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Interactions of human islet amyloid polypeptide (hIAPP or amylin) with the cell membrane are correlated with the
dysfunction and death of pancreatic islet β-cells in type II diabetes. Formation of receptor-independent channels by
hIAPP in the membrane is regarded as one of the membrane-damaging mechanisms that induce ion homeostasis
and toxicity in isletβ-cells. Here,we investigate the dynamic structure, ion conductivity, andmembrane interactions
of hIAPP channels in the DOPC bilayer using molecular modeling and molecular dynamics simulations. We use the
NMR-derived β-strand-turn-β-strandmotif as a building block to computationally construct a series of annular-like
hIAPP structureswith different sizes and topologies. In the simulated lipid environments, the channels lose their ini-
tial continuous β-sheet network and break into oligomeric subunits, which are still loosely associated to form
heterogeneous channel conformations. The channels' shapes, morphologies and dimensions are compatible with
the doughnut-like images obtained by atomic force microscopy, and with those of modeled channels for Aβ, the
β2-microglobulin-derived K3 peptides, and the β-hairpin-based channels of antimicrobial peptide PG-1. Further,
all channels induce directional permeability of multiple ions across the bilayers from the lower to the upper leaflet.
This similarity suggests that loosely-associated β-structure motifs can be a general feature of toxic, unregulated
channels. In the absence of experimental high-resolution atomic structures of hIAPP channels in the membrane,
this study represents a first attempt to delineate some of the main structural features of the hIAPP channels, for a
better understanding of the origin of amyloid toxicity and the development of pharmaceutical agents.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Human islet amyloid polypeptide (hIAPP or amylin), a 37-residue
hormone peptide, is synthesized and secreted together with insulin
by the pancreatic islet β-cells [1]. The normal physiological functions
of hIAPP as a hormone are to regulate gastric emptying, suppress
food intake, and control glucose homeostasis [2,3]. When hIAPP pep-
tides misfold and self-assemble into β-sheet-rich aggregates upon
interacting with the cell membrane, they can cause the death of
β-cells, which is pathologically linked to insulin secretion in type II dia-
betes [4]. Increasing evidence suggests that small, dynamic, transient,
and heterogeneous hIAPP oligomers are more toxic to β-cells than
monomers and fibrils. Several hIAPP oligomeric and fibrillar structures
have been determined computationally and experimentally, including
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linear fibrils by solid-state NMR [5], annular aggregates by AFM [6],
and linear, annular, and triangular structures predicted by molecular
simulations [7,8]. Although the toxicity of hIAPP aggregates is very like-
ly to be related to membrane disruption, the exact mechanism remains
elusive [9,10].

hIAPP peptides can interact with membranes to introducemembrane
disruption via different mechanisms (i.e. receptor-dependent, ion chan-
nel, membrane detergent-like, and membrane thinning/curvature
models). hIAPP can interact with a number of membrane receptors such
as G-protein-coupled receptor, RAMPs, CT receptor [11,12], amylin recep-
tor [13], and the mechanosensitive calcium channel TRPV4 [14].
Misfolded hIAPP oligomers can also bind to membrane receptors. Unlike
the traditional detergent-like model for membrane fragmentation that
general requires higher peptide/lipid ratios above a threshold value,
IAPP peptides fragment membranes at lower peptide/lipid ratios, while
suppressing membrane fragmentation at higher peptide/lipid ratios
[15]. This suggests that at lower concentration, hIAPP peptides tend to
form intermediate oligomers, which could be bypassed to undergo an
alternative pathway at a higher concentration. hIAPPpeptides candirectly
insert itself into the cell membrane to form receptor-independent
channels, which allow ions and water to cross the membrane and
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thus to induce abnormal ion homeostasis and oxidative stress [16]. It
is also likely that hIAPP peptides form pores by inducing excessive
curvature in the membrane [17]. Various ion-permeable channels
formed by hIAPP [6,18], Aβ [19–21], and the K3 peptides, derived
from β2-microglobulin [22,23] have been visualized and characterized
by atomic force microscopy (AFM), electrophysiology, cell calcium
imaging, and molecular dynamics (MD) simulations. Aβ channels
exhibited Ca2+-selective ion-permeable characteristics [24–27], while
K3 [22,28] and hIAPP [6,18] formed relatively nonselective, voltage in-
dependent, ion-permeable channels in phospholipid bilayer mem-
branes. Different ion conductivity and selectivity of these amyloid
channels could be attributed to the variability in peptide sequence
and composition, side chain packing and backbone conformation, and
channel topology.

