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ABSTRACT: Among the family of Aβ peptides, pyroglutamate-modified Aβ (AβpE)
peptides are particularly associated with cytotoxicity in Alzheimer’s disease (AD). They
represent the dominant fraction of Aβ oligomers in the brains of AD patients, but their
accumulation in the brains of elderly individuals with normal cognition is significantly
lower. Accumulation of AβpE plaques precedes the formation of plaques of full-length Aβ
(Aβ1‑40/42). Most of these properties appear to be associated with the higher
hydrophobicity of AβpE as well as an increased resistance to enzymatic degradation.
However, the important question of whether AβpE peptides induce pore activity in lipid
membranes and their potential toxicity compared with other Aβ pores is still open. Here we examine the activity of AβpE pores in
anionic membranes using planar bilayer electrical recording and provide their structures using molecular dynamics simulations.
We find that AβpE pores spontaneously induce ionic current across the membrane and have some similar properties to the other
previously studied pores of the Aβ family. However, there are also some significant differences. The onset of AβpE3‑42 pore activity
is generally delayed compared with Aβ1‑42 pores. However, once formed, AβpE3‑42 pores produce increased ion permeability of the
membrane, as indicated by a greater occurrence of higher conductance electrical events. Structurally, the lactam ring of AβpE
peptides induces a change in the conformation of the N-terminal strands of the AβpE3‑42 pores. While the N-termini of wild-type
Aβ1−42 peptides normally reside in the bulk water region, the N-termini of AβpE3‑42 peptides tend to reside in the hydrophobic
lipid core. These studies provide a first step to an understanding of the enhanced toxicity attributed to AβpE peptides.

■ INTRODUCTION

The amyloid hypothesis states that accumulation of amyloid-β
(Aβ) peptides in the brain is the primary driver of pathogenesis
in Alzheimer’s disease (AD), including synapse loss and
neuronal cell death.1 The full-length Aβ1‑42 peptide and its
Aβ17−42 fragment (p3) are formed via cleavage of the amyloid
precursor protein (APP) by the action of three secretase
enzymes.1b,2 The AβpE3‑42 fragment is post-translationally
generated by cleavage of the first two N-terminal amino acids
of Aβ1‑42, leaving an exposed glutamate (E) residue in position
3. The lactam ring in the pyroglutamate (pE) residue is
subsequently generated by intramolecular dehydration cata-
lyzed by the glutaminyl cyclase (QC) enzyme.3

pE-modified Aβs represent the dominant fraction of Aβ
oligomers in brains of AD patients.3 Autopsied brains of elderly
patients with normal cognition also show accumulation of
Aβ1‑40/42, but the amount of accumulated AβpE3‑42 is
significantly lower.4 Consequently, the ratio of AβpE3‑42/Aβ1‑42

oligomers is higher in AD brains than in brains of normal
elderly individuals.3,4 The larger accumulation of AβpE3‑42 in AD
brains has been attributed to its increased stability and higher
aggregation propensity.3 These properties are attributed to the
lactam ring in the pE-modified third residue as well as the loss
of electrical charge in three residues during the conversion of
Aβ1‑42 to AβpE3‑42, thus resulting in higher AβpE3‑42 hydro-
phobicity and increased resistance to degradation by
peptidases.3 Significantly, it is also believed that the formation
of AβpE3‑42 plaques precedes Aβ1‑40/42 plaque formation.

3b This
is supported by the observation that AβpE3‑42 plaques appear
earlier than Aβ1‑40/42 plaques in Down syndrome (DS) brains.3

The additional copy of chromosome 21, characteristic of DS, is
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responsible for generating more APP, and thus individuals with
DS are more likely to develop AD earlier in life.1a

Increasing evidence suggests that following initial inter-
actions on the cell membrane, Aβ oligomers insert into the
membrane and form pore structures.5 Cell toxicity results from
an abrupt change in cell ionic concentration, producing loss of
cell homeostasis. Pore activity has been observed for full-length
Aβs,5a,b,6 Aβ fragments,2b,7 and point substitutions.2b,8 In
addition to pore formation, Aβ-induced toxicity mechanisms
include lipid extraction by peptides on the membrane surface.9

These mechanisms are not mutually exclusive, as a recent study
suggested that pore formation precedes nonspecific fragmenta-
tion of the lipid membrane during amyloid fiber formation.10

