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ABSTRACT: Alzheimer’s disease (AD) is a misfolded protein disease
characterized by the accumulation of f-amyloid (Af) peptide as senile
plaques, progressive neurodegeneration, and memory loss. Recent
evidence suggests that AD pathology is linked to the destabilization of
cellular ionic homeostasis mediated by toxic pores made of Af peptides.
Understanding the exact nature by which these pores conduct electrical
and molecular signals could aid in identifying potential therapeutic
targets for the prevention and treatment of AD. Here using atomic force

microscopy (AFM) and molecular dynamics (MD) simulations, we

compared the imaged pore structures with models to predict channel conformations as a function of amino acid sequence. Site-
specific amino acid (AA) substitutions in the wild-type Af,_,, peptide yield information regarding the location and significance
of individual AA residues to its characteristic structure—activity relationship. We selected two AAs that our MD simulation
predicted to inhibit or permit pore conductance. The substitution of Phel9 with Pro has previously been shown to eliminate
conductance in the planar lipid bilayer system. Our MD simulations predict a channel-like shape with a collapsed pore, which is
supported by the AFM channel images. We suggest that proline, a known f-sheet breaker, creates a kink in the center of the pore
and prevents conductance via blockage. This residue may be a viable target for drug development studies aiming to inhibit AS
from inducing ionic destabilization toxicity. The substitution of Phe20 with Cys exhibits pore structures indistinguishable from
the wild type in AFM images. MD simulations predict site 20 to face the solvated pore. Overall, the mutations support the

previously predicted f-sheet-based channel structure.

he fB-amyloid (Af) peptide is the primary component of

extracellular fibrillar deposits, termed amyloid plaques,
found post-mortem in brain tissues of patients with Alzheimer’s
disease (AD)."” These peptides are able to form distinct
polymorphic structures, ranging from globular oligomers to
mature fibrils.”~* Fibrillar structures have been widely
investigated through in vivo and in vitro studies,>™” but interest
has gradually shifted toward smaller oligomers, as a growing
body of evidence points to the structures formed by these
oligomers as the pathogenic agents involved at the onset of
AD.**7'° More recently, the amyloid channel hypothesis that
postulates the presence of pore structures, formed by small
oligomers that are able to disrupt cellular ionic homeostasis, is
emerging as one of the principal hypotheses associated with
pathogenesis.”"'~**
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Point mutations in the amyloid precursor protein (APP)
located within or in the vicinity of the full-length Af peptide
have been linked to disease.">'® Of particular interest is the
mutations clustered around a central hydrophobic cluster of Af.
These include the E22Q point mutation, associated with here-
ditary cerebral hemorrhage by amyloidosis of the Dutch type
(HCHWA-D); the E22G mutation, known as the arctic
mutation; and the A21G mutation, known as the Flemish
mutation, related to cerebral amyloid angiopathy (CAA) and
presenile dementia.">"'® Proline mutations in this central region
have attracted particular interest, as they have been shown to
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suppress f-sheet and fibril formation in the Af peptide and
fragments thereof.'’ > The f-sheet conformation in individual
Ap peptides has been modeled as being essential to the forma-
tion of cell membrane-penetrating pores.”' "> Cysteine
mutations have also been investigated in this central region,
with L17C and V18C point mutations resulting in a decreased
level of fibril formation; F20C produced a degree of fibril
formation similar to that of wild-type AB;_y.>*

Using molecular dynamics (MD) simulations of pores for-
med by Af,_4, (p3) peptides inside lipid bilayers, we have
previously suggested that the central cluster of the full-length
Afi_s sequence is located in the p-sheet lining the pore
region.”***~*” According to these MD simulations using the
U-shaped peptides with the f-strand—turn—p-strand motif, the
more hydrophilic N-terminus lines the pore while the more
hydrophobic C-terminus lines the lipid bilayer. In recent
studies, an F19P point substitution in the p3 peptide (p3-F19P)
and full-length A, ,, was suggested to form collapsed pores,
which were unable to conduct ionic currents across lipid bilayers.*>**
In this paper, we have used atomic force microscopy (AFM)
and MD simulations to investigate the effect of F19P and F20C
mutations on the pore structures formed by the full-length
Ap\_4, peptide inside lipid bilayers. We correlate these point
substitutions in the amino acid sequence of Af with changes in
the pore structure, the propensity for S-sheet formation,
variations in the peptide—peptide and peptide—lipid interaction
energies, and the different energy landscape for ions inside the
pores. Adding to previous data, this new study helps elucidate
the structure—activity relationship of Af as a toxic pore and
provides additional evidence that Af pores destabilize cellular
ionic homeostasis.

