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Abstract

Amyloid beta (AP) peptides are a major contributor to Alzheimer’s disease. Previously, our
group proposed molecular models of AB42 hexamers with two concentric antiparallel B-barrels
that act as seeds from which dodecamers, octadecamers, both smooth and beaded annular
protofibrils, and transmembrane channels form. Since then, numerous aspects of our models
have been supported by experimental findings. Here we develop a more extensive range of
models to be consistent with dimensions of assemblies observed in electron microscopy images
of annular protofibrils and transmembrane assemblies. These models have the following features:
Dodecamers with 2-concentric B-barrels are the major components of beaded annular protofibrils
(bAPFs). These beads merge to form smooth annular protofibrils (SAPFs) that have three or four
concentric B-barrels. Channels form from two to nine hexamers. Antiparallel C-terminus S3
segments form an outer transmembrane [3-barrel. Half of the monomers of vertically asymmetric
12mer to 36mer channels form parallel transmembrane S2 B-barrels, and S1-S2 (N-terminus and
middle) segments of the other half of the monomers form aqueous domains on the cis side of the
membrane. Unit cells of 42-54mers have two more transmembrane S2 segments, with four
concentric B-barrels in the transmembrane region and two concentric B-barrels on the cis side of
the membrane.

Introduction

At first, second, and even third glance, the quest to determine precise molecular
mechanisms by which amyloid beta (ApB) peptides wreak havoc on the human brain appears
hopeless. These peptides are shapeshifters; they assume countless forms that are often present
simultaneously, and it remains unclear which of their many guises are the culprits. Much
attention has focused on the most visible and stable forms: fibrils within the amyloid plaques that
are the hallmark of Alzheimer’s disease (AD). Their stability has allowed the molecular structure
of some forms to be determined experimentally, but even these assemblies come in multiple
forms: some have U-shaped monomers “%; others have S-shaped monomers *°, some have two-
fold symmetry along their long axis and others have three-fold symmetry *°; and most have
parallel B-sheets, but at least one highly toxic mutant has antiparallel B-sheets °. However,
evidence is increasing that much smaller assemblies, called oligomers, are more detrimental
(reviewed in Mroczko et al., 2018 *) and that those formed by the longer of the two major forms,
AP42, are the most toxic ®.

A quarter of a century has passed since Arispe et al. ° reported that Ap peptides can form
ion channels in lipid bilayers. Since then their findings have been confirmed and refined in
numerous laboratories. Two recent breakthroughs support the AP channel hypothesis. Serra-
Batiste et al. ° have discovered conditions under which AB42, but not AB40, forms a specific -
barrel in membrane-mimicking environments. Most portions of these assemblies appear to be
well-ordered and are composed of only two monomeric conformations. They find that these
assemblies form highly stable ion channels with only one principal conductance (ignoring
flickering currents that occurs in some, but not all, of their experiments). They have also
developed a method to test the toxicity of these assemblies in vitro **. But Ap42 likely forms a
variety of discrete channels. Bode et al. * found that AP42 oligomers, but not AB42 monomers,
AP42 fibrils, or AB40 assemblies, form multiple types of stable nonselective channels in excised
membrane patches from HEK?293 cells of neuronal origin. The single channel conductance of all
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of these channels is greater than that reported by Serra-Batiste et al. *°. The membrane channel
hypothesis for AD thus provides an explanation why antiparallel AB42 oligomers are more toxic
and detrimental than other forms of Ap ****. Findings that some AP42 oligomers have an
antiparallel B secondary structure that is similar to that of OMPA (an antiparallel B-barrel
channel) 2, that antibodies to Ap42 oligomers also recognize some toxins that form antiparallel
B-barrel transmembrane channels *>®, and that the lowa mutant that leads to early onset AD also
causes some fibrils to adopt an antiparallel B structure ® support our hypothesis *"*® that Ap42
oligomers, annular protofibrils, and channels possess concentric antiparallel -barrels.

Previous models

Several years ago we developed atomically explicit models of the structures of Ap42
hexamers, dodecamers, an annular protofibril *’, and an ion channel ‘8. Many, perhaps most,
large AP assemblies reflect their origin: i.e. the final structure depends upon the ‘seed’ structure
from which it has grown °. The starting point for our models was the hypothesis that Ap42
hexamers can adopt a predominantly [ structure with a hydrophobic core in which all monomers
have well defined identical conformations and interactions with other monomers.

Figure 1. (a) Schematic representation of AB42 sequence. We classify the peptide into
three regions of about equal length called S1 (outline color coded red), S2 (yellow), and S3
(blue). Circles are colored according to side chain polarity: red = negatively charged, blue =
positively charged, grey = uncharged polar or ambivalent, black = hydrophobic. S2 and S3
segments are assigned a B secondary structure and form antiparallel B-barrels in all of our
models; in most cases this pair has a U-shaped configuration similar to that observed in some
fibrils 2. S1 forms either one or two B-strands in our models. (b) Our original model of a
hexamer in which all monomers have the same conformation. The assembly has three-fold
radial symmetry and 2-fold vertical symmetry. S3 segments (blue) form the hydrophobic core as
an antiparallel six-stranded B-barrel. The S3 barrel is surrounded by a 12-stranded B-barrel
formed by S1 (red) and S2 (yellow) segments. Copied from *’.

The core of our hexamer model was a six-stranded antiparallel -barrel formed by the last
third of the peptide: i.e., S3 of Fig. 1. This hydrophobic core region remained exceptionally
stable in both conventional *"*® and much longer coarse-grained molecular dynamic (MD)
simulations *°. The antiparallel models were more stable than parallel models. We suggested that
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the first two-thirds of the peptide comprise two segments, S1 and S2, that form B-hairpins, and
that these hairpins shield the S3 core by surrounding it as a 12-stranded antiparallel B-barrel (Fig.
1). As expected, these water-exposed and less compact S1 & S2 regions were less stable than the
S3 core.

Several aspects of our hexamer model were unprecedented: (1) six-stranded antiparallel
beta barrels had never been reported. However, Laganowsky et al. * have since found that a
segment from an amyloid-forming protein, alphaB crystalline, indeed has the six-stranded
antiparallel p-barrel motif (which they call Cylindrin) and Do et al. ** found that several eleven-
residue peptides with the sequences of portions of S3 that includes methionine also form this
motif. Their calculations confirm our findings that the presence of glycine facilitates packing of
aliphatic side chains (especially methionine) from adjacent monomers in the interior of the
barrel. The importance of these residues is supported by findings that mutation of Gly 33 to Ala
22 or oxidation of Met 35 ?* reduces toxicity and alters oligomerization of Ap42. Also, MD
simulations of randomized clusters of small peptides with sequences of the central portion S2 of
AP ?* and with the sequence of a portion of S3 #° form 6-stranded p-barrels in some, but not all,
simulation runs. (2) Our [ structures were antiparallel whereas all known A fibril B-structures
were parallel. However, since then an lowa mutant responsible for some forms of early onset AD
has been shown to form fibrils with antiparallel B-sheets °. More important, recent experiments
indicate that some AB42 oligomers do have an antiparallel B secondary structure that is similar to
that of OMPA *2 (an antiparallel p-barrel channel), and antibodies that recognize Ap42 oligomers
also recognize some toxins that form antiparallel B-barrel transmembrane channels >*°. Also,
antiparallel oligomers are more toxic than those with parallel structures ****. (3) Concentric p-
barrels had never been observed when we proposed the structures. But recent studies have found
that the channel-forming toxins Areolysin % and Lysenin ?’ do in fact contain concentric B-
barrels. (4) There was no experimental evidence supporting our proposal that the S1 segments
form a B-strand or possibly a B-hairpin. Subsequently two fibril structures with S-shaped
monomers that include S1 have been solved (one with 3-fold symmetry *° and one with two-fold
symmetry ). In both of these, the S1 and S2 segments comprise a parallel p-sheet with a bend
near the center of S1. Although often ignored by modelers, numerous findings indicate that
alterations within S1 segments affect the toxicity of Ap (see Experiment Tests section). (5) There
was no experimental evidence that AB42 forms B-barrels. However, Serra-Batiste et al. *° have
recently discovered membrane-mimicking conditions under which AB42 oligomers form a well-
defined B-barrel composed of only two monomeric conformations.

Part 1: Theory and rationale for concentric p-barrel models of circular Ap42
assemblies

Here we expand our initial models to include new schematics of concentric -barrel
models of dodecamers, octadecamers and a multitude of annular protofibrils (APFs) and
channels. Models described below are based on the following: (1) B-barrel theory that allows the
diameter and strand tilt angles of B-barrels to be calculated quite accurately from the number of
strands, N, comprising the barrel and the sheer number, S, which is related to how much the
strands tilt relative to the central axis of the barrel (see Fig. 2 and Murzin, et al. % for calculation
of barrel diameter and Chou, et al. *for calculation of the tilt angle); (2) experimentally
determined distances between B-sheets of A fibrils and between adjacent concentric B-barrels;
(3) EM images of sAPF that show the size of the assemblies, the thickness of the circular wall as
viewed from the top of some images, and an apparent 6-fold (and occasionally 5-fold, 7-fold, and
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8-fold) radial symmetry of some images (the last two properties have not been reported
previously); (4) a preference for structures that are similar to those of fibrils; (5) the hypothesis
that SAPFs develop from the oligomer structures described above and retain radially and for
APFs vertically symmetric antiparallel B-barrel and multiple-of-six-monomers properties of the
seed structures; (6) a preference for assemblies that are symmetric and have few monomeric
conformations; and (7) a preference for the simplest explanation (Occam’s Razor).