To the best of our knowledge, there is currently no
experimental data for amyloid pore formation in vivo.
AβpE3‑42 was observed to induce neurodegeneration and lethal

neurological deficits in transgenic mice.11 These AβpE3‑42 mice
displayed a significantly reduced survival rate compared with
Aβ1‑42 transgenic mice.11 In vitro, optical patch-clamping was
used to characterize the single-channel Ca2+ fluorescence
transients induced by Aβ1‑42 pores in membranes of Xenopus
laevis oocytes.5e However, most experimental evidence of
amyloid pore formation stems from model membrane studies.
Here we characterize the electrical properties of pE-modified

Aβ in lipid membranes. We discuss the activity and structure of
AβpE3‑42 pores in anionic model cell membranes. We used
phosphoethanolamine (PE) and phosphoserine (PS) lipid
headgroups to mimic the brains of elderly patients.
Phospholipids with ethanolamine (PE) head groups are one
of the dominant components in the brains of the elderly,12 and
these levels, as well as those of PS,13 have been found to change
in AD brains.14 Using planar lipid bilayer (PLB) electrical

Figure 1.Monomer conformations of (A) conformer 1 AβpE3‑42 with turn at Ser26-Ile31 and (B) conformer 2 AβpE3‑42 with turn at Asp23-Gly29, and
(C) highlight of pyroglutamate at residue 3 (pE3). Dotted lines on the monomer structures denote the locations of bilayer surfaces. The initial barrel
structures of MD simulations in ribbon representation for the (D) conformer 1 and (E) conformer 2 AβpE3‑42 barrels. In the peptide ribbon,
hydrophobic, polar/Gly, positively charged, and negatively charged residues are colored white, green, blue, and red, respectively. The pE3 N-terminal
termini are highlighted as threads.
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recording, we show that AβpE3‑42 induces pore activity in
anionic membranes, producing increased membrane perme-
ability with respect to Aβ1‑42 pores. Using atomistic molecular
dynamics (MD) simulations, we model the architecture of
AβpE3‑42 pores and correlate them with the activity observed
experimentally.

■ MATERIALS AND METHODS
Materials. AβpE3‑42 was purchased from Bachem (Torrance,

CA), and Aβ1‑42 was purchased from Bachem and Anaspec
(Fremont, CA). The phospholipids 1,2-dioleoyl-sn-glycero-3-
phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) were purchased from Avanti
Polar Lipids (Alabaster, AL). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).
Peptide Handling. AβpE3‑42 and Aβ1‑42 peptides were

dissolved in Milli-Q water to a concentration of 1 mg/mL prior
to being aliquoted for storage. These 50 μL aliquots were
stored at −80 °C for a maximum of 60 days before use.
Samples were thawed only once.
Planar Lipid Bilayer Electrical Recording. We prepared

PLBs using the so-called “painted” technique.15 Bilayers were
formed from a 1:1 (w/w) mixture of DOPS and POPE in
heptane at a total lipid concentration of 20 mg/mL.
Spontaneous membrane formation occurs following the
addition of lipid directly over a pore with a diameter of ∼250
μm in a Delrin septum (Warner Instruments, Delrin perfusion
cup, volume 1 mL). In previous studies, this membrane
composition was shown to be stable for long recording times
(∼4 h).16 As the electrolyte, we use 150 mM KCl, 10 mM
HEPES (pH 7.4), and 1 mM MgCl2.
Before performing electrical recordings, we verified that the

bilayer was stable for several minutes with low conductance
(<10 pS) across ±100 mV applied voltage and that the system
capacitance was >110 pF. When both criteria were met, peptide
was added directly to the cis (hot wire) side and stirred for 5
min. Peptide concentration in the bilayer chamber was ∼10
μM. Bilayer stability was monitored by periodic capacitance
measurements throughout the course of the experiment.
All traces were recorded in voltage clamp mode using the 2

kHz built-in filter cutoff of our BC-535 amplifier (Warner
Instruments, Hamden, CT). A sampling frequency of 15 kHz
was used for all data acquisition. We used a custom-made
LabVIEW program to record the current and Clampfit 10.2
(Molecular Devices, Sunnyvale, CA) to analyze traces. For
representation in Figures, we have filtered the recorded current
versus time traces with a digital Gaussian low-pass filter with a
cutoff frequency of 50 Hz.
Atomistic Molecular Dynamics Simulations. Two U-

