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Emerging evidence supports the ion channel mechanism for Alzheimer's
disease pathophysiology wherein small β-amyloid (Aβ) oligomers insert
into the cell membrane, forming toxic ion channels and destabilizing the
cellular ionic homeostasis. Solid-state NMR-based data of amyloid
oligomers in solution indicate that they consist of a double-layered
β-sheets where each monomer folds into β-strand–turn–β-strand and the
monomers are stacked atop each other. In the membrane, Aβ peptides are
proposed to be β-type structures. Experimental structural data available
from atomic force microscopy (AFM) imaging of Aβ oligomers in
membranes reveal heterogeneous channel morphologies. Previously, we
modeled the channels in a non-tilted organization, parallel with the
cross-membrane normal. Here, we modeled a β-barrel-like organization.
β-Barrels are common in transmembrane toxin pores, typically consisting
of a monomeric chain forming a pore, organized in a single-layered β-sheet
with antiparallel β-strands and a right-handed twist. Our explicit solvent
molecular dynamics simulations of a range of channel sizes and
polymorphic turns and comparisons of these with AFM image dimensions
support a β-barrel channel organization. Different from the transmembrane
β-barrels where the monomers are folded into a circular β-sheet with
antiparallel β-strands stabilized by the connecting loops, these Aβ barrels
consist of multimeric chains forming double β-sheets with parallel
β-strands, where the strands of each monomer are connected by a turn.
Although the Aβ barrels adopt the right-handed β-sheet twist, the barrels
still break into heterogeneous, loosely attached subunits, in good
agreement with AFM images and previous modeling. The subunits appear
mobile, allowing unregulated, hence toxic, ion flux.
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Introduction

β-Barrels are found frequently in the outer mem-
brane of Gram-negative bacteria, mitochondria, and
chloroplasts.1 The bacterial outer membrane protein
porin has a transmembrane β-barrel pore typically
consisting of 8–22 antiparallel β-strands connected
by turns.2 Porins act as selective or non-selective
channels.3,4 In the prototypical porin β-barrel,
hydrophilic side chains orient toward the solvated
pore, whereas hydrophobic side chains interact
with lipid tails. The β-barrel structure is a large
β-sheet composed of an even number of antiparallel
β-strands in which the β-sheet adopts a right-
handed twist and coils to form an annular structure.
Two integer parameters can characterize β-barrels:
the number of β-strands in the barrel, N, and the
“shear number,” S, which is a measure of the stagger
of the β-strands in the β-sheet.5,6 The parameter
set (N,S) determines the inclination angle of the
β-strands relative to the barrel pore axis.7 The
β-barrel structure is rare in eukaryotes but is found
in the mitochondria (which is believed to be a
bacterial relic) outer membrane and is known as a
voltage-dependent anionic channel. It contains
∼14–16 β-strands.8–10 The anionic channel has a
two-state voltage-dependent gating mechanism
opening and closing the pore, inducing cytotoxicity
and apoptosis.11,12

It is increasingly accepted that oligomer amyloid
seeds are the toxic species13–15 and that the
mechanism of toxicity involves small oligomers
penetrating into the membrane and forming unreg-
ulated ion channels,16–34 which lead to ion leakage
and, ultimately, cell death. However, given their
dynamic nature, there are no available experimen-
tal structures for these channels. Early models ruled
out the possibility that the channels consist of
β-sheet-rich C-termini and that the disordered
β-amyloid (Aβ) N-termini are extramembranous
and focused on transmembrane α-helices as a major
component.35,36 However, later experimental
data37,38 implicated β-structures and confirmed
that the N-terminus is not embedded in the bilayer.
Moreover, although functional biological channels
overwhelmingly consist of α-helices, the only
secondary structure type observed in the amyloid
oligomers is a β-structure (two strands connected
by a turn).39–42 In principle, it is possible that the
oligomer conformations in the membrane differ
from those determined in solution for the mono-
meric state. Two recent studies point toward a β-
structure in the membrane: in the first, despite the
use of a solvent mixture in which Aβ1–40 and Aβ1–42
are largely helical, the Aβ peptides in the hydro-
phobic core of the bilayers displayed a β-structure
with a typical single channel-like Aβ conductance;43

in the second, circular dichroism44 showed that,
when incorporated into the lipid bilayer, Aβ1–42
presented more β-sheet structures than observed in
the soluble form. This study suggested that the
previously observed increased α-helical content
could reflect the trifluoroethanol used for incorpo-
ration of the Aβ into the bilayer. Even prior to these
data, Kagan45 proposed that the propensity of
amyloid peptides to form ion channels is a direct
result of their physicochemical properties and that
β-sheets are suitable for forming pore structures,
citing the anthrax toxin protective antigen crystal
structure example.46