B MATERIALS AND METHODS

Materials. For storage, peptides were solubilized in a 1%
NH,OH ultrapure solution at a concentration of 1 mg/mlL,
separated into aliquots, and stored at —80 °C. Aliquots were
thawed once and used immediately. Molecular biology grade
water from Fisher Scientific (Pittsburgh, PA) was used for
sample preparations. Electrolyte solutions at pH 7.4, containing
150 mM KCI and 1 mM MgCl, and buffered with 10 mM
HEPES, were used for AFM imaging in liquid. The phos-
pholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
was purchased from Avanti Polar Lipids (Alabaster, AL). Pep-
tides were purchased from Bachem (Torrance, CA).

Atomic Force Microscopy (AFM) Imaging. Multimode
AFM systems equipped with a Nanoscope IIla controller and a
Nanoscope IV controller (Bruker, Santa Barbara, CA) were used.
Oxide-sharpened cantilevers (Asylum Research, Santa Barbara,
CA) with nominal spring constants (k,) of 0.02 or 0.08 N/m
were employed. For experiments performed in liquid, a fluid
cell (Bruker) was utilized. Before each experiment, the fluid cell
was washed with detergent (~S min) and vigorously rinsed
with a constant stream of deionized water. The fluid cell was
then sonicated for 2 min in molecular grade water, dried with a
Kim wipe, and used immediately. In some cases, the liquid cell,
with a cantilever mounted, was cleaned with UV and ozone for
30 min. Images in liquid were acquired in tapping mode at scan
frequencies of 0.5—3.0 Hz and drive amplitudes of <100 mV.
The cantilever oscillation frequency was 5—10 kHz. Imaging of
dried fiber samples was performed in air in contact mode. Some
of the AFM images were low-pass filtered to remove noise. Image
analysis was performed using the Bruker Nanoscope software.
The average outer diameters of all pores were determined using the
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“Analyze Width” and “Circular Dimensions” options included
in NanoScope version 31. The “Analyze Width” feature collects
heights of a selected area, applies a Gaussian low-pass filter to
remove noise, and produces a histogram of heights, which can
be visually correlated with features of the selected area acco-
rding to their height. On the basis of this information, we sele-
cted a region enclosing a pore and used the “Circular
Dimensions” option to find the average outer diameter of the
pore, which was selected manually from the histogram of
heights and associated image. Tip deconvolution and tip shape
factors were not taken into account in this analysis; therefore,
the outer diameter values provided in the analysis are
overestimated.

Sample Preparation. DOPC bilayers were formed by
drying 60 uL of DOPC (S mg/mL) dissolved in chloroform in
a rotovap and replacing the vacuum with Ar. The dried lipid
cake was hydrated with 300 yL (1 mg/mL) of an electrolyte
solution containing 150 mM KCI and 1 mM MgCl, buffered
with 10 mM HEPES (pH 7.4) and vortexed gently. The lipo-
somes formed via this procedure were sonicated for S min in an
ice bath. Following thawing of the F19P and F20C mutant
solutions, aliquots were sonicated for ~1 min and immediately
incorporated into liposomes of DOPC. To incorporate the
peptides into the lipid bilayer, we combined DOPC liposomes
and peptide at a 20:1 weight ratio and sonicated in an ice bath
for 10 min. The liposome/peptide mixture was allowed to
adhere to freshly cleaved mica for 30 s and washed 10 times
with the electrolyte solution. Bilayers were imaged at room
temperature. For imaging of fibers, aliquots of the peptide in
water were thawed and incubated without being shaken for
72 h at 37 °C. The aliquots were then diluted and deposited on
fresh mica and allowed to dry overnight.

