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Abstract

Although it is clear that amyloid beta (AB) peptides play a pivotal role in the development of
Alzheimer’s disease, the precise molecular model of action remains unclear. Ap peptides form
assemble both in aqueous solution and in lipid membranes. It has been proposed that deleterious
effects occur when the peptides interact with membranes, possibly by forming Ca* permeant ion
channels. In the accompanying manuscript, we propose models in which the C-terminus third of
six Ap42 peptides forms a six-stranded B-barrel in highly toxic soluble oligomers. Here we extend
this hypothesis to membrane-bound assemblies. In these Ap models, the hydrophobic p-barrel of a
hexamer may either reside on the surface of the bilayer, or span the bilayer. Transmembrane pores
are proposed to form between several hexamers. Once the B-barrels of six hexamers have spanned
the bilayer, they may merge to form a more stable 36-stranded B-barrel. We favor models in which
parallel B-barrels formed by N-terminus segments comprise the lining of the pores. These types of
models explain why the channels are selective for cations and how metal ions, such as Zn2*,
synthetic peptides that contain histidines, and some small organic cations may block channels or
inhibit formation of channels. Our models were developed to be consistent with microscopy
studies of Ap assemblies in membranes, one of which is presented here for the first time.
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Introduction

AP peptides are formed in membranes when the amyloid precursor protein (APP) is cleaved
in the transmembrane region to form peptides of 39-43 residues 25. AB40 is the most
prevalent form; however, AB42 is more toxic 18,61,73. Unfortunately, it is not known
exactly which types of assemblies are responsible for the pathology of Alzheimer’s disease.
Numerous studies indicate that Ap peptides interact with membranes 9,19,49, that they form
ion channels in some synthetic bilayers 2,4,5,9,28,29,31,32,34,36,43,43,58, that the
concentration of AP peptides at the membrane interface is much higher than in aqueous
phases, that interactions with membranes may induce fibrillogenesis 13, and that Af

Corresponding author, permanent address: H. Robert Guy, Ph.D., 6510 Tahawash St., Cochiti Lake, NM 87083, phone: 505-465-2445
or 301-767-5455, fax: 301-402-4724, bgdy@nih.gov.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shafrir et al.

Page 2

peptides cross membranes to enter the intracellular space 37,68. It has been proposed that
AB toxicity is due to entry of Ca%* into cells through AB channels 3. This hypotheses is
supported by findings that all agents shown to inhibit AB-induced channels in bilayers also
inhibit AP toxicity in neurons, and some of these agents have been shown to inhibit Ap-
induced entry of CaZ* into neurons 3,22.

Our interest in AP began shortly after Arispe and Pollard 4,5 discovered that AB peptides
form channels in synthetic lipid bilayers. In collaboration with them, we made initial, highly
tentative, models of AB channels 24. In these models, the N-terminus third of the peptide
(called S1 here) formed a B-hairpin, the central third (called S2 here) formed an amphipathic
a-helix, and the hydrophobic C-terminus third (S3) formed another a helix. Since then,
several other groups have observed AB channels 2,31,32,34,36,41,65 and other effects of AP
peptides on membranes 19,66, and microscopy studies 42,58 have revealed several types of
membrane-bound AP assemblies. Solution NMR studies of AB peptide monomers in apolar
solvents and micelles support the proposed helix-turn-helix secondary structure 15,16,64.
However, several recent findings are inconsistent with our original helical models and with
other helical models presented in the supplement that we have developed and analyzed more
recently. AB assemblies that have been observed microscopically 42,58 are much larger than
our initial models. Here we present additional freeze fracture results that also show
relatively large transmembrane (TM) assemblies. Also, the secondary structure of
membrane-bound AP peptides have been shown to depend upon several factors. Ap peptides
appear to have a substantial amount of a-helical structure at low concentrations in
membranes that contain gangliosides 9,48,50 or negatively charge head groups 9,72,
especially if Cu2* or Zn?* is present 17. However, B-secondary structure predominates at
higher concentrations and/or when all of the lipids have zwitterionic head groups
14,48,50,69,72. Permeation appears to coincide with formation at higher peptide
concentrations of oligomers that have predominately B secondary structure72. Channels that
have relatively stable single channel conductance form much more readily when negatively
charged lipids are present 2,4,5,72. Solid state NMR studies of AB fibrils indicate that S2
and S3 form j strands, each of which binds to its counterparts in other subunits to form
separate in register parallel S2 and S3 B-sheets that pack next to one another 45,56,59. These
new data, along with recent findings that Ap oligomers inhibit short-term memory 40 and
long-term potentiation 70 and are more neurotoxic than fibrils 20, have prompted us to
develop a new generation of AB models.

A major difficulty in structural studies of A assemblies is polymorphism; e.g., in
membranes AP secondary structures, dimensions of A assemblies, and effects on
membrane permeabilities of AP peptides all vary and can be influenced by factors such as
peptide concentration, nature of the soluble assembly to which the membrane is exposed,
and lipid composition of the membrane. Thus, it is unreasonable to propose a single, unique
model for membrane-bound A assemblies. Instead, we have focused on identifying
structural motifs that are stable in a membrane environment, that can form a variety of
assemblies, and that can account for much of the experimental data. We have focused
particularly on processes in which peptides interact with membranes to form small
assemblies, which in turn interact to form a variety of channels. Our efforts have involved
construction and evaluation of scores of models of both soluble and membrane-bound Ap
assemblies. Here we present only those models that best satisfy our modeling criteria and are
most consistent with experimental findings. We have concentrated on Ap42 because it is
more toxic than AB40 18,61,73 and has a greater tendency to form hexamers in solution 8.
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Material and Methods

An ideal computational approach to analyzing the formation of AB assemblies in membranes
would be to begin the simulations with many AB of randomized structures on or in a large
patch of lipid membrane and then simulate the entire folding and aggregation over time until
an equilibrium has been obtained, analyze and compare the free energies of the assemblies
that are formed, and determine which, if any, of the assemblies are consistent with
experimental results. Unfortunately, this approach is far beyond the present capacity for all
atom MD simulations because the time scale of the actual processes (minutes to days) is
many orders of magnitude longer than possible for simulating such large systems (typically
less than a microsecond). Conformational searches can be accelerated by procedures such as
replica exchange or other tempering methods, coarse-graining of the lipid/peptide system,
implicit solvent models of membranes and water, and discrete MD. However, to our
knowledge such methods have never been demonstrated to correctly fold and approximate
experimentally determined structures of known membrane channel proteins, and we have
little confidence that they would succeed in this case. Additionally, free energies cannot be
calculated accurately for membrane protein systems. Instead, we have adopted a long-term,
iterative approach to modeling membrane channel proteins that has been successful for us.
Initial models, such as our first models of voltage-gated channels27 or AB channels 24, are
often highly speculative and with little experimental support. As these initial models are
tested and new data are obtained and as computational methods improve, we typically
generate a new generation of models, such as those presented here. We hope that in
continuing this iterative process, accurate models supported by a wealth of experimental
results will develop. Historically, this approach is best exemplified by our studies of voltage-
gated channels (see Shafrir et al 62,63 for latest versions of these models and discussion of
how well the modeling effort predicted subsequently determined crystal structures). Early
stage models, such as those presented here, have substantial uncertainties and should be
treated as hypotheses to be tested experimentally. In this project we developed a large
variety of alternative models that satisfy a series of initial modeling criteria, perform
simulations on these models, and then determine which models are more stable, form the
highest number of non-aqueous H-bonds per monomer, and are most consistent with
available experimental results. Here we have presented only those models that best meet
these conditions. A few of the more plausible alternative models, and why we chose not to
include them in the main text, are described in the supplement.