Unlike gated transmembrane ion channels such as gramicidin,
which have a precise structure and mechanism to control channel
conformations between the open and closed states for selective
transportation of specific ions across the membrane, amyloid ion
channels in the cell membrane appear to consist of several loosely
contacting mobile subunits, with a certain extent of β-sheet struc-
tures. Such dynamic and irregular channels formed by amyloid pep-
tides allow heterogeneous ion permeability. More importantly,
recent studies have highlighted the striking resemblance in channel
structure and activity of amyloid peptides to other ion channels formed
by antimicrobial peptide and toxin proteins. NMR reveals that Aβ, K3,
and hIAPP fibrils adopt U-shaped, β-strand-turn-β-strand structures,
and recent MD simulations further confirm that such U-shaped confor-
mations of Aβ and K3 are able to assemble into channel structures in the
lipid bilayers. To further explore whether a U-shaped conformation
could be a generic structural motif for amyloid channels, we use a
β-strand-turn-β-strand hIAPP monomer derived from hIAPP fibrillar
structures by NMR [5] to computationally model a series of hIAPP ion
channels with different numbers of peptides (12-mer, 18-mer,
24-mer, and 36-mer), channel sizes (2–4 nm inner diameter and
7–9 nm outer diameter), and channel topologies (CNpNC channels:
N-terminal β-strands facing the solvated pore and C-terminal
β-strands interacting with lipids; and NCpCN channels: C-terminal
β-strands facing the solvated pore andN-terminal β-strands interacting
with lipids) in the zwitterionic lipid bilayer containing 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC). Simulation results show that
U-shaped hIAPP peptides form channel-like structures assembled by
3–5 dynamically associated subunits, in line with AFM images and
other, Aβ and K3, amyloid channels. The potential of mean force
(PMF) indicates that both CNpNC and NCpCN channels of 12–36 pep-
tides induce multiple ion conductivity along the same direction from
the lower bilayer leaflet to the upper bilayer leaflet. Comparison of the
hIAPP channels with those other β-sheet amyloid channels shows that
all modeled channels share structural features including subunit mor-
phology, ion conductivity, and preferential pore sizes.

2. Materials and methods

The monomeric structure of the hIAPP1–37 peptide was extracted and
averaged from 10 solid-state NMR-derived structures from Tycko's lab
[5]. Each hIAPP1–37 monomer had a U-bent structure consisting of two
β-strands connected by a loop, i.e. β-strand(Lys1-Val17)-loop(His18-
Leu27)-β-strand(Ser28-Tyr37). Similar turn conformations centered on
Phe23, Gly24, and Ala25 were also obtained in SDS micelles by solution
NMR [29] and in vacuum MD simulations [30]. The intra-molecular
disulfide bond between Cys2 and Cys7 stabilizes the structure at the
N-terminus. The N- and C-termini were blocked by NH3

+ and COO−

groups, respectively. Note that physiologically expressed IAPP has an
amidated C-terminus while the structures of membrane bound hIAPP
monomers in detergent micelles show some differences between the
amidated and non-amidated forms [31,32]. How these termini forms af-
fect the oligomer and fiber structure is unknown. To construct the
β-sheet channel, a single hIAPP monomer was taken as a building block,
replicated and rotated along the channel axis to build a circular
channel-like structure. Channel sizes can be tuned using a varying num-
ber of monomers, and initial separation distance between peptides and
the axis center. The channel structures were then minimized with a
rigid body motion for the peptides to enhance the formation of
intermolecular backbone hydrogen bonds between β-strands, followed
by the insertion of the channels into the DOPC bilayer using the
CHARMM-GUI membrane builder generator [33]. DOPC lipids were ran-
domly selected from a lipid library and assembled around the channel
to satisfy a per lipid surface area of ~72.5 Ǻ2 at 300 K [34]. The resulting
systems were solvated by TIP3P water molecules, and KCl, NaCl, and
CaCl2 at the same concentration were added to neutralize the system
and to achieve a total concentration of ~210–260 mM.

In the equilibration stage, each system was gradually relaxed by
performing a series of dynamic cycles, in which the harmonic restraints
on peptides in the channels were gradually removed to optimize the
peptide–lipid and peptide–water interactions. In the production stage,
all simulations were performed using the NPAT (constant number of
atoms, pressure, surface area, and temperature) ensemble at 300 K. The
surface area in the xy plane was kept constant while allowing a volume
change in the z direction. The van derWaals (vdW) interactionswere cal-
culated using a switch function with a twin-range cutoff at 12 and 14 Å.
Long-range electrostatic interactions were calculated using the Particle
Mesh Ewald (PME) method. Each hIAPP-lipid system was repeated
twice using the same channel configuration, different lipid conformations
randomly selected from the lipid library, and different initial velocities for
all atoms. All MD simulations were performed using the NAMD software
[35] with the CHARMM27 force field [36]. MD trajectories were saved by
every 2 ps for analysis. A summary of all simulation systemswas listed in
Table S1 (see Supplementary material).

