Downloaded via CITY COLG OF NEW YORK on October 7, 2023 at 14:47:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Bichemistry

pubs.acs.org/biochemistry

Putative Pore Structures of Amyloid # 25—35 in Lipid Bilayers

Ankita Dutta, Aliasghar Sepehri, and Themis Lazaridis*

Cite This: Biochemistry 2023, 62, 2549-2558 Read Online

[ihl Metrics & More ’

ACCESS ‘ Article Recommendations |

@ Supporting Information

ABSTRACT: The amyloid /3 peptide aggregates to form extracellular plaques in the brains of &%

Alzheimer’s disease patients. Certain of its fragments have been found to have similar
properties to those of the full-length peptide. The best-studied of these is 25-35, which
aggregates into fibrils, is toxic to neurons, and forms ion channels in synthetic lipid bilayers.
Here, we investigate possible pore-forming structures of oligomers of this peptide in a POPC/
POPG membrane. We consider octameric and decameric f-barrels of different topology,
strand orientation, and shear, evaluate their stability in an implicit membrane model, and
subject the best models to multimicrosecond all-atom molecular dynamics simulations. We
find two decameric structures that are kinetically stable in membranes on this time scale: an
imperfectly closed antiparallel $-barrel with K28 in the pore lumen and a short parallel $-barrel
with K28 toward the membrane interface. Both structures exhibit dehydrated gaps in the pore
lumen, which are larger for the antiparallel barrel. Based on these results, the experimental
cation selectivity, the dependence of ion channel activity on voltage direction, and certain

mutation data, the parallel model seems more compatible with experimental data.

H INTRODUCTION
The amyloid # (Ab) peptide, produced by enzymatic cleavage of

the amyloid precursor protein, is the main constituent of the
senile plaques that characterize Alzheimer’s disease." The most
common forms of the peptide are Ab1-40 and Ab1-42, but
shorter fragments also occur naturally and have been studied in
vitro. One fragment that received considerable attention is
ADb25-35, the shortest fragment that retains important physical
and biological activities of the full-length peptide.”® For
example, it aggregates into fibrils,”” potentiates disruption of
Ca** homeostasis by excitatory amino acids,’ increases ion
conductance”® and membrane permeability’ in neurons,
triggers apoptosis,”'”'" and causes cell lysis in RBCs.'> One
study found Ab25-35 in Alzheimer’s patients’ brains'® although
it is not one of the major species.m_16 In vitro experiments
showed that this fragment can form ion channels in planar
membranes'”'® and cause Ca’* influx'® and dye leakage™® in
vesicles, providing a possible mechanism of cytotoxicity.

The C-terminal half of Ab25-35 is hydrophobic and interacts
readily with membranes, preferably anionic due to K28>' but
also purely zwitterionic.”>** Small angle X-ray diffraction*” and
neutron diffraction®”** showed this peptide integrating into the
hydrophobic acyl chain region of the lipid bilayer and causing
disruption of the membrane structure. EPR experiments in
SUVs showed the C-terminal half to be ordered and inserted
into the membrane, while the N-terminal end remains
disordered in solution.”> Cholesterol causes ordering of the
lipid phase and thereby hampers the insertion of Af peptides
into the membrane bilayer'®**” but has a more complex effect
on pore formation.”” The structure of the peptide in micelles and
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nonpolar solvents is helical,*>*** but # conformation has been
found in aqueous solution.'”?%?!

ADb25-35 has been the subject of several computational
studies. Replica exchange in water and water/HFIP reproduced
the preference for helix in apolar solvents and f structure in
water’> and showed partial helix formation in implicit
membranes.”** Replica exchange with solute tempering in
explicit bilayers showed a partially helical peptide which inserts
deeper when it forms dimers.>>~*” A hypothetical model for a
large pore created by the propagation of the observed
interactions was also proposed.®® The possibility of f-barrel
formation was also examined around nanotubes® and in lipid
bilayers.*” In the latter work, six -barrels were considered and
one was found to remain inserted and hydrated on the 150 ns
time scale.