Non-β-barrel Aβ channels were modeled previ-
ously for the N-terminal truncated Aβ peptides
Aβ17–42 (known as p3) and Aβ9–42 (called N9) based
on β-sheet organization with conventional β-strand
insertions parallel with the membrane normal.23,47–50

p3 is produced in vivo by the α-secretase cleavage,
whereas Aβ11–42 is formed by β′-secretase. Both
are cut at the C-terminus by γ-secretase. Both
peptides are found in Alzheimer's disease amyloid
plaques,51–54 and p3 is also the major constituent
of preamyloid and neuritic plaques in the brains of
Down syndrome patients55; in addition, both are
capable of inducing neuronal toxicity.56–58 Signif-
icantly, these peptides were previously believed to
be non-toxic species in Alzheimer's disease pathol-
ogy. With the use of solid-state NMR (ssNMR)-
based coordinates of the U-shaped peptides,39,40
explicit solvent molecular dynamics simulations
have tested ion channels of different sizes, 12-mer
to 36-mer, in the lipid bilayer. The simulations
showed that the truncated Aβ channels are ion-
permeable and their morphologies and shapes are
consistent with atomic force microscopy (AFM)
images of full-length Aβ1–40/42 channels.26,29 Sub-
sequent experiments using AFM, planar lipid
bilayer recordings, cell calcium imaging, neuritic
degeneration, and cell death assays established
that these are toxic species as well.49 The channels
obtained a preferred size range of 16–24 β-strands
lining the pores.23,47–50 This range was also found
to hold for other toxic β-sheet channels, the 24-mer
K3 channels (β2-microglobulin fragments with a
demonstrated U-shaped motif41), also in agree-
ment with AFM.59 In addition, the structurally
related antimicrobial peptide protegrin-1 (PG-1)
forms channels with 8–10 β-hairpin monomers
that laterally arrange to form a pore with 16–20 β-
strands.60,61 For the transmembrane β-barrels,
although 8–22 β-strands are possible, the channels
typically have 12–22 strands depending on the
shear.2,62 This range is very similar to the 16–24
that we obtained for the Aβ channels.
Nonetheless, the amyloid landscape is highly

polymorphic,63,64 with rugged oligomeric and fibril
energy landscapes; thus, a heterogeneous channel
population is expected. The β-barrel is a naturally
occurring functional motif in prokaryotes and in
some organelles in eukaryotes mediating cell
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toxicity. One can then hypothesize that toxic
amyloid channels that consist of β-sheets could
adopt a β-barrel motif, which is an intrinsic toxic
topology.Here,wemodeled such (12-, 16-, and20-mer)
channels (called “Aβ barrels”) for the truncated Aβ
peptides p3 and N9 in a lipid bilayer containing
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and compared them with our AFM images of
these fragments. Overall, we observed that the Aβ
porin-like barrels present a similar subunit organi-
zation and dimensions as observed earlier for the
β-sheet channels assembled by non-tilted Aβ pep-
tides with a broad channel size range,23,47–50 empha-
sizing that toxic channels are polymorphic and that
amyloids can assemble into the common β-barrel
motif in the bilayer.
Results

Design of double-layered β-barrels in the
lipid bilayer

Our conceptual designs of Aβ barrels employed
the Aβ oligomer coordinate sets.39,40 We extracted
the p3 peptide (26 residues; ∼2.6 kDa/monomer)
from the oligomer coordinates (Protein Data Bank
code 2BEG)39 based on two-dimensional (2D) NMR
in combination with ssNMR, mutational data, and
electron microscopy. The N9 peptide (34 residues;
∼3.6 kDa/monomer; adding Ile41 and Ala42 to
Aβ9–40 coordinates) coordinates were derived from
the ssNMR-based Aβ9–40 oligomer.40 In both
coordinate sets, the Aβ peptides retained the
U-shaped β-strand–turn–β-strand motif but with
disordered N-termini. The U-shaped motif is a
general motif in amyloid organization,65–67 first
predicted by modeling68 and subsequently found
in experiments39,40 in Aβ and in other amyloids
[e.g., K3 (a β2-microglobulin fragment)41 and
CA150 WW domain42] that could also form
channels in the membrane.69–71

Experimentally, the ssNMR-based p3 pentamer39

and Aβ9–40 protofibril40 are currently the only Aβ
oligomers with available structures. These data were
obtained in solution. To date, determining atomic-
level resolution of a lipid-bound Aβ oligomer is very
difficult. The structures consist of two parallel, in-
register β-sheets connected by a turn. Site-resolved
ssNMR suggested that β-sheet-rich oligomeric
intermediates are highly populated prior to fibril
formation.37 Infrared spectroscopy verified the
presence of β-sheets in the oligomers, indicating
that they are similar to those of porins and that both
parallel and antiparallel β-sheet arrangements of
Aβ1–42 exist.72 It was further observed that a
β-structure can penetrate the membrane,73 whereas
the helical Aβ structure is predominantly on the
membrane surface.74 Aβ oligomers were also found
to more easily insert into the membrane than a single
peptide,75 and more β-sheet structure was observed
when embedded in the membrane.44 As pores, the
ssNMR U-shaped peptides satisfy the lipid environ-
ment: the hydrophobic C-terminal strands interact
with the lipid tails, whereas the N-terminal strands
containing polar and charged residues face and form
the solvated pore.
The shorter p3 peptide has a turn at Ser26–Ile31,