Molecular Dynamics Simulations. To model Alzheimer’s
AP channels, we conceptually designed an Ap barrel in an
annular shape using two U-shaped monomers: one is Af;_4, as
defined in the fibril on the basis of hydrogen—deuterium ex-
change nuclear magnetic resonance (NMR) data, side chain
packing constraints from pairwise mutagenesis, solid-state
NMR, and EM [Protein Data Bank (PDB) entry 2BEG];*
the other is Af};_,, based on the solid-state NMR model of small
protofibrils.** However, both conformers miss the N-terminal
coordinates because of conformational disorder. We used the N-
terminal coordinates obtained from the solution NMR structure of
ABi_16 however, with the Zn** removed (PDB entry 1ZE7).*'
This structure was used to fill in the missing N-terminal portion of
the peptides. For each combination of the N-terminal structure
with the U-shaped motifs, two Af,_,, conformers were generated.
Conformer 1 has a turn at Ser26—Ile31, and conformer 2 has a
turn at Asp23—Gly29.*>** In the latter conformer, two C-terminal
residues, Ile41 and Ala42, were added to create Af,_,,. For the
sake of convenience, we divided both Af conformers into four
domains: N-terminal chain (residues 1—16 and 1—8 for con-
formers 1 and 2, respectively), pore-lining f-strand (residues 17—
25 and 9—22 for conformers 1 and 2, respectively), turn (residues
26—31 and 23—29 for conformers 1 and 2, respectively), and
C-terminal f-strand (residues 32—42 and 30—42 for conformers
1 and 2, respectively).

For both conformers, we replaced two phenylalanine
residues, Phe19 and Phe20, with Pro19 and Cys20, respectively,
creating coordinates for F19P and F20C point mutants (Figure
1A,B). Now we have six Af3,_,, monomer conformations, the
wild type and two mutants from each conformer, which are
subjected to the Af barrel simulations. These A conformers
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Figure 1. Monomer conformations of the Af,_,, wild type and F19P and F20C mutants with different turns at (A) Ser26—Ile31 (conformer 1) and
(B) Asp23—Gly29 (conformer 2). Starting points of the Af3;_,, barrels embedded in the lipid bilyer for the MD simulations for (C) conformer 1 and
(D) conformer 2 Af,_,, barrels. Waters were removed for the sake of clarity in the lateral and top views, but they are depicted as cyan dots in the
simulation box in the angle view. In the peptide ribbon, hydrophobic residues are colored white, polar and Gly residues are green, positively charged

residues blue, and negatively charged residues red.

were inclined ~37° relative to the pore axis’® and then rotated
18 times with respect to the pore axis creating Af barrels
(Figure 1C,D). These Af barrels were embedded in an anionic
lipid bilayer containing 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine (POPE) (mole ratio of 1:2). The anionic lipid
bilayer containing a total of 420 lipids constitutes the unit cell
with TIP3P waters, added at both sides. The system contains
Mg*, K*, Ca**, and Zn®" at the same concentration (25 mM)
to satisfy a total cation concentration of ~100 mM. CHARMM>*
was used to construct the set of starting points and to relax the

3033

systems to a groduction-ready stage. For production runs, the
NAMD code™ on the Biowulf cluster (http://biowulf.nih.gov)
at the National Institutes of Health was used for the starting point
with the same CHARMM?7 force field. Averages were taken after
20 ns, discarding initial transients. Analysis was performed with the
CHARMM programming packa%e.34 More detailed simulation
methods can be found elsewhere,*S~>73>333637

