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ABSTRACT: Perturbation of cell membranes by amyloid  (Ab)
peptide oligomers is one possible mechanism of cytotoxicity in
Alzheimer’s disease, but the structure of such Ab—membrane
complexes is unknown. Here we examine the stability of several
putative structures by implicit membrane and all-atom molecular
dynamics simulations. The structures include (a) a variety of
models proposed by other researchers in the past, (b) a heptameric
B barrel determined by grafting the Ab sequence onto a-
hemolysin, (c) a similar structure with modified strand orientation
and turn location based on an experimental f-hairpin structure, (d) ¢ -

oligomers inserting C-terminal £ hairpins into one leaflet of the © ‘0 @ \' o
bilayer, (e) oligomers forming parallel C-terminal f§ barrels, and (f) D - @ w»\f(:,ﬂi»}\ S8 %

a helical hexamer made of C-terminal fragments. The a-hemolysin-

grafted structure and its alternately oriented variant are stable in the membrane and form an aqueous pore. In contrast, the C-
terminal parallel barrels are not stable, presumably due to excessive hydrophobicity of their inner surface. The helical hexamer also
failed to stabilize an aqueous pore for the same reason. The C-terminal hairpin-inserting structures remain stably inserted but, again,
do not form an aqueous pore. Our results suggest that only f-barrels inserting a combination of C-terminal and other residues can
form stable aqueous pores.
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B INTRODUCTION amyloid # forms ion channels,**** which are permeable to

I+ . . . .
Amyloid /8 (Ab), a 39- to 43-residue peptide resulting from Ca”" and lead to increase of its intracellular concentration.
Alternatively, Ab oligomers could disrupt membranes via
cleavage of a precursor protein, is the main constltuent of the

senile plaques that characterize Alzheimer’s disease.' The 42- nonspecific defects."*™” Other work proposed that it s not the
residue peptide tends to aggregate into fibrils faster and is fibrils themselves but the process of fibril growth that damages

48—50
. - : . h 1 R 1
more neurotoxic than the 1—40 variant.”~* While the peptide membr.anes, perhaps by .1p1d extraction.’ ' Recent, low
. . Lo resolution cryo-ET showed oligomers attached and inserted
can take a partially helical conformation in some nonpolar

. S6 by o into the outer leaflet of vesicles.”> Much work has been done
environments,™” it is primarily in # conformation in aqueous . . 1 o 3
.7 . 7 .8 with fragments, especially 25—35, which is toxic in itself>* and
solution” and is more toxic in that conformation.” Several . 54,55 . .
. . | forms ion channels.”””” Some evidence of f-barrel structure in
structures of fibrils have been determined, and all contain . . 56—58
017 v nonpolar environments exists, although more recent work
parallel 8 sheets. Microcrystal structures of small fragments ; . 3
. . 1819 . supported a flat tetramer in micelles.”” Recently, the Ab
are also available, all in f# conformation.”™~ Ab is one of .
. . Lo sequence grafted onto a-hemolysin was shown by CryoEM to
several peptides and proteins whose aggregation is linked to 60
S 30 adopt a f-barrel structure.
degenerative diseases. .
Several molecular models for Af ion channels have been
Soluble oligomers are re orted to be more toxic than the
proposed. Some are de novo constructions based on intuition
monomer or the fibrils.?! However, structural information 61,62
and experimental constraints. An elaborate and unusual
on these toxic oligomers is scarce, low resolution, and . .
. . YA 36-mer transmembrane structure with concentric barrels was
sometimes in conflict.”" 7" Pyroglutamylated forms of Ap, . . . .62
. s found stable in short molecular dynamics (MD) simulations.
such as APpE;_,, and APpE;_,,, are present in Alzheimer’s

disease brains in significant amounts (10—20% of total Af)
and have emerged as the most cytotoxic Af species.”*** The
second hallmark of Alzheimer’s, tau aggregation, happens
downstream of Af pathology and is likely caused by it.>”
The link between Ab aggregation and disease has been
heavily debated, and its interaction with cell membranes has
received considerable attention. Many studies showed that
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More recent work proposed concentric barrels for oligomers in
solution.”> Other models were based on the structure of the
fibrils,**~® which, when subjected to MD simulations, broke
up into distinct subunits. The insertion of such dimers and
pentamers into the bilayer was also studied.”” More recent
models are /3 barrels inspired by recent results and using porins
as templates.”®” Barrels also arose spontaneously in
simulations of oligomers in solution.”’