shaped Aβ monomer conformations with the β-strand-turn-β-
strand motif were extracted from Aβ1‑42 fibrils, where the
structure was defined by hydrogen/deuterium-exchange NMR
data, side-chain packing constraints from pairwise mutagenesis,
ssNMR and EM (PDB code: 2BEG),17 and small Aβ1‑40
protofibrils (PDB codes: 2LMN and 2LMO),18 where the
structure was based on a ssNMR model. In both structures, the
N-terminal coordinates, residues 1−16 for the former and 1−8
for the latter structure, are missing due to disorder. We used the
Aβ1−16 coordinates, in the absence of Zn2+ (PDB code:
1ZE7),19 for the missing portions of the peptides. For each
combination of the N-terminal structure with the U-shaped
motifs, two Aβ1‑42 conformers were generated.6c,d,8 Conformer
1 has a turn at Ser26-Ile31, and conformer 2 at Asp23-Gly29. In

the latter conformer, two C-terminal residues, Ile41 and Ala42,
were added to create Aβ1‑42. To simulate pE, we removed the
first two residues, Asp1 and Ala2, from each conformer and
converted Glu3 into pE3, generating AβpE3‑42. Because the
standard CHARMM20 force field does not provide a force field
for pE, we first created the pE molecular topology using the
Avogadro software.21 Then, we calculated partial charges, bond
lengths, angles, and torsional angles for the atoms in the pE
residue using the Gaussian09 program22 on a Biowulf cluster at
the NIH. The calculated parameters can be directly adopted in
the CHARMM20 program.
Two AβpE3‑42 conformers, each derived from the wild-type

(WT) Aβ1‑42 conformers with different turns, still retain the U-
shaped structure with the β-strand-turn-β-strand motif. To
construct AβpE3‑42 barrel structures, we inclined AβpE3‑42
monomers ∼37° relative to the pore axis;7e then, an 18-fold
rotational symmetry operation was performed with respect to
the pore axis creating an 18-mer AβpE3‑42 barrel (Figure 1). We
modeled Aβ barrels with the β-sheet structure by mimicking
naturally occurring β-barrels observed in transmembrane
proteins that are found frequently in the outer membranes of
bacteria, mitochondria, and chloroplasts. The β-barrel motif is a
large β-sheet composed of an even number of β-strands. Some
known structures of β-barrel membrane proteins have β-strands
ranging in size from 8 to 22.23 We modeled 18-mer Aβ barrels,
with 18 β-strands enclosing the solvated pore. This number is
also in the range of the number of β-strands for natural β-
barrels ranging from 8 to 22, which can form a β-barrel motif.
Our previous simulations for Aβ channels indicate that different
numbers of Aβ monomers could produce channels with
different outer and pore dimensions.2b,6c,d,7c−e,8a,24 We found
that Aβ channels obtained a preferred size range of 16−24 β-
strands lining the pores.7c,d This range was also found to hold
for other toxic β-sheet channels: K3 channels with 24 β-
strands,25 18- and 24-mer hIAPP channels,26 PG-1 channels
with 16−20 β-strands,27 and MAX channels with 20 β-
strands.28 In agreement with AFM data, these channels have
outer and pore dimensions within the range found with AFM.
In this work, the outer/pore diameters of the 18-mer AβpE3‑42
barrels are in good agreement with the experimental AFM
ranges6b and the computational 18-mer wild-type Aβ
barrels.6c,8a The AFM experiments provide images of channels
with a wide variety of sizes and shapes, but simulated Aβ barrels
are limited to cover all ranges of channel sizes that are imaged
by AFM.
To obtain a lipid bilayer, we constructed a unit cell