B RESULTS

Atomic Force Microscopy Analysis of F19P and F20C
Pore Morphologies. High-resolution AFM images of F19P
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and F20C mutants of Af|_,, incorporated into a DOPC bilayer
supported on mica were acquired. When the presence of a
single bilayer was confirmed by imaging hole defects with
characteristic depths of ~4 nm, high-resolution imaging of the
pores was attempted in the vicinity of the defect. The pores
produced by the F19P mutant in DOPC bilayers show behavior
similar to that of the })reviously reported full-length wild-type
ABi_4, (Figure 2A).>" The pores could be identified as central
dips inside doughnutlike structures, and in some cases, indivi-
dual subunits appeared as protrusions in the amplitude images
(Figure 2B). The pores were seen in the AFM images prior to
the removal of noise (Figure S1 of the Supporting Information).
The pore structures of F19P are multimeric. Trimers, tetramers,
pentamers, and hexamers were observed (Figure 2B and Table
S1 of the Supporting Information). Many of the structures
observed could not be resolved into individual subunits. These
unresolved structures may indicate the presence of globular
oligomers or the inability of the AFM tip to resolve the subunits.
For the F20C peptide, the protruding structures appeared to
be clustered and could be seen within scan areas of 500 nm X
500 nm (Figure 2C and Figure S1 of the Supporting Information).
While the majority of the F20C pores were seen as pentamers,
wild-type Ap,_4, typically showed a preference for trimeric to
hexameric pore conformations (Figure 2D).9’12 The F20C pore
structures were seen in unprocessed AFM images (Figure S1 of
the Supporting Information). The distribution of the number of
subunits for F19P (n = 16) and F20C (n = 16) did not show a
very large variation from the distribution of the wild type
(n = 16) (Table S1 of the Supporting Information). For a more
statistically significant conclusion of subunit number bias, a
larger sample set would be required but was not completed on
the basis of these preliminary results.

Height images without noise removal for both F19P and
F20C (Figure S1A,C of the Supporting Information), acquired
simultaneously with the amplitude images, clearly indicate a
pore structure. From AFM images, the average pore diameter
(standard deviation) was 11.3 + 1.6 nm (n = 16) for wild-type
ABi_4p, 112 + 1.6 nm (n = 16) for F19P, and 7.9 + 1.4 nm (n =
16) for F20C, as shown in Figure 2E.

The F19P peptide was incubated for 72 h in water at 37 °C,
dried on fresh mica, and imaged in air. Fiber formation appe-
ared similar to previously reported images of the wild-type
peptide (Figure 3). This incubation and imaging were pre-
formed several times with different batches of the peptide. Each
sample set showed fiber formation had occurred.

Molecular Dynamics Modeling of the Pore Morphol-
ogies of F19P and F20C. We performed 100 ns explicit all-
atoms molecular dynamics (MD) simulations on Af barrels,
assembled by wild-type Af,_,, and its F19P and F20C mutants,
embedded in an anionic lipid bilayer composed of DOPS and
POPE (mole ratio of 1:2). In the lipid bilayer, the Af barrels
gradually removed the initial frustration in the annular
conformation via relaxation of the lipid bilayer. We calculated
the interaction energy for each peptide’s U-shaped portion with
the lipids and then averaged the interaction energy over the
number of peptides as a function of the simulation time (Figure
S2 of the Supporting Information). The effect of the point
mutation is not immediately reflected in the peptide—lipid
interaction, because both point mutations occurred in the pore-
lining f-strands that face the solvated pore. The lipids are in the
proximity of the hydrophobic C-terminal f-strands. However,
the point mutations elicit peptide fluctuations during the sim-
ulations. In particular, the pore-lining S-strands are less stable
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WT  F19P F20C

Figure 2. Amplitude AFM images of (A) F19P and (C) F20C mutants of
Ap,_4, incorporated into DOPC bilayers on mica. Pores with a central dip
were resolved in both processed and unprocessed amplitude, and height
images. These amplitude features correlate with height increases in the
height image (Figure S1 of the Supporting Information). (B and D)
Individual pores from the amplitude images were selected and resolved
into multimeric structures: trimers, tetramers, and pentamers. The pores
appear characteristic of wild-type AB;_,, and, as a surface structure image,
do not exhibit any indication of a compromised pore structure. A
Gaussian low pass of 4 nm once in the x-direction and once in the y-
direction was applied to panels A—D to remove noise. Lateral scale bars
are 50 nm for panels A and C. Image areas in panel B are 17.46 X 17.46
nm?, 13.15 X 13.15 nm? and 14.54 X 14.54 nm’ from top to bottom,
respectively. Image areas in panel D are 14.00 X 14.00 nm? 11.02 X 11.02
nm? and 12.50 X 12.50 nm’ from top to bottom, respectively. (E)
Histograms for the average outer pore diameters, d, for wild-type Af;_,,
(n = 16) and its F19P (n = 16) and F20C (n = 16) mutants.