A recent publication from our lab examined structural pore
models for IAPP.”" Here we evaluate past models and generate
new ones for full-length Ab using first implicit-membrane
modeling to estimate thermodynamic stability and long all-
atom simulations to estimate kinetic stability. We also evaluate
the recent structure determined by cryoEM in a fusion
construct with a-hemolysin®® and a variant where the C-
terminal (Ct) strand is flipped. We find that the Ct portion
alone is able to anchor an oligomer onto the membrane but is
too hydrophobic to sustain an aqueous pore. Only when more
polar parts of the peptide are incorporated in the pore can an
aqueous pore be stable.

B RESULTS

Evaluation of Previous Models in Implicit Membrane.
The oldest structural models for Ab ion channels were
proposed by Guy and co-workers.”’ They were later revised
based on newer experimental data.®” No coordinates are
available for these models, and they are difficult to reconstruct.
Thus, we have not been able to evaluate them.

Models based on the original Ab fibril structures'"” were
proposed by the Nussinov group. The most stable of these
models are unsheared®*®* or sheared® double layers with an
inner layer composed of the 17—24 f strand and an outer layer
composed of the 27—42 f strand. Because the barrel curvature
creates a larger distance between the f strands in the outer
layer, that layer is not H bonded. As a result, these barrels were
observed to break into 4—6 subunits. We constructed a
sheared 20-mer barrel according to the description of ref 80.
The inner strands are at R = 15.5 A and the outer strands at R
~ 25 A. A brief MD simulation of this model in a 15 A implicit
membrane cylindrical pore led to distortion in the shape of the
inner barrel and disordering of the outer, Ct strands. Although
it remains embedded, the transfer energy of this model from
water to the pore is highly unfavorable (+141 kcal/mol) due to
the outer strands, which, although hydrophobic, bury un-
hydrogen-bonded backbone polar groups into a hydrophobic
environment. Hence, we conclude that such models are not
viable energetically.

Nguyen et al.°® constructed a /3 barrel structure based on the
data of Serra-Batiste et al.>” and using PagP as a template. It
consisted of a tetramer of hairpins (8 f strands in total) in
NCCN antiparallel configuration (i.e., antiparallel hairpins
interacting via their Ct strands). In this structure the peptides
adopt two configurations: one is similar to PDB 701Q_(see
below) and the other is similar to the S hairpin structure of
Hoyer et al.*’ We reconstructed the initial model based on the
given information and the coordinates provided by the authors
and subjected it to a 100 ps MD simulation in an R = 8 A
implicit toroidal pore. The model was reasonably stable, gave a
favorable AW of —27 kcal/mol, but exhibited a break between
segments A and D. The break is likely caused by the very tight
side chain packing in the interior of this structure. A larger
oligomer is likely to remain intact.

100

Ciudad et al.>” determined the structure of Ab42 tetramers
in DPC micelles (PDB 6RHY). Each tetramer contains a 6-
stranded f sheet. The two edge molecules contribute two
strands and the two central molecules contribute only one Ct
strand and have the N-terminal strand disordered in solution.
Two tetramers could form a f-sandwich octamer. It was
proposed that these tetramers and octamers could make “edge
pores”, allowing ions to be conducted along their hydrated
edges. MD simulations indeed showed water entering the
membrane to hydrate the edges. However, the thermodynamic
stability of these structures was not determined. The 6RHY
structure in an IMM1 membrane gives a AW of +16 kcal/mol.
In addition to the polar groups at the edges, it buries a His14,
GInlS, and Lys16 into a nonpolar environment. An octamer
made of two tetramers associating via the GInl$ face gives a
AW of +27 kcal/mol. We suspect that this structure is stable in
micelles, but in bilayers it rearranges, perhaps into a barrel.
Preventing the desolvation of a few polar groups, such as the
edge un-hydrogen-bonded backbone groups, might be enough
to make the insertion free energy favorable.

The heptameric structure grafted onto a-hemolysin is a 14-
stranded /3 barrel in which residues 7—42 form a f-hairpin.*’
This structure was extracted from the 701Q_ PDB file and
subjected to a 100 ps MD simulation in an implicit toroidal
pore (R, = 11 A, k = 10 A). It was very stable with a AW of
—11 kcal/mol. An alternative structure was constructed based
on the Hoyer hairpin, PDB 20TK,*" which differs from the
701Q hairpin by flipping of the Ct strand and having the turn
at residue 27 rather than at residue 24. The hairpin was first
flattened (by restraining all Ca atoms to be near a plane) and
then replicated and shifted to create a flat f sheet. That sheet
naturally curved up upon MD simulation in implicit solvent.
Finally, additional restraints between the edge strands were
used to close the barrel. This heptamer was also very stable,
giving an even more favorable AW of —31 kcal/mol.