containing two layers of lipids. In the middle of the unit cell,
lipid molecules were randomly selected from the library of the
preequilibrated state and replaced by pseudo vdW spheres at
the positions of the lipid headgroups, constituting the lipid
bilayer topology.29 For a given number of lipid molecules, the
optimal value of lateral cell dimensions can be determined. An
anionic lipid bilayer composed of DOPS and POPE with a
mole ratio 1:2, containing a total of 420 lipids, constitutes the
unit cell with TIP3P waters added at both sides. Updated
CHARMM20 all-atom additive force field for lipids (C36)30 and
the modified TIP3P water model31 were used to construct the
set of starting points and to relax the systems to a production-
ready stage. The system contains Mg2+, K+, Ca2+, and Zn2+ at
the same concentration of 25 mM to satisfy a total cation
concentration near 100 mM. The bilayer system containing an
AβpE barrel, lipids, salts, and water has almost 200 000 atoms.
We generated at least 10 different initial configurations for each
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conformer AβpE3‑42 barrel for the relaxation process to obtain
the best initial configuration for a starting point. In the pre-
equilibrium stages, a series of minimizations was performed for
the initial configurations to remove overlaps of the alkane
chains in the lipids and to gradually relax the solvents around
the harmonically restrained peptides. The initial configurations
were gradually relaxed through dynamic cycles with electro-
static cutoffs (12 Å). The harmonic restraints were gradually
diminished with the full Ewald electrostatics calculation and
constant temperature (Nose−́Hoover) thermostat/barostat at
303 K. For t < 30 ns, our simulation employed the NPAT
(constant number of atoms, pressure, surface area, and
temperature) ensemble with a constant normal pressure applied
in the direction perpendicular to the membrane. After t = 30 ns,
the simulations employed the NPT ensemble. Production runs
of 100 ns for the starting points with the NAMD code32 were
performed on a Biowulf cluster at the NIH. Averages were
taken after 30 ns, discarding initial transients. Analysis was
performed with the CHARMM programming package.20

■ RESULTS
Pore Activity. PLB electrical recording data demonstrate

that AβpE3‑42 peptides induce spontaneous pore activity through
lipid membranes presenting the general features observed for
Aβ1‑42 pores (Figure 2). At a concentration of 10 μM and at

constant voltage both peptides show stepwise changes in the
current flowing through the membrane (Figure 2A), character-
istic of the opening and closing of ion channels. However,
unlike ion channels that have regulated activity and possess
integer values of a unitary conductance, amyloid pores are not
regulated and present multiple conductance values due to the
different number of monomers composing the pore and

membrane−channel interaction dynamics.7c The multilevel
conductance seen here in both AβpE3‑42 and Aβ1‑42 is a hallmark
of amyloid pores.6b

For both peptides, two distinct types of activity were
observed. The first, as seen in Figure 2, was characterized by
stable, long recording times (>30 min) following the first onset
of activity. The second type of activity was characterized by
ionic conduction through the membrane that grows rapidly in
an exponential-like fashion (Figure 3A). When present, this

“exponential” phase began within 20 min of the first observed
activity and typically led to current saturation of the amplifier
within 10 min. This type of growth was seen in 50% (3/6) of
AβpE3‑42 and 33% (2/6) of Aβ1‑42 membranes (Table 1). At first,
only a few pores open (Figure 3B), and the membrane stays in
the same conductive state for several 10s of seconds (region
inside green rectangle). However, after an abrupt increase in
the membrane conductivity due to the opening of a large single
pore or several pores simultaneously, the activity is
characterized by several short small steps only a few seconds
long, suggestive of the opening of several pores in a cascade-like
fashion. Despite this rapid growth, discrete steps indicative of
pore activity are still clearly observed (Figure 3C). In addition,
similar to Aβ1‑42, AβpE3‑42 pores are voltage-independent and
can be blocked by Zn2+ (Figure 3A).
Although the overall characteristics of the membrane activity

induced by AβpE3‑42 and Aβ1‑42 pores are similar, distinct

Figure 2. AβpE3‑42 and Aβ1‑42 produce pore activity in anionic lipid
membranes. Representative traces for the activity of (A) AβpE3‑42 and
(B) Aβ1‑42 pores in stable membrane recording. These types of traces
were common to both membranes. The activity seen in both
membranes, namely step, spike, and burst behavior is characteristic
of amyloid ion channels. Bilayers were formed by the painted
technique using 1:1 (w/w) mixture of DOPS/POPE. Both sides of the
bilayer chamber contained as electrolyte 150 mM KCl, 1 mM MgCl2,
and 10 mM HEPES (pH 7.4). −50 mV bias potential is applied.