3. Results and discussion

3.1. Heterogeneous and dynamic hIAPP channel structures

Visual inspection of theMD trajectories showed that all hIAPP chan-
nels lost their initial perfect circular shape and gradually transited into
several subunits, which were loosely in contact with each other to
form a pore-like structure (Fig. S1). Backbone root-mean-square devia-
tions (RMSDs) of the NCpCN and CNpNC channels reached relatively
stable plateaus after 30-ns MD simulations, suggesting that the chan-
nels are fully relaxed in the lipid bilayer. The β-sheet population of
the individual peptide was used to measure the discontinuous β-sheet
network and to determine the number of subunits (Figs. 1 and S2).
Due to the small size and low β-sheet population of the 12-mer, there
was no obvious clustering effect for both CNpNC and NCpCN 12-mer
channels. The 18-mer NCpCN and CNpNC channels had a triangular
shape with three subunits and the 24-mer channels had a rectangular
shape with four subunits. The 36-mer channels had a relatively smaller
curvature, with less discontinuous β-sheet network, but they still
tended to break into 4–5 ordered subunits. Due to the highly populated
β-sheets in the 36-mer channels, hIAPP peptides tended to form
fibril-like structures. High-resolution AFM images also revealed that
the pore-like structureswere composed of 4–5 subunits in the DOPC bi-
layer [6], in agreement with the modeled hIAPP channels. Other amy-
loid pores in the lipid bilayer obtained from AFM and MD simulations
[19–21,23,37,38] typically consist of 3–7 loosely associated mobile sub-
units, depending on peptide sequences and their interactions with the
surroundings. We suggest that dynamic assembly of several subunits
into an amyloid pore is a generic structural feature of amyloid pores.

The averaged pore structures were calculated using the HOLE
program [39]. In Figs. 2 and S3, the degree of the pore diameters was
indicated by the color in the order of redbgreenbblue. For the CNpNC
channels, inner/outer diameters were 1.5/5.1, 1.8/6.2, 2.1/6.9, and
3.5/7.8 nm for 12-mer, 18-mer, 24-mer, and 36-mer, respectively. The
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Fig. 1. (a) β-Sheet population for 18-mer and 24-mer CNpNC channels (black line) and NCpCN channels (red line). (b) Subunit organization for 18-mer and 24-mer CNpNC and NCpCN
channels. Subunits are defined by mapping x, y coordinates of Cα atoms of hIAPP peptides onto the x–y plane. The probability of finding Cα atoms is represented by an increased color
order of red, orange, yellow, green, blue, and purple.
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NCpCN channels had similar inner and outer diameters to those CNpNC
channels, i.e. inner/outer diameters were 0.8/5.0, 1.7/6.3, 2.0/7.1, and
3.6/8.2 nm for 12-mer, 18-mer, 24-mer, and 36-mer, respectively. All
channels remained open, but the 12-mer channels had more tortuous
pore structure than the intermediate 18-, 24-, and 36-mer channels.
Recent AFM images [6] showed that the inner and outer diameters of
the hIAPP channelswere 1–2 nmand 7–12 nm, respectively, consistent
with our 18-mer and 24-mer channels (inner: 1.7–2.1 nm and outer:
6.2–7.1 nm). Compared to the AFM values, the outer diameters of the
12-mer channels (5.0–5.1 nm) were too small, while the inner diame-
ters of the 36-mer channels (3.5–3.9 nm) were too large. Thus, the
18-mer and 24-mer channels appear to be the more likely structures
in the lipid bilayer.

In the initial energy-minimized channel structures, both pore-facing
and lipid-contacting β-strands contained a large population of
β-structure. As the simulations proceeded, all channels gradually re-
laxed in the lipid bilayer, causing the loss of the β-structure to some
extent. The averaged β-structure percentages over the last 10-ns simu-
lations, calculated by the DSSP algorithm in VMD [40,41], were ~10% for
12-mer, 25%–27% for 18-mer, 37%–43% for 24-mer, and 47%–50% for
36-mer (Fig. S4). The intermediate NCpCN channels (18-, 24-, and
36-mer) had a slightly higher β-structure population than those of
CNpNC channels, because the hydrophobic match between the
N-terminal hydrophobic residues near the loop and lipid tails
maintained the stability of the β-sheet in the NCpCN channels. In con-
trast, in the CNpNC channels the positively chargedN-terminal residues
of Lys1 and Arg11 induced the larger electrostatic repulsion when they
were packed toward the pore. Nevertheless, in general, the pore-facing
β-strands were well maintained in all cases, while the lipid-contacting
β-strands lost their β-structures to some extent because the larger cur-
vature and separation distance at the channel periphery prevent neigh-
boring peptides from forming intermolecular backbone hydrogen
bonds to stabilize the β-structure.