Energetics and Symmetry

The concept that chemical moieties have energetically favorable interactions is fundamental
to our approach. We develop models in which hydrophobic groups tend to be in
hydrophobic environments either inside the protein or exposed to lipid alkyl chains,
hydrophilic moieties tend to be exposed to water and/or interact with other polar moieties,
and charged moieties tend to interact with oppositely charged moieties. In developing a
strategy to model membrane-bound AP oligomers, it was important to understand that Ap
peptides have an amphiphilic sequence. Our nomenclature divides the AB42 peptide into
three segments of equal length, S1, S2, and S3. The N-terminus S1 segment
(.DAEFRHDSGYEVHH1y) is very hydrophilic, the middle S2 segment
(15sQKLVFFAEDVGSNKg) has about the same number of hydrophobic and hydrophilic
residues, and the C-terminus S3 segment (,9GAIIGLMVGGV V1A, the last two residues
are missing in Ab40) has no polar side chains and is thus very hydrophobic.

Transmembrane (TM) B strands were modeled to be components of radially symmetric TM
B barrels. We typically require all polar backbone atoms of TM residues exposed primarily
to lipid alkyl chain to form H-bonds. This criterion is best satisfied for isolated TM
segments by making them helical. However, for models in which B-strands span the bilayer,
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this criterion can be satisfied well by p-barrel motifs with the central axis of the barrel
oriented perpendicular to the membrane and the strands spanning the bilayer. In fact, all
known structures with transmembrane B-strands are B-barrels. B-barrel strands are always
tilted relative to the axis of the barrel and spiral about the axis in a right-handed manner.
Thus, if a p-barrel is composed of parallel B-strands of identical segments from differing
subunits, the tilt of the strands prevents them from all being in register, as occurs in p-fibrils
56. The magnitude of the tilt is typically stipulated by the shear number 44. Although the
shear number is typically about the same as the number of strands, it can vary, and the
diameter of the barrel increases as a function of the shear number.

In almost all known crystal structures of transmembrane proteins composed of identical
subunits, all subunits have identical conformations and are symmetrically related about a
central axis oriented orthogonal to the surface of the membrane 6,12,23,67,26,35. The a-
hemolysin channel, in which seven identical B-hairpins form a 14-stranded transmembrane
B-barrel, is an example of this type of structure 67. We thus restrained our initial hexameric
models of transmembrane oligomers to have 3-fold radial symmetry (see accompanying
manuscript); all subunits have identical conformations in the antiparallel models, but two
conformations are present in the parallel models. Our hexamer-of-hexamer models of ion
channels were constrained to have 6-fold symmetry about the central axis of the pore. If one
constrains barrels composed of identical strands of a fixed number of subunits to have radial
symmetry, then the shear number is restricted to a multiple of two times the symmetry
number; e.g., if the barrel has 3-fold symmetry around its axis, then the shear number is
limited to the series (6,12,18,...). Unless noted otherwise, the shear number of our B-barrel
models equals the number of strands. These symmetry criteria highly constrain backbone
structure of the p-barrel models, making the number of possible backbone structures
relatively small.

Initial models were developed using the PSSHOW program (Swanson, 1995) to manually
position subunits and alter dihedral angles. Adjustments were made to reduce steric clashes
and to improve energetically favorable interactions such as backbone hydrogen bonds of p-
barrels and a-helices and salt bridges between side chains. Side chain torsion angles were
selected that are observed frequently in known structures for that residue type. Energies of
these structures were then minimized using CHARMM 10 with the symmetry constraints of
the specific assembly design. This process was repeated with manual adjustments if
minimization perturbed the structure substantially, if side chains adopted energetically
unfavorable conformations, or if hydrogen bonds of the B-barrels or a-helices broke.

The molecular dynamics simulations were run using the program Gromacs
(http://www.gromacs.org). Coordinates for the phosphatidylethanolamine (POPE) lipid
bilayer used in these simulations were kindly provided by Dr. Peter Tieleman. The
electrostatic calculations were done using the Particle Mesh Ewald (PME) method, and the
Van-der-Waals cutoff was 1.0 nm. The time step was 2fs and the LINCS algorithm was used
to constrain bond-lengths. The simulations were run under NPT conditions with the protein,
lipid and water each coupled separately to a temperature bath at 310K with a coupling
constant Tt of 0.1ps, and at a constant pressure of 1 bar in all directions with a pressure
constant of T, = 1.0 ps. The lipid parameters were based on Berger et al 7, the lipid-protein
interactions were based on the GROMOS parameters. Each simulation was preceded by an
energy minimization using the steepest descent method. This was followed by a short
equilibration run of 200 ps with harmonic restraints on the backbone atoms of the protein to
allow packing of the lipid molecules around the protein and relaxing of the water molecules.
Each simulation was run for 6ns on the BioWulf computer system. The models were
examined at the end of 6 ns simulations to determine if most of the subunits changed
conformations in a similar, or systematic manner from the initial symmetrical model. If they
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did, a new symmetric model was constructed that incorporated these molecular shifts and
changes, and the simulation was repeated. This process was stopped, usually after a few
iterations, when systematic changes were no longer observed. Then, a 20ns simulation was
performed to evaluate the stability of the final models. Thus, a final model represents a total
simulation time of at least 40ns. Approximately 50 simulations on membrane-bound
peptides were performed throughout the course of this study.

Molecular graphics images were produced using the UCSF Chimera package from the
Resource for Biocomputing, Visualization, and Informatics at the University of California,
San Francisco (supported by NIH P41 RR-01081) 57.