Generation of Alternative Models and Evaluation in
Implicit Membrane. The Ct third of Ab (residues 31—42) is
very hydrophobic and thus most prone to interact with
membranes (it is actually part of a transmembrane helix in the
precursor protein). In solution a tendency has been reported
for /3 hairpin formation at this part of the sequence.** Hence,
we considered the possibility that several Ct hairpins come
together to form a membrane-embedded f barrel. Residues
28—42 were aligned to our previous octameric protegrin
barrel® in the following way (bold residues face outward):

RGGRLCYCRRRFCVCVGR
KGAIIGLMVGGVVIA

The rest of the peptide was built in extended conformation
in solution. This structure gave a favorable insertion energy
into an implicit membrane pore. However, the length of the
hairpins is not sufficient to cross the entire membrane.

We next considered the possibility that the Ct segments
form a parallel f-barrel that crosses the entire membrane. Two
oligomeric states were considered, 8mer and 16mer. First a
barrel from segments 31—42 was constructed by first making a
flat /3 sheet with off-register H-bonds (shifted by one residue).
The flat sheet developed a natural curvature during MD
simulation in implicit water and was then forced to close by H
bonding distance restraints. The rest of the peptide was added
in an extended conformation. The initial structure was placed
in an implicit membrane pore and relaxed for 200 ps with
harmonic restraints on 30—42 backbone and 100 ps without.
Both structures were stable in implicit membrane, with
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Figure 1. Structures of 70QI at the beginning (top) and at the end (bottom) of the simulation. In the side views, there are peptides, water, and
lipid headgroups which are phosphorus atoms of POPC (olive), O3 atoms in BGLC residue of GM1 (sky blue), and C1 atoms in cholesterol
(purple). The top views only contain peptides.

Figure 2. Structures of Hoyer 7mer at the beginning (top) and at the end (bottom) of the simulation. Colors are as in Figure 1.
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favorable AW (=96 kcal/mol for the 16mer and —4S5 kcal/mol
for the 8mer). In the 8mer some helix content was added at
residues 14—22 based on the structure of Ab40 in TFE/water
(PDB 1AML™), to match recent FTIR results.*

It has been proposed that a fraction of Ab may remain in the
membrane after cleavage of the precursor protein and interact
with other membrane proteins.*® Because the Ct part forms a
TM helix in the precursor protein, it is conceivable that that
portion might remain in the membrane as a helix despite the
fact that it has been cleaved. We built residues 15—42 as an «
helix and modeled it in implicit membrane. Its energy of
insertion was slightly unfavorable (+4 kcal/mol) due to the
burial of the C-terminus but remained in the membrane in 100
ps (there is a barrier to exit). Nevertheless, we considered the
possibility that a number of these helices may come together to
form a transient pore.

All-Atom Simulations. Based on the above results, we
decided to subject the systems in Table S5 to all-atom
simulations. The purpose of these simulations was to filter
out structures that are clearly unstable. The target simulation
time was S us but the simulation was stopped if the peptides
started to unfold and the pore to dissipate. Structures stable on
this time scale, short by experimental standards, may or may
not be stable on experimental time scales. But unstable
structures can be clearly ruled out.

Figures 1 and 2 show initial (top) and final (bottom)
structures of 701Q_and Hoyer 7mer, respectively. Both pores,
which on average contain ~260 water molecules, are stable.
However, many f strands of 701Q_ are shorter after the
simulation; parts that are out of the membrane lose secondary
structure and fold back from their initial extended
conformation. This leads to backbone RMSD after S5 us of
8.7 and 11.0 A for 701Q and Hoyer 7mer, respectively. Plots
of RMSD and secondary structure as a function of time can be
found in Supporting Information.

