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Recent studies show that an array of �-sheet peptides, including N-terminally truncated A� peptides
(A�11-42/17-42), K3 (a �2-microglobulin fragment), and protegrin-1 (PG-1) peptides form ion channel-
like structures and elicit single channel ion conductance when reconstituted in lipid bilayers and induce
cell damage through cell calcium overload. Striking similarities are observed in the dimensions of these
toxic channels irrespective of their amino acid sequences. However, the intriguing question of preferred
channel sizes is still unresolved. Here, exploiting ssNMR-based, U-shaped, �-strand-turn-�-strand
coordinates, we modeled truncated A� peptide (p3) channels with different sizes (12- to 36-mer). Molecular
dynamics (MD) simulations show that optimal channel sizes of the ion channels presenting toxic ionic
flux range between 16- and 24-mer. This observation is in good agreement with channel dimensions
imaged by AFM for A�9-42, K3 fragment, and PG-1 channels and highlights the bilayer-supported preferred
toxic �-channel sizes and organization, regardless of the peptide sequence.

Introduction

An increasing body of evidence indicates that in Alzheimer’s
disease (AD), the full-length amyloid-� (A�1-40/42) peptides
assemble to form ion channels in the cell membrane, inducing
cellular toxicity.1-18 The pathological conversion of normal A�
peptides to oligomers is believed to underlie the disease.19

Although it was unclear whether it is the small A� oligomers
that form toxic channels1-18 or the large oligomers inducing
nonselective ion leakage through the low dielectric barrier,20,21

there is a general agreement that these oligomeric amyloids are
the toxic species, rather than the full-grown mature fibrils.22,23

In the amyloidogenic pathway, A�1-40/42 is produced via
cleavage by �- (at position 1) and γ- (position 40 or 42)
secretases from the transmembrane amyloid precursor protein
(APP) (Figure 1a). Although A�1-42 is more toxic to neurons
than A�1-40, the production of A�1-40 is energetically more
favorable than the A�1-42 formation.24 In the nonamyloidogenic
pathway, APP is processed by �′ and R-secretases to produce
A�11-40/42 and A�17-40/42 (also known as p3), respectively. Due
to their putative nonamyloidogenic nature, they are currently
pursued as a therapeutic avenue for AD treatment. Current AD
drugs targeting the A� peptides are designed to block production
of the full-length peptides. Those that block the γ-secretase
generally lead to side effects, since the γ-secretase also cleaves
the transmembrane segment of the Notch protein.25 Thus,
increasingly, drug development efforts target the �-secretase
(commonly called BACE) pathway. Yet, drugs that block the
�-secretase lead to enhanced production of the N-terminal
truncated peptides, such as the A�11-42 and similar drugs that
stimulate R secretase produce p3 (Figure 1b).26 Until recently,

these truncated A� peptides were thought to be nontoxic to
neurons. However, recent studies using complementary tech-
niques of molecular dynamics (MD) simulations, atomic force
microscopy (AFM), planar lipid bilayer recordings, cell calcium
imaging, neuritic degeneration, and cell death assays suggested
that nonamyloidogenic p3 and N9 (A�9-42) peptides form toxic
ion channels.27 Remarkably, the channel morphology, conduc-
tance, and cellular toxicity produced by these truncated A�
peptides are very similar to those obtained by the full-length
A�1-40/42 channels.1,14 In addition, since p3 peptides are the
major constituent of preamyloid and neuritic plaques in the brain
of Down syndrome (DS) patients, p3 channels may also occur
in DS.28