Despite the substantial experimental and computational work,
the structure of membrane pores created by A$25-35 remains
elusive. In the work presented here, a large number of theoretical
models of f-barrels formed by Af25-35 were generated and
evaluated first using molecular dynamics (MD) simulations in
implicit membranes. The most stable models were then
embedded into an all-atom POPC/POPG bilayer and subjected
to long-time-scale MD simulation in order to assess their
stability and the lipid—protein interactions that stabilize them.
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B METHODS

Model Construction and Evaluation in Implicit
Solvent. The amino acid sequence of Af25-35 is
GSNKGAIIGLM. Within this sequence, two motifs, GAIIGL
and AIIGLM, produce antiparallel and 4parallel P sheets,
respectively, in microcrystal structures.”” Therefore, we
generated both parallel and antiparallel S-barrels de novo. A
single A peptide strand was first replicated and translated
laterally to form a parallel dimer. The replicated strand was
rotated appropriately to create antiparallel dimers. A flat
oligomer was then constructed by replicating and translating
laterally each Af25-35 dimer. This procedure generates
unsheared barrels. Two levels of shear were then introduced:
“full shear”, by translating each peptide up or down along its axis
so that the H-bonding register shifts by one, and “half shear”,
where every other peptide is thus shifted. The direction of this
shift determines the tilt sense of the strands in the final barrel
structure and the orientation of the strands with respect to the
barrel interior.

Following the construction of a flat oligomer, distance
restraints were added between H bonding pairs in all strands
except for the ones at the ends. The oligomer was subjected to a
short MD run in EEF1 effective energy function followed by
energy minimization. EEF1 is a combination of the CHARMM
19 united atom force field*' with a Gaussian solvent-exclusion
solvation free energy term.*” At the conclusion of this step, a
natural curvature develops for the sheared barrels that either
placed the Lys28 facing into the barrel (K-in) or out of the barrel
(K-out). Further distance restraints were then applied to the end
strands to enforce barrel closure. Initially eight-stranded parallel
and antiparallel p-barrels were created using the method
described, based on available data.'”?® Because these appeared
too tightly packed, 10-stranded barrels were also constructed.

The newly constructed f-barrels were then aligned along the
z-axis and inserted into IMM1 implicit membrane pores.”™*’
IMM1 is an extension of EEF1 to heterogeneous membrane-
water systems. It models the membrane as a hydrophobic slab
and uses a switching function that transitions smoothly from a
nonpolar to an aqueous environment. The headgroup area is not
distinguished from the aqueous region, so specific interactions
with the lipid headgroups are ignored. Only the headgrou4p
charge is taken into account with the Gouy—Chapman model °
(not used here). Modeling of pores is accomplished by making
the switching function F dependent on not only the vertical (z)
coordinate but also the distance r from the z-axis (see eq 1).

F(2', r')=f(2)+b(r") = f(2)b(r),

m m

z r
Z)= , b(rY =1 —
&) 142" o) 147"
2 =1/(T/2), + =r/R, R=R,+ kz'*

(1)

T = membrane thickness. The z-axis is perpendicular to the
membrane at the pore center.

The shape of the pore was toroidal with k = 10, and the radius
R, was set based on the position of the peptide backbone (9.5 A
for the 10-mers). The CHARMM software package was used for
classical MD simulations.”” The S-barrels were subjected to MD
runs in implicit membrane pores for 100 ps, followed by further
minimization. The final energy was compared to the energy of
the same structure in water to obtain the AW of transfer. The
structures with the most favorable AW were chosen for further
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study using all-atom simulation. This transfer energy is a quick
estimate of the favorability of membrane insertion and is
dominated by the intermolecular interactions of the peptide
with lipids and water (hydrophobicity and polar desolvation). It
is not the full free energy of binding as it ignores peptide entropy
effects, conformational changes from water to membrane, and
the free energy of deforming the membrane into the selected
shape. It thus gives only a partial measure of the stability of a
peptide-stabilized membrane pore. The negative value of this
quantity is a necessary but not sufficient condition for favorable
membrane insertion. Our lab has used this implicit membrane
pore apgroach to study antimicrobial peptides,***™>° prote-
grin,>’ % and recently putative pore structures formed by
amylin,> full-length ADb42,°® and a-synuclein.”’