Figure 3. “Exponential” current growth of AβpE3‑42. A +50 mV bias
potential is applied. This type of membrane activity was observed in
50% of AβpE3‑42 membranes and 33% of Aβ1‑42 membranes. (A) The
current across the membrane increased rapidly upon disruption of the
membrane, exceeding the 1.1 nA saturation current of our amplifier.
Addition of Zn2+ ions rapidly inhibits AβpE3‑42 activity. (B)
Enlargement of the time period indicated by the red line. The
transition from stable step behavior to “exponential” growth is
highlighted. An abrupt increase in the membrane conductivity due to
the opening of a large single pore or several pores simultaneously leads
to the opening of several pores in a cascade-like fashion. (C) Clear
step behavior is still observed during exponential current growth
(region indicated by the short blue line an A). A mixed mechanism
involving both channel activity and nonspecific leakage is likely
involved.
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differences are present. Table 1 displays the characteristic
parameters observed for the electrical activity of both AβpE3‑42
and Aβ1‑42. The onset of Aβ1‑42 activity in PLB can be observed
as soon as several minutes following peptide addition into the
chamber and was typically seen within ∼60 min post-addition
with an average of 31.6 ± 25.7 min. AβpE3‑42 demonstrated a
significantly longer (p < 0.05 for a one-tail t test) and more
variable lag time, with an average of 98.2 ± 68.5 min.
We next examined whether there was a difference between

AβpE3‑42 and Aβ1‑42 channel conductances. Figure 4 shows the

histogram distribution of single-channel conductances calcu-
lated from both step and spike activity. The histograms show
that the conductances can be sorted into three groups that
demonstrate a shift toward higher conductances for AβpE3‑42
pores (Figure 4A) compared with Aβ1‑42 (Figure 4B). The first
group of conductances, below 100 pS, consisted of 74% of

AβpE3‑42 and 91% of Aβ1‑42 events. The second group is between
100 and 200 pS and, significantly, shows a second peak of
activity for AβpE3‑42 that is absent for Aβ1‑42. While 21% of the
events fall in this range for AβpE3‑42, only 5% of Aβ1‑42 events are
in this range. The third grouping shows similar rates of sparse
activity greater than 200 pS (5 and 4% for AβpE3‑42 and Aβ1‑42,
respectively). While the percentage of activity in the high
conductivity range is similar, close inspection of the histogram
shows higher conductances for AβpE3‑42 in this region. (Note
the additional grouping around 600 pS.) Table 1 shows that the
average conductance in this third region is ∼20% higher for
AβpE3‑42. These results show an overall trend for higher AβpE3‑42
conductance, which could have relevance to the AβpE3‑42
toxicity mechanism.

AβpE3‑42 Barrel Conformations in the Lipid Bilayer. We
performed 100 ns all-atom MD simulations on AβpE3‑42 barrels
embedded in an anionic lipid bilayer composed of DOPS/
POPE (mole ratio 1:2). The AβpE3‑42 barrels comprising two
different U-shaped conformers were initially preassembled as an
annular shape. The initial annular conformation is gradually lost
via relaxation of the lipid bilayer, and no immediate peptide
dissociation in the barrels was observed (Figure S1 of the
Supporting Information). The U-shaped portions of the AβpE
barrels (residues 15−42 and 11−42 for the conformer 1 and 2
AβpE3‑42 barrels, respectively; see peptide topologies in Figure
1), which mostly include membrane embedded portions, reach
equilibration after the initial transient state, while the
extramembranous N-termini of the peptides (residues 3−14
and 3−10 for the conformer 1 and 2 AβpE3‑42 barrels,
respectively) are disordered (Figure S2 of the Supporting
Information). Small fluctuations in the pore and C-terminal
strands in the lipid bilayer retain the U-shaped peptide motif in
the AβpE3‑42 barrels (Figure S3 of the Supporting Information).
In our simulations, the AβpE3‑42 peptide also presents
heterogeneity in barrel conformations (Figure 5), as observed
in the WT Aβ1‑42

6c,d and mutant8,33 Aβ barrels. The outer
diameters for the membrane embedded portion are ∼7.6 and
∼7.1 nm for the conformer 1 and 2 AβpE3‑42 barrels,
respectively. The averaged pore diameters are ∼2.2 and ∼1.9
nm for the conformer 1 and 2 AβpE3‑42 barrels, respectively.
Both outer/pore diameters of AβpE3‑42 barrel are in the range of
the WT barrel.6c,d,24b