Concentric B-barrel theory

Strands of almost all known B-barrels are tilted and spiral around the central axis in a
right-handed manner. Diameters of B-barrel backbones and tilt angles of the strands were
calculated from the number of strands (N) and the sheer number (S), as illustrated in Fig. 2. The

S/N ratio ranges from 1.0 to 2.0 for smaller barrels, with values as low as 0.0 for larger barrels
30,31

S
N
S/N=1.0

a=0.348nm b=0.483nm

1 2 3 4 5 6 1
3-fold Radial symmetry
2-fold Vertical symmetry ®Axis of Vertical symmetry
b 6
5 1s
6-fold Radial symmetry
I

3-fold Radial symmetry a =arctan (aS/bN)

L=13a

H=Lcosa
When N =6, D= C/(.5N)=1.05C/mt D =C/(Nsin ©); ©=360/2N
N=12;D=1.01C/nt c= \/[(aS)2+ (bN)z]

N>12,D=C/n&D/N = {(V[(aS/N)+ b I}/n
IfS/N=1.0then D/N =0.190 nm/strand
IfS/N=2.0then D/N =0.270 nm/strand

Figure 2. Representations of six-stranded B-barrels depicted as if the barrel were split open,
spread flat, and viewed from the inside of the barrel. Circles represent side chains on the front
(interior) (larger to the left) and back (exterior) side (smaller to the right); the white circles
represent the strand’s midpoint. The ID numbers of the strands are shown above, with strand
#1 shown twice. (a) Antiparallel barrel with a sheer number, S, of six and 3-fold radial symmetry
and 2-fold vertical symmetry. (b) Parallel B-barrel for which S/N = 1.0 with 3-fold radial
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symmetry. (c) Antiparallel B-barrel for which S/N = 2.0 with 3-fold radial and 2-fold vertical
symmetry. (d) Parallel B-barrel for which S/N = 2.0 and 6-fold radial symmetry. S can be
determined by the number of residues on the right side of the shaded right triangles in (a) and
(c) for the end strand. The length of this side of the triangle equals the distance between
adjacent residues on the same strand (a = 0.348 nm) times S. The length of the top side of the
triangle equals the perpendicular distance between strands (b = 0.483 nm) times the number of
strands (N = 6). The strand tilt angle, a = arctan(aS/bN). C is the hypotenuse of the triangle and
approximates the circumference of the barrel when N is 12 or greater. (e) Representation of a
symmetric 6-stranded antiparallel B-barrel (same as model in (a)). The dashed line represents
the circumference of the barrel. The diameter of a small barrel is calculated more accurately by
D = C/[N sin(360°/2n)] as illustrated in (e).

Symmetry

When sequentially identical subunits comprise a protein, they usually have identical
conformations and interactions with neighboring subunits 3%, This is true for the core region of
all experimentally-determined A fibril structures, for our B-barrel models of hexamers, and for
experimentally-determined transmembrane channel structures. Symmetry and lattice constraints
are often essential for the determination of protein crystal structures and simplify modeling of
multi-subunit proteins. For cases in which each B-strand of a B-barrel belongs to a different but
sequentially identical monomer, all monomers of an antiparallel B-barrel can have identical
conformations and interactions only when S/N = 1 or 2, and for parallel B-barrels only when S/N
= 2; otherwise some strands are staggered relative to their neighbors (Fig. 2). Most of the models
we currently favor have these S/N values. For assemblies with concentric B-barrels, symmetry
among the barrels is also important. Our models are constrained substantially by requiring the
axes of overall symmetry to be the same for all of the barrels. Our models of oligomers and
SAPFs have 2-fold vertical symmetry and a maximum of M/6-fold radial symmetry, where M is
the number of monomers in the assemblies.

Relationships among X-fold symmetry, number of strands (N), and sheer number

(S)

If a B-barrel has X-fold radial symmetry formed from X unit cells that each contain Y f-
strands, then N = XY where N in the number of strands within the barrel. If each radial unit cell
has 2-fold vertical symmetry, then Y must be an integer multiple of two. Adjacent p-strands can
shift relative to each other in steps of two residues. The number of such shifts, Z, determines the
tilts of the strands and thus the sheer number, S. If radial symmetry is maintained the shifts must
occur within or between each unit cell. In either case, the S/N ratio must be 2ZX/XY. For
example, if the barrel has X = 6-fold radial symmetry and each radial unit cell has Y = 8 strands,
then N = XY = (6)(8) = 48, S = 2XZ, and S/N = Z/4. The number of S/N values increases as the
number of strands per unit cell increases. For example: if Y =1, then S/N must be 2.0; if Y =2
thenitcanbe 1 or 2; if Y =4 itcan be 0.5, 1, 1.5, or 2.0; if Y = 3 then S/N can be 2/3, 4/3, or
2.0; if Y =6 S/N values of 1/3, 1.0, 5/3 are also possible. S/N values become more restrictive for
concentric B-barrel structures in which all barrels have the same symmetries, the distance
between barrels is constrained, and the diameters and shapes of the assemblies are required to be
consistent with EM images. In most symmetric concentric 3-barrel assemblies considered here,
only one set of N and S/N values is possible.
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Distance between f-barrels

We have relied on known structures to approximate an acceptable range of distances
between concentric B-barrels. There are only two instances in which structures of concentric 3-
barrels have been determined experimentally. The best described, Aerolysin, has seven-fold
radial symmetry %°. Its inner 14-stranded antiparallel -barrel has 7 unit cells with two strands per
cell and an S/N value of 1.0. It is surrounded by a 21-stranded B-barrel for which S/N = 4/3 and
each of the 7 unit cells has three antiparallel strands. The backbones of the two barrels are about
0.9 nm apart. For Lysenin %’ the gap distance is ~1.2 nm between an 18-stranded antiparallel -
barrel (X =9, Y=2, S/IN = 1.0) and a 27-strand B-barrel (X =9, Y =3, S/N = 4/3). The distance
between B-sheets of AP fibrils is about 1.0 nm .

The diameter of barrels for which S/N = 1.0 can be approximated as 0.19N nm (Fig. 2). If
N increases by 12 for each successive barrel, then the gap distance between barrels will be
(12)(0.19)/2 = 1.14 nm. This is at the upper end of the expected value, but a slightly wider gap
may leave some space for hexane (used to develop APFs) in APFs and lipid in channels. The
presence of hexane could facilitate packing arrangements between barrels that change as the size
of the APF changes, and may be left over when hexane-filled dodecamers merge.

Effects of Seeds

Most, if not all, ordered AP assemblies are influenced by “seed” structures from which
they develop. The putative seed structure for the models presented here is a hexamer with two
concentric B-barrels that have two-fold vertical symmetry and three-fold radial symmetry for
both barrels. We propose that dodecamers and sAPFs retain or expand these symmetries, that
channels retain the radial symmetries, and that these assemblies all have integer multiple of six
monomers.

Assumptions about Ap42 B-barrel structures.

The S3 barrels are the simplest to model; they typically have only one monomer
conformation within the barrel, an integer multiple of six strands, and 2-fold vertical symmetry.
The preceding two thirds of the peptide pose the greatest challenge. We divide this region into
three segments (Sla, S1b, and S2) that always have a B-strand structure. S2 strands are always
components of a $-barrel in our models, and S1a and S1b often are (Fig. 4). These segments are
connected by residues [(D-S-G) connecting Sla to S1b, (H-H-Q-K) connecting S1b to S2, and
(D-V-G-S-N-K-G) connecting S2 to S3; D, S, G, and N occur frequently in turns and random
coils] that can adopt a variety of conformations, allowing formation of the types of -strands, 3-
hairpins, and B-U-turns that will appear in our models (Fig. 3).
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Figure 3. Representations of B folding motifs for the initial portion of the AB peptide
used in our models. The strands are tilted as they would be in a B-barrel. The larger circles on
the right side would be oriented toward the viewer. (a) A continuous B-strand. (b) A B-hairpin
formed by S1b and S2. (c) A B-hairpin formed by S1a and S1b. All hydrophobic side chains
(black) are on one side of the hairpin and all charged side chains (white) are on the opposite
side. (d) A 3-stranded structure formed by S1a-S1b-S2. (e) A S1a-S1b B-hairpin over a S2 B-
strand (smaller letters). (f-h) U-turn structures in which the strands [(f) S1a-S1b, (g) S1b-S2, and
(h) S1a-S1b-S2] are each in a different B-barrel. Note that hydrophobic side-chains in black are
buried between the strands with the exception of a putative salt-bridge formed between E11
and K16 of the double U-turn structure of 3h, which would be a triple U-turn structure were S3
included.