whereas the longer N9 turn is at Asp23–Gly29.
Although these are the only ones with experiment-
based coordinates, other conformational variants
are likely. The turn conformation is highly
polymorphic.63 Assuming that these sequences are
turn-prone, one way to obtain additional poly-
morphic turn variants is by exchanging turns
(Fig. 1a). The first peptide was generated by
removing residues 9–16 of the N9 peptide, called
a p3 hybrid (p3h) peptide, containing the upstream
turn. The second was created by adding residues
9–16 to the p3 peptide, called an N9 hybrid (N9h)
peptide. p3h shares sequence with p3 and turn
conformation with N9. Similarly, N9h shares
sequence and turn conformation with N9 and p3,
respectively. Although it is expected that such
variants would be less populated, the heteroge-
neous channel population in the bilayer may
include such species, particularly the N9h, because
the N-terminus is known to be extramembraneous.
Using these peptides, we constructed Aβ barrels

with the pore-preserving CNpNC topology (where
C and N represent C-terminus and N-terminus,
respectively, and p denotes the pore). In the Aβ
barrels, the inner barrel enclosing the water pore is
composed of polar/charged residues, whereas the
outer barrel is composed of mainly hydrophobic
residues contacting the lipid tails. In the Aβ barrels,
the β-strands are tilted with an inclination angle of
∼37° with respect to the membrane normal and coil
to create an annular barrel conformation (Fig. 1b).
From the equation, tan a = S

N � ab, by McLachlan,7

where a is the Cα–Cα distance along the strands
(with a=3.3 Å), b is the interstrand distance (with
b=4.4 Å), and α is the inclination angle (with α being
∼37°), we could estimate the shear number. We
have S=N for all Aβ barrels in the simulations.
Barrels with either S=N or S=N+4 are most stable
with a right-handed β-sheet twist.2,62 Because the
peptides are U-shaped, the Aβ barrels have two
concentrically layered sheets. The outer sheet may
have a shear SNN because the interstrand distance b
increases due to the large curvature at the outer
periphery. Thus, the double-layered β-sheet archi-
tecture in the amyloid channels is reasonable. The
dimensions from our AFM images of Aβ channels49

provide outer and inner pore diameters in the
ranges of ∼6–10 and ∼1–2 nm, respectively,
indicating a radial channel thickness of ∼5–8 nm,



Fig. 1. Truncated Aβ peptides
with the U-shaped β-strand–
turn–β-strand motif. (a) The p3
and N9 monomers extracted from
two available experimentally based
Aβ oligomer coordinate sets39,40

and their hybrids, p3h (containing
the N9 turn conformation) and N9h
(containing the p3 turn conforma-
tion), are shown by the peptide
backbone in a ribbon representation.
(b) Conceptual design of annular
structure for the 20-mer barrels with
the CNpNC topology embedded in
the lipid bilayers. In the peptide,
hydrophobic residues are shown in
white, polar and Gly residues are
shown in green, positively charged
residues are shown in blue, and
negatively charged residues are
shown in red. The cartoons are
shown for the 20-mer barrels.
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whereas for the single-layered β-sheet PG-1
channels,61 the ranges were ∼5.13–5.76 and ∼1.96–
2.24 nm, respectively, yielding an estimated radial
channel thickness of∼3.1–3.5 nm. This suggests that
the Aβ channels likely have double-layered β-sheets
because they have almost twice the size of the radial
channel thickness of the single-layered β-sheet
channels. Thus, the double-layered β-barrel topology
is employed in the barrel simulations. Although
most of the results focus on the 20-mer p3, p3h, N9,
and N9h barrels, the results of smaller barrels, 12-
mer and 16-mer, are also presented (Fig. S1).

Heterogeneous Aβ barrel conformations

In the lipid bilayer, the Aβ barrels gradually relax
during the simulations. We calculated the interac-
tion energy for each peptide with the lipids and then
averaged the peptide interaction energy in two
ways: over the number of peptides in the channel
(Fig. 2a) and over time (Fig. 2b). The time series of
the peptide interaction energy with the lipids
indicates that relaxed peptides in the lipid environ-
ment can be observed after 10 ns. Thus, 50-ns
simulations can provide fully relaxed barrel con-
formations in the lipid bilayer. In the Aβ barrels, the
interactions of the individual peptides are non-
homogeneous. Even though each peptide is an
identical unit in a barrel, the peptides can have
different ways of interacting with their surround-
ings, including other peptides, lipids, water, and
ions. The heterogeneity in the overall barrel confor-
mation is consistent with experimental data,26,29,49

suggesting that Aβ barrels are viable channel
candidates.
Heterogeneous Aβ barrel structures are presented

as cartoons for the 20-mer p3, p3h, N9, and N9h
barrels (Fig. 3). The cartoons represent the averaged
barrel structures embedding the averaged pore
structures as calculated by the HOLE program,76