Experimental

Microscopy

Our models were designed to be consistent with results from microscopy. Atomic force 42
and freeze fracture studies (presented here) indicate that AB peptides form large assemblies
ranging from 7 to 13 nm in diameter. Atomic force microscopy studies of AB assemblies
bound to membranes have identified large (8—-12 nm in diameter) assemblies in which four
to six peaks surround a central cavity 42. These peaks are too large to be due to single Ap
monomers. It is more likely that each peak is an AB oligomer and that four to six of these
oligomers aggregate to form assemblies with a central pore. Thus, the first stage of our
modeling was to identify plausible structures for isolated oligomers. Here we have limited
the oligomers to hexamers that have hydrophobic p-barrel structures formed by S3
segments, similar to those proposed in the accompanying manuscript for soluble hexamers.
These membrane-bound hexamer models were then modified to develop numerous
hexamer-of-hexamers models of channels consistent with dimensions of microscopically
observed AP assemblies.

Freeze-fracture procedure—Aliquots of AB-incorporated proteoliposomes were
attached to a glass surface, covered with a small piece of copper and rapidly frozen by
immersion in liquid propane 74. The samples were fractured in a JOEL freeze-fracture
apparatus and the cleaved surfaces were shadowed first with a layer of carbon and then with
platinum-carbon 38,75. The replicas were mounted on substrates with 1 um diameter holes
(“holey” grids), and the regions spanning the holes were used for imaging to eliminate the
contribution of the support film to the thickness of the specimen.

Preparation of Proteoliposomes—Liposomes were prepared by hydration of air-dried
palmitoyloleoyl phosphatidylserine (10 mg) with 1 M potassium aspartate,pH 7.0 (1 ml),
followed by water sonication for 5 min. The liposomesuspension (50 ul) was mixed with a
stock aqueous solution of A (1http://www.jbc.org/cgi/inline?StressGen mg/ml, obtained
from Bachem and from AnaSpec, California, USA), followed by sonication for an additional
period of5 min.

Planar Lipid Bilayer Methodology—Planar lipid bilayers were made as described
previously 5. Briefly, a suspension of palmitoyloleoyl phosphatidylserine and
palmitoyloleoyl phosphatidylethanolamine, 1:1, in n-decane was applied to an orifice of
about 100-120 pm in diameterwith a Teflon™ film separating two compartments. The ionic
solutions in thecompartments contained asymmetrical concentrations of CsCl (200.is/50¢rans
mM) and symmetrical 0.5 mM CaCl, and 5 mM K-HEPES, pH 7. Aliquots (5 pl) of the
proteoliposome suspension wasadded to the solution in the cis side of the planar lipid
bilayerchamber andstirred. After successful ion channel incorporation was achieved,
proteoliposomes were perfused from the chamber and the ionic current was recorded and
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stored on computer disk memory. Off-line analysis of the channel activity was carriedout
using the software package Pclamp (Axon Instruments, Foster City, CA).

Results

Freeze Fracture Studies

Atomic force microscopy studies of membrane-bound AR assemblies have revealed
assemblies 8-12 nm in diameter in which four to six peaks surround a central indentation
that has been postulated to correspond to the pore of an AP channel 42. These peaks
extended ~ 1nm above 5nm-thick membranes. Here we report results of freeze fracture
electron microscopy studies of A assemblies inserted in phospholipid membranes. The Ap-
containing proteoliposomes were provided by N. Arispe and the freeze fracture experiments
were performed by Dr. G. Zampighi (Departments of Neurobiology, Physiology, and Jules
Stein Eye Research Institute, University of California at Los Angeles School of Medicine,
Los Angeles, California, USA). In these studies, freshly prepared A reconstituted in
phospholipid bilayers was frozen and fractured down the middle, exposing complementary
fracture faces to metal shadowing. The center of the phospholipid bilayer appeared as a flat,
featureless surface and the membrane fractures between the two leaflets of the bilayer reveal
cylindrically-shaped transmembrane AP assemblies of various sizes (Fig. 1A). The
diameters of the three most frequently observed sizes of assemblies are ~13-14 nm, ~11nm,
and ~7nm (Fig. 1B). Later we present a series of models designed to be consistent with these
data.

Membrane surface hexamers

Experiments using Fourier transform infrared-polarized attenuated total reflection (FTIR-
PATR) spectroscopy to study ganglioside-containing membranes at high concentrations of
AP40 have been interpreted to indicate that the peptides form antiparallel B-sheets that lie
parallel to the membrane surface where they dehydrate lipid interfacial groups and perturb
alkyl chain orientation 48,50. We have developed models of AB hexamers to be consistent
with these findings (see Fig. 2). The axis of the antiparallel S3 barrel of our models of
surface assemblies is proposed to be parallel to the membrane surface with only the lower
side of the barrel interacting with lipid alkyl chains of the cis lipid leaflet. The asymmetric
nature of the lipid interaction will likely make the assembly asymmetric. The dynamic
nature of the S1/S2 segments may allow some to interact with lipids, while others shield the
upper surface of the S3 barrel from water. Experimental studies indicate that S3 segments
can adopt either o helical or B-strand secondary structures 1,14,46, depending upon factors
such as time, environment, peptide concentration, peptide sequence, and lipid composition.
We have developed models of surface hexamers in which the S2 segments are helices, p-
strands, or a combination of both.

The model of surface hexamers we currently favor is similar to our favored model of soluble
hexamers (accompanying manuscript) in that the S3 segments form a six-stranded
antiparallel B-barrel and the assembly has two-fold symmetry from end to end. However, it
differs in that there is no symmetry about the axis of the S3 barrel, due to the asymmetric
environment of the lipid-water interface. Thus, there are two copies of three different
subunit conformations in the assembly, which we will refer to as Suby, Sub,, and Subs. Each
subunit is individually composed of S1, S2 and S3 segments. The three subunit types differ
primarily in the S1-S2 region. S2 segments of Subg interact with lipids and are helical. S2
segments of Sub; and Sub, are B-strands and form a four-stranded antiparallel B-sheet that
shields the upper portion of the S3 barrel from water (Fig. 2): S2 segments of Sub, are on
the edges of the sheet and those of the Sub are in the center. S1 segments of these
assemblies are the most exposed segments and are likely to be relatively disordered. Thus,
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the basic model of the S2-S3 segments is not contingent upon a specific model for S1. For
illustrative and computational purposes, the N-terminus end of the S1 segments (D1-H6 or
Sla segment) was tentatively modeled as a 8 strand. In Sub; and Sub,, these Sla strands
form an antiparallel  sheet in which the A2 and F4 side chains of the Sla sheet interact with
the V18 and F20 side chains of the S2 sheet (see Fig. 2B). Residues 10-13 of these subunits
were modeled with extended structures with Y10 and V12 buried inside the assembly.
Residues D7-S8-G9 have no regular secondary structure.