In a stable pore the interactions between adjacent peptides
are stronger than those between nonadjacent peptides.”"”*” We
examined this on the two heptamers, where there are 21
interaction pairs, 7 adjacent and 14 nonadjacent. Table 1
shows the 10 strongest pair interactions that were calculated
over the last 2 us of each simulation. The average interaction
energy over adjacent peptides is about —205 kcal/mol for
701Q and —136 kcal/mol for Hoyer. Thus, interpeptide
interactions are clearly stronger in 701Q. To find the reason,

Table 1. Ten Strongest Protein—protein Interaction
Energies (kcal/mol) Calculated over the Last 2 us of Each
Simulation”

701Q Hoyer 7mer

1 F-G* —264 + 24 A-B¥ —204 + 20
2 A-B¥ —234 + 11 D-E* —196 + 12
3 G-A* —216 + 11 F-G* —-145 + 9
4 C-D* —212 + 6 C-D* —139 + 12
S B-C* —-173 + 10 E-F* —116 + 8
6 D-E* -172 +°§ G-A* -98 + S

7 E-F* —163 + 10 B-D -84 +9

8 B-D —63 + 13 B-C* =57 +S§

9 E-G —62 + 13 A-E =53 + 22
10 C-E —43 + 4 B-G -35+6

“# denotes adjacent peptides (next to each other in the original

barrel).
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we examined different residue—residue interactions between
adjacent peptides, and the most important ones are presented
in Table 2. In 701Q_we observe very strong salt bridges, such
as E22-K28 and D23-K28, and strong polar interactions, such
as D23-S26 and D23-N27. In the Hoyer 7mer at least one
residue in important pairs is nonpolar and that prevents strong
interactions.

We have also calculated protein—lipid interaction energies
for 701Q and Hoyer 7mer over the last 2 us of each
simulation (Table 3). For fair comparison, these energies were
normalized by the number of each lipid type. In both cases,
protein—POPC is the strongest interaction and protein—
cholesterol the weakest. The interaction with POPC and GM1
is larger for the Hoyer 7mer than for 701Q, which is
consistent with the larger implicit membrane transfer energy
determined for the Hoyer structure.

Table 4 shows the residues that have the highest interaction
energies with GM1. In the Hoyer 7mer, positively charged
residues K28 and RS interact strongly with GM1, which has a
net charge of —1. K28 is in the f-sheet of 701Q and in the
loop of Hoyer 7mer. So it can interact with GM1 only in the
Hoyer structure. Another example is K16, whose side chain is
directed toward the pore of 701Q and toward the membrane
of Hoyer 7mer in a way that it interacts strongly with POPC.
RS is in the disordered aqueous region of both structures, but
it can explore more space in the Hoyer structure, which has a
longer N-terminal tail. N27 is in the loop in the Hoyer
structure but deeper in the membrane in 701Q.

Figure 3 shows the octamer hairpin system in the beginning
(top) and after 1.97 us (bottom) of all-atom simulation, where
the simulation was stopped. The eight hairpins, as well as the
aqueous channel they surround, initially span only one leaflet
of the membrane. At the end of equilibration the barrel is
somewhat flattened. After 150 ns of production, peptide C
almost leaves the pore and locates behind peptides B and D.
Consequently, the number of water molecules in the pore
decreases from ~80 to ~30. At 1.97 s six hairpins form a flat
P sandwich, with hairpin B capping one edge of the sandwich
and hairpin C on top of the sandwich and almost parallel to the
membrane. Very little water remains in the membrane at that
point. The aqueous part moves further into solvent. It contains
small parallel and antiparallel § sheets but remains disordered.

Figure 4 shows the initial (top) and final (bottom)
structures of the octameric parallel barrel. After equilibration
all water has left the pore. After S ys, the barrel flattens, four -
strands partially unfold, and two strands across the pore move
closer to each other. In the aqueous region, some built-in
helices remained small and one grew substantially to S turns.
Some small intermolecular parallel and antiparallel f§ sheets
were also formed. For the similar 16-mer, the initial pore
contained more than 800 water molecules and remained
hydrated during equilibration (Figure S top panels). However,
some distortion in the barrel was already evident. After 4 us,
one side of the barrel essentially dissolved and three Ct entered
the pore lumen (Figure S bottom panels). Although the pore
remained hydrated, it is clear that the barrel is not stable.