illustrating the increasing outer and inner pore
diameters during the simulations. In the starting
conformations, all Aβ barrels have similar dimen-
sions, with the outer diameters ∼6.6, ∼6.5, ∼6.8,
and ∼6.7 nm and the pore diameters ∼1.6, ∼1.5,
∼1.7, and ∼1.7 nm for the p3, p3 h, N9, and N9h
barrels, respectively. Following the 50-ns simula-
tion, the averaged outer diameters and pore
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diameters increased to ∼7.9, ∼7.3, ∼7.7, and
∼8.0 nm and to ∼2.2, ∼1.7, ∼1.9, and ∼1.9 nm for
the p3, p3h, N9, and N9h barrels, respectively. The
Aβ barrel dimensions are in good agreement with
the non-tilted Aβ channels simulated earlier, where
the outer and pore diameters were ∼7.4 and
∼1.9 nm for the 20-mer p3 channel and ∼7.8 and
∼ 1 . 9 nm fo r t h e 20 -me r N9 channe l ,
respectively.48,50 In addition, the outer and pore
diameters were in the imaged AFM ranges of ∼6–10
and ∼1–2 nm, respectively.49
β-Strand reorientations may alter the Aβ
barrel shapes

In the initial Aβ barrel design, the β-strands are
inserted obliquely into the lipid bilayer, creating a
distinct β-barrel conformation. The tilt angle of each
β-strand relative to the pore axis is initially set to
∼37°. In the non-tilted channel models,23,47–50 the β-
strands were inserted parallel with the membrane
normal. However, during the simulations, the β-
strands do not retain their original orientations in
the barrels. Wemonitored the β-strand tilt angles for
the N-terminal and C-terminal β-strands separately
and calculated the probability distributions of tilt
angles over the simulations (Fig. 4). The N-terminal
β-strands decreased the tilt angle, showing a less
oblique insertion. A peak in the distribution curve
located at a certain tilt angle clearly indicates a high
population. In the p3h barrel, the N-terminal β-
strand tilt angle has a wide distribution, because the
short β-strands may be less constrained by the
surroundings (Fig. 1). In contrast, the C-terminal β-
strands increase the angle of inclination with a
maximum probability at ∼50° for all barrels. The β-
strand reorientations via decreasing the tilt angle of
the N-terminal β-strand tilt angle and increasing
that of the C-terminal β-strand tilt angle appear
common to all barrels, providing unique character-
istics of U-shaped peptide Aβ barrels.
β-Strand optimization plays a key role in the

strand tilt and the barrel shape. In the starting Aβ
barrel conformations, the inner N-terminal β-
strands form a β-sheet with the intermolecular
backbone hydrogen bonds (H-bonds) between the
β-strands. Unlike the non-tilted Aβ channels,23,47–50

our starting Aβ barrels showed that the outer C-
terminal β-strands form a weak β-sheet; however,
during the simulations, both inner and outer β-
barrels, which are initially circular, break into
several small optimized β-sheets. The β-sheet
breakages can be observed by monitoring the
distance between the β-strands (Fig. 5). The effective
β-strand distance, D⁎, is calculated by DT = 1

hDcai,
where the 〈 〉 brackets denote the time average and
DCα is the distance between two intermolecular Cα

atoms of the same residues. A larger D⁎ value
indicates closer β-strands. The figure shows that the
inner N-terminal β-strands (gray circles) are closer
than the outer C-terminal β-strands (white trian-
gles). Several β-sheet breakage locations can be
observed at lowD⁎ points. The discontinuities of the
β-sheet network can also be observed in the
description of secondary structure by STRIDE77

(Fig. S2).
The locally optimized β-sheets lead to the

observed “subunits” in the Aβ barrels. The
number of subunits observed in the barrel struc-
ture depends on the lipid dynamics during the
simulation. In the subunits, the β-strands retain the

image of Fig. 2


Fig. 3. Heterogeneous barrel
conformations in the lipid bilayer.
Averaged pore structures calculat-
ed by the HOLE program76 embed-
ded in the averaged barrel
conformations during the simula-
tions for the 20-mer p3 (a), p3h (b),
N9 (c), and N9h (d) barrels. In the
angle views of the pore structure
(upper cartoons in each panel),
whole barrel structures are shown
with the ribbon representation
with the same color representations
described in the legend to Fig. 1. In
the lateral views of the pore struc-
ture (lower cartoons in each panel),
cross-sectioned barrels are given in
the surface representation with the
same color representations used in
the legend to Fig. 1. For the pore
structures in the surface representa-
tion, the degree of the pore diameter
is indicated by the color codes in the
order of redbgreenbblue, but the
scale of these colors is relative to
each barrel.
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β-barrel characteristics forming a β-sheet. We
obtained five and four subunits for the p3 and
p3h barrels, respectively, and five and six subunits
for the N9 and N9h barrels, respectively (Fig. 6a–d).
However, different numbers of subunit formations
may be possible even for the same barrels, because
subunit formations characterize an intrinsic feature
of the fluidic lipid bilayer dynamics. Compared
with the imaged AFM channels,49 high-resolution
images of the p3 and N9 channels show pore-like
structures with four to five subunits (Fig. 6e–h),
consistent with the Aβ barrels.
β-Barrel-like strand arrangement supports the
formation of smaller Aβ barrels