3.2. PMF for ion binding to hIAPP channels

To characterize channel activity, potential of mean force (PMF) was
calculated tomeasure the relative free energy change required to transfer
ions from the bulkwater phase to thewater–lipid interface to the channel
interior along the z axis, using GPMF ¼ −kBT ln ρZ=ρbulkð Þ where kB is
theBoltzman constant,ρz is the iondensity at position z along the channel
axis, and ρbulk is the ion density in the bulk phase (Figs. 3 and S5). A neg-
ative (positive) PMF value indicates favorable (unfavorable) interactions
of ions with the surroundings, which suggests the high (low) probability
for ions across the bilayers.

For the CNpNC channels, all PMF curves of Cl− displayed a similar
asymmetrical S-shape, with a negative minimum at 0 to −1 nm and
a positive maximum at 1–2 nm. The horizontal S-shape PMF curves
clearly indicated that Cl− preferred to enter the hIAPP channels
from the lower bilayer leaflet, because Lys1 (−1.7 nm) and Arg11
(−0.7 nm) near the lower leaflet formed circular clusters, which
provide a strong attractive force used to drive Cl− into the interior
of the solvated pore. Conversely, the hydrophobic Phe15 and Val17
patches (~1.8 nm) near the upper bilayer leaflet created an energy bar-
rier of 1–2 kJ/mol preventing Cl− from entering the channels. For the
NCpCN channels, the amphiphilic C-terminal β-strands, rather than
the positively charged N-terminal residues of Lys1 and Arg11, formed
the solvated pore. Consequently, the PMF curves of Cl− showed that
the minimal peaks which appeared at −1 nm in the CNpNC either
largely decreased or disappeared, because attractive electrostatic inter-
actions between Cl− and Lys1/Arg11 residues in the NCpCN channels
were greatly reduced.

Apart from the PMF of the Cl− anion, the trends in PMF for Na+

are qualitatively similar to those observed for K+ in the CNpNC chan-
nels of various diameters, showing strong repulsive energy penalty
for these ions to bind to the bilayer and to further enter the channels
from either side of the DOPC bilayer. Both Na+ and K+ displayed
similar unfavorable interactions with the NCpCN channels, but with
lower repulsive energy. Unlike K+ and Na+ that exhibit a very low
binding probability to the bilayers, both bilayer leaflets were highly
populated with Ca2+, as reflected by two minimal peaks at the chan-
nel axis of−2 to−3 nm and 2–3 nm in the PMF curves of Ca2+. This
fact indicates that Ca2+ has favorable interactions with the lipids. Vi-
sual inspection of MD trajectories also confirmed that Ca2+ is tightly
bound to both the negatively charged phosphate groups in the DOPC
lipid heads and C-terminus of hIAPP peptides. The preferential and
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Fig. 2. (a) Averaged pore (solid line) and outer diameters (dashed line) of hIAPP channels and (b) averaged pore structures embedded in the averaged hIAPP channel structures for the
18-mer and 24-mer CNpNC and NCpCN channels. Average pore diameter along bilayer normal is defined by a red–green–blue scale, with a small diameter of b14 Ǻ (red), intermediate
diameter of 14–16 Ǻ (green), and large diameter of >22 Ǻ (blue). Color code for protein: hydrophobic residues (white), polar residues (green), positively charged residues (blue), and
negatively charged residues (red).
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dominant binding of Ca2+ to the DOPC bilayer largely reduces the
possibility for Na+ and K+ to bind to or cross the bilayer. The smallest
CNpNC and NCpCN channels (12-mer), which did not collapse, pro-
vide ion binding sites at the entry and inner parts of the channels.
As the channel size increased to 36-mer, the NCpCN channel showed
much lower binding resistance to K+ and Na+ than the CNpNC chan-
nel, because the repulsion from the positively charged rings formed
by Lys1 and Arg11 were reduced.

3.3. Ion permeability of hIAPP channels

Visual inspection of the MD trajectories showed that all hIAPP
channels (12-, 18-, 24-, and 36-mer) were able to induce ion perme-
ability. To quantitatively measure the net ion flux/permeability across
the DOPC bilayer, we use a “right-hand rule” to define a positive di-
rection if ions conduct from the lower bilayer leaflet (i.e. Tyr37 for
CNpNC model and Ala5 for NCpCN model in N/C-terminus region of
channels) to the upper bilayer leaflet (i.e. Ser20 for both CNpNC and
NCpCN model in U-turn region of channels), and in a negative direc-
tion for ion conductivity. Figs. 4 and S6 show the net fluxes of ions as a
function of time for hIAPP channels with different channel diameters.
Simulation results showed that all ions were conducted through the
hIAPP channels in a positive direction from the lower to the upper bi-
layer leaflet, although all cations displayed relatively poor directional
conductivities. Overall, both CNpNC and NCpCN channels displayed
high selectivity for Cl− over cations (Ca2+, Na+, and K+). The flux
of Cl− was significantly higher than the fluxes of cations in all chan-
nels, consistent with the PMF profiles.