Figure 6 shows two different initial structures of helical Ct
after NAMD equilibration. In one of them, the helices spanned
the membrane completely but buried some polar groups in the
membrane (left) while in the other one the helices spanned
two-thirds of the membrane and buried only the hydrophobic
Ct portion (right). In both cases, the pore in the Ct portion
dried up after equilibration. This is not surprising, since all of

https://doi.org/10.1021/acschemneuro.2c00535
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Table 2. Important Residue—Residue Interaction Energies (kcal/mol) in Adjacent Peptides for 701Q and Hoyer 7mer

Calculated over the Last 2 us of Each Simulation”

system A-B B-C C-D D-E
701Q E22-K28, =54 + 1 E22-K28, —55.7 + 0.7 D23-K28, —44 + 10 E22-K28, =36 + 4
K16-A42, —44 + 6 F19-131, —6.9 + 0.1 E22-K28, —16 + 8 D23-K28, —16 + 7
D23-S26, —23.6 + 0.3 K16-G33, —6.1 + 0.1 F19-131, —=7.1 + 0.1 D23-826, =10 + 2
Hoyer K16-A42, —33 + 2 K16-G37, —8.1 £ 0.7 K16-A42, —19 + 10 F19-V36, —7.1 + 0.1
K16-141, =11 + 1 F19-V36, —7.1 + 0.1 F19-V36, —7.29 + 0.04 D23-131, —=5.7 + 0.1
D23-K28, =S5 + 4 A21-L34, =5.5 + 0.1 A21-L34, —=5.43 + 0.06 A21-L34, =5.6 + 0.1
system E-F F-G G-A
701Q E22-K28, —51.9 + 0.9 E22-K28, —36.5 + 2.7 E22-K28, —46.2 + 1.8
D23-S26, —19.6 + 1.9 F19-131, —7.42 + 0.06 D23-K28, —33.7 + 7.5
D23-N27, —9.6 + 1.6 Q15-M35, —7.16 + 0.13 D23-S26, —11.9 + 2.3
Hoyer F19-V36, —7.21 + 0.02 A21-L34, —5.35 + 0.0 K16-A42, —21 + 7

A21-L34, —5.47 + 0.0S
D23-131, —5.44 + 0.1S

D23-131, —4.9 + 0.1
F19-V36, —4.7 + 0.3

F19-V36, —=7.2 = 0.1
L17-V39, —5.9 + 0.7

“The first residue is from the first peptide and the second residue from the second peptide.

Table 3. Normalized Interaction Energies (kcal/mol) of
Protein—Lipid in 701Q and Hoyer 7mer Calculated over
the Last 2 us of Each Simulation

protein—lipid 701Q Hoyer 7mer
protein—POPC =75 £ 0.2 —-8.8 + 0.2
protein—GM1 —-34+03 —6.5 + 0.6
protein—cholesterol —1.40 + 0.04 -12 +0.1

Table 4. Important Residue-GM1 Interaction Energies
(kcal/mol) in 701Q and Hoyer 7mer Calculated over the
Last 2 us of Each Simulation

701Q Hoyer 7mer
residue-GM1 energy residue-GM1 energy
DI-GM1 —94 + 28 K28-GM1 =322 £ 2.5
D23-GM1 -83 + 15 RS-GM1 =233 £ 6.2
V24-GM1 -83+ 1.5 N27-GM1 —13.0 + 1.4

the last 14 residues in the Ct are nonpolar. Thus, longer all-
atom simulations were not run on these systems.

B DISCUSSION

This work examined a variety of structural models of Ab42
oligomers interacting with lipid bilayers, including some
proposed previously and additional ones created here. Our
main conclusion is that the hydrophobic Ct portion (residues
30—42) is able to anchor the oligomer to the membrane but
cannot by itself sustain an aqueous pore. The only structures
that form a stable water pore are those that bury a larger
portion of the peptide, including polar residues from the
middle part, residues 17—30. Among the two stable pore
structures we simulated on a us time scale, 701Q_exhibits
stronger interprotein interactions, but the barrel made of
Hoyer hairpins®' has stronger peptide—lipid interactions. It is
not possible at this point to say which one is more stable. The
NMR structure of a tetramer in micelles also contains two
hairpins with the same strand orientation and turn location as
Hoyer’s but different sides of the strands H-bonded (36—15,
34—17, etc. for Hoyer and 37—16, 35—18, etc. for the
tetramer).59

The only model that is experimentally supported so far is
701Q, the heptamer grafted onto a-hemolysin.*" Indeed, we
find this model to be stable and to support an aqueous pore. It
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is likely, however, that other structures also exist. The peptide
may not adopt the same structure if its termini are not
constrained by a larger protein. First, the oligomeric state in
701Q_is fixed by the a-hemolysin scaffold, but it could be
different, or heterogeneous, in the free peptides. Other
biophysical results are not fully compatible with this structure.
For example, the cryoET results show large portions out of the
membrane.>” These structures are similar to our 8mer that
buries Ct hairpins. FTIR results found a significant portion of
a-helix,® whereas this model is f# and random coil. It is
possible, however, that some helix could develop in the
disordered N-terminal tails at longer time scales.