To obtain the size effects, in addition to the 20-
mer, we also simulated the 12-mer and 16-mer
barrels. Both barrels also increased the outer and
inner pore diameters during the simulations. The
outer and pore diameters for the p3 barrels were
∼6.7 and ∼1.8 nm for the 12-mer barrel (Fig. 7a) and
∼6.8 and ∼1.5 nm for the 16-mer barrel (Fig. 7b),
respectively. Similarly, for the N9 barrels, the outer
and pore diameters were ∼6.6 and ∼1.3 nm for the
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12-mer barrel (Fig. 7c) and ∼7.2 and ∼1.6 nm for the
16-mer barrel (Fig. 7d), respectively. It is interesting
to observe that, unlike the non-tilted β-sheet 12-mer
Aβ channels,23,47–50 both 12-mer p3 and N9 barrels
preserve the water pore with the size in the range
of ∼1–2 nm measured for the AFM channels.49 This
suggests that the β-strand arrangement may
stabilize the β-sheet in the Aβ barrels. The right-
handed β-sheet twist in the barrels is known to be
an evolutionarily more optimized β-sheet structure.
Thus, in this organization, smaller channels can
persist.

Aβ barrels as polymorphic variants of
Aβ channels

Lipids play an important role in supporting the
barrel conformation during the simulations. The
individual peptide interaction with the lipids varies,
depending on the coupling between the peptide and
the environment. In the Aβ barrels, the peptides are
mainly organized in subunits, suggesting relatively
weak coupling with lipids. In contrast, disordered
peptides have relatively strong coupling with lipids
when diffusing into the hydrophobic core or weak
coupling when located at the solvated pore. The
relative free energy changes of the peptide–lipid
interaction energy as a function of the root-mean-
square deviation (RMSD) from the starting point for
the individual peptides are shown in Fig. 8. The free
energy profile can be calculated by monitoring the
occupancy probability for visiting each grid point on
the plane of the interaction energy/RMSD for each
peptide.78,79 In the p3 barrel, a highly populated
peptide–lipid interaction energy of ∼75 kcal/mol
for the peptides with an RMSD of ∼2.5 Å is enclosed
by many contour lines on the plane, suggesting a
low free energy profile for the peptides in the barrel
(Fig. 8a). Other local minima on the plane with high
RMSDs represent the disordered peptides in the
barrel. In the p3h barrel, the location of the peptides
on the plane presenting low free energy profiles is
observed at a grid point of ∼70 kcal/mol and
∼2.0 Å for the peptide–lipid interaction energy and
RMSD, respectively (Fig. 8b). In the N9 barrel, the
peptide–lipid interaction energy of ∼90 kcal/mol
indicates a low free energy profile for peptides with
an RMSD of ∼3.4 Å (Fig. 8c), whereas in the N9h
barrel, it is found at a grid point of ∼75 kcal/mol
and ∼3.2 Å for the peptide–lipid interaction energy
and RMSD, respectively (Fig. 8d). Although there
are subtle differences in the peptide–lipid interac-
tion between the Aβ barrels, the overall pictures of
the free energy surface for the interaction energy/
RMSD are similar. Similar pictures were found for
the non-tilted p3 and N9 channel simulations48

(Fig. S3), suggesting that the lipid bilayer can support
various sequences, conformations, and arrangements
of the peptides in the Aβ channels, providing further
support for Aβ channel polymorphism.

image of Fig. 4
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Solvated pores attract ions implicating
ion-permeable Aβ barrels

Aβ barrels have charged N-terminal β-strands
regardless of the sequence and turn morphology. In
the pore of the p3 and its hybrid barrel, the Glu22
side chains circularly cluster, forming a negatively
charged ring, serving as cationic binding sites. In
addition to the Glu22 cationic binding sites, the
pores of the N9 and its hybrid barrel have
positively charged His14 and Lys16, creating
anionic binding sites. In the simulations of the
barrel systems, we observed that the cations Mg2+,
K+, Ca2+, and Zn2+ can bind to the cationic binding
sites at Glu22 with a strong electrostatic attraction.
These cations can also interact with a phosphate
group in the lipid head and the C-terminus of
peptide. In contrast, the Cl− anion can interact at
His14 and Lys16 in the N-terminus of the peptide
in the N9 and N9h barrels. To locate the highly
populated ion interaction sites, we calculated three-
dimensional (3D) density maps around the Aβ
barrels (Fig. 9). The projection of a 3D density map
onto a 2D plane representing the probability
distribution for ions across the bilayer is shown in
Fig. 9 (right column). In the p3 and N9 barrel pores,
Mg2+ (green mesh), Ca2+ (blue), and Zn2+ (cyan)
are highly populated, whereas the probability for
K+ (red) in the pore is relatively low. The highly
populated ion binding sites are reflected in peaks in
the 2D probability distribution curves. At the
bottom bilayer leaflet, Cl− (gray mesh) is highly
populated, as indicated by peaks at z of ∼−1.0 nm
in the 2D curves (black lines), but the N9 pore has a
much higher probability for Cl− than the p3 pore
due to the anionic binding sites.
Based on the 2D ion probability distributions, the