S2 and sometimes Sla and S1b comprise the aqueous-exposed B-barrels in our modes.
Fig. 4 illustrates side views of portions (radial unit cells) of these barrels spread flat; the
structures of a, b, and ¢ have S/N values of 1.0; S/N = 2.0 for the structure in d. Fig. 4a shows the
arrangement we now propose for the hexamer, where the S1a-S1b-S2 strands form a 3-stranded
B-sheet and adjacent sheets are antiparallel. The outer barrel of one dodecamer model and some
of the smaller SAPF models described below do not include Sla (Fig. 5b).
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Fig. 4c illustrates the radial unit cell of the outer barrel of models that exhibit radial
symmetry. The central region (semi-transparent parallelogram) of the unit cell is formed by
antiparallel S2 strands while the sides contain S1la and S1b strands. The S2 strands form S1b-S2
B-U-turns with two hydrophobic side chains of S1b strands (lower portion with parallelogram)
interacting with two hydrophobic side-chains in the center of S2. These S1b layers do not form
B-barrels, but produce radially symmetric protrusions on the exteriors of some sAPFs.

We advocate that SAPFs with no radial symmetry have outer B-barrels composed
exclusively of antiparallel S2 strands that may be flanked on each end by S1a-S1b B-hairpins
(Fig. 4d).

Figure 4. lllustration of the B-strands of outer barrel unit cells viewed from the exterior and
spread flat. Larger circles on the right side of the strands represent exposed side chains. All cells
have 2-fold vertical symmetry and S/N values of 1.0 (a, b, & c) or 2.0 (d). (a) The arrangement
proposed for soluble hexamers in which each monomer contributes three strands to the outer
barrel. (b) The arrangement proposed for the dodecamer of Fig. 5¢c and some small sAPFs with
each monomer contributing S1b and S2 B-strands. (e) Model for the outer surface of sAPF that
exhibit radially symmetric irregularities on the perimeter. Antiparallel S2 segments of the unit
cell are flanked by S1a and S1b segments. The S2 strands are part of S1b-S2 B-hairpins and the
antiparallel S1 B-sheet at the bottom protrudes from each unit cell. (d) The arrangement
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proposed for some larger sAPFs where the central part of the outer barrel is formed exclusively
by S3 strands. S1a-S1b B-hairpins flank the S2 B-barrel.

Part 2: B-barrel models of Ap42 oligomers

Crosslinking and other methods indicate that primary oligomers of AB42 are hexamers, or
multiples of hexamers: dodecamers (12mers) and octadecamers (18mers) %. The schematics of
Fig. 5 illustrate how hexameric B-barrel structures could interact to form dodecamers with
differing sizes and shapes. In our initial models, we postulated that S1 forms a single -strand.
However, we now favor antiparallel B-barrel models that have S/N values of 1.0 and that have
twelve more strands than the barrel it surrounds. If this is the case for hexamers, then the 6-
stranded S3 core B-barrel should be surrounded by an 18-stranded B-barrel formed by the other
segments. Figs. 4a and 5a illustrate how the S1a-S1b-S2 strands could form a 3-stranded B-sheet
and that six such sheets could form an 18-stranded B-barrel that has an interior lined with
hydrophobic side chains (A2 and F4 of Sla, Y10 and V12 of S1b, and L19, F21, and A23 of S3)
and a hydrophilic exterior (except for V20 and F22 of S2).

Figs 4b illustrates that triple stranded S1a-S1b-S2 sheets could form a B-barrel large
enough to surround the hydrophobic core of a dodecamer comprised of three concentric -
barrels. Previously we developed atomically explicit versions of this model ', except for the
outer barrel which had continuous S1 strands instead of S1a-S1b B-hairpins. The six-stranded
antiparallel S3 core of the dodecamer was highly stable during MD simulations, the 12-stranded
middle layer S2-S3 barrel was slightly less stable, and the outer S1-S2 layer was the least stable.

5.6 nm

Figure 5. lllustrations of how AB42 hexamers may interact to form dodecamers. Each circle
represents an antiparallel B-barrel with 2-fold vertical symmetry and S/N = 1.0 as viewed from
the top. Dashed lines separate monomers. (a) Models of two hexamers interacting. The black
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circle in the center represents a hydrophobic 6-stranded antiparallel S3 B-barrel. This barrel is
surrounded by an 18-stranded antiparallel barrel formed by S1a (white), S1b (gray) and S2
(stippled) strands. (b) Model of a dodecamer that forms in the absence of hydrophobic
molecules (e.g., hexane, fatty acid, or lipid). This model has three concentric antiparallel -
barrels: a core 6-stranded S3 barrel, a middle 12-stranded barrel formed by six S2 and six S3
strands, and an outer 24-stranded B-barrel formed by six S1a-S1b B-hairpins (white and dark
gray covering S2 of the middle barrel, see Fig. 3e), six continuous S1 (light gray), and six S2
strands (stippled). (c) Model of dodecamers formed in the presence of hydrophobic molecules.
The checked pattern in the center of the dodecamer represents hexane or some other
hydrophobe. The inner barrel has twelve S3 strands and the outer barrel has twelve S1 (or S1b)
and twelve S2 strands. The outer diameter shown in nanometers below the model is 1.0 nm
greater than the diameter to the backbone of the outer barrel. (d) This dodecamer is similar to
a flattened B-barrel in which two S3 sheets pack back-to-back (similar to the case in antiparallel
AB fibrils) in the linear region while each end retains a curved conformation similar to half of a
hexamer. This type of structure may occur during the transition from beaded APFs to smooth
APFs. (e) Illustration of proposed interactions between two hexamers or two dodecamers at the
axes of 2-fold symmetry between S2 segments. The hexamer on the far side is shown in bold
letters with solid arrows and shaded side-chains; the hexamer on the near side has unshaded
side-chains and dashed arrows. The shaded ovals in the background indicate clusters of
hydrophobic side-chains.

The dodecamer model of Fig. 5¢ (a 12-stranded S3 B-barrel filled with hexane that is
surrounded by a 24-stranded S1-S2 B-barrel) illustrates a new concept: that hexane, which is
present in studies of APFs, or fatty acids may interact with S3 segments to stabilize dodecamers
that have only two concentric 3-barrels. This type of structure may correspond to the dodecamer
seeds of “large fatty acid-derived oligomers” **,

Part 3: Annular Protofibrils

Two types of annular protofibrils have been reported: beaded APFs (bAPFs) resemble
necklaces formed by a string of beads and smooth APFs (SAPFs) are more like smooth rings *
(Fig. 6). These APFs were developed in the presence of hexane, with bAPFs forming initially,
then gradually transforming into SAPFs. The most obvious components of the bAPFs are beads
with a diameter of about six nanometers. We suspect that these beads correspond to dodecamers
illustrated in Fig. 5¢c. Smaller beads that may correspond to hexamers and elongated thin
structures (such as the flattened dodecamer of Fig. 5d) that may reflect initiation of SAPFs occur
in smaller numbers, but we will concentrate on the circular dodecamers here.
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Figure 6. EM images of beaded (a) and smooth (b, c, & d) APFs (originals provided by

l35

Rakez Kayed). See (Kayed et al. *°) for methods.

The APFs can be classified according to their size, wall thickness, and shape (Fig. 7).
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Figure 7. Images of smooth APFs (original EM images provided by Kayed) classified by
their diameter and wall thickness and compared to beaded APFs and predictions of the
diameter to the center of the wall of tri-B-barrel (first three rows) and tetra-B-barrel models.
Images of putative beaded APF precursors are shown on the left for some smaller APF
categories. The white solid rings illustrate the space predicted to be occupied by the B-barrel
backbones drawn to scale and superimposed on the image to its right; the dashed circles
indicate the predicted center of the wall if S/N = 1.0 and the number of monomers, M, is a
multiple of twelve (Dyai = 0.19M for tri-B-barrels, Dya = 0.19M/2 for Type A tetra-B-barrels in
which B2 and B3 have only S3 segments, and Dy = 0.19(M + 6)/2 for Type B models that have
12 S2 segments in B3 and 12 S1a-S1b B-hairpins in B4). Note that the walls of putative tri-p-
barrel assemblies are thinner than those of putative tetra-B-barrel structures, and the
diameters per monomer are higher. The text below the images lists the predicted value of Dygy,
which increases by ~2.3 nm for each row of tetra-B-barrels. Circles were drawn and
superimposed on images using Microsoft PowerPoint. Scale bars for the EM figures were used
to determine sizes of the circles and images. Additional images are shown in Fig. S1 of the
Supplement.

Beaded APF to Smooth APF

EM images of SAPFs reveal a variety of sizes and shapes. We favor three categories of
concentric B-barrel models for SAPFs, as explained below. The diameter of a bAPF with X beads
is only slightly greater than our models of SAPFs that have 12X monomers (Figs. 7 and 8). This
relationship, plus the fact that each bead has about the same diameter as the dodecamer model of
Fig. 5¢c, suggests that twelve monomers comprise a bead. Also, a few sAPFs appear to be in a
transition state in which the beads are still visible (see images near the beginning of rows 4 to 11
in Fig. 7). Thus, we propose that beaded APFs gradually convert to smooth APFs when the beads
merge to produce three or four concentric B-barrels. Some sAPFs have a two lobe peanut-shape
(not shown), which suggests that SAPFs can merge to create larger SAPFs.