because of the mutated residues than the wild type, increasing
the frequency of the overall peptide fluctuations (Figure 4).
Large fluctuations in the N-terminal domains indicate that they
are disordered chains in the bulk water area, while small
fluctuations in the U-shaped portion, including the pore-lining
P-strand, the turn, and the C-terminal $-strand, suggest that the
U-shaped portions sustain the assembled Af barrel structures.

The 18-mer Af,_,, barrels gradually relax during the
simulations. Heterogeneous Af barrel structures are presented
as cartoons for both conformers for the wild-type and two

dx.doi.org/10.1021/bi300257e | Biochemistry 2012, 51, 3031-3038
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Figure 3. AFM height images of (left) wild-type Af,_4, and (right) the
F19P mutant. Both peptides were incubated in H,O for 72 h at 37 °C,
dried on a fresh mica surface, and imaged in air. Similar fiber formation
is seen for both peptides as a variety of sizes are clearly observed. Scale
bars are 500 nm, and color scale bars are 50 nm.

A 5
Conformer 1 AB,_4, barrels
4] .
= \\Vild-type

o= —= F19P
< 3 1 — F20C
a
<
= 2
i3

0 T I T T

N-term  Pore strand ~ Turn C-term
B s,
Conformer 2 AB,_4, barrels

4 -
< ;]
a
<
= 2
e

O = T T

N-term  Pore strand Turn C-term

Figure 4. Averaged root-mean-squared deviation, rmsd, from the starting
point for C, atoms of the peptides for the (A) conformer 1 and (B)
conformer 2 Af,_,, barrels. The rmsd was calculated separately for the
peptides in the barrels by dividing them into four domains: N-terminal
chain, pore-lining f#-strand, turn, and C-terminal f-strand.

mutant barrels (Figure S). The cartoons represent the averaged
barrel structures embedding the averaged pore structures as
calculated with HOLE.*® Regardless of the point mutations, the
outlines of the Af barrels in each conformer are very similar to
each other. However, the inner water pore structures are
significantly evolved toward a collapsed pore in the mutant
barrels. While both conformer 1 and 2 wild-type barrels pre-
serve a fat-tube-like pore, wide enough for active ion conduct-
ance, the F19P pores are completely clogged up and collapsed
with conformers 1 and 2, respectively. In previous simulations,
we observed that the p3-F19P mutant also forms a collapsed
pore.”> Conformer 1 F19P has the same U shape as the p3-
F19P mutant but contains an extra N-terminal chain composed
of residues 1—16. With F20C mutations, conformer 1 preserves
a wide pore while conformer 2 yields a partially collapsed pore.
The calculated outer dimensions and pore sizes are summarized
(Table 1). Both mutants decrease the outer and pore diameters.
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Conformer 1 AB,_4, barrels

Wild-type F19P F20C

Conformer 2 AB, 4, barrels

F19P

Wild-type F20C

Figure 5. Averaged pore structures calculated with HOLE®® embedded
in the average barrel conformations during the simulations for the (A)
conformer 1 and (B) conformer 2 Af;_,, barrels. In the angle views of
the pore structure (top cartoons in each panel), whole barrel structures
are shown with the ribbon representation. In the lateral views of the
pore structure (bottom cartoons in each panel), cross-sectioned barrels
are given in the surface representation. In the peptide, hydrophobic
residues are colored white, polar and Gly residues green, positively
charged residues blue, and negatively charged residues red. For the
pore structures in the surface representation, 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.