Motivated by the AFM images of full-length A�1-40/42

channels,1,14 our computational efforts27,29-33 attempted to
capture the detailed features of their structure and function at
atomic resolution. However, our simulations were for the
N-terminal truncated A� peptides. Because the N-terminal is
disordered, experiment-based coordinate sets are available only
for p3 and A�9-42. p3 (A�17-42) (26 residues; ∼2.6 kDa/
monomer) is extracted from a small protofibril coordinate set34

based on two-dimentional NMR in combination with solid state
NMR (ssNMR), mutational data and electron microscopy. N9
(A�9-42) (34 residues; ∼3.6 kDa/monomer; adding Ile41 and
Ala42 to A�9-40 coordinates) is taken from ssNMR-based
coordinates.35 In both coordinate sets, the A� peptides adopted
the U-shaped, �-strand-turn-�-strand motif, which was first
predicted by the modeling of A�16-35.36 This motif was
subsequently observed in other amyloids, in the ssNMR structure
of the K3,37 and in the CA150 WW domain.38 It is a general
feature of amyloid organization,39-44 and no amyloid oligomers
were observed experimentally with other conformations. We
explicitly simulated the channels in the zwitterionic bilayer
containing 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
which is the lipid used in the AFM experiments,1,14,27 or in the
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anionic bilayer containing palmitoyl-oleyl-phosphatidylcholine
(POPC) and palmitoyl-oleyl-phosphatidylglycerol (POPG) (POPC/
POPG ) 4:1, molar ratio).

To obtain the optimal channel sizes and apparent molecular
mass, we used our previous protocols27,29-33 to comprehensively
test, at the atomic scale, a range of p3 channel sizes similar to
those tested for the N9 channels.31 We investigated p3 channels
with five different sizes: 12-, 16-, 20-, 24-, and 36-mer. Our
experimental data showed that the p3 channels exhibit subunits
morphology, conduct currents, induce cellular calcium uptake
(an effect that is inhibited by Zn2+), and mediate neurite
degeneration.27 We compared the computed preferred channel
sizes with those of toxic �-sheet channels derived from other
peptides, including K3 and PG-1.32,45 We observed that toxic
�-sheet channels typically consist of loosely associated mobile
subunits, and the bilayer does not support channels that are too
large (36-mers) or too small (12-mers). We conclude that they
all display the same preferred size range of 16-24 mers. This
has important implications for drug design for blocking toxic
�-sheet channels.

Materials and Methods

The A�17-42 monomer conformation was used to construct
channels with annular shapes (Figure 2). The initial monomer
coordinates were taken from the three-dimensional structure of
Alzheimer’s A�1-42 fibrils (PDB code: 2BEG; presented as
pentamers; residues 1-16 are missing due to disorder).34

Annular shapes were obtained through rotations of monomer
12, 16, 20, 24, and 36 times with respect to the pore axis (Figure

2). The channel is then minimized with a rigid body motion
for the peptides to enhance the formation of backbone hydrogen
bonds (H-bonds) within a �-sheet and then embedded in the
DOPC bilayer. The 24-mer channels are also simulated in the
anionic bilayer containing POPC and POPG with a molar ratio
of 4:1. A unit cell containing two layers of lipids with
90 000-200 000 atoms, depending on the channel size, is
constructed. In the bilayer construction, our method closely
follows previous �-sheet channel simulations.27,29-33 For the lipid
bilayer, 200-500 lipids constitute the unit cell with TIP3P
waters added at both sides. The system contains MgCl2, KCl,
CaCl2, and ZnCl2 at the same concentration of 25 mM to satisfy
a total cation concentration near 100 mM.

The CHARMM program46 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 channels held rigid. A series
of dynamic cycles were performed with the harmonically
restrained peptides in the channels, and then the harmonic
restraints were gradually diminished 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 preequilibration were performed on the
NPAT (constant number of atoms, pressure, surface area, and
temperature) ensemble. For production runs to 30 ns for the
12- to 24-mer channels and to 50 ns for the 36-mer channels,
the NAMD code47 on a Biowulf cluster at the National Institutes
of Health, Bethesda, MD (http://biowulf.nih.gov) was used for
the starting point. Averages were taken after 10 ns discarding
initial transients.

Results

Conformational Evolution of the p3 Channel in the Lipid
Bilayers. For convenience, we classify the channels into three
groups: small (12-mer), intermediate (16-, 20-, 24-mer), and
large (36-mer). We selected 36-mer to be the upper limit, since
size exclusion chromatography indicated that medium-to-large
globulomers of (at least) 90-110 kDa lead to increased
membrane permeability,20 and no channels were observed for

Figure 1. Cartoons representing the cleavage process by R-, �-, and
γ-secretases of the amyloid precursor protein (APP). Various A�
fragments are processed by different secretase combinations. (a)
Amyloidogenic fragments of A�1-40/42 are produced by �- and
γ-secretase cleavage, and (b) nonamyloidogenic fragments p3 (A�17-40/

42) are cleaved by R- and γ-secretases.