Tri-p-barrel models of SAPFs

The first category, tri-barrel models, has three concentric barrels: the central S3 barrel
(B2) is sandwiched between and inner barrel (B1) and an outer barrel (B3), both formed by S1
and S2 [ strands (24mer and 36mer of Fig. 8 and Fig. 9a and 9b). If S/N = 1 for each barrel, then
for a 24mer, 6 S1 plus 6 S2 strands comprise B1, 24 S3 strands comprise B2, and 18 S1 plus 18
S2 strands comprise B3, and the distance between barrels is ~1.14 nm. The diameter to the center
of the wall (i.e., to the center of B2) iS Dyan = (24)(0.19 nm) = 4.6 nm. Likewise, the number of
strands for 36mer (Fig. 8b) and 48mer tri-B-barrels would be: 24-36-48 with Dy = 6.8 nm and
36-48-60 with Dy, = 9.1 nm. Thus, the tri-p-barrel models are consistent with SAPFs with Dy
ranging from ~ 4 - 10 nm and with walls that are about 3.3 nm thick. Previously we developed an
atomically explicit version of the 36mer tri-B-barrel model of Fig. 8b *'. The 36-stranded
antiparallel S3 barrel was exceptionally stable during molecular dynamics simulations, and the
backbone hydrogen bonds remained intact. The exposed inner and outer S1-S2 barrels were
reasonably stable. These 163 kDa AB42 36mer models are candidates for the experimentally
observed 13%0 kDa AP42 oligomers that form antiparallel B-sheet structures within the C-terminal
S3 region .
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Tetra-pg-barrel models

Our tetra-p-barrel models (propose here for the first time) for larger SAPFs with thicker
walls have four concentric barrels, with two hydrophobic S3, or predominantly S3, barrels (B2
and B3) sandwiched between two hydrophilic barrels (B1 and B4) formed primarily by S2
strands (Fig. 9¢c-g), similar to the two S3 B-sheets that are sandwiched between two S2 -sheets
in some fibrils . Some intermediate-sized SAPFs display radial symmetry (6-fold 72mer and
96mer images and models of Fig. 8); whereas others appear as smooth circles (smooth images at
the bottom of Fig. 8). We have developed categories of models for both types. In Type A
models, B1 and B2 have the same number of strands; likewise for B3 and B4. In order for the
diameter of B2 and B4 to be greater than those of B1 and B3 respectively, S/N of B2 must be
greater than that of B1 and S/N of B4 must be greater than S/N of B3. Even with constraints on
symmetry, distance between barrels, and the size of the EM images, there are too many
adjustable parameters to be confident of a precise model. Our Type A models of smooth APFs
were developed by assuming that the outer barrels B3 and B4 have twelve more monomers than
the inner barrels: i.e., for a 60mer formed from five dodecamers 24 monomers comprise B1 and

B2 and 36 monomers comprise B3 and B4. If S/N values are 72/36} 48/36} 36/24} 12/24} for
the four barrels from largest to smallest, then the barrel diameters will be 9.7} 7.7} 5.5} 3.9} nm

and the average distance between the barrels will be 0.97 nm. (The } symbol is used here to
designate the relative positions of the concentric barrels). S values that are a multiple of 12
permit the assembly to have 6-fold radial symmetry and 2-fold vertical symmetry. The S/N
values extend from 0.33 for B1 to 2.0 for B4, which are the limits of values that we have used.
The S/N value of 2.0 for B4 is consistent with the illustration of the outer barrel radial unit cell in

Fig. 4d.
20 nm Ih 96mer
» I |

72mer

12mer

smooth
36mer

Type B 6-fold

smooth Type A 60mer L Type A84mer
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Figure 8. Model APFs (on left) formed by multiples of 12 AB42 monomers compared to
images of APFs (behind models and on right). The 24 and 36mer schematics represent tri-3-
barrel models with one S3 B-barrel (black) sandwiched between two S1-S2 (light-stippled)
barrels. The 72 and 108mer schematics represent tetra-B-barrels with two concentric S3 B-
barrels (black) sandwiched between S2 B-barrels (dark-stippled). Some sAPF images for the
putative 72 and 108mers have apparent six-fold radial symmetry. The small gray semi-ovals on
the perimeter of the 6-fold schematics represent peripheral S1 segments. Circular Images
shown for putative 60mers and 84mers may correspond to Type A models. The diameter, Dy,
to the center of the wall was approximated by the diameter of B2 (0.19M) for tri B-barrel
models and by the diameter half-way between B2 and B3 for tetra-B-barrel models (~0.19M/2
nm for 6-fold symmetric Type A models and 0.19(M + 6)/2 nm for 6-fold symmetric Type B
models, where M is the number of monomers in the assembly). Note that the walls of the
putative tri-B-barrels are considerably thinner than those of the putative tetra-p-barrels.

Our Type B models for sAPFs with 6-fold radial symmetry are more complex, but also
more constrained. These models specify that all four B-barrels have S/N values of 1.0 and that
each barrel has 12 more strands than the barrel it surrounds. This is made possible by the
presence in each unit cell of an atypical monomer with an S1a-S1b B-hairpin in B4, a S2 -strand
in B3, and a S3 B-strand in B2, as illustrated in Fig. 9 and similar to the dodecamer model of Fig.
5b. The typical monomers of the outer barrels may have double U-turn conformations (S1b-Sla-
S3 of Figs. 3g and 4c; S3 not shown in Fig. 3) with S1b strands forming an additional, but
partial, antiparallel B-sheet layer and Sla segments fitting between S2-S3 linkers. If so, these S1b
sheets will extend out from the outer barrel to form radially-symmetric nodules on the exterior of
the SAPFs (Figs. 8 and 9). The structure of the entire assembly is determined by the unit cell
(indicated by the dotted triangle in Fig. 8) and symmetry operations. For example, the structure
with 6-fold symmetry can be generated by making a copy of the unit cell and rotating the copy
by 180° about the Y axis. The assembly can be completed by rotating copies of the two
antiparallel unit cells in increments of 60° about the Z axis.

For sAPFs with 6-fold radial symmetry and 2-fold vertical symmetry, Type A models are
applicable only for APFs formed by an odd number of dodecamers and Type B models are
applicable only for APFs formed by an even number of dodecamers: i.e., if there are 12 unit cells
and Type A models have one more S3 B-strand in B3 than in B2, then the number of monomers
per SAPF must be (1 +2)12, (2 + 3)12, (3 +4)12 ....; Type B models have the same number of
S3 strands in B2 and B3 and thus the number of monomers per SAPF must be (1 + 1)12, (2 +
2)12, (3 +3)12,..... These constraints may explain why 6-fold radial symmetry is not observable
in some sAPFs (Type A structures) and is observable in other SAPFs (Type B structures).

If the number of S3 strands in B2 and B3 can be integer multiples of six in addition to a
multiple of twelve (e.g., 66 and 78), then sAPFs can belong to Type A regardless of the number
of dodecamers in their precursors. When the number of monomers, M, is 132 or more, the S/N
values of B2 and B3 can be 1.0 while S/N of B1 increases from 0.33 towards 1.0 and S/N for B4
decreases from 1.40 toward 1.0 as M increases, all while maintaining gap distances of ~ 1.0 nm
between all barrels. Although this explanation may explain why few very large SAPFs exhibit
radial symmetry, other possibilities cannot be excluded.
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Figure 9. Schematic representations of tri-B-barrel and Type B tetra-B-barrel models of
sAPFs. The shade coding is the same as in Fig. 5. All B-barrels have S/N values of 1.0 except for
the last two models. Adjacent monomers are antiparallel, giving the assemblies 2-fold vertical
symmetry. All assemblies have a multiple of 12 monomers; the number of strands in each
barrel is listed below each schematic, followed by the diameter to the center of the wall (Dysay,
the center of B3 for tri-B-barrels and the border between B2 and B3 for tetra-pB-barrels). All B-
barrels have S/N values of 1.0 except for the last two models. Unit cells from which each
assembly can be generated are indicated by dotted triangles. (a & b) Tri-B-barrel models
composed of 24 and 36 AB42 monomers. (c-g) Type B models: Each unit cell contains an
atypical monomer with a S1a-S1b B-hairpin in B4, a S3 B-strand in B3, and a S2 B-strand in B2;
the unit cells are virtually identical for the last four models. Also, S1b (gray) and possibly S1a
(not shown) strands may add one or two additional B-sheet layers peripheral to the S2 -
strands of B4. (c) A 48mer with 6-fold radial symmetry. (d) A 60mer model with 5-fold
symmetry formed from five dodecamers. (e) A 72mer with 6-fold radial symmetry. (f and g)
Models with 7-fold and 8-fold radial symmetry that are presumably formed from seven and
eight dodecamers. S = 28 for all barrels of the 7-fold and S = 40 for B1-B3 and 32 for B4 of the 8-
fold models.