Unlike the WT Aβ1‑42 barrels, where the N-terminal strands
normally reside in the bulk water area (Figure S4 of the
Supporting Information), the pE3 N-termini of AβpE3‑42 barrels
tend to retreat to the lipid hydrophobic core due to the
hydrophobicity of the lactam ring. To locate the pE3 residue
across the bilayer, we calculated the probability distributions for
pE3 as well as few selected charged groups in the barrels
(Figure 6). The distribution curves for pE3 spanning the
interior of the lipid bilayer indicate that several pE3 termini
interact with the lipid hydrophobic tails. The interaction energy

Table 1. Summary of Characteristic Parameters of AβpE3‑42 and Aβ1‑42 Electrical Activity in Anionic Membranes Showing a
Greater Percentage of Activity at Higher Conductance Values, in Particular, in the 100−200 pS Range, As Well As a Longer Lag
Period between the Addition of Peptide and the First Observed Activity

peptide
no. of

membranes
total
events

time to first activity
(mean ± SD) (min)

% of membranes with apparent
exponential current growth

% event 0−100 pS
average conductance

% event 100−200 pS
average conductance

% event >200 pS
average conductance

Aβ1−42 6 1192 31.6 ± 25.7 50 90.77% 4.95% 4.28%
33.25 ± 25.35 pS 140.92 ± 27.05 pS 362.43 ± 143.82 pS

AβpE3‑42 5 1400 98.2 ± 68.5 33.33 73.98% 20.87% 5.15%
34.58 ± 24.28 pS 158.85 ± 24.43 pS 436.97 ± 139.59 pS

Figure 4. Histogram analysis of (A) AβpE3‑42 and (B) Aβ1‑42
conductances shows that there is an increased propensity for higher
conductance events for AβpE3‑42. Both histograms are binned at 5 pS.
Solid lines plot the cumulative percentage of total events. Both sets of
conductances can be sorted into three groups; < 100 pS, 100−200 pS
and >200 pS, as shown in Table 1. AβpE3‑42 presents significantly more
events than Aβ1‑42 in the 100−200 pS interval. Data sample size was
1400 for AβpE3‑42 and 1192 for Aβ1‑42. Data were collected in the ±50
mV range, with peptide at a concentration of 10 μM. The electrolyte
used was 150 mM KCl, 1 mM MgCl2, and 10 mM HEPES (pH 7.4).
Bilayers were made by the painted technique with DOPS/POPE lipids
dissolved in heptane.
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of the pE3 residue with lipids shows strong attraction for
several pE3 N-termini (blue bars in Figure S5 of the Supporting
Information), while no strong lipid interactions of the standard
N-termini were observed in the WT Aβ1‑42 and mutant
barrels.6c,d,8,33 Relocating the pE3 N-termini into the lipid
hydrophobic core significantly reduces the fluctuations of the
N-terminal portions of barrels at the lower bilayer leaflet,
further stabilizing the barrel conformation. With the pE3
anchoring in the membrane, the AβpE3‑42 barrel would provide a
clear channel mouth at the lower bilayer leaflet and hence yield
a wide-open water pore for ion leakage, suggesting that AβpE3‑42
pores may lead to high ion conductance.
To observe ion activity in the AβpE3‑42 pores, we calculated

the probability distribution for ions across the bilayer (Figure
S6 of the Supporting Information). Peaks in the distribution
curves reflect the highly populated ion binding sites in the pore.
The locations of ion binding sites in each conformer AβpE3‑42
barrel are similar to those of each corresponding conformer of

WT Aβ1‑42 barrels because both barrels share the same U-
shaped motif in the lipid bilayer. To observe ion fluctuation
across the pore, we calculated the change in total charge in the
pore as a function of the simulation time (Figure 7). Two
selected pore lengths along the pore axis, −1.0 < z < 1.0 nm
and −1.8 < z < 1.8 nm, were used in the calculation. These
pore lengths ensure that the charge fluctuations exclude a
contribution of ion interactions with the lipid head groups. For
|z| < 1.0 nm, the pore of the AβpE3‑42 barrel conformer 1 exhibits
larger charge fluctuations than the conformer 2 barrel, because
the Glu22 cationic binding site is located at z = ∼0.6 nm,
attracting more cations into the pore. For the conformer 2
AβpE3‑42 barrel, the Glu22 cationic binding site is located at z =
∼1.8 nm near the channel mouth (as indicated by Ca2+ peak at
z = ∼1.8 nm in Figure S6B of the Supporting Information). To
correlate these charge fluctuations with experimental ion
conductance, we calculated the maximum conductance, gmax,