Many previous studies of Ab40 or Ab42 detected ion
channel activity with cation selectivity®*™*° and the ability to
conduct Ca*".”" These channels were found to be blocked by
Zn?* 7% due to interaction with His13,14.”* Among the two
models that support an aqueous pore, 701Q has K16 and K28
in the pore lumen and E22, D23 near the loop. The Hoyer
barrel has E22 in the lumen and K16, K28 in the loop or facing
the exterior. Thus, the Hoyer barrel seems more compatible
with cation selectivity. Both models have H13, 14 near the
entrance of the pore where binding of Zn** could have an
effect on conductance. Confirmation of this cation selectivity,
and specifically the ability to conduct Ca**, could be done in
future work by calculation of potentials of mean force for
specific ions. There are, however, other experimental studies
that found no selectivity. ">

Certain sequence changes in Ab correlate with enhanced
toxicity. For example, Ab42 is known to be more toxic than
Ab40>~* and one study found ion channels formed by Ab42
but not Ab40,” contradicting earlier papers mentioned above.
In the two stable barrel structures the last two residues are
disordered and not part of the barrel. So they are unlikely to
affect the stability of the final barrel structure. Similarly, the
higher toxicity of the pyroglutamated variants,*~>* which have
a more hydrophobic N-terminus, cannot be accounted for by
the barrel structures, where the N-terminus is disordered and
far from the membrane. One possible explanation is that these
changes do not affect the final state but lower the barrier for its
formation by increasing the propensity for aggregation. Other
mutation effects are also difficult to rationalize in the context of
the barrel structures. For example, E22, which is in the pore
lumen in the stable barrel structures, is often mutated to G, K,
Q, or nothing in familial Alzheimer’s cases.”” The mechanisms
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Figure 3. Structures of 8mer Ct hairpins at the beginning (top) and at the end (bottom) of the simulation. Peptide C is in red.

of this could be varied, such as loss of physiological function,
effect on cleavage propensity, effect on aggregation propensity,
etc.

We also considered the possibility that the Ct portion inserts
into the membrane as an a-helix. However, this is
thermodynamically unfavorable. In addition, because this
portion is hydrophobic, there is no source of synergy when
multiple helices come together. In preliminary simulations we
saw the pore dry up. There are no polar residues that could
support an aqueous pore. Nevertheless, a previous study found
that a bundle of four helices could conduct Ca**, although no
specific information on hydration was given.”®

In the amyloid field it is well established that oligomers have
varying toxicity.”” What characteristics make some oligomers
toxic and others nontoxic is not understood. Normally,
oligomers formed in solution are expected to bury their
hydrophobic residues, but kinetic trapping may prevent them
from doing so completely. From the present results we could
hypothesize that toxic are those oligomers that (a) expose
enough hydrophobic surface area to interact with membranes
and (b) contain S hairpins similar to those that form
conducting barrels in the membrane. Alternatively, pores
could be formed by monomers that encounter each other after
binding to the membrane. A disulfide-stabilized version of the
Hoyer hairpin was able to form toxic oligomers containing 40%

104

f sheet but not fibrils."”® Solid state NMR data in protofibrils
formed by this molecule were consistent with hexameric
barrels.'”’ Our finding that this hairpin is able to form
membrane-embedded barrels that can sustain an aqueous pore
supports membrane permeabilization as a mechanism of
toxicity.

Support for the f-barrel mechanism also comes from the
existence of antibody All, which recognizes not only toxic,
prefibrillar oligomers of Ab and other amyloid-forming
proteins such as a-synuclein and IAPP'** but also S-barrel
forming toxins, such as a-hemolysin and perforin.103 Because
the only solvent-exposed region of a -barrel is the loops, it is
possible that A11 recognizes the backbone conformation of the
exposed loops in p-barrels. We can then infer that toxic
oligomers contain fS-hairpins in a conformation that exposes
loops in similar ways as f-barrels.