Fig. 10 shows numeours SAPF images with apparent 6-fold radial symmetry. Dya values
calculated for SAPFs with apparent 6-fold radial symmetry range from ~6 to ~17 nm (Fig. 10),
which corresponds to Type B models with 48, 72, 96, 120, 144, and 168 monomers.
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Figure 10. Images of sAPFs that exhibit, or exhibit features of, 6-fold radial symmetry. The
predicted diameter to the center of the wall, Dy, illustrated by the hexagons, is listed below
the images preceded by the number of monomers predicted by Type B models. Vertexes of
these hexagons were positioned to correspond to dark spots on the perimeters of the sAPFs
and/or sides of the hexagons that were positioned to align with apparently linear regions of the
APF parimeters or sometimes with the inner edges of the walls.

Although sAPFs with apparent 6-fold radial symmetry are more common, some
assemblies may retain the radial symmetry of their beaded precursors. A Type B sAPF may have
5-fold radial symmetry if it is formed from 5 or 10 dodecamers (Fig. 9d and Fig. 11). In these
models, the number of strands in each successive barrel increases by ten, creating a gap distance
between barrels of ~0.95 nm when S/N = 1.0, well within the limits. Likewise, a SAPF may have
7-fold and 8-fold radial symmetry if it is formed from 7 (or multiple of 7) or 8 dodecamers. In
these cases the number of monomers in each successive barrel for Type B models increases by
14 or 16 (Fig. 9f and 99 and Fig. 11). If S/N = 1.0 the gap distance would be greater than we
allow. However, radial symmetry can be achieved if S is the same for all four barrels of an
assembly and/or a multiple of 14 or 16 for 7-fold and 8-fold models. The values of S listed in
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Fig. 11 were selected to produce gap distances between barrels of ~ 1.0 nm.
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Figure 11. Images of sAPFs that exhibit, or may exhibit, 5-fold, 7-fold, and 8-fold radial
symmetry. The diameters of the pentagons, heptagons, and 8-pointed stars approximate
calculated values of Dya (Fig. 9). The number of monomers, S/N values, and diameters of the
four concentric barrels are listed below the images.

Wall Thickness of Tetra-p-barrels

Some EM images of SAPFs with diameters greater than 12 nm show two concentric rings
at the perimeter that we have measured to be about 4.9 nm apart regardless of the size of the APF
(Fig. 12). We hypothesize that these rings correspond to the inner and outer edges of the B-barrel
assemblies. If S/N = 1.0 for all barrels and each of four concentric B-barrels has 12 more strands
than the barrel it surrounds, then the thickness of the wall should be (3)(1.14) + 1.0 =4.4 nm
(1.14 nm is the distance between each barrel and 1.0 nm is added for side chains), in good
agreement with the measured distance. These results support our hypothesis that four concentric
B-barrels form the walls of SAPFs. We cannot exclude the possibility, however, of a fifth barrel
(add another 1.14 to reach 5.5 nm) since we are unsure how much side-chains contribute to the
dimensions, and S1 segments could comprise an additional exterior B-barrel and interior or
partial B-barrel.

20


https://doi.org/10.1101/499061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499061; this version posted December 20, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

S766! o ot Wllols © 3

10. 2 nm 12.5nm

@@@@ X ;?’5'31 &*: .

14.8 nm 17.1 285nm 30.8 nm

33.1 nm

Figure 12. Images of sAPF with two concentric rings. The dashed circles positioned
between the two rings indicate the dimensions to the center of the wall and have diameters
predicted by our models beginning with a Dy, of 10.2 nm. The distance between the two rings
was measured independent of the theory by using Microsoft PowerPoint 2010 to match each
ring with a circle and then by calculating the radius of each circle. This averaged 4.9 nm, the
distance between the solid circles outside and inside the dashed circles of the schematic on the
bottom right. The two bottom images are for extremely large assemblies that have irregular
shapes. Rectangles were superimposed on relatively straight portions of the walls to calculate
the distance between the two rings around these gigantic sAPFs; which averaged the same as
that between the rings of smaller sAPF.

Part 4: Transmembrane Channels

Although APFs do not form transmembrane channels and are not highly toxic, they may
have structures similar to B-barrel AB42 channels that form from AB42 oligomers 1% Here we

expand and alter our previous models of Ap42 channels formed from soluble AB42 hexamers .

Microscopy images of membrane-imbedded AB42 assemblies

Our channel models have been influenced by freeze fracture EM images of
transmembrane AB42 assemblies (original micrograph in Supplement Fig. S2). Fig. 13 shows
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enlargement of relatively circular isolated bodies segregated into eight categories and schematics
of models that we propose are derived from two to nine hexamers.
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Figure 13. Freeze fracture image of membrane-embedded circular AB42 assemblies (from
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original by G. Zampighi and N. Arispi *®). The images are grouped according to how well their
diameters and shapes correspond to the models presented below.

The freeze fracture studies of transmembrane structures have been complemented by
atomic force microscopy analysis of membrane-embedded AP assemblies. These studies reveal
clusters of three to six peaks that extends into the aqueous phase by about a nanometer *".
Unfortunately, the relatively large diameter of the probe’s tip (~ 60 nm) makes the lateral
dimensions of these structures difficult to determine.

B '
D’
Figure 14.

Atomic force microscopy images of AB42 assemblies. Image sizes are 11.5 nm for
(A), 18.1 nm for (B), 13.2 nm for (C), and 14.4 nm for (D). Reproduced with
permission from Connelly et al. Page 16 2.

A

Membrane Insertion Mechanisms

Before describing our models, we will consider how soluble AP oligomers could interact
with and traverse a membrane to form channels. A multistage process is consistent with the time
course of channel formation observed by Bode et al. **: it takes a few minutes before channels
start forming after neuronal membranes are exposed to AB42 oligomers and about ten minutes
for half of the final number of channels to form. Fig. 15 illustrates three plausible multistage
AP42 insertion mechanisms that have been simplified to convey general concepts rather than the
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likely highly dynamic and disordered insertion processes. The mechanism of Fig.15a produces
vertically asymmetric channels (not proposed previously by us). If antiparallel B assemblies
formed by S3 strands traverse the membrane, at least half of the S3 strands (those whose N-
terminus end moves to the trans side of the membrane) must be accompanied by a S2 segment.
Thus, a channel structure with N monomers could be formed in which an N-stranded antiparallel
S3 B-barrel surrounds an N/2-stranded parallel S2 B-barrel. We call monomers with
transmembrane S2 strands Pore-Lining (PL). S1 and S2 strands of the other monomers (called
Ag monomers) remain in the aqueous phase on the cis side of the membrane. If the Stage 3
structure has N/2-fold radial symmetry, then there would be only two monomeric conformations
(one for PL monomers and one for Aq monomers).

Alternatively, the B-barrels of the hexamers may split apart upon interaction with the
membrane and associate to form raft-like assemblies that expose the hydrophobic S3 strands to
the membrane’s alkyl phase. The structure depicted in Fig. 15b is similar to that of antiparallel
lowa-mutant fibrils ® in which S2 p-sheets shield S3 B-sheets from water. S1a-S1b p-hairpins
may occur at the ends of the rafts with their hydrophobic faces interacting with lipid alkyl chains.
Hexameric rafts could interact side-by-side and end-on to form larger rafts with more extended
B-sheets. These larger rafts could then fold into the membrane (like a clam closing) to form
transmembrane B-barrels that are vertically symmetric or for which more than half of the S2
strands span the membrane. The transmembrane region could have an N-stranded S3 antiparallel
B-barrel surrounding an N-stranded or N-1-stranded antiparallel S2 p-barrel.

The final possibility considered here is that the S3 B-barrels of hexamers remain intact
when the hexamers traverse the membrane and none of the S1-S2 segments remain in the
transmembrane region (see Fig. 15c). We call these Dumbbell structures because of their shape,
i.e., the diameter of the aqueous S1-S2 domains on each end are likely to be greater than that of
the six-stranded S3 barrel that connects them. If the insertion involves multiple hexamers or the
hexamers aggregate after insertion, spaces between the S3 barrels would likely be filled with
lipids and/or cholesterol. Thus, the transmembrane pore could be lined with lipid head-groups as
has been proposed for some antimicrobial peptides ***.
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Figure 15. Multistage models of how soluble hexamers might interact with and then
insert into a membrane to form channels. S1a strands are white, S1b strands are gray, S2
strands are stippled, and S3 strands or barrels are black. The lightly stippled rectangles
represent the surface of the membrane and stripped blocks represent the hydrophobic portion
of the membrane. (a) Formation of a vertically asymmetric 18mer channel. Radially outer
barrels of the stage 3 model are transparent so that inner barrels can be seen. (b) Formation of
a vertically symmetric channel in which all S2 strands span the membrane or asymmetric
channel in which most S2 segments span the membrane . (c) An assembly of six hexamers with
only 6-stranded S3 barrels in the transmembrane region and S1-S2 domains in the aqueous
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phases on both sides of the membrane. The egg-shaped images lining the pore represent lipid
head groups and the black squiggly lines connected to them represent alkyl chains.