This model appear to be structurally sound; i.e., all of the hydrophobic side chains are either
buried within the protein or exposed to lipid alkyl chains, all of the buried and most of the
exposed charged groups form salt bridges, and backbone hydrogen bonding is extensive due
to a high content of secondary structure. This model was relatively stable during molecular
dynamic simulations; its root mean square deviation (RMSD) form the starting model at the
end of a 20 ns simulation was ~ 0.42 nm, which is slightly less than observed for the most
stable soluble hexamer but is ~ 0.10 nm greater than for the transmembrane hexamer (see
Fig. Supl of supplement and Fig. Sup2 of the accompanying manuscript).

Hexamer-of hexamers Assemblies

The next stage of the AB modeling was to envision how these types of membrane-bound
hexamers can interact to form assemblies consistent with experimental findings: specifically,
structural images observed in atomic force microscopy and freeze fracture studies, as well as
membrane currents that have been recorded in bilayers. In our antiparallel models of
transmembrane hexamers, some of the S1/S2 segments of the hexamer must pass through
the bilayer in order for the S3 B-barrel to span the membrane. We propose the following
multistep insertion process by which these polar segments could pass through the
hydrophobic membrane and form the lining of transmembrane pores without exposing many
polar atoms to lipid alkyl chains.

Stage 1. Formation of hexamers on the cis membrane surface—In the
accompanying manuscript we describe models of soluble hexamers and assemblies of
hexamers. These pre-formed soluble hexamers or larger assemblies could bind to
membranes to form the types of surface hexamers described above; however, it is also
possible that monomers or smaller oligomers bind to the membrane surface, and then
assemble into hexamers, or some monomers of membrane-bound assemblies may never
leave the membrane after being cleaved from APP.

Stage 2: Aggregation of hexamers on the membrane surface—The surface
hexamers may next form an assembly of several hexamers, such as the hexamer-of-hexamer
models illustrated in Fig. 3A. Interactions among S1/S2 segments of different hexamers in
the center of the complex may contribute to the aggregation. For example, in the model of
Fig. 3A, S1-S2 segments of the centrally located Subz subunits form an af-barrel in which
six S2 helices surround a six-stranded parallel S1a B-barrel with a shear number of 12. The
outer diameter of this entire assembly is about 14 nm, consistent with the dimensions of the
larger assemblies that have been observed microscopically. A substantial portion of each
hexamer extends above the membrane, consistent with peaks observed with atomic force
microscopy 42.

Stage 3. Penetration of the trans leaflet by Subs S1/S2 segments—In Fig. 3B,
the central S1-S2 segments of Subs reorient to penetrate the trans leaflet of the bilayer. The
central a-B-barrel model of the previous step is maintained, but it is oriented in the opposite
direction. This arrangement places all of hydrophobic S1/S2 residues in apolar environments
(lipid-exposed or buried) while allowing all of the charged side chains to be in contact with
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water and/or positioned where they can form salt bridges. The assembly may also be
stabilized by interactions on the cis side of the bilayer. In these models, residues G9-H13 of
centrally-located Sub4 and Sub, S1 segments form B-strands that bind to their counterpart of
adjacent hexamers.

Dimensions of the hexamer-of-hexamers models with S3 barrels on the membrane’s surface
(Fig. 3A&B) are consistent with the larger assemblies observed microscopically. The atomic
force microscopy studies reveal up to six peaks surrounding a central cavity 42 (Fig. 3F).
These peaks extend ~ 1 nm above 5 nm thick membranes, and the diameters of the largest
assemblies are ~12 nm; about the same as the larger freeze-fracture images. If one
approximates the volume of the protein in each peak that extends above a 3 nm thick alkyl
phase of the bilayer by a hemisphere with a diameter of 4 nm and assumes a protein density
of ~7.5 residues/nm3, then ~120-130 residues/peak should reside above the alkyl phase. If
each peak corresponds to a an AP hexamer, then about half of its residues should extend into
the lipid head group and aqueous phase region and the other half should extend into the
membrane’s alkyl phase. These values are consistent with the surface models.

Stage 4: Tilting of S3 barrels into TM region, passage of some S1-S2
segments to the trans side of the membrane, and formation of pores by other
S1 segments—Both types of microscopy studies also identify smaller assemblies: in the
freeze fracture studies most of these have diameters of ~ 11 and 7 nm (Fig. 1). These smaller
structures could be surface assemblies composed of four or five hexamers. If so, it is
possible that the S3 B-barrels remain on the surface and never span the bilayer. However, it
is also possible some of the smaller diameter assemblies are hexamer-of-hexamers in which
the S3 B-barrels do span the bilayer. In the mechanism that we envision, this reorientation of
the S3 B-barrels can occur without exposing polar residues of S1 and S2 to the lipid alkyl
chains. As the S3 barrels begin to tilt into the transmembrane region, the Subz S1/S2
segments may move into the trans aqueous phase. Simultaneously, some S1 segments of the
Sub; and Sub, may move into the transmembrane region and form parallel B-barrels with
hydrophilic linings through which ions may flow; e.g., Fig. 3C illustrates a parallel 12-
stranded S1 barrel.

Stage 5: Reorientation of S3 barrels to span the bilayer—A complete reorientation
of the S3 barrels to span the bilayer also places antiparallel S2 strands of Sub; and Sub, in
the transmembrane region. The Sub, S2 strands may bind to their counterparts of adjacent
hexamers to form a 24-stranded S3 B-barrel in the center of the transmembrane region. The
12-stranded parallel S1 B-barrel of the preceding step may move to the trans side of the
assembly while an identical S1 barrel forms on the cis side (see Fig. 3D). This model is now
symmetric with respect to the central plain of the membrane. The S1-S2 segments of the
Subs may surround these S1 barrels and have a, B, coiled, or mixtures of secondary
structures.

Final stage 6: Merging of S3 barrels to form a 36-stranded S3 barrel—In the
accompanying manuscript, we proposed a model for the transition from ‘beaded’ to
‘smooth’ annular protofibrils that involves the merging of six S3 barrels to form a single 36-
stranded S3 barrel. Here we propose that a similar process occurs for transmembrane A
assemblies. The transition from Stage 5 to Stage 6 models involves a splitting apart of the 6-
stranded S3 barrels between the Subs’s followed by a binding of these Subz S3-strands to
their counterparts of adjacent hexamers to form a 36-stranded antiparallel S3 B-barrel (Fig.
3E). The core S1-S2 segments remain relatively unaltered. This assembly has an outer
diameter of ~7nm, consistent with that of the smallest major assemblies observed in the
freeze fracture microscopy studies (Fig. 3G).
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Relationship between models and AB-induced currents

Electrical recordings of AB-induced currents in lipid bilayers typically begin with very noisy
currents immediately after exposure of the membrane to the peptides. With time more
discrete single channel currents are observed and eventually relatively high conductance,
stable, channels that seldom close appear (see Fig. 3H). The depiction of the insertion
process described above and illustrated in Fig. 3A-E should be viewed as simplified
illustrations of this highly dynamic and less ordered process for all but the Final Stage. The
process is unlikely to have six discrete stages (a movie illustrating a more continuous
process is in the supplement), initial assemblies are unlikely to be exactly symmetric, and
the pores of the inserting assemblies are unlikely to be idealized p-barrels. Thus, we will not
dwell on precise details of the inserting models. However, the Final Stage model (Fig. 3E) is
intended to correspond to the highly stable, long-lived channels. The next section deals with
its details and properties.