All-Atom Simulations. Two f-barrels that had the most
stability and favorable transfer energy in implicit membrane
pores were chosen for all-atom simulations. They were first
placed along the z-axis, perpendicular to the membrane. The
structures were then uploaded to the CHARMM-GUI server,
where 300 lipids and a water slab with a thickness of at least 17.5
A were added. The membrane consisted of 75% POPC and 25%
POPG (240 POPC and 60 POPG lipids). This mixture is typical
for in vitro liposome experiments and has been used to study
membrane binding by Ab25-35 peptides.”’ The charmm36
force field was used for the peptide®® and the lipids,”” and the
TIP3P model was used for water. Potassium chloride (0.15 M)
was added, with extra K* jons to neutralize the excess negative
charge of the peptide—lipid system. The parallel 10-mer system
contained 10,742 waters, 77 K*, and 27 CI7, and the antiparallel
system contained 10,710 waters, 72 K*, and 22 CI™. The systems
were first equilibrated locally using NAMD software as
described in previous work.>> The final structures after
equilibration were subjected to 10 us simulations on the
ANTON2 supercomputer.60

B RESULTS

Model Construction and Evaluation in Implicit
Solvent. The barrels constructed here can be classified
according to four attributes: (a) parallel or antiparallel,
according to the direction of neighboring strands, (b) K-in or
K-out, according to strand orientation with respect to the pore,
(c) unsheared, full-sheared, or half-sheared, according to the
amount of shear, and (d) 8-mers or 10-mers, according to the
oligomeric state. Parallel barrels place all the Lys close to each
other, which should be electrostatically unfavorable. Antiparallel
barrels place the Lys at two different heights, which is preferable
in terms of interpeptide interactions but may be unfavorable in
terms of peptide—lipid interactions (see below). The shear
affects the ability of the peptide to span the bilayer. Unsheared
barrels are the longest but are inherently unstable,’’ so they are
not considered here. Full-sheared barrels span about half the
membrane, and half-sheared barrels span about 3/4 of the
membrane. The oligomeric state affects the size of the pore. 8-
mers are very tight with little empty space in the pore, whereas
10-mers are more loosely packed.

Table 1 shows the transfer energy of selected models from
water to an implicit membrane pore. Antiparallel K-out 8-mers
were the least stable and partially moved out of the membrane.
In these structures, it is difficult for the Lys to avoid the nonpolar
membrane environment. K-in antiparallel 8-mers are also not
very stable. The half-shear barrel breaks, whereas the full-shear
barrel remains intact but spans only half of the membrane. In the
parallel K-out barrels, all the Lys are at the same height, so the
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Table 1. Transfer Energies (AW) from Water to Implicit
Membrane Pores of Different -Barrel Models (kcal/mol)“

K-in K-out K-in K-out
parallel 8-mers antiparallel 8-mers
half shear -11.6 -36 S.1 (—2.6)
full shear -2.1 -30 9.4 (0.0)
parallel 10-mers antiparallel 10-mers
half shear —6.3 —46 0.6 11.5
full shear -0.2 -29 29.5 2.3

“Parentheses signify that the peptide complex left the membrane pore.

barrel can move to one side of the membrane to allow them to
interact with the polar phase. Because of that, the transfer
energies are very favorable. We should keep in mind, though,
that these energies do not include the free energy of deforming
the membrane, so they overstate the pore’s stability. Leaving
some of the pore uncovered by peptides costs considerable free
energy that would lower the favorability of these structures.
Parallel K-in barrels pack the Lys close to each other. As a result,
the half-shear barrel breaks at a single point. The full-shear K-in
parallel barrel remains intact but is marginally favorable.
Because of the very tight side chain packing of 8-mers, we
considered slightly larger structures made of 10-mers. The
trends here are similar to those with 8-mers, but no break in the
barrel occurs in half-shear parallel and antiparallel K-in barrels.
The transfer energy of the antiparallel K-in 10-mer is now close

to zero, while the paralle] K-out 10-mer shows an even more
favorable AW. Based on the transfer energies and the integrity of
the barrels, we chose to subject two 10-mer barrels to all-atom
simulations: the half-shear parallel K-out (P10Kout) and the
antiparallel K-in (A10Kin) (Figure 1).