Transmembrane concentric -barrel theory and descriptions

We have placed the following constraints on our transmembrane models: (1) the
monomers of a channel should have only a few different conformations (as reported by Serra-
Batiste et al. *°), (2) the distance between the backbones of concentric B-barrels should be
between 0.9 and 1.2 nm, (3) the diameters of the proposed structures should be consistent with
the freeze fracture images and possibly the AFM images, (4) all major segments (S1a, S1b, S2,
and S3) are B-strands that form portions of B-barrels, (5) all S3 strands are part of an antiparallel
transmembrane B-barrel that has a S/N ratio between 0.0 and 2.0 and that surrounds a
transmembrane S2 B-barrel, and (6) most hydrophobic side chains are in a hydrophobic
environment while most hydrophilic side chains are exposed to water.

Aqueous domains

Hydrophilic and potentially flexible segments connecting Slato S1b, S1b to S2, and S2
to S3 allow for multiple conformations (Fig. 3), especially for the aqueous domains.
Nonetheless, Sla, S1b, and S3 likely comprise integral components of the assemblies and
should not be simply ignored. An intriguing possibility for some aqueous domains is that these
segments form a B-barrel (Fig. 16a) that is responsible for the peaks observed with AFM (Fig.
14). The interior of this putative -barrel is filled with hydrophobic side-chains whereas the
exterior is dominated by hydrophilic side-chains, most of which are charged (Fig 16b). An
exterior region in the middle of S2 containing hydrophobic V18 and F20 side-chains is
surrounded by charged side-chains and may correspond to points of contact between adjacent
hexamers or dodecamers (Fig. 16c and Fig. 5e). If the barrel 9-stranded each hexamer has three
such regions due to the 3-fold symmetry of the barrel. If these putative -barrels form the
aqueous domains of dumbbell structures, then contacts at these regions could result in formation
of a hexagonal lattice (Fig. 16d).
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Figure 16. Nine-stranded B-barrel model of some aqueous domains formed by three S1a-S1b-
S2 triple-stranded antiparallel B-sheets. (a) Schematic of the B-barrel as viewed from the top.
(b) Repesentation of the side-chains on the interior (top) and exterior (bottom) of the barrel
viewed as if the barrel were split open and spread flat. Hydrophobic side-chains are repesented
by black circles and charged side-chains by white circles. (c) Representation of interactions
between adjacent B-barrels in the region surrounding V18 and F20 in the middle of S2. The
barrel on the far side is represented by heavier circles and solid arrows; the barrel on the near
side by lighter dashed circles and lines. (d) A putative hexagonal lattice formed from the B-
barrels with three radially symmetric interaction regions per barrel.

Conventional Channel Models

The models of Figs. 13 increase in increments of six monomers from a 12mer to a 54mer.
The simplest and most constrained model is the 12mer (Fig. 17a). It is vertically asymmetric and
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has only two types of monomers (aqueous and pore-lining); giving each of the six unit cells of
the transmembrane region only two S3 strands and one S2 strand. This requires S/N values of 2.0
for the antiparallel 12-stranded S3 B-barrel and the parallel six-stranded S2 B-barrel. The unit cell
of the aqueous domain contains a triple-stranded Aq S1a-S1b-S2 B-sheet and a PL Sla strand
from the PL monomer. This allows an 18-stranded S1a-S1b-S2 barrel (similar to the barrel
described above but twice as large and with 6-fold radial symmetry) to surround a six-stranded
Sla barrel with the hydrophobic side-chains of Sla oriented outwardly and interacting with the
hydrophobic side-chains of the Aq barrel’s interior. The pore size through the pore-lining barrels
of ~ 0.4 nm is so small that it might not conduct ions and or be visible in the freeze-fracture
images. The diameter of the Aq domain is greater than that of the transmembrane region, and
each Ag domain should contain six radially symmetric regions similar to those of Fig. 16d that
could facilitate interactions among the 12mers. This may explain why so many of the putative
12mers of Fig. 13 cluster. The presence of exterior binding regions could also allow dumbbell
assemblies to bind to 12mers, which could explain why some of the putative 12mer clusters
appear to have additional material attached to the 12mers.

Monomers of unit cells of the 18mer and 24mer models have a similar transmembrane
topology; however, the AFM and freeze fracture images are more consistent with the Aq Sla-
S1b-S2 segments of each unit cell forming a distinct 8- or 9-stranded B-barrel. (The models of
Fig. 17b have 8-stranded barrels with one Agq monomer contributing a Sla strand to the central
Sla barrel, but the data are not sufficently precise to distinguish between the two possibilities.)
Thus, the aqueous domain 18mers and 24mers would have three and four Aq p-barrels
surrounding a 12- and 16-stranded B-barrel. The three Aq monomers of the unit cell would not
have identical conformations; i.e., the differing symmetries for the Ag and transdomains require
the S2-S3 linkers to have different conformations. The Aq B-barrels may be responsible for the
presence of three or four apparent nodules on the perimeters of the putative 18mer and 24mer
images of Fig. 13.

The increase in the sizes of the transmembrane S2 B-barrel for 30mers and 36mers should
allow the PF S1a strands to reverse direction and form two B-turns and a p-hairpin in the aqueous
domain while a formally Aq S1a-S1b-S2 segment enters the transmembrane region to form the
narrowest part of the pore. The sizes and shapes of these models are consistent with the
freezefracture images paired with these models in Fig. 13.
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Figure 17. Schematics of small to medium size channels formed from two to six AB42
hexamers. Topologies of the hexameric unit cell strands are depicted on the upper left of each
section (S3 strands are black arrows, S2 strands are stippled arrows, S1b strands are gray, and
Sla strands are white). Closely spaced adjacent strands represent B-hairpins; those farther
apart represent B-U-turns. The striped rectangles represent the transmembrane region. The

number of strands in each barrel of the unit cell is listed on the right side with the ( indicating

part of a B-barrel. A double ( ) symbol indicates that the unit cell has an entire B-barrel. Aq and
PL indicate the two types of monomers. Side views of the models are represented by cylinders
with only the edges of the outer S3 barrel shown in black. Transmembrane concentric B-barrels
of channel structure viewed through the pore are represented by black circles for S3, stippled
circles for S2, and gray circles for S1a and S1b. The innermost white circle represents the pore.
Aqueous domains are illustrated on the right (those with curved or donut surfaces represent
S1a-S1b-S2 B-barrels, flat dark and light gray circles represent S1b and S1a B-barrels. The
number of strands in the B-barrel is indicated at the bottom of each circle. Parameters of the
assemblies are listed to the right of each schematic: i.e., the number of monomers in the
assembly and its radial symmetry are listed first in bold; followed by N, the number of strands
in each barrel; followed by the S/N ratio for each barrel; followed by the diameter, D, of the
backbone of each barrel. PD strands for the estimated Pore Diameter, which is 1.0 nm less than
the diameter of the smallest B-barrel of the aqueous domain. (a) A 12mer formed from two
hexamers. This is the simplest structure with only two types of subunits repeated six times. The
Aq S1a-S1b-S2 strands form an 18-stranded B-barrel that surrounds a 9-stranded B-barrel
formed by S1la segments of the PL monomers. (b) Models of the 18mer and 24mer. The
transmembrane topology is similar to that of the 12mer; however, the Aq S1a-S1b-S2 segments
form an 8-stranded B-barrel within each hexameric repeat. These surround a B-barrel; each unit
cell of this barrel has three Sla strands from the PL monomers and one Sla strand from an Aq
monomer. (c) Models of 30mer and 36mer channels. The topologies of these structures differ
because the S1a segments of the PL monomers have reversed directions to form S1a-S1b B-
hairpins and U-turns and one of the former Aq S1a-S1b-S2 segments has entered the
transmembrane region, and the Aq S1a-S1b-S2 barrels are 6-stranded with an S/N value of 4/3.

As more hexamers are added to the assemblies, the S3 -barrel may become large enough
to surround most of the S2 segments and/or allow some S1-S2 segments to move into the
aqueous phase on the trans side of the membrane. The transmembrane topology of the models of
Fig. 18a-d is similar to those of the smaller channels except for two monomers. The unit cell of
TM regions of these models has six S3, five S2, and four S1a-S1b U-turns (Fig. 18a, see Fig. 3h
for schematic of S1a-S1b-S2 double U-turn structure). The aqueous domain has one S2, two S1b,
and two Sla strands; the unit cell of S1b and S2 strands comprises a B-barrel that surrounds a
relatively small Sla B-barrel. Thus, the 42mer has a 21-stranded p-barrel around a 14-stranded f3-
barrel (the same as for Aerolysin *°) and the 54mer has a 27-stranded p-barrel around an 18-
stranded p-barrel (the same as for Lysenin ).

The outer diameters of the three largest categories of assemblies in Fig. 13 correspond
closely to those of our models of 42mer, 48mer, and 54mer channels. A shadow appears on the
lower left side of the tops of some of these assemblies. We propose that these shadows arise from
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the concentric S1b-S2 and S1a B-barrels that extend into the aqueous phases (represented by gray
circles in Fig. 13).
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Figure 18. Schematic representations of 42mer, 48mer, 54mer, 60mer, and 66mer
channel models. Structure parameters and images have the same meaning as in Fig. 17. (a)
Transmembrane topology of a unit cell for vertically asymmetric models. (b-d) The four
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concentric circles on the left represent concentric transmembrane S3, S2, S1b, and S1a B-
barrels. The circles with dashed lines on the lower right represent aqueous domains on the cis
side of the membrane; B-barrels formed by S1b and S2 strands surround an Sla antiparallel B-
barrel. (e) Transmembrane topology of a unit cell with 3 monomer conformations and 2-fold
vertical symmetry. (f and g) Schematics for models with 60 and 66 monomers.