Details of the Final Stage model

The three subunit types of the Final Stage model are illustrated in Fig. 4a. The S3 segments
have almost identical conformations in all three subunits due to the approximate 18-fold
symmetry of the 36-stranded S3 barrel (shear # of 36) about its axis and the 2-fold symmetry
of the assembly relative to the central plain of the membrane. S1-S2 segments of Sub4 and
Sub, have similar conformations that span the transmembrane region without contacting the
alkyl phase; however, they differ slightly due to staggering of adjacent strands in the 12-
stranded S1 B-barrels, and due to transitions from a 24-stranded S2 B-barrel with
approximate 12-fold symmetry to the 36-stranded S3 B-barrel with approximate 18-fold
symmetry. S1-S2 segments of Subs differ drastically; instead of spanning the bilayer, they
reside in the aqueous phases on each side of the membrane. These highly exposed segments
are the most speculative, but also least essential, parts of the model; they may have
substantial disorder in the actual assembly. We have tentatively modeled them as long
curved B-strands that surround the S1 B-barrels of Subq and Sub,.

The S3 B-barrel shown in Fig. 4B and C has near ideal properties for the portion of a
transmembrane structure exposed to the alkyl phase of the membrane. It is composed
exclusively of hydrophobic residues and glycines, and thus there are no polar side chain
atoms or unpaired backbone polar atoms exposed to lipid alkyl chains. The ~30 A length of
the barrel corresponds closely to the thickness of the alkyl chain region of biological
membranes 71. Its relatively smooth surface should not perturb the normal structure of
membrane lipid alkyl chains substantially. The positively charged K28 side chain, which
immediately precedes S3, can interact favorably with negatively charged moieties of lipid
head groups.

The five consecutive hydrophobic residues of the S2 segments of Sub; and Sub, comprise a
24-stranded antiparallel B-barrel with a shear # of 24 (gold barrel of Fig. 4B & C). The side
chains (not shown) of these residues are relatively buried either between the S2 and S3
barrels (for L17, F19, and A21) or behind H14 side chains of the C-termini of S1 segments
(for V18 and F20). The positively charged amine group of K16 forms salt bridges to
carboxyl groups of E22 and/or D23 from adjacent subunits at the ends of the S2 barrel. Side
chains of E22 and D23 can interact with each other but are not part of the Ca2* permeation
pathway, consistent with the finding that neutralization and covalently linking of side chains
at these positions increases the toxicity of Ap peptide 47. The segments linking A21 of the
S2 barrel (gold) to G29 of the S3 barrel (blue) have a coiled conformation, consistent with
secondary structure predictions. These segments differs somewhat between Sub4 and Subs.
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The transmembrane pore is formed by S1 segments of Sub; and Sub,, which comprise two
12-stranded parallel B-barrels in series with one another. The C-termini ends of these two
barrels approach one another near the central plain of the membrane. The lining of the
central pore is formed almost exclusively by hydrophilic residues (D1, E3, R5, D7, G9, E11,
H13) located at every other position in S1 (see Fig. 5A). The exterior of the barrels is
composed of less polar residues (A2, F4, H6, S8, Y10, and VV12) that are relatively buried
between the S1 barrels and the S1-S2 segments of Subs. Side chains of H14 are positioned
at the interface between the pore and hydrophobic residues of S2; they interact with their
counterparts of the opposing S1 barrel and shield hydrophobic residues of the S2 barrel
(V18 and F20) from water that fills the pore. Adjacent S1 strands from Subl and Sub2 are
staggered with respect to one another due to the tilt of the strands required to give the barrel
a shear # of 12; i.e., on one side the strands are in register and bind to their counterpart of the
adjacent subunit while on the other side they bind to residues that are shifted by two residue
positions. This staggering reduces electrostatic repulsion due to interactions of charged side
chains with their counterparts. For example, the positively charged R5 side chains of Suby
extend toward the aqueous phases, where they salt bridge to negatively charged side chains
of E3 and D1, whereas R5 side chains of Sub, extend toward the center of the membrane
where they salt bridge to D7 (Fig. 5A).

There are several experimental findings supporting models in which S1 segments form the
lining of AP channels. First, these channels are selective for cations and permeant to Ca2*
ions. This selectivity suggests that the lining is electronegative. Most of the negatively
charged residues (and all of the negatively charged residues in highly toxic mutants in which
E22 and D23 have been neutralized) reside in the S1 segments. Fig. 5B illustrates a
crystalline-like symmetric model in which six Ca2* ions bind to negatively charged carboxyl
groups of D7 and Ell. Although these ion positions become more randomized during MD
simulations, it is apparent that the putative pores formed by the S1 barrels are sufficiently
electronegative to accommodate numerous Ca2* ions.

Another reason for proposing that S1 segments are involved in pore formation is that Ap
channels are inhibited by Zn2* 33 and AI3* . These ions tend to bind with high affinity to
sites that include imidazole rings (from histidine side chains) and carboxyl groups (from
glutamate and aspartate side chains). Experimental and theoretical studies have found that
side chains of His6, His13, His14, and Glull are involved in forming Ap binding sites for
Zn2* 53 in solublized Ap monomers. All of the histidine residues of Ap are in the S1
segment. Thus, if these compounds act by blocking the pore, then S1 segments are likely to
be involved in forming the pore. This hypothesis has been strengthened by the finding that
peptides with sequences similar to the portion of AP that includes H13 and H14 inhibit AB-
induced currents 3,21. Histidine residues are an essential component of these inhibitory
peptides: altering the histidines of the inhibitors to other residues reduces and/or eliminates
the inhibition, and peptides composed exclusively of histidines are potent inhibitors. The
typical explanation for inhibition of AB assembly processes by Ap-like peptide fragments is
that the peptide inhibitors act by binding to their sequential counterparts in the complete AB
peptides, thus inhibiting self association of the peptides. This explanation is based on
findings that p-strands of A fibrils form in-register parallel p-sheets in which residues bind
to their counterparts of adjacent subunits on each side 55. Although this type of mechanism
may be responsible in this case, it is also possible that these inhibitors block ion permeation
by binding within the pore. In either case, the results suggest that histidines of the S1
segments are important in the formation of channels.