Transport of ions through a hIAPP channel is generally governed
by two steps: the first approaching the entrance of the channel and
the second flowing through the solvated pore. The combination of
these two steps results in a net flux. The first step provides a critical
control for the ion flux. Positively charged Lys1 and Arg11 (located
at the N-terminal of hIAPP in the lower DOPC bilayer leaflet) formed
anionic binding sites, which induced favorable electrostatic binding
for Cl−. Once the binding sites were fully occupied by Cl−, an in-
creased repulsive force between Cl− drove the ions across the chan-
nels. In the case of Ca2+, it is observed that Ca2+ barely crosses the
bilayer in all channels during the 60 ns of MD trajectories. Since
Ca2+ is tightly bound to the phosphate groups of the lipid bilayer as
shown in PMF profiles, they exhibited very lowmobility, mostly occu-
pying these binding sites for the entire simulation. This fact indicates
that strong binding between Ca2+ and the lipid bilayer can greatly re-
duce the ion conductivity across the bilayer. Unlike Ca2+, very few K+

and Na+ (b5 ions) were able to conduct through the channels (Figs. 4
and S6). Visual inspection of MD trajectories revealed that K+ and
Na+ displayed a high mobility within 10 Ǻ of the lipid bilayer, due
to the lack of binding sites that have been preoccupied by Ca2+.
High mobility and thermal fluctuation caused the weak ion conduc-
tivity of K+ and Na+ through the channels. In particular, those ion
conducting events occurred mostly during the first 30-ns of the sim-
ulations. Once the systems achieved an equilibrium state, no further
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Fig. 3. Potential of mean force (PMF), ΔGPMF, for Cl− (black), Na+ (red), K+(green), and Ca2+ (blue) as a function of the distance along the channel center axis for the 18- and 24-mer
of hIAPP channels. ΔGPMF is calculated using an equation,−kBT ln(ρz/ρbulk), where kB is the Boltzmann constant, T is the simulation temperature, ρz is the ion density at the position
z along the channel axis, and ρbulk is the ion density in the bulk region.
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K+ and Na+ conduction through the bilayer was observed. Thermal
fluctuation-driven ion conductivity is similar to the case of
conducting water molecules through hydrophobic nanotubes.

3.4. Interaction of channels with their environment

Interaction of channel peptides with lipids and water molecules in
the environment plays an important role in supporting the structure
and activity of channels. For each channel, we calculated the peptide−
lipid interaction and peptide−water interaction, averaged over time
and the number of peptides in the channels (Fig. 5). Overall, all channels
had favorable interactions (negative value) with both lipids and water
CNpNC
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er
24
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er

Fig. 4. Net charge flows of Cl− (black), Na+ (red), K+ (green), and Ca2+ (blue)
molecules, suggesting that the environment supports channel confor-
mation. For both NCpCN and CNpNC pore topologies, the 12-, 18-,
and 24-mer channels had similar interactions with the lipids, as shown
by −120 to −140 kcal/mol for the NCpCN channels and −100 to
−110 kcal/mol for the CNpNC channels. But, as the channel size
increased to 36-mer, the normalized peptide-lipid interactions were
significantly reduced to −45 kcal/mol for the CNpNC channel and
−40 kcal/mol for the NCpCN channel. As compared to the subunits in
the 12- to 24-mer channels, the subunits in the 36-mer channels
appeared to be more rigid because they contained a relatively larger
number of peptides with a high population of the β-structure (47%–
50%). Thus, the rigid subunits had lower flexibility to adapt their
NCpCN

across the 18-mer and 24-mer channels during the 60-ns MD simulations.



Fig. 5. Interaction energy of channel peptides with (a) DOPC lipids and (b) surrounding water molecules. All interactions energies are normalized by the number of peptides.
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conformations to interact with lipids. The less favorable interactions
for the 36-mer further support the conclusion that the 36-mer channel
structures are unlikely to be lipid-supporting channels, consistent with
AFM images. The NCpCN channels interacted more strongly with the
lipids than the CNpNC channels (except the largest 36-mer channels).
Both N- and C-terminal β-strands contributed a hydrophobic match
near the loop (i.e. Leu12-Val17 in the N-terminal β-strand and Phe23-
Leu27 in the C-terminal β-strand) interacting with the lipids. Since
the C-terminal residues of 20–29 (SNNFGAILSS) have been shown to be
critical for amyloid formation [42], packing of the C-terminal β-strands
toward the pore preserved the intermolecular backbone hydrogen
bonds, which help to stabilize an inner β-sheet and retain peptide associ-
ation.Meanwhile, the lipid-contactingN-terminalβ-strands carrying two
positively charged residues, Lys1 and Arg11, in the NCpCN channels
strongly interactwith lipid headgroups in the lower bilayer leaflet, reduc-
ing electrostatic repulsion as compared to the pore-facing N-terminal
β-strands in the CNpNC channels. Both effects produce more favorable
interactions of the NCpCN channels with the lipids. Decomposed energy
contributions (i.e., vdW and electrostatic interactions) further revealed
that the NCpCN channels were stabilized by comparable 39.9–49.1%
vdW and ~51.7%–60.1% electrostatic interactions, whereas the CNpNC
channels were mainly stabilized by vdW interactions of 61.2–70.3%.
Large differences in energy contribution indicate that different packing
between lipids and peptides lead to different vdW and electrostatic con-
tributions in each case.