34

representing the ion transport, which can be described as

Figure 5. Averaged pore structures calculated with HOLE38 embedded in the average barrel conformations during the simulations for the (A)
conformer 1 and (B) conformer 2 AβpE3‑42 barrels. In the barrel structures with the surface (top view) and the ribbon representations (angle and
lateral views), hydrophobic, polar/Gly, positively charged, and negatively charged residues are colored white, green, blue, and red, respectively. For
the pore structures, red denotes pore diameter of d < 1.4 nm, green denotes pore diameter in the range, 1.4 nm ≤ d ≤ 2.0 nm, and blue denotes pore
diameter of d > 2.0 nm.
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where qe is the elementary charge, kB denotes the Boltzmann’s
constant, T is the simulation temperature, and L represents the
pore length of 36 Å. In the bracket, D(z) and GPMF(z) denote
the 1-D diffusion coefficient and the 1-D potential of mean
force for ions, respectively. For Mg2+, K+, Ca2+, and Zn2+, the
maximum conductances are 667, 338, 115, 155 pS and 137,
271, 92, 89 pS in the pores of conformers 1 and 2 AβpE3‑42
barrels, respectively. Averaged maximum conductances for ions
are relatively higher than those calculated for the WT Aβ1‑42
barrels.6d

■ DISCUSSION
We have shown that the toxic pE-modified Aβ peptides
produce pore activity in DOPS/POPE anionic membranes.
These pores demonstrate similar activity characteristics
(heterogeneous step, spike and burst conductance, Zn2+

blockage) as Aβ1‑42 pores as well as other previously studied
pores of the Aβ family. However, there are also some significant
differences. The onset of AβpE3‑42 pore activity is generally
delayed, but once started, AβpE3‑42 pores show increased
propensity for larger conductance events compared with
Aβ1‑42 pores, particularly in the 100−200 pS range (Figure
4). Structurally, the lactam ring of AβpE peptides induces a
change in the conformation of the N-terminal strands of the
AβpE3‑42 pores. While the N-terminal strands of Aβ1‑42 pores
normally reside in the bulk water region, the N-termini of AβpE
pores tend to reside in the hydrophobic lipid core, providing
the AβpE3‑42 pores with higher stability.
The longer times required for the onset of AβpE3‑42 pore

activity are tentatively attributed to (i) the higher hydro-
phobicity of AβpE3‑42, which decreases the attractive charge-
dipole interactions with the zwitterionic lipid heads, thus also
decreasing the number of adsorbed AβpE3‑42 oligomers available

for subsequent membrane insertion, and (ii) the possible longer
times required for pores to assemble in the membrane. Our
PLB data demonstrate that the ionic current produced by
AβpE3‑42 pores can rapidly rise to levels potentially toxic for
cells. Following pore formation, cytotoxicity is produced by an
abrupt change in cell ionic concentration. According to early
estimations,5a,b a single pore with a gigantic 4 nS conductance
can produce a change of 10 μM/s in internal Na+

concentration, producing loss of cell homeostasis in seconds.
While no single catastrophic event of this nature was observed
(Figure 4), the summation of smaller ionic conductance events
can have a similar toxic effect. AβpE3‑42 has been shown to be
more cytotoxic than Aβ1‑42 in vitro.11,35 We showed that
AβpE3‑42 shows a greater propensity for higher conductance
values when compared with Aβ1‑42. This would lead to a more
prevalent and rapid dysregulation of cellular ionic homeostasis
for AβpE3‑42, thus suggesting increased cytotoxic properties of
AβpE3‑42 pores.
The pore structures found for AβpE3‑42 had characteristics and

dimensions in accordance with the pores previously reported.
Pore structures have been characterized by AFM and modeled
using MD simulations for several Aβ peptides. Our previous
studies indicate that full-length Aβ1‑40/42,

6 certain Aβ muta-
nts,6b,8a Aβ fragments,2b,5j,7b−e as well as other amyloid-

Figure 6. Probability distribution functions for pE3 and selected
charged residues, pE3 (purple), Glu11 (red), Lys16 (orange), and
Glu22 (yellow), and for the phosphate group of lipid head, PO4
(green), as a function of the distance along the pore center axis for the
(A) conformer 1 and (B) conformer 2 AβpE3‑42 barrels. Dotted lines
indicate the locations of bilayer surfaces. Initial locations of pE3 are
marked by arrows.