potential of mean force (PMF) representing the
relative free energy profile for each ion across the
bilayer can be calculated using the equation,
ΔGPMF=−kBTln(ρz/ρbulk). Here, kB is the Boltzmann
constant, T is the simulation temperature, ρz is the
ion density at position z along the pore axis, and
ρbulk is the ion density in the bulk region. The peaks
in the 2D probability distribution curves provide a
low free energy profile for ions at the binding sites
(Fig. 10). All Aβ barrels confirm that cations are
easily trapped by the negatively charged Glu22 side
chains at the top bilayer leaflet, creating a cationic
ring.23,47–50 The 3D density maps also show an
additional low free energy profile for the interac-
tions of cations with the peptides' C-termini at the
bottom bilayer leaflet. Cl− yields a relatively low free
energy profile at the peptides' N-termini for all Aβ
barrels and at the anionic binding sites for the N9
and N9h barrels (Fig. 10c and d). For the smaller Aβ



Fig. 6. Side-by-side comparison
between the computational barrels
and the experimental channels.
The simulated barrel structures
with highlighted subunits for the
20-mer p3 (a), p3h (b), N9 (c), and
N9h (d) barrels. The averaged
barrels in the surface representation
are shown in the view along the
membrane normal. AFM images of
p3 (e and f) and N9 (g and h)
barrels show four or five subunits,
consistent with the simulated
barrels. Image sizes are 15×15
and 23×23 nm2, respectively (Jang
et al. 49; permission was obtained.)
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barrels (12-mer and 16-mer), the PMF curves also
provide the ion binding sites (Fig. S4), which are
similar to those of the 20-mer Aβ barrels. In contrast
to the 12-mer Aβ non-tilted channels, which have a
collapsed pore, the 12-mer Aβ barrel pores are wide
enough for conducting ions and water, suggesting
that the Aβ barrels are better optimized for pore
solvation.



Fig. 7. Possible smaller Aβ barrels in the lipid bilayer. Averaged pore structures calculated by the HOLE program76

embedded in the averaged barrel conformations during the simulations for the 12-mer p3 (a), 16-mer p3 (b), 12-mer N9 (c),
and 16-mer N9 (d) barrels. In the angle views of the pore structure (left), whole barrel structures are shownwith the ribbon
representation with the same color representations described in the legend to Fig. 1. In the lateral views of the pore
structure (center), cross-sectioned barrels are given in the surface representation with the same color representations used
in the legend to Fig. 1. For the pore structures in the surface representation, the degree of the pore diameter is indicated by
the color codes in the order of redbgreenbblue, but the scale of these colors is relative to each barrel. The simulated barrel
structures (right) with highlighted subunits are shown in the view along the membrane normal.
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Discussion and Conclusions

β-Barrel is a well-known motif in transmembrane
channels, optimized by evolution. Because toxic
amyloid channels also consist of a β-structure, we
modeled the truncated Aβ peptides into a range of
β-barrel-like structures and compared the results
with our AFM images for the same p3 and N9
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Fig. 8. The intensity of peptide interaction with lipid. The relative free energy surface for the peptide–lipid interaction
as a function of the RMSD from the starting point for the 20-mer p3 (a), p3h (b), N9 (c), and N9h (d) barrels.
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fragments (Fig. 6). We simulated different barrel
sizes (12-mer, 16-mer, and 20-mer) and topologies to
obtain the preferred ranges of outer and inner pore
dimensions. For the p3 barrels, we obtained outer
and pore diameters in the ranges of ∼6.7–7.9 and
∼1.5–2.2 nm, respectively. Similarly, the N9 barrel
simulations provided outer and pore diameters in
the ranges of∼6.6–7.7 and∼1.3–1.9 nm, respectively.
In the 20-mer simulations, we introduced the hybrid
Aβ peptides by exchanging the turn conformations
and the sequences of p3 and N9 peptides, generating
the p3h and N9h barrels. The hybrid 20-mer
simulations also provided channel characteristics
and dimensions in good agreement with AFM
images.49 The barrel shapes were also in agreement
with AFM subunit organizations.
It is interesting to note that the 12-mer Aβ barrels
produce a well-defined pore, large enough for ion
crossing, which is not the case for the 12-mer Aβ
non-tilted channels whose pore collapsed.48,50 This
suggests that the β-barrel-like strand arrangement
in the Aβ barrels with a right-handed twist provides
a more optimized pore organization, similar to the
functionally optimized β-barrel porins. The right-
handed β-sheet twist is also commonly observed in
the cross-β-structure of amyloid fibrils.80 We note,
however, that the β-sheet twist in the fibrils may
differ from the twist in the Aβ barrels. In fibrils,
residues in the twisted β-sheet are in register with
adjacent strands, whereas in the Aβ barrels, the β-
strands in the twisted β-sheet adopt a parallel β-
structure where the strands are shifted with respect

image of Fig. 8


Fig. 9. The ionic binding sites in the barrels. Three-dimensional density maps of Mg2+ (green mesh), K+ (red mesh), Ca2+ (blue mesh), Zn2+ (cyan mesh), and Cl−