Some S1 and S2 segments of large assemblies may flip to the trans side of the membrane
to create channels with 2-fold vertical symmetry, as illustrated in Fig. 18 e-g. The
transmembrane unit cell of these models has six S3 strands, four S2 strands, two S1b strands and
two Sla strands; i.e., one S2 strand and two S1a and S1b strands have moved to the trans side of
the membrane relative to the previous models. Thus, these models have aqueous domains on
both side of the membrane, each with the same topology as proposed for 42mer, 48mer, and
54mer models. This transfer reduces the diameter of the transmembrane region. The respective
outer diameters of 60mer (10.5 nm) and 66mer (11.4 nm) models are slightly less and slightly
greater than that of the 42mer (11.2 nm). Thus, it is difficult to distinguish among these models
in the freeze-fracture images. However, the pore diameters, PDs, of these five models are
virtually the same as sizes calculated by Bode et al. *? from single channel conductances.

Dumbbell hexagonal lattice assemblies

The models described cannot account for freeze-fracture images that have elongated or
irregular shapes that contain two or three dark spots that are 4-5 nm apart (Fig. 19). This distance
is too short for the spots to correspond to pores of any of the models described above. Earlier we
suggested that interactions among the 9-stranded Aq S1a-S1b-S2 B-barrels of dumbbell-shaped
hexamers at three hydrophobic patches on S2 strands could lead to toroidal channels composed
of six hexamers, and that such assembles might expand to form a hexagonal lattice in which
adjacent channels share two hexamers. A single channel of this type would have about the same
diameter as proposed for the 24mer, and thus would be difficult to identify in the freeze fracture
images, especially if additional dumbbell hexamers bind on the perimeter. However, a tell-tell
pattern could be revealed if the assemblies have two or more pores that are about 4.4 nm apart,
the distance between adjacent toroidal pores predicted by the hexagonal lattice model. Fig. 19
illustrates that such images exist and are fit well by the hexagonal lattice dumbbell models. A
few assemblies appear to have elongated pores rather than distinct spots (bottom row of Fig. 19).
These images can be fit by assuming that the dumbbell hexamers need to be in contact with lipid,
and when the assemblies become sufficiently large, dumbbell hexamers that would be buried in
the assemblies are simply missing, thus allowing the adjacent pores to merge into elongated
Clefts.

Almost all of these images have additional material not explained by a hexagonal lattice
of dumbbell structures. Some of this material may be formed by 12mers. The outer surface of the
aqueous domains of our 12mer models is composed of a S1a-S1b-S2 B-barrel similar to the
soluble domains of the dumbbells except its circumference is twice as large and has six radially
symmetric potential hydrophobic S2 binding sites. This suggests that up to six dumbbell
hexamers could bind to the perimeter of a 12mer, possibly forming part of a lattice similar to that
depicted at the bottom of Fig. 19. Also, as mentioned earlies, the 12 likely self-associate, as
illustrated by the third lattice at the bottom of Fig. 19. The first two images of the last row in Fig.
19 support this hypothesis: i.e., they have three or four spherical bodies with the same
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appearance as the putative 12mers of Fig. 13 but that are surrounded by additional material to
form a large assembly. The size and shapes of these assemblies can be fit well by a model for
which surrounding dumbbells account for the additional material surrounding and separating the

12mers.
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dumbbell lattice 12mer lattice
with channels dumbbell lattice
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Figure 19. Non-circular images with multiple dark spots in freeze-fracture data (bottom
rows) and dumbbell hexagonal lattice model predictions superimposed on the images (top
rows). The small circles with diameters of 2.5 nm represent putative 9-stranded B-barrels
formed by three sets of S1a-S1b-S2 strands. The black bars on the perimeters of the circles
represent binding regions between hexamers. Regions in the center of the hexamer of hexamer
rings represent toroidal pores and are positioned above the dark spots. The six-membered rings
may not be complete in the interiors of assemblies we call clefts in the bottom row. Dumbbell
structures may interact with 12mers represented by spheres. Plausible types of lattices formed
by only dumbbells, by dumbbells and 12mers, and by only 12mers are illustrated at the bottom.

Comparison of Pore Size Predicted by Single Channel Conduction to Models.

Bode et al. * estimated AP42 pore diameters of 1.7, 2.1, and 2.4 nm, and possibly 2.6
and 3.2 nm based on an equation with the assumption that the pores are cylindrical with a
uniform diameter throughout, and that ions diffuse through these nonselective pores in a manner
similar to that of diffusion in water *>*3. Assuming that the pore diameter is about 1.0 nm less
than the diameter of the wall for the narrowest pore-forming segments, the models of Fig. 18
predict pore diameters of 1.7, 2.0,2.4, 2.5, and 3.2 nm; virtually identical to the conductance-
based approximations. Serra-Batiste et al. *° estimated a smaller pore size of 0.7 nm; most
models of Fig. 17 predict only slightly larger diameters of 0.9 (18mer and 30mer), 1.0 (24mer),
and 1.3 nm (36mer). The dumbbell pores are likely to be less stable, and may be responsible for
frequently observed flickering conductances.

Part 5: EXPERIMENTAL TESTS

The models presented above should be considered as hypotheses to be tested
experimentally. Experiments designed to answer the following questions are feasible: Do [3-
barrels comprise AB42 oligomers, APFs, and channels; if so, do these assemblies have concentric
barrels; if so, how many barrels are there, are they radially and/or vertically symmetric, are they
parallel or antiparallel, which segments form the barrels, how many strands do the barrels have,
how much are the strands tilted, do B-barrel assemblies play an important role in AD, and can
this knowledge lead to improved ways to prevent and/or treat AD?

Single-Particle Cryo-Electron Microscopy

The ultimate test would be to determine the atomic structure of AB42 assemblies. The 2D
EM data analyzed here were obtained over a decade ago and are limited by both quantity and
quality. The fact that sSAPFs and transmembrane A assemblies can be classified by their sizes
and shapes into specific categories suggests that modern methods such as single-particle cryo-
electron microscopy (cryoEM) ** that do not require crystal structures and that work
exceptionally well for highly-symmetrical protein assemblies could be used to obtain much
higher resolution data. For example, cryoEM has been used to determine near-atomic resolution
structures of A fibrils 3, toxins that contain concentric B-barrels “*?’, 3D images of two kinds of
toxic amyloid a-synuclein oligomers that have pores through their centers ** and are both present
simultaneously, TRP channels *, and potassium channels *’. It may be possible to use cryoEM
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to circumvent some polymorphic and crystallization problems that have hampered the field of
AP assembly structure.
NMR, EM, and Spectroscopy

Serra-Batiste, M. et al. '° have apparently isolated a unique AP42 oligomer that, based on
solid-state NMR analyses, contains [-barrels. With luck, they will be able to solve the 3-D
structure of these oligomers, or at lease obtain sufficient data to determine which, if any, of the
structures proposed here are viable candidates. It could also be useful to use either conventional
or cryoEM methods to examine these assemblies in membranes, and Fourier transform infrared
spectroscopy = to determine whether the B-barrels are parallel or antiparallel.

Analogs that stabilize some structures while preventing others.
Polymorphism and gradual transition from small to larger assemblies complicates structural
studies of AP assemblies. It may be possible to avoid this problem by designing analogs that will
stabilize one structure at the expense of others. For example, Lendel et al. “® introduced two
cysteines (one in S2 and one in S3) that caused S2 and S3 to form a B-hairpin. This linkage
prevented formation of AP fibrils but not some protofibrils; allowing the 3-D structures of these
assemblies to be analyzed with NMR. (Their data supported formation of hexamers that are
dissimilar to the structures we propose).

While this particular linkage is incompatible with our models, others should be. In our
models of hexamers, S1b and S2 form B-hairpins that do not form in fibrils (see Fig. 3) or in the
transmembrane region of any of our channel models, other than in dumbbell assemblies. Thus,
our models of hexamers, dodecamers and tri-B-barrel APFs might be stabilized by mutations of
V12C + L17C or Y10C + F19C, whereas formation of fibrils, tetra-B-barrel SAPFs, and channels
should be prevented. In some models Sla and S1b form a B-hairpin with F4 adjacent to V12 and
H6 adjacent to Y10. Mutating these putative adjacent pairs to Cys should stabilize hexamers, the
dodecamer of Fig. 5b, and dumbbell structures while precluding most others except possibly
fibrils that have unresolved S1 segments.