B METHODS

Implicit Membrane Model. For a rapid preliminary evaluation of
putative structures we used the IMM1 implicit membrane model,”* an
extension of the EEF1 effective energy function for soluble proteins’®
to heterogeneous membrane—water systems. IMM1 uses a switching
function that transitions smoothly from a nonpolar to an aqueous
environment. Modeling of pores’*”* is accomplished by making the
switching function F dependent not only on the vertical (z)
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Figure 5. Structures of 16mer parallel Ct barrel at the beginning (top) and at the end (bottom) of the simulation.
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Figure 6. Structures of helical C-termini spanning the entire membrane (left) or two-thirds of the membrane (right) after NAMD equilibration.
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Figure 7. Shape of pores in an implicit membrane.

coordinate but also on the radial coordinate (the distance r from the z
axis), as shown in Figure 7 and eq 1.
! ! ’ r r r 7’ Z/n
F(z, 1) =f(&) + b(r') — f()b(r), [f(z) = T2

m

b(ry=1- !

L+

z' =1/(T/2), r =r/R

(1)
The shape of the pore can be specified by the dependence of R on z'.
In cylindrical pores R = R,, independent of z. Toroidal pores are
approximated by the parabolic model R = R, + kz'%. An estimate of
the stability of the pore is given by the transfer energy AW, which is
the energy of transferring a given peptide structure from water to the
implicit membrane pore. It should be noted, however, that this
quantity does not include the free energy of membrane deformation
and may thus overestimate pore stability. The implicit membrane
model is highly approximate and cannot account for all the intricacies
of complex peptide—water—lipid complexes. It only provides a rough,

first estimate of the stability of a peptide on a membrane or a pore
based on hydrophobic interactions and polar desolvation.

All-Atom Simulations. Table S lists properties of the systems
subjected to all-atom simulations. In all of these, each peptide has 42
residues except the helical Ct that comprise residues 15—42. The
initial configuration of peptides in each system was prepared with the
implicit membrane model. Then, we used CHARMM-GUI to add
lipids, with peptide/lipid ratio of 1:30, 22.5 A thickness of water slabs,
and 0.15 M KCl. The initial configuration was equilibrated with
NAMD in several steps with restraints on the peptides’ backbones,
lipid headgroups, waters, and ions that were gradually relaxed leading
to a S ns production run without restraints. The equilibrated system
was run on the Anton supercomputer in the NPT ensemble at 1 bar
and 310 K with the Nose—Hoover thermostat and the Martyna,
Tobias, and Klein (MTK) barostat.”® The last column in Table §
shows the simulation time for different systems. The helical systems
were not run on Anton because the pore dried up during
equilibration. The time step was 2.5 fs except in the presence of
GM1 lipid, where a smaller time step (1 fs) had to be used to prevent
convergence errors. The membranes were either 20% or 30% POPG
in POPC or more biologically relevant mixtures of POPC, cholesterol,
and the ganglioside GM1, which has been reported to interact with
Ab and favor its insertion into the membrane.”””® The composition
60:30:10 was chosen to be similar to recent work,>* with the GM1
slightly enhanced to improve the statistics of interaction with the
peptides. The number of lipids was chosen to provide at least two

Table S. Systems Simulated

system number of peptides  atoms
701Q 7 88077
Hoyer 7 85005
8mer Ct hairpins 8 103773
8mer parallel Ct barrel 8 96113
16mer parallel Ct barrel 16 226179
helical C-termini (residues 15—42) 6 55388
helical C-termini, half pore (residues 15—42) 6 60838

waters ions lower leaflet Z < 0 upper leaflet Z > 0 time (us)
19007 93 K* 64 POPC 62 POPC S
51 CI™ 31 Chol 32 Chol
10 GM1 11 GM1
17985 90 K* 66 POPC 60 POPC S
48 CI” 33 Chol 30 Chol
11 GM1 10 GM1
22759 108 K* 75 POPC 69 POPC 1.97
60 CI™ 41 Chol 31 Chol
14 GM1 10 GM1
19699 124 K* 94 POPC 98 POPC S
52 CI” 23 POPG 25 POPG
51715 237 K* 141 POPC 147 POPC 4
141 CI” 71 Chol 73 Chol
23 GM1 25 GM1
9688 79 K* 61 POPC 65 POPC
25 CI” 25 POPG 29 POPG
11502 83 K* 60 POPC 66 POPC
29 CI- 24 POPG 30 POPG
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layers of coverage around the peptides. All barrels were initially placed
with their axis parallel to the membrane normal.
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