The pore structure of the Final Stage model is consistent with results of inhibitor studies.
The central region where the C-termini of the two S1 barrels meet contains 48 imidazole
groups from H13 and H14 side chains positioned near the axis of the pore (Fig. 6A). This
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region is flanked on each side by rings of 12 carboxyl groups from E11 side chains. Thus,
one would expect this region to bind numerous Zn2* and/or AI3* ions with high affinity, and
that binding of these cations would inhibit permeation of CaZ* ions through the pore. Steep
dose-response curves have been observed for inhibition of Ap-induced Ca2* influx into
neurons and AB-induced apoptosis by tetrahistidine peptides (N. Arispe, to be published
elsewhere), which suggest cooperative processes that may involve multiple binding sites.
Based on these findings, we have developed models in which up to four tetrahistidine
peptides bind in the central region of the final stage model where their imidazole groups
interact with side chains of E11, H13, and H14 (to be published elsewhere). These models
are consistent with findings that histidine residues within proteins interact most frequently
with negatively charged and other histidine residues 54.

These models are also consistent with blockade of Ap-induced currents and cell apoptosis by
two small drug enantiomers: MRS2481 and MRS2485 22. These drugs have a positively
charged nitrogen moiety connected to an phenyl ring by an alkyl chain and ester group.
Although both of these drugs inhibit in the micromolar range, inhibition by MRS2481 is
reversible whereas that by MRS2485 is irreversible. This difference suggests that they bind
to a specific site22. Magnitudes of single channel current are typically reduced before they
are completely blocked. This suggests that more than one drug may bind to the channel
assembly, and that binding of only one reduces, but does not eliminate, the single channel
conductance. We have developed models in which up to six MRS2485 molecules may bind
in the central region of the Final Stage model (see Fig. 7B & C). Their positively charged
region binds to carboxyl groups of E11 residues and their aromatic ring and oxygen atoms
interact with imidazole rings of H13 and H14 residues.

We analyzed the stabilities of these models and refined their structures (both with and
without blocking peptides and drugs) by performing MD simulations of the assemblies
embedded in a lipid bilayer with water and ions on each side and within the pore. The all
atom root-mean-squared-deviation (RMSD) of the entire structure averaged over the last 3
ns of a 20 ns simulation from the initial symmetrical model was only 0.33 nm (supplement
Fig. S2A), and 1366 non-aqueous H-bonds were formed. These values are substantially
better than for the Stage 5 model (0.45 nm RMSD and 1138 H-bonds) or for the models of
the smooth annular protofibrils that have similar 36-stranded S3 barrels ((0.40 nm RMSD
and 1296 H-bonds) (see accompanying manuscript). The RMSD values are exceptionally
low considering that the assembly has 36 water-exposed N-termini that have been too
disordered for their structures to be determined in all NMR studies of different types of Ap
assemblies. This stability is likely due to the near optimal physiochemical properties of the
assembly (see discussion). Calculations of root-mean-squared-fluctuations (RMSF) about
their mean position during the last 3 ns indicate that residues of the putative ion selectivity
and drug binding regions are exceptionally static (residues 4-23 of Sub; and Sub, have
average RMSF value of 0.06-0.07 nm) (supplement Fig. Sup 2D). Residues that surround
this core (10-23 of Subg, and residues 31-39 of all subunits) are only slightly more dynamic
(RMSF values of 0.07-0.08 nm). The most dynamic residues those exposed to the aqueous
phases (residues 1-3, 25-30, and 40-42 plus residues 4-9 of Subs).

Other Models

In our long-term iterative approach (see discussion) it is useful to distinguish the following
general features of our models from precise details that are less likely to be correct. 1)
Hexamers may form in which S3 segments construct a six-stranded B-barrel. Although we
currently prefer antiparallel structures because they are more consistent with some
interpretations of experimental results and are slightly more stable, we cannot exclude
parallel structures (see supplement). 2) Parallel S1 B-barrels may comprise some portion of
the permeation pore and the E11-H14 segment may form multivalent cation, drug, and
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peptide binding sites; however, the number of strands in these barrels may vary and these
motifs are compatible with numerous specific models of other segments (see Fig 3 and
supplement). 3) TM six-stranded S3 p-barrels may merge to form more stable, much larger
single transmembrane S3 B-barrels that surround other TM segments. Although we currently
favor antiparallel 36-stranded S3 barrels, we cannot exclude the parallel B-barrels, which are
almost a stable in our simulations (see supplement), nor can we be certain that such barrels
always form from six hexamers and will always have 36 strands. 4) The TM region may be
composed of concentric B-barrels with the outer barrel having more stands than the barrel it
surrounds. We have found that when the number of strands differs by twelve and the barrels
have a shear number equal to the number of strands, then the gap between barrels is ~ 1.0
nm, which is reasonable to accommodate side chains; e.g, in our final preferred model a 36
stranded S3 barrel with a shear number of 36 surrounds a 24-stranded S2 barrel with a shear
number of 24. However, this concept is not limited to this model alone; e.g., we have made
numerous models of channels and annular protofibrils (see supplement and accompanying
manuscript) and we cannot exclude the possibility that a channel of this type will not have
six-fold symmetry about the axis of the pore.

In our search for the ‘best’ models, we developed models not presented in the text in which
1) S2 and S3 segments are helical, 2) S2 and S3 segments form B-hairpins, 3) S3 segments
form parallel B barrels, 4) S1 segments form antiparallel beta barrels that line the pores,
either as extended strands or as B-hairpins, 5) S2 segments form B-barrels that line the pore,
and 6) S3 strands are the only transmembrane segments, and lipid head groups line the pore.
The supplement describes some of the more plausible alternatives, and explains why we
currently consider them to be inferior. In general these alternative models were less stable
than our favored models and/or were less consistent with the microscopy and other data.