Figure 2. The p3 (A�17-42) monomer extracted from the NMR
pentamer34 shown by the peptide backbone in a ribbon representation
(left). Building an annular channel structure with the CNpNC topology
embedded in the lipid bilayers using the NMR-based p3 monomer
(right). In the peptide, hydrophobic residues are shown in white, two
polar residues (Ser26 and Asn27) and five Gly residues (at locations
25, 29, 33, 37, and 38) are shown in green, a positively charged residue
(Lys28) is shown in blue, and two negatively charged residues (Glu22
and Asp23) are shown in red. Key residues (Phe19, Glu22, Asp23,
Lys28, and Met35) are marked.
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these particles. The molecular weight of the 36-mer p3 (94 kDa)
channel is >90 kDa. We focus only on the pore-preserving
CNpNC topology (where C and N represent C- and N-terminal
respectively, and p denotes the pore) with the hydrophobic
C-terminal �-strands interacting with the membrane bilayer and
the N-terminal �-strands, containing polar and charged residues,
facing and forming the solvated pore.29,30 The hydrophobic
match between the peptide and lipid maintains the stability of
the �-sheet channels.

The designed channels have a perfectly annular shape in a
void (Figure 2). In the initial annular structure, the pore-lining
N-terminal strands form a �-sheet with intermolecular backbone
H-bonds, which is not the case for the lipid-contacting outer
C-terminal �-strands because of the larger curvature at the
channel periphery (except the large 36-mer). The channels
gradually relax in the lipid bilayer (Figure 3), and their optimized
subunits can be observed after 5 ns (Figure 3c). The averaged
peptide interaction energies for the peptide interactions with their
surrounding environments, including other peptides, lipids, and
water, reach equilibration at t > 10 ns (Figure S1), suggesting
that the channels are fully relaxed in the lipid bilayers after the
initial transient state. In our previous simulations for the same
peptides in solution, double-layered U-shaped peptide interac-
tions with matching the C-terminal hydrophobic sheet-sheet
association produced the stable structures of linear43 and
annular44 fibrils.

The p3 channels increase their outer and inner pore diameters
during the simulations. Figure 4 shows the averaged channel

structures for all simulated sizes. The averaged pore structures
are calculated by the HOLE program.48 For the intermediate
16-, 20-, and 24-mer channels, the outer diameter of the
simulated channels range between ∼6.9 and 8.0 nm, and the
pore diameter ranges between ∼1.7 and 2.5 nm. Recent AFM
images27 show that for both p3 and N9 channels, the outer and
inner diameter of the channels are ∼6-10 nm and ∼1-2 nm,
respectively, consistent with the simulations. However, the 12-
mer pore diameter is smaller (∼0.8 nm), and the 36-mer pore
diameter (∼3.9 nm) is too large compared with experimental
channels, although their outer dimensions are in the experimental
range. The morphological features of the various p3 channels
structures are similar to those of the N9 channels, although the
details differ.31

Subunit Organization Morphology of the p3 Channels.
The p3 channels gradually relax during the simulations. For the
small and intermediate p3 channels, as the simulations progress,
the inner �-sheet that is initially circular breaks into several
small pieces. This inner �-sheet optimization induces �-sheet
formation at the outer rim, leading to the observed “subunits”.
In the 36-mer channel with smaller curvature, an outer �-sheet
was initially present; however, the �-sheet optimization still
favors subunit formation. The discontinuous �-sheet network
can determine the boundary between the ordered subunits in
the channels. Here, the ordered subunits are defined by several
criteria: mapping of x, y coordinates of the �-strands of each
peptide onto the x-y plane (Figure 5a); description of secondary
structure by STRIDE49 (Figure 5b); “straightness” of the strands
by the �-strand order parameters using S� ) (1/NV) ∑ k ) 1