Visual inspection of MD trajectories showed that all hIAPP chan-
nels were well hydrated, including a central water pore and a hydrat-
ed cavity inside the U-shape turns. The averaged peptide–water
interactions for the CNpNC/NCpNC channels were −798.2/−762.1,
−801.0/−710.9, −645.6/−603.3, and −473.6/−455.2 kcal/mol for
12-mer, 18-mer, 24-mer, and 36-mer, respectively. The interactions of
the CNpNC channels with water molecules were slightly stronger than
those of the NCpCN channels. The 36-mer channels had relatively
weak peptide–water interactions. The subunits of the 36-mer channels
presented ordered β-strand packing with fully saturated hydrogen
bonds between peptides, which prevents hydrogen bond formation
between the peptides and water molecules. Peptide–water interactions
were much stronger than peptide–lipid interactions, suggesting that
unbalanced interactions could be attributed to the channel breaking
into several subunits.

3.5. Structure and dynamics of lipid bilayers

To characterize the perturbation effects of hIAPP channels on the
lipid ordering, we calculate the deuterium order parameter SCD, using
SCD ¼ 0:5 3 cos2θij−1

D E
where θij is the angle between the C\H vec-

tor and the bilayer normal and angular brackets represent averaging
over lipids and over time. Fig. S7 compares the averaged SCD of two
oleoyl acyl chains for various carbon atoms in all simulated channel sys-
tems. The SCD values of pure DOPC lipids without hIAPP channels were
also calculated for comparison. A higher SCD value indicates more
ordered lipid chains. It can be seen that the SCD values of lipids for all
channel systems were smaller than those in a pure DOPC bilayer,
suggesting that the membrane-embedded hIAPP channels affect the
ordering of lipid chains. The shapes of SCD curves were similar for all
channel systems, but displayed different extents of lipid ordering,
which strongly depends on the local interactions between lipids and
channels.

To further quantify whether the amyloid channel induces mem-
brane thinning, we measured the thickness and curvature of the
lipid bilayer by projecting phosphorus atoms of the lipid headgroups
onto the xz plane (Figs. 6 and S8). The bilayer thickness is measured
by the distance between the average positions of the phosphorus
atoms in each leaflet, while the bilayer curvature is quantified by
the positions of the phosphorus atoms in each leaflet. In all starting
configurations, the bilayer thicknesses measured by the phosphate–
phosphate distance between two leaflets was 40.2 Å and the bilayer
surfaces were flat. Fig. 6 shows that for all channel systems, the chan-
nel peptides moderately depressed the local bilayer by ~3–5 Ǻ com-
pared to the starting configurations, forming minor grooves beneath
the peptides. The non-peptide contact bilayers remained flat with
undisturbed thickness of 40.2 Ǻ at a distance of ~25–42 Å from the
center of the channels. This fact indicates that bilayer thinning is very
localized, and only confined to the peptide–lipid contact region, espe-
cially at the two peptide termini. The degree of the bilayer thinning
effect appears not to be correlated with the size and topology of the
channels. Instead, peptide insertion depth and buried peptide sequence
could play key roles in local bilayer thinning. Similar local bilayer distor-
tion behavior was also reported for other pore-forming peptides
[43,44]. While not addressed here, other components of cell mem-
branes such as cholesterol, membrane proteins, and protein receptors
play an important role in regulating peptide conformation, adsorption,
and aggregation, and thus in biological function and the dynamic struc-
ture of cell membranes, and in hIAPP–lipid interactions. Jha et al. [45]
and Weise et al. [46] have reported that in the raft membrane con-
taining enriched sphingolipids and cholesterol, hIAPP aggregates faster
and exhibits a much higher propensity for fibrillation than in the pure
lipid bilayer. Wakabayashi et al. [47] also clearly showed that hIAPP
rapidly accumulated in ganglioside- and cholesterol-rich microscopic
domains (i.e. lipid-raft domain), and depletion of gangliosides or
cholesterol significantly reduced the amount of amyloid deposits. The
results of these studies are also in line with our recent computational
work [48], showing that increased cholesterol level in lipid bilayer pro-
motes the association of Aβ42 monomer with the POPC bilayer.