In the F19P barrel, kinks at Prol9 destabilize an inner
P-sheet formed by the pore-lining B-strands. As a result, the
N-terminal chains containing highly charged residues bind to
each other at the channel mouth in the lower bilayer leaflet.
These N-terminal chain interactions are responsible for the
collapsed pore observed in the F19P mutant barrels. In the
wild-type barrels, the N-terminal chain interactions are in the
proximity, i.e., mostly interacting with neighboring chains. For
example, a contour map representing N-terminal—N-terminal
interaction energy for the conformer 1 wild-type barrel shows
strong interactions along the diagonal, indicating neighboring
chain interactions (Figure 6A). In contrast, for the conformer
1 FI9P mutant barrel, contour lines enclosing the strong
N-terminal chain interactions are dispersed from the diagonal
line, indicating that some chains are cross-linked to other chains
at opposite side (Figure 6B). In the F20C barrels, although the
mutation did not provide a kink, the conformer 2 barrel
produces a smaller pore than the wild type.

dx.doi.org/10.1021/bi300257e | Biochemistry 2012, 51, 3031-3038
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Table 1. Calculated Outer and Pore Dimensions with a Description of the Pore Status for the Conformer 1 and Conformer 2
Ap,_,, Barrels Composed of the Wild-Type Peptide and Its F19P and F20C Mutants

conformer 1 Af,_,, barrel

conformer 2 Af,_y, barrel

wild type F19P
outer diameter (nm) ~82 ~7.7
pore height (nm) ~4.1 ~5.6
pore diameter” (nm) ~1.8 ~1.5
pore status opened clogged up

F20C wild type F19P F20C

~7.9 ~8.1 ~7.6 ~8.1

~52 ~4.5 ~5.9 ~5.3

~1.7 ~19 ~1.7 ~1.7

opened opened collapsed partially collapsed

“Pore diameters are averaged along the pore axis within the cutoffs defined by the height of the pore.

A18

17
16
15

Peptide Number

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Peptide Number

Peptide Number

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Peptide Number

Figure 6. Contour map representing N-terminal—N-terminal chain
interaction energies for the conformer 1 (A) Af,_,, wild-type barrel
and (B) F19P mutant barrel.

B DISCUSSION

Oligomeric Af’s role in the pathology of Alzheimer’s disease is
a growing area of interest. The ability to form fibers and bind

Congo red is characteristic of many amyloids, including wild-
type AB~*' Previous studies of the F19P mutation have
reported an inability to form such characteristic fibers and bind
Congo red.'”" Such differences in the mutant behavior with
respect to that of the wild type suggest that the F1I9P point
substitution causes a significant functional change to the
peptide. Similarly, we have observed that the F19P mutant of
the p3 (Af,_4,) peptide has the ability to elicit changes in the
functional behavior of wild-type Af;;_4,. The p3-F19P mutant
forms collapsed pores that do not allow ion conductance
through planar lipid bilayers and do not alter the intracellular
Ca®* levels in mouse fibroblast cells.”> Consistent with that
behavior, we have found that the characteristic ion conductance
of wild-type Ap,_,, appears to be completely inhibited by the
F19P mutant.*® Although fiber formation, Congo red binding,
and conductance of the F19P mutation have been previously
reported to prevent amyloidogenic behavior, the effect of the
F19P mutation on pore formation has not been examined for
full-length Af. Following the behavior presented by the p3
peptide, we hypothesized that the pore structure would also be
significantly different from that of the wild type for full-length
AP\ _4. We sought to determine if F19P prevents insertion into
the lipid bilayer or F19P inserts effectively but results in a
structurally compromised pore.