Figure 7. Change in total charge in the pore as a function of the
simulation time for the (A) conformer 1 and (B) conformer 2 AβpE3‑42
barrels. The pore heights with cutoff along the pore axis, −1.0 < z <
1.0 nm and −1.8 < z < 1.8 nm were used.
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s6a,b,25,27a,36 form heterogeneous pore structures showing 4−6
subunits and shapes varying from rectangular to hexagonal. Our
MD simulations suggest similar pore sizes for both peptides but
increased stability of the AβpE3‑42 pores inserted in DOPS/
POPE membranes. Stability in the membrane is likely more
important for the formation and longevity of the larger pores
with conductances in the 100−200 pS range. As a result,
AβpE3‑42 pores with conductances in this range have a higher
population than Aβ1‑42 pores (Figure 4). Pores with
conductances >200 pS likely have similar and fast decay rates
for AβpE3‑42 and Aβ1‑42, and thus both populations are similarly
low, although still somewhat larger for AβpE3‑42. Such a scenario
would also correlate with the greater in vitro cytotoxicity
observed for AβpE3‑42 peptides.
The energy of a pore according to the continuum model is37

γ π σπ= −E r r2 2 (2)

where r is the pore radius, γ is the line tension at the pore edge,
and σ is the surface tension of the membrane. Our MD results
indicate that AβpE3‑42 and Aβ1‑42 pores have similar diameters
and general characteristics, while the main difference is the
retreat of the N-termini of AβpE3‑42 into the hydrophobic lipid
core. Therefore, this reconfiguration of the N-termini likely
decreases the line tension of AβpE3‑42 pores, minimizing their
pore energy and rendering them more stable.
Our results suggest potential mechanisms of cellular

disruption. The “exponential” growth of the current, seen in
Figure 3, would lead to rapid cell death and was observed in
50% (3/6) of the AβpE3‑42 membranes in this study. While pore
activity appears to be the only mechanism present during the
early stages (green rectangle in Figure 3B), the activity trace
suggests that two mechanisms of ionic conductance act
simultaneously during exponential saturation: (i) stepwise
pore behavior and (ii) nonspecific drift leakage. The non-
specific leakage could be caused by a number of alternative
mechanisms leading to Aβ-induced membrane permeability,
including carpeting and detergent effects.9b The data suggest
that a combined mechanism (pore and nonspecific leakage)
may be at work during the rapid growth of the “exponential”
phase, at least some of the time. It is important to note that
similar behavior was also seen for some of the Aβ1‑42
membranes. Although this behavior was observed for more
membranes with AβpE3‑42 pores, this difference (Table 1) was
not statistically significant to reach conclusions regarding
specific AβpE3‑42 cytotoxity.

■ CONCLUSIONS
In summary, using PLBs and MD simulations, we have shown
that AβpE3‑42 forms ionic pores in DOPS/POPE lipid bilayers.
The activity of these pores follows the same general pattern as
Aβ1‑42 pores. Significantly, however, AβpE3‑42 pores display
higher conductances than Aβ1‑42 pores, in particular, in the
100−200 pS range. In addition, the onset of AβpE3‑42 pore
activity is delayed compared with Aβ1‑42 pores. Structurally,
AβpE3‑42 and Aβ1‑42 pores have similar dimensions, but the pE3
residue induces a change in the conformation of the N-terminal
strands of the AβpE3‑42 pores. While the N-terminal strands of
Aβ1‑42 pores normally reside in the bulk water region, the N-
termini of AβpE pores tend to reside in the hydrophobic lipid
core, providing the AβpE3‑42 pores with higher stability
compared with the Aβ1‑42 pores. These studies are a first step
in understanding the role of pores in the enhanced toxicity
attributed to AβpE peptides.
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