All-Atom Simulations. The two selected half-shear
decameric f-barrels were subjected to all-atom MD simulation
to ascertain their stability in explicit membranes. The structures
were 27—30 A in length, enough to span the hydrophobic core of
the lipid bilayer. The f-barrels were therefore fully embedded
into the membrane and simulated for 10 ys. At the end of these
simulations, both structures remained in the membrane. The N-
terminal region of the P10Kout structure, which extended
beyond the lipid bilayer and into the water slab, assumed a
disordered structure producing an unfurled funnel-like end to a
short cylindrical barrel (Figure 2). The K28 side chains are at the
level of the lipid phosphates and interact frequently with them.
Although they are all oriented outward in the initial structure,
the disordering of the N-terminal region allows some of them to
flip inward (top views in Figure 2). RMS deviation as a function
of time, secondary structure propensity for each residue, contact
maps, H bonds involving K28, and K28-phosphate contacts are
shown in Figures S1, S3, S5, S8a, and S9a in the Supporting
Information, respectively.

The A10Kin structure produced a more compact cylindrical
barrel that retained its initial structure more closely (Figure 3).
However, a shift in register and then a break developed between

Figure 1. Parallel Kout 10-mer (top) and antiparallel Kin 10-mer (bottom), side (left) and top (right) views. The gray area signifies the aqueous

environment. The K28 residues are shown as sticks.
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Figure 2. P10Kout at the start of the simulation (top), after S s (middle) and after 10 ys (bottom). Left panel: side view; right panel: top view. The
lipids are not shown for clarity. The green spheres are chloride ions, and the orange spheres are potassium ions. K28 side chains are shown in the top

view.

two monomers (depicted using light blue and deep blue f-
strands in Figure 3). The C-terminal end of the light blue
monomer entered the pore lumen, first around 500 ns,
apparently to interact with a lysine. An increase in the average
distance between the two monomers is noticeable around 7.5 s,
from S—7 to 8—10 A. No H bonding exists between them at the
end of the simulation. In spite of this, the average diameter
(backbone to backbone) at the center of the pore remains ~19 A
throughout the trajectory. The K28 side chains are all oriented
inward in the initial structure, but the repulsion between them
forces some to move out of the pore lumen (top views in Figure
3). RMS deviation as a function of time, secondary structure
propensity for each residue, contact maps, H bonds involving
K28, and K28-phosphate contacts are shown in Figures S2, S4,
S6,S7,S8b, and S9b in the Supporting Information, respectively.
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Analysis of Energetics. To gain insights into the factors
that affect the stability of these barrels, the trajectories were
analyzed to obtain interaction energies of the peptides with
themselves and with the lipids (Table 2). The peptide—lipid
energy contributions were normalized by the number of lipids
present. We find that, on average, protein—POPG interaction
per molecule of POPG is stronger than protein—POPC
interaction per molecule of POPC. This is true for both barrels
and is likely due to the fact that POPG has a net charge of —1.
The positively charged Lys28, which tends to localize at the
membrane interface, accounts for about half of this difference
(the N-terminus also contributes significantly to this difference,
whereas polar residues such as Ser and Asn interact slightly more
strongly with POPG). The K28lipid interactions are weaker for
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Figure 3. A10Kin at the start of the simulation (top), after S ys (middle) and after 10 ys (bottom). Left panel: side view; right panel: top view. K28 side
chains are shown in the top view. Colors are the same as those in Figure 2.

