of aﬀecting the self-assembly kinetics of
small peptides and peptide-membrane interactions, are not essential
either for amyloid formation or membrane leakage, and indicate that
other factors such as β-sheet propensity, size and hydrophobicity of the
side chain act synergistically to determine peptide properties. Amyloid
formation is also inﬂuenced by disulﬁde bridge. In fact, systems containing the Cys2-Cys7 disulﬁde bridge exhibited a greater stability and
a decreased tendency to evolve into β-sheet rich structures if compared
to the disulﬁde-depleted variants. Conversely, the stability of assemblies constituted by the rat isoforms was shown to be independent from
the presence of the disulﬁde bridge [165]. On other hand, 1–19 IAPP
residue transfers from bulk water solution as random coil to membranewater interface, displaying high helix propensity especially in the L12L16 region [166]. The key role played by Arg11 and Phe15 self-assembling process was evidenced using inhibitor derived from insulin
which are able to block the two sides chain [167].
Now we discuss simulations results using as starting point protein
embedded in model membrane. IAPP as monomer inserted within
membrane is stable as α-helix, tilted towards to membrane surface. This
conﬁguration remains stable also if an hydrophobic side chain (Ile26) is
replaced with hydrophilic amino acid (Pro) [168,169]. Yang [170] and
coworkers using all-atom bias-exchange meta-dynamics (BE-Meta) and
unbiased molecular dynamics simulations investigated the behavior of
IAPP dimers in model membrane containing DOPC:DOPS molar ratio
7:3 which is consistent with the observed ratio of neutral to anionic
phospholipids in β-cell membranes. Comparison among free energy
proﬁles simulation data shows that the 20–29 region plays a key role in
the aggregation of IAPP on the membrane environments. The formation
of β-sheet structure on this region would guide the formation of toxic
species. Moreover, during simulation, diﬀerent intermediate conformations were evidenced, including α-helix, β-sheet and full-disordered ones. The role played of N-terminus region in the interaction
of IAPP and membrane was evidenced using both experimental and
simulation investigation. De Pablo [171] and coworkers investigated
the amyloidogenicity and cytotoxicity mechanism of IAPP using model
membranes. These authors suggest a “detergent-like” mechanism

operated by N-terminus of IAPP on lipid membrane and the kinetically
competition between poration and aggregation process with consequent inhibition of (pore formation due to aggregation phenomena).
Karttunen and coworkers [168] have used long time (μs time) multiscale simulation and theory to investigate IAPP aggregation into
membranes. The authors in this report used36 human IAPP as monomers embedded in POPC membrane employing as control the same
system containing rat IAPP. The diﬀerent electrostatic dipolar interactions cause the formation of pentameric aggregates with the hydrophobic residues facing the membrane core and stabilizing water-conducting pores. These results, according previous experimental data,
give predictions about pore sizes, the number of hIAPP molecules, and
aggregate morphology. Moreover, it was evidenced the importance of
curvature-induced stress during the early stages of hIAPP assembly and
the α-helical structures over β-sheets of IAPP self-assembling. Finally,
Strodel and coworkers [172] take into account as starting conﬁguration
point the case where preformed IAPP aggregates came from NMR
measurements and these are embedded into model membranes and
then simulated. They tested the orientation and stability of U-shaped
IAPP aggregates containing β-sheet embedded DPPG model membranes. The authors considered trimer and tetramer species interacting
with mono and bilayer and they found that both aggregates are stable
into hydrophobic region bilayer, assuming a 60° tilted conﬁguration.
Moreover, although the small size of aggregates, ion channel activity
for water and Na+ ion was evidenced. Zheng and coworkers [173]
studied large (12–36 mer) preformed IAPP ion channels embedded into
DOPC bilayer. Authors used NMR-derived β-strand-turn-β-strand motif
as a building block in order to computationally construct a series of
annular-like hIAPP structures with diﬀerent sizes and topologies. Interestingly, authors showed that the channels' shapes, morphologies
and dimensions are consistent with what was found performing atomic
force microscopy experiments. Also, the latter was found to be comparable with the modeled channels for Aβ, the β2-microglobulin-derived K3 peptides, and the β-hairpin-based channels of antimicrobial
peptide PG-1. In this section we have reported many computational
studies about amylin and we think that it would be useful to summarize
the most important results. In presence of membrane there are diﬀerent
structural properties that inﬂuence protein aggregation. Simulations
show that pH acts (on Hys18) as an aggregation switch. Peptide region
20–37 (20–29 in particular) seems to have a key role in aggregation
process in membrane environment. Furthermore, simulations underscore the role of Arg11, Phe15 and Phe23 in self-assembly. Secondary
structure propensity changes depending on lipid composition and presence of disulﬁde bridge. Simulations of trimer and tetramer in DPPG
have demonstrated ion channel activity and good agreement between
AFM data and simulations about some annular-like structure it was
shown. Other results have shown that self-assembly process from many
replicas lead to pentameric channel-like structure with water permeability and alpha-helical structure. Detergent-Like mechanism was
proposed from N-terminus residue. The whole of the results in this
section are summarized in Table 4.
2. Conclusions
Current literature consistently suggests that the detrimental eﬀects
of amyloiodogenic peptides as Aβ or hIAPP on plasma membrane integrity could be one of the most relevant molecular mechanisms underlying amyloid toxicity. In the last two decades several distinct mechanisms have been proposed to explain the amyloid-induced
membrane damage. The “channel hypothesis”, ﬁbril mediated stress to
the lipid bilayer and the detergent-like eﬀect just to mention a few of
the many proposed theories, have been alternatively used to interpret
the observed eﬀects of diﬀerently assembled amyloid peptides on
membrane structure. However, despite the wealth of data collected so
far, the real nature of the toxic lipid/peptide complex is still object of
intense debate. Recently, some of us have contributed to propose a
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Table 4
Summary of all the works here reviewed focusing on the Simulation of membrane boun hIAPP.
Peptide