NV ((3
cos 2 θR - 1)/2), where θR is the angle between the positional
vectors connecting two CR atoms and Nv is the total number of
vector pairs (Figure 5c); the averaged �-strand B-factor or
temperature factor is calculated from the rms fluctuations50

relative to the starting point during the simulations with a simple
correlation of B ) 8π2(〈RMSF2〉/3) (Figure 5d); and the percent
of �-sheet content is based on the intermolecular backbone
H-bonds between �-strands (Figure 5e). �-Strand mapping
reveals the heterogeneous channel shapes, where the 20-mer
p3 channel exhibits a pentagonal shape. In the subunits, the
�-strands retain the �-sheet secondary structure with a large
value of S� and a small value of the �-strand B-factor.

The subunit appearance in the channel structure is caused by
the �-strands optimization, which depends on the lipid dynamics
during the simulation. We obtain four subunits in the 16-mer
channel and five subunits in the 20- and 24-mer channels (Figure
6a). Our previous 16-mer simulations obtained four or five
subunits,27 and previous 24-mer simulations obtained three or
five subunits29,30 in the DOPC bilayer, suggesting that subunit
formations result from the fluidic lipid bilayer dynamics, even
for the same channels. We note that the 24-mer simulation
obtained five subunits in the anionic bilayer (POPC/POPG )
4:1), the same number of subunits as obtained in the DOPC
bilayer.30 However, we are unable to determine the subunits in
the small 12-mer channel because of the collapsed pore. The
36-mer p3 channel forms six subunits, but the channel is fissile,
which is similar to the 36-mer N9 channel.31 The fluidic lipid
bilayer does not support such a large pore (almost ∼4 nm
diameter) and induces a spontaneous reduction of the channel
via subunits association-dissociation dynamics. The morphol-
ogy of p3 channels is consistent with the subunit organization
observed with AFM.27 High-resolution AFM images of indi-
vidual p3 channels show porelike structures with four to five
subunits (Figure 6b), consistent with the intermediate p3
channels obtained by MD simulations. The different number

Figure 3. (a) Conceptual design of annular structure for the 20-mer
p3 (A�17-42) channel and (b) the starting point of production run in
the DOPC bilayer. Snapshots of the p3 channel taken at the simulation
times of t ) (c) 5, (d) 10, (e) 15, (f) 20, (g) 25, and (h) t ) 30 ns. The
cartoons representing the channel are in angle view with the same color
representations described in Figure 2.
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Figure 4. Averaged pore structures calculated by the HOLE program48 embedded in the averaged channel conformations during the simulations
for the 12-, 16-, 20-, 24-, and 36-mer p3 (A�17-42) channels. The 12-, 16-, 20-, and 36-mer structures were obtained from the simulations in the
zwitterionic DOPC bilayer. The 24-mer structure was obtained from the anionic bilayer containing POPC and POPG with a molar ratio of 4:1. In
the angle views of the pore structure (upper row), whole channel structures are shown with the ribbon representation with the same color representations
described in Figure 2. In the lateral views of the pore structure (lower row), cross-sectioned channels are given in the surface representation with
the same color representations used in Figure 2. For the pore structures in the surface representation, the degree of the pore diameter is indicated
by the color codes in the order of red < green < blue, but the scale of these colors is relative to each channel.

Figure 5. Parameters to define the subunits for the 20-mer p3 (A�17-42) channel: (a) mapping of x, y coordinates of the �-strands of each peptide
onto the x-y plane, (b) the description of secondary structure by STRIDE,49 (c) the �-strand order parameter S�-strand, (d) the averaged �-strand
B-factor, and (e) percent of �-sheet content. In the �-strands mapping, the contour lines enclose the high-frequency regions in the order of red <
orange < yellow < green < blue. The secondary structure by STRIDE was calculated for the averaged structure. The �-strand order parameter, the
averaged �-strand B-factor from the �-strand RMSF, and the �-sheet content based on the intermolecular backbone H-bonds are calculated for the
N-terminal (blue area) and C-terminal (green area) �-strands separately as a function of peptide number. Peaks in the S�-strand and percent of �-sheet
content curves indicate a well-ordered �-strand, whereas troughs in the �-strands B-factor curves denote the ordered �-strand.
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of subunits observed in the AFM channel images suggests that
the channels are dynamic associations with mobile subunits.