Through AFM analysis, we show that F19P is capable of
insertion into the bilayer and the pore formation on the bilayer
surface is structurally indistinguishable from that of the wild
type. AFM image analysis reports that the channels are multi-
meric as observed in the wild type and have outer diameters
similar to that of the wild type. MD simulations show that the
overall outer morphologies of the F19P barrels are very similar
to that of the wild type. Also, the outer dimensions of the F19P
barrels are in the experimental range, although slightly smaller
than that of the wild type. In the MD simulations, the outer size
measured for the barrels mainly depends on the number of A
peptides composing the barrels. Here, we reported the values
for 18-mer Af} barrels. The AFM experiments provide images of
channels covering all ranges of channel sizes, but simulated Aj
barrels are limited to sizes of the MD study defined peptide
count. MD simulations support the hypothesis that the
different functional behavior of wild-type Af,_,, and F19P
channels is due to a modified channel structure. Although the
F19P pores are collapsed or clogged, the AFM images do not
reveal any change in their internal dimensions because the
AFM tip is unable to penetrate deep enough inside the pore to
detect a change in the inner pore diameter (Figure S). Overall
through MD simulations and AFM imaging, we found F20C to
be indistinguishable from wild-type AB, 4. This is in good
agreement with previous activity reports that both the wild
type, p3-F20C, and full-length F20C mutant presented ion
conductance by electrophysmlogy and p3-F20C altered intra-
cellular Ca?* levels.”>*®

dx.doi.org/10.1021/bi300257e | Biochemistry 2012, 51, 3031-3038
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The similar structural behavior of pores formed from the wild
type as well as F19P and F20C mutants for full-length Af;_,,
and the Ap|,_,, fragment in simplified lipid compositions might
suggest that the amyloidogenic and nonamyloidogenic path-
ways can be similarly disruptive to cell membranes. The fact
that both pathways are not equally pathogenic to cells is pro-
bably due to the presence of additional biochemical processes
related to the cellular network and more complex lipid com-
positions in cellular environments.

Our previous MD simulations suggested that the f-sheet
structure is essential to the formation of Af pores.>*>*273637
Our current results further support the idea that pore formation
and f-sheet formation are linked. Following previous studies,
we suggest two possibilities. (i) The F19P mutation does not
completely inhibit $-sheet formation, and therefore, fiber for-
mation may be possible under specific environmental condi-
tions. (ii) Af pore formation is not solely reliant on f-sheet
formation and involves other mechanisms. Our preliminary
AFM results show that F19P, when incubated at 37 °C in water
for 72 h, forms fibers (Figure 3). Previous studies that did not
observe fiber formation for F19P were conducted under dif-
ferent experimental conditions.'”*® Furthermore, other studies
suggested that a proline mutation** or an isostructural muta-
tion™ at the F19 position may kinetically delay but not prevent
oligomer formation. This inconsistency promotes further study
of the role of f-sheets in pore formation, such as through
additional point mutations and oligomer studies, including
incubation times, pH conditions, and temperatures.

B CONCLUSIONS

We report a structural study of two point mutations of
Alzheimer’s disease Af,_,,. The propensity of the F19P
mutation to form channels was found to be similar to that of
the wild type through AFM imaging in a DOPC bilayer. MD
simulations also predicted channel formation, however, with a
collapsed or clogged pore for the two available solid-state NMR-
based Ap,_,, conformers. This is in agreement with previous
electrophysiology studies, which report no ionic conductance
by the F19P mutant. The proline substitution is a f-sheet
breaker. This indicates a role for the f-sheet in the Af pore and
argues for further studies of its contribution and conformation
during channel formation. The degree to which the $-sheet was
disrupted by this mutation is still unclear and is likely to vary in
the heterogeneous channel landscape. Because of the com-
promised structure and activity of the F19 position and the
P-sheet structure, it may be a viable target for AD therapeutic
development against pore conductance. Structurally, the F20C
mutant was found to behave like the wild type both in MD
simulations and in AFM imaging of pore formation.

B ASSOCIATED CONTENT

© Supporting Information

AFM unprocessed height and amplitude images for F19P and
F20C (Figure S1), the distribution of multimeric pores
measured for the wild-type Af,_,, channel and its F19P and
F20C mutants (Table S1), and time series of averaged
interaction energies of the U-shaped portion of the peptide
with lipids (Figure S2). This material is available free of charge
via the Internet at http://pubs.acs.org,
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