3.6. Comparison with other amyloid channels

Numerous studies have shown that amyloid peptides can insert
itself into the membrane to form receptor-independent channels as
shown by a series of AFM images [6,20,49]. Amyloid channels formed
by different peptides share common structural characteristics
despite the sequence variability (Fig. 7). They consist of multiple
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dynamic subunits, which are loosely associated to form heterogeneous
channel-like structures. The size and shape of channels in the mem-
brane vary, but themembrane-supported amyloid channels, which typ-
ically appear to have an averaged pore diameter of 1–2 nm and outer
diameter of 8–12 nm [6], are wide enough for conducting ions and
water to cross the membrane. Interestingly, some antimicrobial pep-
tides such as protegrin-1 (PG-1) can also form channel-like structures
in the cell membrane [37], with loosely associated subunits. Thus,
such ion-permeable channels may represent a general class of toxic
channels, which differ from the natively folded, gated ion-selective
channels regulated by two, open and closed states.

AβCNpNC channels formed by different fragments of Aβ9–42, Aβ 11–42,

and Aβ 17–42 display strong Ca2+ binding, in addition to other cations,
because the negatively charged Glu22 side chains near the upper lipid
leaflet provide the relative low free energy barriers for Ca2+ to bind to
and conduct through the channel. K3 (a β2-microglobulin fragment)
forms the NCpCN channel-like structures in a DOPC bilayer as observed
by modeling and AFM. Electrophysiology studies show that K3 channels
permeate multiple ions across the bilayer, with weak cation selectivity,
because of an excess of negatively charged groups (Asp34, Glu36,
and Asp28) in or near the channel. Our modeled hIAPP channels with
different sizes (12- to 36-mer) exhibit highly directional permeability
of Cl− ions and induce strong binding to Ca2+ ions. For all modeled Aβ,
K3, and hIAPP channels, the U-shaped channel-forming peptides adopt
a parallel β-sheet arrangement with a “turn-to-tail” orientation, in
which the U-turn regions of the peptides are located at the upper bilayer
leaflet, while the N-/C-terminus are located at the lower bilayer leaflet.
However, this may not be the case for other amyloid channels. It is likely
that if amyloid peptides insert themselves into the membrane via the
U-turn residues first, and they can adopt a “tail-to-turn” orientation to
form a channel with the N-/C-terminus at the upper bilayer leaflet and
the turn at the lower bilayer leaflet. Coexistence of “turn-to-tail” and
“tail-to-turn” channels in the membrane and their relative populations
determine the overall ion conductivity and selectivity. α-Helical hIAPP
channel structures have also been proposed [50–52], although it is
unclear if membrane disruption involves a channel-like mechanism or
non-specific disruption of the membrane [51,53].

Chang and co-workers [54] used MD simulations to study the
structure and dynamics of the modeled β-barrel structures formed
by Aβ25–35 octamers in the POPG bilayer. They found that these
Aβ-barrel channel-like structures adopted a highly populated
“in-register mixed parallel-antiparallel” organization, which caused
local disturbance of the bilayer and water molecules to pass through.
Shafrir et al. [55] reported a computational study showing that six
Aβ42 peptides can form stable annular β-barrel pore structures in both
bulk water and membrane environments. For the proposed β-barrel
structures, hydrophobic and glycine residues of Gly29-Ala42 formed
a central hydrophobic pore, while hydrophilic N-terminal residues of
Asp1-His14 were wrapped around a central core to form a soluble and
protective shield. This study did not provide detailed information
about the channel activity. Due to a complex energy landscape of poly-
morphic amyloid oligomers, some experimental structures of Aβ oligo-
mers in solution show a similar subunit structure as the fiber [56,57],
while the subunit structures in others are different [58,59].