Cation-Permeable p3 Channels. Electrophysiological studies
showed heterogeneous single channel conductance for truncated
A� channels.27 The heterogeneous channel currents suggest that
multiple arrangements of oligomeric subunits with various sizes
of the inner pore lead to multiple conductances. In previous
studies,27,29-31 we suggested that the negatively charged Glu22
side chains serve as cation binding sites, attracting cations into
the pore. The ions’ behavior in the pore can be observed through
calculations of the potential of mean force (PMF) representing
the relative free energy profile for each ion across the bilayer.
In addition to the cation binding sites in the pore, cations can
also interact with the phosphate headgroups at the lipid/water
interface in both bilayer leaflets and the A� C-termini. Thus,
the radical cation interactions may lead to PMF curves with
three minima. In the simulations, the channel systems contain
four cations, Mg2+, Ca2+, K+, and Zn2+, at the same concentra-
tion (25 mM), and an anion, Cl- (Figure 7).

As observed in previous simulations, both Ca2+ and Zn2+

exhibit a low mobility at the binding sites, unlike Mg2+ and
K+. In the pore, Ca2+ are dominantly trapped by the side chains
without Zn2+,29 but the binding probability of Ca2+ at the side
chains is reduced in the presence of Zn2+. The intermediate (16-,
20-, and 24-mer) p3 channels lead to a relatively low free energy
profile at the cation binding sites in the pore. However, in the
pore of the 12-mer channel, the cation binding sites are buried
in the collapsed pore (Figure S2). The monotonic PMF curves
for each cation in the 36-mer channel suggest nonselective ion
leakiness due to the large pore (Figure S2). The p3 channels
prevent Cl- from entering the pore, presenting a high free energy
barrier, which indicates a distinct pore as compared to the N9
channels.31

The interactions of the peptides with ions may suggest
different binding affinities for ions in the pore. We calculated
the interaction energy for each peptide with ions and then

averaged the peptide interaction energy over time and the
number of peptides in the channel (Figure 8). The peptide
interaction energies suggest that, as expected, peptide interac-
tions with K+ and Cl- are weak since both K+ and Cl- have a
single charge. For double-charged ions Mg2+, Ca2+, and Zn2+,
relatively strong peptide interactions with those ions can be
observed due to the strong electrostatic attraction. The p3
peptides favor interaction with the ions in the order of Zn2+ >
Ca2+ > Mg2+ > K+ ≈ Cl-. Strong peptide interaction with Zn2+

indicates that Zn2+ blocks the binding sites, preventing the other
cations getting into the pore. It has been noted that Zn2+ inhibits
A� toxicity, serving as channel blocker by reducing calcium
transport.1-17,27

Figure 6. A side-by-side comparison between the computational and
the experimental channels. (a) The simulated channel structures with
highlighted subunits for the 16-, 20-, and 24-mer p3 (A�17-42) channels.
The 16- and 20-mer structures were obtained from the simulations in
the zwitterionic DOPC bilayer. The 24-mer structure was obtained from
the anionic bilayer containing POPC and POPG at a molar ratio of
4:1. The averaged channels in the surface representation are shown in
the view along the membrane normal. (b) AFM images of p3 (A�17-42)
channels show four or five subunits consistent with the simulated
channels. Image sizes are 15 × 15 nm2 and 23 × 23 nm2, respectively
(Jang et al.,27 Permission will be obtained.)