Table 2. Protein—Lipid and Interpeptide Interaction Energy (kcal/mol)”

system protein—POPC (K28-POPC) protein—POPG (K28-POPG) interpeptide
first 2 ps 8—10 us first 2 ps 8—10 us first 2 ps 8—10 us
P10Kout —656 + 130 (—217 + 83) —708 + 125 (=250 + 63) —689 + 162 (—289 +£75) —602 + 139 (—303 +82) —385 + 60 —416 + 64
energy/lipid ~ —2.73 (—0.90) —2.95 (—1.04) —11.47 (—4.81) —10.04 (—5.05)
A10Kin —628 + 108 (—123 +55) —622 +£99 (—132 4+ 53)  —388 + 113 (—134 + 66) —453 + 104 (—148 +56) —1262+ 111  —1275+75
energy/lipid ~ —2.61 (—0.51) —2.59 (—0.55) —6.5 (—-2.2) —7.55 (—2.46)

“The values in parentheses are for K28 only.

A10Kin because in this barrel the K28 point toward the pore
lumen.

Interactions between the peptides is another factor that plays
arole in stabilizing the structure of the barrels. The interpeptide
energy is more negative in the A10kin barrel than the P10Kout
barrel (Table 2). This is clearly because the A10Kin barrel
maintains a more compact structure with more extensive
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contacts between neighboring peptide strands, whereas the
P10Kout barrel deviates from its initial barrel-like structure as its
N-terminal end extends into the water phase and becomes
disordered. The distance between the peptides in the P10Kout
barrel also tends to fluctuate and is usually larger than in the
A10kin barrel. As a result, the diameter of the membrane pore
created by the P10Kout barrel is also larger.

https://doi.org/10.1021/acs.biochem.3c00323
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Pore Hydration. The hydration level of the pore lumen was
examined to elucidate the possibility of ion conduction.
Dehydrated gaps are observed at the center of the pores for
both barrels over the course of the trajectories. In the case of the
A10Kin barrel, water starts to leave the pore around 300 ns into
the trajectory. The pore remains dehydrated for most of the
simulation time thereafter, with water molecules occasionally
entering the pore lumen. This dehydrated gap is about 11 A in
thickness and usually spans the length of six nonpolar residues
starting with Lys28 and ending with Gly33, although a
continuous water wire is seen around 1.3—1.4 us and after the
break in the barrel around 7.5 us. The thickness of the
dehydrated gap is smaller in the case of the P10Kout barrel,
usually spanning 4 amino acid residues from Ala30 to Gly33.
Moreover, in the case of P10Kout, water is seen entering the
pore and creating a continuous water wire more frequently than
in the case of the A10kin barrel. Therefore, the thickness of the
dehydrated gap tends to fluctuate at about 8—9 A.

To confirm these observations, the length of the two barrels
was divided into four slabs and the number of water molecules in
each slab was obtained for each frame of the trajectory and
averaged over all frames. In both cases, the two slabs
corresponding to the terminal regions of the pore had the
highest number of water molecules. The number of water
molecules then decreased significantly for the two slabs at the
center of the pore (Table 3). The numbers of chloride and

Table 3. Number of Water Molecules and Ions in Slabs
Parallel to the Membrane”

systems slab 1 slab 2 slab 3 slab 4
P10kout amino acid M35 132 132, 131 N27, S26
water 76.9 3.9 26.8 135.8
Cl™ 0.18 0 0 0.02
K* 0.15 0 1.68 6.53
AlOkin  aminoacid K28 L34 132  I32,A30 K28 L34
water 76.9 4.5 16.3 110.1
ClI™ 0.49 0 0 0.14
K* 0.42 0 0 0.49

“The residues that line the pore in that slab are also shown.

potassium ions in the pore lumen were also calculated using a
similar approach. Occasionally chloride approaches the Lys from
the aqueous phase, but for both barrels, the center of the pore is

devoid of any ions. We have not seen any ion crossing the
channels.