Other tests include: (1) If three S1a-S1b-S2 segments (possibly stabilized by strategic
disulfide bridges) form a 9-stranded B-barrel and if these barrels assemble into a hexagonal
lattice, it may be possible to solve crystal structures of peptides with these sequences. Attempts
to use antibodies to AP assemblies to treat AD have typically failed, perhaps because they did
not bind to the toxic type of assembly. If S1a-S1b-S2 peptides form B-barrels, and these types of
barrels are exposed in channels, would antibodies to these barrels be efficacious in treating AD?
Could these structures be used as a vaccine against toxic forms of AB? (2) Interactions between
AP42 hexamers that lead to formation of dodecamers and dumbbell lattices and interactions
between dodecamers that lead to APFs may involve interactions between the exposed faces of
antiparallel pairs of S2 segments; specifically K16, V18, F20, and E22. If so, mutations of V18
and F20 to hydrophilic residues (e.g., V18E and F20K) should allow formation of the hexamers
but might inhibit formation of the larger oligomers. These mutations should also inhibit
structures that contain S1b-S2 U-turns, such as Type B sAPFs and the 42-54mer channels. (3)
Likewise, mutating hydrophobic residues of S1a (A2 and F4) and/or those of S1b (Y10 andV12)
to hydrophilic residues should inhibit formation of assemblies in which these residues are buried
e.g., hexamers, S1a-S1b-S2 B-barrels, and all channels. (4) The C-termini of three monomers are
in close proximity in our hexamer models. Tethering these termini to a ligand with 3-fold
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symmetry might stabilize the antiparallel hexamer while preventing formation of other
assemblies.

Mutations

Numerous natural and created mutations affect A toxicity and AD (see ALZFORUM
site (https://www.alzforum.org/mutations/app) for a partial list). The lowa mutation (D23N)
responsible for some forms of early onset AD increases formation of antiparallel fibrils; perhaps
because D23 forms a salt bridge with K28 of an adjacent subunit in parallel fibrils but not in
antiparallel fibrils ®. Effects of the Osaka mutation (E22A) may be due to a similar effect since it
would move the negatively charged D23 side chain from the hydrophobic side of S2 to the polar
side, and move the hydrophobic V24 side chain from the polar side to the more hydrophobic
side. AB42 mutations that increase the toxicity in a yeast screening system also increase
formation of antiparallel assemblies *. However, effects of most AP mutations that affect AD on
formation and properties of AP oligomers, APFs and ion channels have not been studied.

Several familial mutations occur at E22 (E22K (Italian), E22G (Arctic), E22Q (Dutch)).
E22 is positioned on the aqueous-exposed surfaces of fibrils and interacts with K16 of adjacent
monomers in our antiparallel models. High pressure NMR of AB42 assemblies with E22G and
D23N mutations revealed conformational perturbations with high pressure sensitivity at Q15,
K16, and L17

S1 Segment, Channel Selectivity and Channel Inhibitors and Blockers

Although the S1 segment is often ignored, it is an integral component of most of our
models. Numerous mutations in the S1 segment affect toxicity and AD. A2T (Icelandic) is
protective, whereas A2V is pathogenic. D7 at the end of Sla appears to be a hot spot: D7R
(Taiwanese) and D7N (Tottori) are pathogenic. Three mutations (R5G, Y10F and H13R) in the
rodent S1 segments dramatically reduce the toxicity of AP >°. Will these mutations inhibit
formation of hexamers and/or channels? Zn?* binds to and alters the structure of the N-terminus
S1 region *! and inhibits AB channels in lipid bilayers . Will Zn** also inhibit formation of
AP42 channels in excised patches?

N-terminus truncation variants 1-x, 3-x, 11-x, and 17-x have been assessed in human
amyloid plaques, and N-terminal truncation (probably 17x) appears to be involved in early
amyloid g)athology in Down’s Syndrome 3, Synthesized 17x AP peptides form channels in lipid
bilayers **, but it is not known whether they form channels in excised neuronal patches, and if so
whether these channels have the same conductance properties as WT AB42 channels.

The polar face of Sla consists entirely of charged side-chains (D1, E3, R5, and D7) and
forms at least part of the lining of the pore in all the conventional channel models presented here.
If so, a R5E mutation should increase the permeability of cations and decrease it for anions.
Likewise, D1K, E3K, and D7K mutations should increase permeation of anions and decrease it
for cations.

Several molecules or heavy ions have been reported to block AB-channels in bilayers

%% Will any of these also block Ap42 channels in excised patches? If so, will any of the
mutations described above affect binding of these inhibitors?
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Receptor Binding and All-d-enantiomers

Numerous groups contend that A oligomers affect neurons by binding to specific
receptors. Bode et al. ' reported that AB42 oligomers did not form channels in a substantial
number of excised neuronal patches, suggesting that something other than a pure lipid bilayer is
required: e.g., lipid rafts or a receptor. If a protein receptor is required for channel formation,
then AB42 oligomers composed of an all-d-enantiomer and that forms channels in lipid bilayers
> should not form the same types of channels as normal AB42 oligomers in excised patches.

Atomic Scale Modeling and Molecular Dynamics Simulations

Molecular dynamic simulations in the absence of a preconceived model can sometimes
be informative for relatively small peptides and small assemblies. For example, Sun et al. %
found that in some simulation runs beginning with randomized peptides with the sequence of AP
16-22 (the core of S2) a six-stranded antiparallel B-barrel formed, and Qian et al. % obtained
similar results for peptides with a ABso-3s Sequence of S3. But these types of simulations last only
a fraction of a second, and it is unrealistic to expect them to produce accurate predictions for
larger peptides and larger assemblies that form gradually and often depend upon an initial seed
structure. MD simulations of large assemblies performed on highly flawed initial models are
likely to be meaningless, especially if the initial models are inconsistent with the basic -barrel
theory for concentric B-barrels composed of identical strands. Development of atomically
explicit B-barrel models such as those we published previously 12 are simplified greatly by first
predicting the number of monomers in the assemblies, the topology of the strands, the sheer
number of the -barrels, whether the strands are parallel or antiparallel, the symmetry of the
assembly, and the positions of concentric B-barrels with respect to each other. Our new models
presented here provide that information and thus can serve as a starting point for developing new
atomically explicit models.

Nonetheless, we doubt that MD simulations are as informative as many believe. MD
simulations of our earlier atomic scale models indicated that the antiparallel S3 barrels with 6 or
36 strands and S/N values of 1.0 remained extremely stable and maintain backbone hydrogen
bonding between strands whether the assemblies are in water and shielded by S1 and/or S2
strands or span a lipid bilayer *"*®. However, MD simulations can be misleading and errors in
some regions such as the S1 segments or the exclusion of some portions could introduce
instabilities. Also, exclusion of important components, such a hexane in APF models and lipids
or cholesterol in channels >, could introduce apparent instability even if the model is otherwise
correct. We have considered scores of alternative p-barrel models; only the simplest and most
data-consistent of which were presented here. We doubt that MD simulations would help in
distinguishing among these models. Thus, it seems prudent to wait until more precise structural
data are available before attempting extensive atomic scale modeling of the large range of APFs
and channel structures proposed here.

Part 6: SUMMARY AND CONCLUSIONS
“Everything should be made as simple as possible, but not simpler.”

Albert Einstein, https://www.brainyquote.com/authors/albert_einstein

39


https://doi.org/10.1101/499061
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499061; this version posted December 20, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

The microscopy data for membrane-bound structures and multiple channel conductances
reported by Bode et al. ' indicate that we should not think in terms of single structure. Although
we have proposed more models than we would have preferred, we have proposed only as many
as required to explain the available data.

Many may find the concept of tetra-B-barrels and/or gigantic B-barrels with diameters up
to 75 nm difficult to accept, but the hypothesis is not as radical as it may appear. Both parallel
and antiparallel A fibril structures have been determined in which two S3 B-sheets are
sandwiched between two S2 B-sheets %°. All of the interior monomers of these fibril structures
have identical U-shaped conformations and identical interactions with neighboring monomers.
The SAPF tetra-p-barrel structures we propose are similar: almost all monomers have the classic
U-shaped S2-S3 B-structure, two hydrophobic S3 B-structures pack back-to-back, and these are
sandwiched between two S2 B-structures. The major difference is that the f-barrel structures we
propose for SAPFs are circular barrels instead of linear sheets as in fibrils.

Smooth APFs may have many features in common with channels such as concentric
antiparallel B-barrels composed of S1, S2, and S3 segments that develop from soluble hexamers
and similar arrangements of Sla, S1b, and S2 segments. The hypothesis that AB42 oligomers
have structures similar to those of antiparallel B-barrel channel toxins is strengthened by findings
that some antibodies recognize both types of structures **> and by Fourier transform infrared
spectroscopy studies indicating that AB42 oligomers have antiparallel B-structures remarkably
similar to that of bacterial outer membrane porins *. Thus, determination of APF structures
could be informative about AB42 channel structures, concentric B-barrel structures, and how
AP42 oligomers can form larger -barrel structures.

But the ultimate purpose of this work is not to create molecular models or even to
experimentally solve the structures of AP assemblies; it is to assist in improving prevention and
treatment of AD. Development of improved prevention, treatments, and cures of this devastating
and expensive disease may depend upon improved understanding of the underlying molecular
structures and the processes that lead to their creation. We only hope that our analyses of the A
assembly process and the structures of these assemblies will help achieve that goal. The major
point of our analysis is that the possibility of AB42 forming antiparallel B-barrels should be taken
seriously and studied more extensively because they may contribute strongly to AD. If our basic
concept that these assemblies have well-ordered, relatively simple B-barrel structures is valid,
additional structural studies are likely to be productive.
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