Figure 7. Potential of mean force (PMF), ∆GPMF, calculated using
the equation ∆GPMF ) -kBT ln(Fz/Fbulk), where kB is the Boltzmann
constant, T is the simulation temperature, Fz is the ion density at the
position z along the pore axis, and Fbulk 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 (a) 16-, (b) 20-, and (c) 24-mer p3 (A�17-42) channels. The
PMF results for the 16- and 20-mers were obtained from the simulations
in the zwitterionic DOPC bilayer. The PMF result for the 24-mer was
obtained from the anionic bilayer containing POPC and POPG at a
molar ratio of 4:1.
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Discussion

Here, we performed explicit molecular dynamics simulations
of p3 channels. Using NMR-based A� oligomer coordinates,34

we conceptually designed the initial channels as perfectly
annular structures in lipid bilayers. We simulated different sizes
of the channels (12-, 16-, 20-, 24-, and 36-mer channels) to
obtain the preferred channel range. Consistent with the N9
channels,31 the 16-, 20-, and 24-mer simulations obtain channels
with similar subunit organization and dimensions as imaged by
AFM,27 allowing us to derive the apparent molecular mass of
the AFM-imaged channels. We observe that the channels have
a lower molecular mass than that of the large A� oligomers.20

This range also holds for N9 channels: the smaller (12-mer) p3
channel collapses and the larger (36-mer) p3 channel is not
supported by the bilayer. Moreover, although we did not test a
range of channel sizes for the K3 fragment (also presenting the
U-shaped motif of �-strand-turn-�-strand by ssNMR37), the 24-
mer also presented consistency with AFM33 leading us to
conclude that for the U-shaped �-structure organization, these
ranges are determined by the bilayer, regardless of the truncated
peptide sequence and length. We further note that in our
simulations of the cytolytic PG-1, we observed that 8-10
monomers form channels.32,45 Since the PG-1 monomers have
a �-hairpin conformation and the hairpins are organized side-
to-side, effectively, the channel size is similar, consisting of
16-20 �-strands.

The p3 channels preserve the distinct amyloid channel
structures with shapes varying from rectangular with four
subunits to hexagonal with six. The channels are formed by
loosely attached mobile subunits with shapes, morphologies and
dimensions similar to those imaged by AFM.1,14,27 One possible
scenario is that preassembled small A� oligomers insert into
the cell membranes from the extracellular side, dynamically
assembling to form the channels. The dynamics of subunit
association/dissociation may relate to the cellular ionic leakiness:
Toxic amyloid channels differ from functional gated channels
that fold into specific and stable native structures optimized by
evolution. Amyloid channels are nonphysiological, representing
a diseased misfolded state. The A� amyloid channel features
are shared by the cytolytic PG-1 and the K3 �-sheet channels,32,33

which are also cytotoxic.51

The p3 channels show cation permeability. The cation binding
sites in the optimal 16-, 20-, and 24-mer channels provide
relatively low free-energy profiles, especially for Ca2+ or Zn2+

compared with other cations, indicating selective affinity for

calcium as observed experimentally.1-17,27 The p3 peptides favor
interaction with Zn2+ more strongly than with Ca2+. This may
account for the pore inhibition by Zn2+,1-17,27 leading us to
speculate that Zn2+ can cover the cation binding sites, blocking
Ca2+ from entering the pore.

Conclusions

To conclude, our MD simulations of ion-permeable channels
of the nonamyloidogenic p3 (A�17-42) peptides provide a
preferred size range, between 16 and 24 �-strands lining the
pores. Comparison with the previously tested A�9-42 presents
a similar range. This size is consistent with AFM images and
with size-exclusion chromatography and provides an estimate
of the channel molecular mass observed with AFM. Comparison
with the K3 channels33 shows a similar preference, which is
also consistent with the PG-1 �-hairpin channels,32,45 presenting
a similar number of pore-lining �-strands. This suggests that
the �-structure-based channel size is independent of the
sequence. In channels that are too large, the loosely associated
subunits would drift away in the fluidic bilayer. This is clearly
different from the physiological gated ion channels that have a
particular size and subunit organization optimized by evolution
to robustly regulate the ionic flux via conformational changes
associated with opening and closing the gates.52-54 We empha-
size, however, that although these results are consistent with
previous modeling and experimental data,27,29-31 other candidates
for the structural models can also be consistent with current
experimental data. A� is highly polymorphic; as such we can
expect a range of structures in the rugged oligomeric energy
landscape.55 Among these, a �-barrel is a possible variant
(unpublished data). It would be interesting to see how the fluidic
membrane supports an intact �-barrel structure, which is an
evolutionarily optimized �-sheet structure.
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