Effect of Voltage. The final structures from the 10 us
trajectories were subjected to a further 10 ns of all-atom
simulation in the presence of an electric field corresponding to a
voltage drop of +0.5 V. These simulations were carried out with
the Efield facility of the NAMD package. The A10kin structure is
symmetric across the membrane, so the direction of the voltage
should make no difference in the results. The dehydrated gap
persisted, and no ion crossing was observed. A few CI™ ions were
seen to approach the channel and interact with the K28 side
chains. For the P10kout model, the direction of the voltage had a
large impact on the structure (Figure 4). When the voltage was
negative on the N-terminal side, the structure was stable. A few
K* are seen interacting with the C-termini, and a few CI” interact
with the K28. However, the dehydrated gap persisted and no
ions crossed the channel. When the voltage was positive on the
N-terminal side, the Lysines were pulled toward the C-terminal
side and the barrel structure broke apart (Figure 4). This is
consistent with the experimental observation that ion channels
were formed only with trans negative voltage.'”

B DISCUSSION

This work explores possible mechanisms of membrane pore
formation by Ab25-35. We tried to identify membrane-
embedded structures that are kinetically stable on the multi-
microsecond time scale. To our knowledge, these are the longest
simulations yet of this peptide. Nevertheless, this time scale is
still very short by experimental standards, and because we start
from preformed, membrane-embedded structures, we cannot
ascertain that these structures are thermodynamically stable.
They correspond to local free energy minima, whose height
relative to other states is unknown. Unfortunately, we do not
have a method of estimating the relative free energy of such
complex peptide—lipid systems. The implicit membrane
method gives approximate estimates of free energies, but these
do not include the entropic cost of bringing peptides together in
a precise configuration and the membrane deformation free
energy. These putative structures can only point to possibilities
that should be validated by independent means.

The structures presented here are more ordered and
symmetric than structures of oligomers obtained by simulations
in solution.’’ This discrepancy results primarily from the
difference in starting structures and the short time scale of the

Figure 4. P10Kout after 10 ns of MD in the presence of voltage. Negative down (left) and negative up (right). K" ions are shown in tan color, and CI~

ions are shown in cyan color. Water and lipids are not shown for clarity.
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simulations and possibly also from the different environment
(polar vs nonpolar). The true amount of order present in
experimentally studied amyloid oligomers is unknown. Another
difficulty in computational work is the slow kinetics of
membrane insertion. Experimental studies incubate for hours
before they see beta-sheet-rich structures stabilized in lipid
vesicles”® and ion channel opening takes minutes.'® These time
scales are far removed from those available to the computational
community. The oligomeric state also affects the propensity to
insert into membranes.”> Monomers and dimers® are less likely
to insert than higher oligomers.

It has been argued that multiple short trajectories are better
than a single long trajectory, like those presented here. However,
this depends on the question being asked. If one aims to
thoroughly characterize a well-established native state®* or a
disordered system,®”®® multiple shorter simulations seem
preferable. However, if one wants to see if a pore collapses
and this collapse takes, say, 10 us, doing 100 simulations of 100
ns each will not be useful. The multiple short simulations will
exhaustively sample a high-free energy state that is not really of
interest.

Various types of experimental data could be examined for
agreement or disagreement with the structural models. For
example, electrophysiology experiments found ion channels that
are weakly cation-selective,'” which seems to disfavor A10Kin,
which has K28 at the pore entrances. The channels were found
to be blocked by Cu(1l) and Cd(II). This could have been
explained by the presence of Met35 in the pore lumen of
P10Kout, except that Met is known to bind Cu(I), not
Cu(11).°%%” The finding of EPR studies that the N-terminal
region of the peptide is in solution”” seems more consistent with
the P10Kout structure, where all the K28 are on the same side
interacting with lipid phosphates. The fact that ion channel
activity was observed only with negative voltage'” also seems to
support the P10Kout structure. A symmetric structure like
AlOKin is incompatible with such an asymmetric voltage
dependence. The brief runs under voltage show the P10Kout
channel to be stable when the voltage is negative on the side of
the K28 side chains. The reverse voltage pushes K28 toward the
other side and that destabilizes the channel. In principle, reverse
voltage would stabilize the reverse channel orientation, but the
kinetics of the flipping process may be slow. Kinetics could also
play a role in the experimental setup, where the peptides are
placed on one side of the membrane and either the N-terminus
or the C-terminus has to cross the membrane to establish a pore.
Basic side chains and positive charges appear to cross
membranes more easily than acidic side chains and negative
charges.%*~7°