(graymesh) for the 20-mer p3 (a) and N9 (b) barrels with three views. In the maps, the averaged barrel structures are shown as cartoons in gray. Probability distribution
functions for Mg2+ (green line), K+ (red line), Ca2+ (blue line), Zn2+ (cyan line), and Cl− (black line) as a function of the pore axis are shown on the right corresponding to
the cartoons on the left.
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to each other. However, although the β-barrel
strand arrangement holds well in the monomeric
porins, which present an intact β-sheet, the amyloid
barrels still break into dynamic subunits, suggesting
that the membrane does not support a continuous
circular β-sheet network formed by multimeric
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chains. During the simulations, Aβ barrels abandon
the perfect annular organization and the relaxed
barrels exhibit heterogeneous shapes: from triangu-
lar with three subunits to hexagonal with six, all
with loosely attached mobile subunits in agreement
with AFM images49 and previous simulations for
the β-sheet channels assembled by non-tilted Aβ
peptides.23,47–50 The β-barrel-like strand organiza-
tion in the channels seems to provide more
optimized pore structure than the channels with
non-tilted Aβ peptides, but the subunit comparison
between two channel topologies shows very similar
results.
In β-barrels, a positive shear number S greater

than or equal to the number of barrel-forming β-
strands N (i.e., S≥N) stabilizes the barrel structure;
β-barrels with S=N or S=N+4 are the most
stable.2,62 In the Aβ barrels presented here, the
choice of the β-strand inclination angle (∼37°)
allows us to estimate the shear number, which is
equal to N. In the case of β-strand insertion without
tilt angle, the β-sheet channels have S=0, indicating
that Aβ barrels are intrinsically more stable than our
previously modeled β-sheet channels.23,47–50,59–61 In
the Aβ barrel simulations, the inner β-strands
decrease the inclination angle, whereas the outer
β-strands increase the angle. Consequently, the
shear number decreases at the inner barrels and
increases at the outer barrels. With smaller S, the
inner barrels are unstable, resulting in their breaking
into several β-sheets; at the same time, the outer
barrels with larger S try to stabilize by increasing the
β-strand tilt angle, producing further β-sheet
optimization. These forces on the inner and outer
barrels impact the overall barrel structure. This
suggests why Aβ barrels still break, reorganizing
into multimeric subunit assemblies, which is
reflected in the heterogeneous channel morpholo-
gies observed under AFM imaging and channel
conductance observed in electrical recording.
Our modeled Aβ barrels follow the universal

morphological features of amyloid oligomers,41,42,65

suggesting that similar toxic pores could be formed
by other amyloids.29,70,71,81–84 The Aβ barrel is
similar to the cytotoxic channel formed by the
β-cytolytic antimicrobial PG-1 peptides. Recent
studies showed that octameric and decameric
β-sheet channels of PG-1 divided into four to five
Fig. 10. Ion-permeable Aβ barrels. PMF, ΔGPMF,
calculated using the equation ΔGPMF=−kBTln(ρz/ρbulk) ,
where kB is the Boltzmann constant, T is the simulation
temperature, ρz is the ion density at position z along the
pore axis, and ρbulk is the ion density in the bulk region,
representing the relative free energy profile for Mg2+

(green lines), K+ (red lines), Ca2+ (blue lines), Zn2+ (cyan
lines), and Cl− (black lines) as a function of the distance
along the pore center axis for the 20-mer p3 (a), p3h (b),
N9 (c), and N9h (d) barrels.

image of Fig. 10
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subunits,61,85 as observed in many amyloid
channels.29,49 Aβ barrel formation is cytotoxic,
inducing membrane defects. Our simulations sug-
gest that the Aβ barrels induce a barrel-stave
membrane pore. However, this does not apply to
all amyloid channels. Islet amyloid polypeptide
(also known as amylin) can induce other membrane
pore types, such as toroidal membrane pores,82

depending on the outward-facing amino acid
sequence interacting with the bilayer. Amylin also
forms ion channels, as demonstrated in earlier
work.29