Discussion and Conclusions

Here we have proposed six-stranded f-barrel models for the hydrophobic portions of A
proteins that interact with membranes. We have used the same motif to develop models of
soluble AB (accompanying manuscript) and Prion Protein (Guy & Durell, Biophysical
Journal, 2007, 2667-PosB32a) assemblies. If these p-barrel models are correct, they could
be key to understanding the molecular basis of Alzheimer’s and prion-related spongiform
encephalopathies. We have also developed models of larger assemblies formed from these
hexamers. Our proposed multi-step membrane insertion process for Ap oligomers involves
formation of several types of pores. Although the description of the insertion pathway is
overly simplified, it was included for several reasons: 1) to explain the AFM results with
peaks surrounding a central region (the dimensions in the AFM images are more consistent
with the surface hexamer-of-hexamers than with the transmembrane models), 2) to explain
why some groups have found that Ap assemblies form antiparallel beta sheets on the surface
of the membrane with the strands oriented parallel to the membrane’s surface50, 3) to
explain how an antiparallel structure can span the bilayer since polar residues must cross the
membrane to form the antiparallel structure, 4) to explain the sequence and variety of
conductances observed in bilayer experiments in which highly noise current records are
frequently followed by more stable, higher conductance channels, 5) to explain why some of
the channels appear to be assymetric relative to channel blockers3, and 6) because the
proposed insertion process was an integral part of our rationale for developing the channel
models. In the last stage of the channel-forming process, the 6-stranded S3 B-barrels split
apart and then merge to form a 36-stranded S3 B-barrel. We proposed a similar process for
the transition from ‘beaded’ to “smooth’ annular protofibrils in the accompanying
manuscript. We and others30 have developed a variety of alternative models; however, the
models presented here are those more consistent with our modeling criteria and
experimental results. The Final Stage models are physiochemically sound; i.e., the outer
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hydrophobic wall corresponds closely to the thickness of the membrane’s alkyl phase,
positively charged residues interact with negatively charged lipid head group moieties,
virtually all polar atoms located in apolar environments (transmembrane) form hydrogen
bonds, almost all charged groups form salt bridges or bind to counterions in the pore, almost
all hydrophobic groups are in hydrophobic environments (exposed to lipid alkyl chains or
buried within the protein), the B-barrels have geometries and shear numbers commonly
observed for transmembane B-barrels, and the structure is exceptionally stable during MD
simulations. The stabilities of our models contrasts with the instabilities of Ap channel
models of Jang et al. 30. We thus reject their conclusion that hydrogen-bonded B-strands
tend to break in fluidic bilayers, and refer to the stabilities of porins and other
transmembrane B-barrel channel proteins of known structure such as a-hemolysin as
evidence that this is not the case for correct structures. Our models are also consistent with
numerous experimental results: Their dimensions correspond closely to both atomic force
and freeze fracture microscopy images. The proposed insertion process explains observed
transitions from very noisy short-lived channels to very stable long-lived channels. The
modeled pore has a net negative charge, consistent with the cation selectivity and Ca2*
permeability of the pore. It also can explain how Zn2* 33 and AI3* 5, histidine-containing
peptides 3,21, and the MRS2481 and MRS2485 drugs 22 inhibit Ap-induced channels. The
most compelling evidence that Ca2* permeation through Ap channels is responsible for AB’s
toxicity is the observation that all of these putative channel-blocking agents also inhibit Ap-
induced apoptosis 3,22. The histidine-containing peptides have also been shown to inhibit
AB-induced entry of Ca2* into neurons; whereas blockers of voltage-gated Ca2* channels do
not (Arispe, et al, Biophysical Journal, Volume 98, Issue 3, Supplement 1, January 2010,
Page 293a).

The most thorough analyses of the relationships among AB40 concentration in membranes,
its secondary structure, its insertion into membranes, affects of lipid compensation, the size
of oligomer, and AB-induced permeation have been performed in the Gafni laboratory60,72.
These studies were published after development of the models presented here, so it is
important to relate our models to these results. This group finds that AB40 binds to all types
of membranes studied, but inserts (as measured by tryptophan fluorescence in a Y10W
mutant) only in membranes with a substantial component of negatively charged head
groups72. Interactions between these head groups and the K28 side chain are the most likely
explanation for this dependency in our models. At low peptide to lipid (P:L) ratios most
APB40 peptides are monomers distributed evenly over the membrane surface, have
substantial a-helical secondary structure, and do not cause permeation72. As P:L increases
to moderate levels, large oligomers (tetramers to octamers, but primarily hexamers) form,
the secondary structure shifts to predominantly B, and small permeability increases occur,
but only if the membranes have a liquid crystal alkyl phase72. This finding that increases in
permeability coincide with a transition from helical to B structure appears to be inconsistent
with our previous predominately helical hexameric models of channels24 (see supplement),
but would be consistent with our hexameric B-barrel models if the hexamers can induce low
conductance channels. Binding and insertion are not sufficient to cause permeation; e.g.,
these processes are not dependent upon the nature of the alkyl phase, are not affected by
cholesterol, and occur quickly; whereas permeation requires a relatively dynamic liquid
crystal phase, is inhibited by cholesterol, and increases relatively slowly72. Our explanation
for these findings is that their binding and insertion mechanisms correspond to formations of
the surface hexamers of Fig. 2; whereas, permeation requires penetration of the bilayer by a
portion of the peptide, which occurs slowly and only if the alkyl phase is relatively fluid. At
still higher P:L they observe formation of much larger assemblies (N>20), and dramatic
increases in permeation due to formation of large pores, but only if the membranes have a
liquid crystal alkyl phase60. Unlike the smaller hexameric oligomers, these larger
assemblies change slowly with time. These larger assemblies may correspond to assemblies
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similar to the hexamer-of-hexamer models of Fig. 3, and the slow changes may involve
types of transmembrane translocations similar to those of Fig. 3. Thus, differing
experimental conditions may produce different results because they favor and/or inhibit
different stages of the relatively complex membrane insertion process proposed here. This
may explain why various groups have obtained so many different results in studying effects
of AP peptides on membranes. For example, numerous groups have observed formation of
relatively stable channels with multiple conductances that are often accompanied or
preceded by more noisy currents 2,4,5,31,32,34,36,43,65, some have observed only noisy
currents that were interpreted to be indicative of membrane perturbations 19, some have
observed no channels and little perturbations but have observed changes in membrane
conductance and capacitance 66, and others have observed membrane disruptions in which
the membranes break 39,51. Which effects are observed appears to depend upon numerous
factors such as the lipid composition of the membrane, the state of the Af} assemblies prior
to incorporation into the membranes, the methods used to place them in the membrane, the
concentration of the peptides, which buffer is present in the solution, and whether all solvent
used to prepare the peptides has been removed 11. For example, negatively charged head
groups are required to produce stable cation-selective channels 2,4,5,72, zwitterion lipids
(phosphatidylcholine) favor B-structures on the membrane surfaces and relatively unstable
currents 19 or no permeation72, oxidized cholesterol is required to produce anionic selective
channels 52, Tris buffer used in some studies blocks Af channels 4,5, and the presence of
hexafluoroisopropanol solvent, often used to prepare A peptides, produces capacitance
changes and inhibits channel formation 11. The freeze fracture studies presented here clearly
indicate that under some conditions, AP assemblies can penetrate the lipid bilayer. These
transmembrane assemblies likely form rather classic types of channels that may have
numerous conductance states, dependent upon the number of peptides or oligomers in the
assembly, the structure of the portion of the assembly that forms the pore, and whether the
assemblies substantially perturb the structure of the lipids with which they interact.