To examine whether hIAPP peptides can penetrate the lipid
bilayer via the turn region or the N/C-terminal region with further
self-assembly into “turn-to-tail” and “tail-to-turn” channels, we ap-
plied steered MD and umbrella sampling to explore the possibility
of single hIAPP penetration into the bilayer via different orientations.
The penetrating process of amyloid oligomers across the membrane
is complicated due to various adsorption orientations of amyloid
oligomers on surfaces [60]. Thus, to facilitate peptide penetration
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across the bilayer and to obtain consensus PMF profiles, three differ-
ent external forces of 125, 130, and 135 kJ/mol nm2 were applied to
either the turn region (Asn21) or the tail region (Lys1 and Tyr37),
depending on the initial peptide orientation, to pull the peptide
across the bilayer. In a single PMF profile, the total separation dis-
tance between the center of mass of the peptides and the center
of the bilayer was divided into 30 windows of 0.2 nm each. In each
window we used a different initial configuration, with the peptide
left free to rotate around their restrained center of mass at a certain
distance from the center of the bilayer. Each point in the PMF profiles
requires 100 ns for equilibration. To obtain the unbiased PMFs, we ap-
plied the weighted histogram analysis method (WHAM) [61] using
the g_wham [62] module in GROMACS. Fig. 8 presents the PMFs for
the transfer of single hIAPP peptide from bulk water to water–bilayer
interface to the center of a bilayer. Depending on the insertion orienta-
tion, the PMF profiles displayed completely different insertion behav-
iors. By pulling the tail of hIAPP into the bilayer, the hIAPP peptide
preferred to stay in the interior of the bilayer with the lowest energy
minima of −18 kcal/mol at z=2.2 nm, as compared to the bulk
water phase at z>5 nm. The peptide also had comparable probability
to full insertion into the lipid bilayer compared to staying in the bulk
water phase. This type of PMF usually indicates that the peptides
seem to formbarrel-stave pores [63], consistentwith our hIAPP channel
models. On the other hand, when inserting hIAPP into the bilayer via
the turn region, although the peptide still preferred to be partially
inserted into the bilayer, an additional barrier of ~11 kcal/mol needed
to be overcome so that the peptide can fully cross the bilayer to form
a transmembrane pore. Comparison of the two PMF profiles suggests
that a certain preferred orientation of peptide insertion is required
in order to form a transmembrane pore; thus hIAPP is more likely to
penetrate the bilayer via the tail than via the turn region. On-going
studies on the co-existence of “turn-to-tail” and “tail-to-turn” channels
in the membrane will provide a more complete picture for ion conduc-
tivity and selectivity of hIAPP channels. Parallel to channel-induced
membrane disruption by amyloid peptides [56], strong evidence also
exists for non-channel like membrane disruption. A number of studies
[57–60] show that amyloid peptides can fragment the cell membrane,
resulting in non-specific ion leakage.



Fig. 8. Potential of mean force (PMF) for the transfer of single hIAPP peptide from bulk water to water–bilayer interface to the center of a bilayer by pulling the (a) turn region and
(b) the tail region into the DOPC bilayer.
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4. Conclusions

In thiswork,we investigate the structure and activity of hIAPP chan-
nels in the DOPC lipid bilayer using computational modeling and MD
simulations. We construct two types of hIAPP channels, each with dif-
ferent sizes (12-, 18-, 24-, and 36-mer): CNpNC channels with charged
N-terminal β-strands facing a solvated pore and NCpCN model with
C-terminalβ-strands facing a solvated pore. During theMDsimulations,
all channels fragment into three to five oligomeric units that are loosely
associated, preserving the channel-like structures in the bilayer. Note
particularly that 18-mer and 24-mer channels present similar numbers
of oligomeric units and overall dimensions to the channels observed by
AFM. The bilayer does not support too small 12-mer channels or too
large 36-mer channels, consistent with the Aβ channels (17, 27). Due
to the formation of anionic binding sites provided by the positively
charged N-terminal residues of Lys1 and Arg11 near the lower DOPC bi-
layer leaflet, they create an electric potential to drive Cl− through the
solvated pore in the same direction, from the lower leaflet to the
upper bilayer leaflet. Cl− displays much stronger binding activity to
the hIAPP channel and higher flux across the bilayer than cations. The
PMF profile shows that, unlike Na+ and K+ that are barely adsorbed
on the lipid bilayer, Ca2+ binds tightly to phosphate groups in the
lipid heads, resulting in poor ion conductivity. Na+ and K+ exhibit rel-
atively weak ion fluxes due to thermal fluctuation. More importantly,
the hIAPP ion channels highlight the striking resemblance of the struc-
ture and ion permeability to other amyloid channels, e.g. loosely associ-
ated subunits, universal U-shape β-strand‐turn‐β-strand structure,
receptor-independent ion conductivity, and similar dimensions with
inner diameters of 1–2 nm and outer diameters of 8–12 nm, which
offer unique insights into the membrane disruption mechanism associ-
ated with amyloid toxicity. In addition, the local disorder of the mem-
brane upon peptide insertion, together with the tilting of the lipid
head, can cause bilayer thinning near the peptide contact region. All
hIAPP channels modeled in this work align hIAPP in parallel to the
lipid bilayer via a “turn-to-tail” orientation. However, the hIAPP could
also insert itself into the membrane via “tail-to-turn” orientation to
form a channel which is expected to induce an opposite ion conductiv-
ity. Co-existence of both channels with different channel topologies
could lead to different channel activities. We will address this issue in
our on-going studies of different combinations of two distinct hIAPP
channels in the lipid bilayer, which is expected to provide a more com-
plete picture of the activity of hIAPP channels associated with amyloid
toxicity. We further emphasize that amyloid conformations are broadly
polymorphic in water, and on the membrane. Not surprisingly, this
polymorphic landscape is also reflected in channel morphologies in
the membrane. We may expect a broad range of variants, including
channels forming from on-pathway and off-pathway intermediate olig-
omerization states. It is conceivable that intermediates can also insert
into the membrane and at high concentration assemble into toxic
channels.
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