The single-channel conductance of Ab2535 channels in 100
mM NaCl exhibits wide heterogeneity, from 8 to 600 pS."* The
heterogeneity could be due to different oligomeric states. At 0.5
V, these conductances would correspond to crossing times of
0.5—40 ns. Our long simulations without voltage and brief
preliminary simulations under voltage did not show ion
permeation. The dehydrated areas in the two channels provide
a barrier to ion movement; this mechanism of preventing ion
flow is known as hydrophobic gating.”'~"> However, the
presence of voltage favors wetting of the pore and ion
conduction.”* Thus, the studies under voltage should be
extended and expanded by considering, for example, the effects
of replacing K* with Na* or Ca’* and calculating free energy
profiles for ion permeation. Different oligomeric states should
also be considered.
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The effects of numerous mutations on aggregation and
toxicity have been measured.””> It would be useful to examine
them in the context of the current pore structures. Some studies
found M35 to be critical for Ab25-35 toxicity. For example,
mutation of M35 to Cys or Ser maintained toxicity, Asp reduced
it somewhat, and Lys, Leu, Tyr, and Norleucine abrogated it.>7¢
However, other studies with different sample preparation
protocols found that M35V and M3SnorL were equally
toxic.""””” M35A made the peptide more toxic,”* and length-
ening the pegtide by adding residue 36 made it either less toxic’
or nontoxic.”® The A10Kin structure, where Met is toward the
membrane, cannot explain the effect of these mutations. In the
P10Kout structure, half of the M3S are in the pore lumen and the
rest, due to crowding and the register shift, move toward the
solution (Figure 5). Replacement of M3S by smaller residues

Figure 5. P10Kout at S s, top view, showing the Met3$ sidechains.

should in principle increase ion conduction. Replacement by
larger residues could destabilize the structure due to clashes
unless the oligomeric number increased, with higher entropic
cost. Adding residue 36 could hamper the movement of half of
the M35 away from the pore lumen, exacerbating the clashes.
Thus, some mutations can be explained by the P10Kout
structure. However, others cannot. For example, N27A was
found to be less toxic.” In the P10Kout structure, N27 is in the
disordered N-terminal region and it is hard to see why it would
have such an effect. Perhaps it lowers the tendency of the peptide
to oligomerize, which is a step upstream of pore formation.
Results on even shorter fragments differ. Older studies found the
31-35 fra%ment to be inactive,® but more recent ones found it to
be toxic.'””® These are exactly the residues involved in the short
barrel of our P10Kout structure.

In much of the literature, the 25-35 fragment has been thought
of as a proxy for the full-length peptide because it recapitulates
its main properties, i.e., fibrilization and toxicity. There has been
some evidence, however, that they may work via different
mechanisms.”® Could these pore structures be formed by the
full-length peptide, with the rest of the peptide disordered near
the membrane? The antiparallel structure would put the bulk of
the peptide on different sides of the membrane. That might be
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possible if the peptide were preincorporated within the lipids but
very difficult for an oligomer approaching an already formed cell
membrane, as in the situation in vivo. The parallel structure
would be more likely, although the presence of the hydrophobic
36—42 residues would complicate the situation. As mentioned
above, addition of residue 36 reduces or eliminates the toxicity.
To our knowledge, no toxicity measurements have been done
for 25—40 or 25—42. In previous work, we considered pore
structures formed by the full-length peptide and found that the
hydrophobic tail alone is unable to support an aqueous pore.*®

Whether the 25-35 fragment is physiologically relevant in
Alzheimer’s disease is debatable. Although it has been found in
Alzheimer’s patients’ brains,'” no other evidence supports its
involvement in the disease. However, it is a small model system
showing cytotoxicity and ion channel formation, and it would be
worth understanding in detail. This can only be achieved with
further experimentation together with additional computational
studies.
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