Our models raise numerous issues that should be analyzed experimentally. For example,
higher resolution microscopy studies that also include side views of the membrane
assemblies should help determine whether some assemblies are asymmetric, with most of
the protein on the cis side of the bilayer (Fig. 3A—C), or span the bilayer symmetrically (Fig.
3D-E); or whether the variation of sizes of Ap assemblies observed in the freeze fracture
studies is due to variability in the number of ApB peptides that comprise the different
assemblies, or due to the stage of membrane insertion, as depicted in Fig. 3. Effects on ion
selectivity of mutations that change the charges of S1 and/or S2 segments should help
determine which, if either, of these segments lines the pores; e.g. in our models D7 and E11
are important in determining the Ca2* selectivity of the channel, whereas in some alternative
models 30 E22 is crucial. The models also predict that E11, H13, and H14 are involved in
binding of putative channel blocking agents, and thus mutating any of these residues to
glutamine should have substantial effects on the binding of these agents. Antibodies could
be used to determine whether S1 and/or S2 segments cross the membrane, as predicted in
the antiparallel models of Fig. 3D-F. Experiments similar to those describe above from the
Gafni lab 72 should be repeated with Ap42 to determine whether the results are affected by
the peptide length. The models could also be useful in developing strategies to produce
homogeneous populations of membrane-bound AB assemblies required for more detailed
solid-state NMR studies.

A major goal of our research is to assist in the developments of improved methods to
prevent and/or treat Alzheimer’s disease. Our proposal for how some small drug molecules
may inhibit neurotoxicity by blocking Af channels 22 is an initial step in this direction. This
suggests that the models could be useful in structure-based drug design if Ap channels are an
integral component of the disease. However, potential therapeutics may not to be limited to
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this site or mechanism. For example, if the toxic moieties are composed of, or derived from,
AP hexamers, then any mechanism that inhibited formation of these hexamers might prove
effective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Freeze fracture studies of transmembrane Ap assemblies. (A) Image of a fractured liposome
reconstituted with AB and shadowed with platinum—carbon. The small particles represent the
external domains of the transmembrane Ap assemblies and the smoother regions, the center
of the phospholipid bilayer. The enclosed images are those illustrated in Fig. 3G. (B) The
histogram show the distribution of Ap assemblies according to their diameter (nm, n = 102).
The freeze fracture figure was generated by Dr. G. Zampighi (University of California at
Los Angeles School of Medicine, Los Angeles, California, USA).
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Figure 2.

Ribbon representation of AB42 hexamer model bound to the cis surface of the membrane.
Segment S1 (residues 1-14) is red, S2 (15-28) is gold, and S3 (29-42) is blue. (A) Hexamer
as viewed looking from the aqueous phase toward the membrane. The hexamer has 2-fold
symmetry, with three monomeric subunit conformations. The S3 segments from six subunits
form a six stranded antiparallel B-barrel with its axis parallel to the membrane surface. S1
and S2 segments of Sub; and Sub, comprise two antiparallel -sheets. The red Sla sheet is
on the outer surface were it is exposed to water, the gold S2 sheet is sandwiched between the
Sla sheet and S3 B-barrel. S2 of the remaining two Subgz subunits form a-helices that
interact with both water and lipid. The red S1 segment of Subj is ill-defined and may have
extended and/or coiled conformations. (B) Side view of the hexamer illustrating side chains,
colored by element (red = O, blue = N, gray = C, white = H). The black line approximates
the boundary between the lipid head group and alkyl chain portions of the membrane. Note
that almost all hydrophobic side chains are either buried between sheets, inside the B-barrel,
are exposed to lipid alkyl chains and almost all polar and charged groups are exposed to
water and/or located where they can form H-bonds and salt bridges.
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Figure 3.

Models of membrane bound assemblies of six hexamers and their proposed relationships to
microscopy images and recorded currents. (A—E) Ap assemblies at various stages of
insertion colored as is Fig. 2. Top view of aqueous phase and of transmembrane regions are
in the 15t and 2" row; side views of two of the hexamers are in the 3" row where black
lines approximate boundries of the membrane’s alkyl phase. (F) Atomic force microscopy
image of a large AP assembly 42 (reproduced with permission from Dr. R. Lal, Center for
Nanomedicine University of Chicago, USA). (G) Freeze fracture images of Af assembly
with diameter of ~13-14, 11 and 7 nm. (H) Different patterns of current activity from AB40
ion channels incorporated into planar lipid bilayers at zero bilayer potential. Currents are
driven by a chemical potential gradient.
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Figure 4.

Ribbon representation of the final stage model in which blue S3 segments form a 36-
stranded antiparallel B-barrel (same as model in Fig. 3E). (A—C) Conformations of the three
types of subunits, Suby, Sub,, and Subs, that comprise the model; 12 copies of each are in
the complete model. (D) Side view of the complete model. Some of the S3 strands nearest
the viewer have been clipped off to reveal the structure of the core region. Red S1 segments
form two 12-stranded parallel B-barrels, central hydrophobic residues (17-21) of gold S2
segments form a central 24-stranded anitparallel B-barrel. (E) Half of the transmembrane
region viewed from the aqueous phase along the central axis of the pore.
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Figure 5.

Detailed representation of one of thel2-stranded parallel S1 barrels that comprise the lining
of the pore. Side chains of residues extending into the pore have been added and colored by
element. (A) Side view in which five strands nearest the viewer have been removed to reveal
the lining of the pore. Negatively and positively charged residues inside the barrel are
labeled red and blue respectively. (B) View down the axis of a portion of the pore from D7
through E11. Space-filled spheres illustrate positions of Ca2* ions prior to MD simulations.
This model has six-fold symmetry about the axis of the pore/barrel.
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Figure 6.

Central region of the pore formed by residues 13-21. Space-filled representations of side
chains that line the pore are colored by element. (A) Side view showing only four subunits
on each side of the pore. (B) Top view through the pore of all subunits. Note that V18 and
F20 side chains are buried behind H14 side chains, and that H13 side chains are relatively
exposed near the axis of the pore.
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Figure 7.
Model of the binding of MRS2485 in the central region of the pore. (A) Side view of portion

or the pore formed by residues 11-21 with one MRS2485 molecule (space-filled colored by
element) bound. Subunits nearest the viewer have been removed to reveal the lining of the
central pore. (B) Same as (A) but with six bound MRS2485 drugs. These are related by 3-
fold symmetry about the axis of the pore and 2-fold symmetry about the central plain. (C)
Top view of the C-termini ends (residues 11-14) of S1 segments with three bound
MRS2485 drugs.
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