In conclusion, here we used molecular dynamics
simulations to examine the conformational hetero-
geneity of toxic β-barrel ion channels in Alzheimer's
Aβ using N-terminal truncated peptides. Our Aβ
barrel simulations provide a range of sizes and
morphologies. The 12-mer, 16-mer, and 20-mer
simulations obtain similar subunit organization
and dimensions as observed in the Aβ channels by
AFM49 and in conventional β-sheet channels with-
out tilt.23,47–50 In the 20-mer simulations, peptides
with hybrid turns also form ion channel-like
structures with similar channel morphologies and
dimensions. Aβ barrels present a β-barrel-like
strand arrangement with right-handed strand
twist, which is the optimized β-sheet structure.
However, the Aβ barrels are distinct from the
transmembrane β-barrels. The β-barrel porins have
an antiparallel β-strand arrangement, a single chain,
and a single-layered circular β-sheet. In contrast, Aβ
barrels have a parallel β-strand arrangement, multi-
meric chains, and two-layered circular β-sheets.
Nevertheless, the presence of β-barrel-like confor-
mation and the formation of ion-permeable barrels
with hybrid monomer conformation suggest that
Aβ barrel is a populated polymorphic variant of Aβ
channels. In nature, β-barrel conformations may
present an intrinsic toxic topology when introduced
to eukaryotes. Thus, this study leads to two major
conclusions: first, it shows that Aβ barrels can serve
as candidates for toxic Alzheimer's ion channels
and, second, it highlights the possibility of confor-
mational heterogeneity and polymorphism of amy-
loid channels in the membranes—an issue that
would need careful consideration in drug design
targeting amyloid ion channels.

Materials and Methods

Two monomer conformations of Aβ, p3 as defined in
the Aβ1–42 pentamer based on hydrogen/deuterium-
exchange NMR data, side-chain packing constraints
from pairwise mutagenesis, ssNMR, and electron micros-
copy (Protein Data Bank code 2BEG; residues 1–16 are
missing due to disorder)39 and N9 based on the ssNMR
model of small Aβ9–40 protofibril coordinates40 adding
Ile41 and Ala42, were used to construct β-barrel-like
channels with annular shapes. To construct the β-barrel
structure, we inclined the U-shaped Aβ peptides ∼37°
relative to the pore axis and then rotated them 12, 16, and
20 times with respect to the pore axis, creating different
sizes of Aβ barrels. In the 20-mer simulations, hybrid
peptides, p3h (p3 peptide adapting the N9 turn confor-
mation) and N9h (N9 peptide adapting the p3 turn
conformation), were used to construct the barrels using
the same method for the peptides with intrinsic turns.
In our simulations, all Aβ barrels were simulated in the

zwitterionic DOPC bilayer. Our choice of DOPC closely
follows the experimental conditions employed during
AFM imaging.25–27,29,49 At room temperature, DOPC is
well above its transition temperature (∼−20 °C). Its
fluidity increases the probability of proteins and peptides
to get incorporated into the bilayer during reconstitution,
and the absence of phase-separated domains provides flat
and uniform lipid supported bilayers on mica surfaces
such that the incorporated peptides can be readily
distinguished during imaging.27,29 Although some amy-
loids prefer to interact with anionic bilayers86–89 as
compared with the zwitterionic phosphatidylcholine
lipids,43,90 anionic lipids interact repulsively with the
negatively charged mica surface used as substrate in AFM
experiments, thus complicating the formation of a
supported bilayer. In our previous simulations, Aβ
channels were modeled in both the zwitterionic DOPC
bilayer and the anionic bilayer containing POPC and
POPG.48,50 However, no major differences in the results of
the subunit formation in the channel conformation were
found.
The barrels were then minimized with a rigid-body

motion for the peptides in order to enhance the formation
of backbone hydrogen bonds (H-bonds) within a β-sheet
and then embedded in the DOPC bilayer. A unit cell
containing two layers of lipids with 95,000–160,000 atoms,
depending on the size, was constructed. In the bilayer
construction, our method closely follows previous β-sheet
channel simulations.23,47–50,59–61 For the lipid bilayer, 200–
400 lipids constituted the unit cell with TIP3P water
molecules added at both sides. The system contained
MgCl2, KCl, CaCl2, and ZnCl2 at the same concentration of
25 mM to satisfy a total cation concentration near 100 mM.
The CHARMM program91 was used to construct the set

of starting points and to relax the systems to a production-
ready stage. In the pre-equilibrium stages, the initial
configurations were gradually relaxed, with the barrels
held rigid. A series of dynamic cycles were performed
with the harmonically restrained peptides in the channels,
and then the harmonic restraints were gradually dimin-
ished with the full Ewald electrostatics calculation and
constant temperature (Nosé–Hoover) thermostat/barostat
at 300 K. The entire pre-equilibration cycle took 5 ns to
yield the starting point. Simulations for the initial
construction and the pre-equilibration were performed
on the NPAT (constant number of atoms, pressure, surface
area, and temperature) ensemble. For production runs to
50 ns for all barrels, the NAMD code92 on a Biowulf cluster
at the National Institutes of Health† (Bethesda, MD) was
used for the starting point. Averages were taken after
10 ns, discarding initial transients. AFM images were
obtained as described by Jang et al.49
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