Membrane

Remark

Ref

Amylin 1–37 1-mer and 2-mer
Amylin 1–37 1-mer

POPG
DOPC and DOPS

[81]
[154]

Amylin 1–37 1-mer
Amylin 1–37 1-mer and 4-mer

DVPS and DVPC
POPC and POPE

Amylin
Amylin
Amylin
Amylin
Amylin

POPG
DMPC
No membrane
POPG
DOPC, POPC

Amylin 1–37
Amylin 1–37 2-mer

DOPC
DOPC:DOPS 7:3

hIAPP 1–20, hIAPP 23–37, rIAPP
1–20
Amylin 1–37 3-mer and 4-mer
Amylin 1–37 12–36 mer
With channel-like structure

POPC

Dimerization process is mediated by 20–37 peptide region. A special role is played by Phe23.
Charge of lipids inﬂuences the structure property of peptide adsorbed onto lipid surface. Negative lipids reduce
helix propensity.
pH is a switch for peptide aggregation.
Lipid composition aﬀects the strength of interaction between peptide and lipid surface. Lys1 and Arg11 play
major role in this interaction.
Role of resveratrol in peptide - membrane surface interaction.
Role of diﬀerent fragments in aggregation process of peptide embedded into a bilayer
Inﬂuence of Cys2-Cys7 disulﬁde bridge in amyloids formation.
Role of 12–16 region in conformational change (helical propensity) at water-membrane interface.
Thermodynamic model to predict the morphology and stability of Amylin aggregates. In addition, formation of
pentameric channel-like structure and water permeation.
Role of I26P mutation of protein embedded into bilayer by free energy calculation.
Role of 20–29 region in the dimerization process by free energy proﬁle. Diﬀerent intermediate conformations
include α-helix, β-sheet and full-disordered ones.
Free energy proﬁle of insertion in bilayer and role of diﬀerent fragments in insertion depth

DPPG
DOPC

Trimer and tetramer are stable in lipid environment. Ions and water channel activity was evidenced.
Morphology and shape of channel structure was ﬁtted with AFM experimental results.

1–37 1-mer
12–18 andAmylin 21–27
1–37
1–19
1–37

“two-step” mechanism involving pore formation and, subsequently, ﬁbril-assisted lipid extraction from the bilayer as a new, general paradigm to describe aberrant lipid/amyloid interactions. Undoubtedly, the
two-step mechanism has proven to be helpful in explaining some puzzling and apparently controversial experimental observations.
Nevertheless, a full understanding of the mutual interference of the two
steps and the role played by external factors as well as membrane
composition remains elusive. Here we have reviewed, also in the light
of this new hypothesis, the latest advances in our knowledge concerning the eﬀects of cations (Calcium in particular), lipid composition
and cholesterol on the two steps of membrane leakage. All data collected so far suggest that both Ca2+ ions and cholesterol, although by
means of diﬀerent driving forces (i.e. electrostatic and hydrophobic)
may contribute to recruit amyloid-competent lipids within the lipid
bilayer by inducing abnormal phase segregation. Computer simulations,
due to their higher spatial and time resolution have also allowed to
depict the early stages of amyloid-membrane interactions evidencing
that both Aβ and hIAPP may permeate the membrane only after their
assembly in dimeric, trimeric or pentameric forms. In particular, pentameric assemblies, are responsible for the unspeciﬁc passage of ions
across the membrane. Next, in the very early stages of membrane adhesion, peptides adopt a mainly α-helical conformation, in apparent
contrast with experimental data evidencing β-sheet rich proteins when
embedded in the lipid matrix. The process of membrane permeation by
peptides, however, escapes a description by current molecular simulation engines. It would be advisable in the next future, considering the
expected improvements in the computational resources, to extend simulations to a larger time scale in order to achieve a full match between
computational and experimental results. In conclusion, our increased
knowledge of the molecular events at the roots of amyloid toxicity shifts
the goal of the research towards the design of molecules that can hinder
both peptide assembly and membrane damage. Unfortunately, we are
still missing a number of details about the cross correlations linking the
many concurring adverse factors (including those reviewed in the
present report) in triggering harmful membrane interactions.
Hopefully, parallel in silico and biophysical studies performed using
more sophisticated membrane-mimicking systems will help to ﬁll this
gap allowing, in turn, a better control of amyloid toxicity.
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