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ABSTRACT

The histopathological hallmark of Alzheimer’s disease (AD) is the aggregation and accumulation of the amyloid beta peptide
(AP) into misfolded oligomers and fibrils. Here we examine the biophysical properties of a protective AP variant against AD,
A2T, and a causative mutation, A2V, along with the wild type (WT) peptide. The main finding here is that the A2V native
monomer is more stable than both A2T and WT, and this manifests itself in different biophysical behaviors: the kinetics of
aggregation, the initial monomer conversion to an aggregation prone state (primary nucleation), the abundances of oligom-
ers, and extended conformations. Aggregation reaction modeling of the conversion kinetics from native monomers to fibrils
predicts the enhanced stability of the A2V monomer, while ion mobility spectrometry-mass spectrometry measures this
directly confirming earlier predictions. Additionally, unique morphologies of the A2T aggregates are observed using atomic
force microscopy, providing a basis for the reduction in long term potentiation inhibition of hippocampal cells for A2T
compared with A2V and the wild type (WT) peptide. The stability difference of the A2V monomer and the difference in
aggregate morphology for A2T (both compared with WT) are offered as alternate explanations for their pathological effects.
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Alternate Hypothesis to A2T AD Protection

transgenic models of AD through clearance of A via up-
regulation of the ApoE gene;? and (iv) the recent findings of
receptor-mediated synaptotoxic pathways prompted by
AR, 4 binding lead to synaptic impairment.lo—B As a
consequence of these findings, devoting attention to molec-
ular events downstream of the cleavage of APP and the sub-
sequent biophysical properties of AP seems appropriate.
Clearly, reducing the upstream production of AP and facili-
tating effective clearance are reasonable goals for reducing
AD.1%15 Two recent reports have shown that the A2T vari-
ant affects [3-secretase cleavage producing 20% lower
amounts of both AB; 4, and AB;_4 and that aggregation
rates differ for A2T and A2V variants of ABHLZ.M’U Their
kinetic results do not agree between them nor do they agree
with the results presented here (see below).

In the human brain,18 the protective variant (A2T) is
expressed together with a wild-type (WT) copy of the
gene resulting in only a ~20% decrease in total AR 4,
concentration (A2T + WT).> Hence, the prevailing
hypothesis for its protective action is that the mutation
(A2T) is close to the cleavage site of the enzyme complex
B-secretase, and thus lowers AB,_4, production. To our
knowledge, there is no direct evidence connecting a drop
of ~20% with a mechanism of protection.18 Also, earlier
results indicate that the A2V mutation affects AP aggre-
gation kinetics and causes dementia only in people in
which both gene copies are mutated, not just one.”>18

The purported reversal of AD in a mouse model with
the addition of a retinoid X receptor agonist, bexarotene,
that overproduced ApoE protein and effectively scav-
enged AP from the brain, demonstrated that effective
downstream clearance can be critical for the reversal of
AD in a mouse.” Note that reproducing this finding in
toto has been difficult.!2 Only one group that used the
exact same formulation of bexarotene was able to
“confirm the reversal of memory deficits in APP/PSIDE9
mice expressing human ApoE3 or ApoE4 to the levels of
their non-transgenic controls and the significant decrease
of interstitial fluid AR, but not the effects on amyloid
deposition.”20

Several recent reports demonstrate that AB;_4, (mainly
in its oligomeric form) binds to PrPc, EphB2, FcyRIIB,
LilrB2, and NMDAR.10,11 Reversing EphB2 depletion,
caused by AP oligomers, recovers memory loss in mouse
models of AD.21 Apparently, NMDAR is affected indi-
rectly through PrPc and EphB2, while FcyRIIB and
LilrB2 are directly involved sending a signal into the cell
with subsequent cell death.10

Our aim is to connect these four recent findings in a
cogent and consistent account with relevance to AD by
characterizing the in vitro biophysical behavior of the
AB,_4, variants at the molecular level during aggregation
in solution, and interacting with ApoE isoforms and a
receptor domain in solution. To do this, we develop an
aggregation reaction model to help quantify the down-
stream aggregation, mimic clearance and synaptotoxic

events, and measure the formation of spherical and proto-
fibril aggregates. We also utilize ion mobility spectrometry
mass spectrometry (IMS-MS) to compare the structural
behavior of these variant monomers. The results presented
here are direct in vitro evidence supporting the hypothesis
that protective and causative variants of APy, aggregate
with structural differences induce toxicity to neuronal cells
differently, bind to ApoE isoforms and to receptor
domains differently. The results clearly implicate molecular
structural differences (and subsequent differences in
aggregate shape) in obtaining protection or causation of
cell toxicity resulting from a single mutation in the
N-terminal region of AR 4.

MATERIALS AND VMIETHODS

Materials
Aggregation

ABi14» (Cat # 62-0-80B) and AP, scrambled
sequence (Cat #: 62-0-46B) were purchased from Ameri-
can Peptide (Sunnyvale, CA) and were received as lyophi-
lized powder verified to >97% purity with HPLC by
American Peptide. AB,_4, variant peptides, A2T and A2V,
were purchased as custom orders from American peptide,
and were received as lyophilized powders verified >90%
purity by using HPLC by American Peptide. Thioflavin T
(Cat #: 2390-54—7) was purchased from Sigma Aldrich (St
Louis, MO). Phosphate buffer saline tablets (PBS) (Cat #:
P4417) were purchased from Sigma Aldrich. Synergy HT
microplate readder (Biotek Instruments™™, Winooski, VT)
was used to read twin.tec 96 skirted LoBind plates (Cat #:
0,030129 512) purchased from Eppendorf North America
(Hauppauge, NY). IMS-MS analysis was performed using
a Synapt G2 HDMS (Waters, Milford, MA). Ammonium
acetate (Cat #: 631-61-8) was purchased from Sigma
Aldrich. Coomassie (Bradford) Protein Assay Kit (Cat#:
23200) was purchased from Thermo Scientific.

Dot blots

ApoE3 and E4, produced recombinantly, were generous
gifts from Dr. Jianjun Wang, Wayne State University, School
of Medicine (Detroit, MI). EphB2-FC chimera (Cat #: 467-
B2-200) were purchased from R&D Systems (Minneapolis,
MN). The sequence-specific primary antibody used for the
detection of AP, is the Beta-Amyloid, 17-24 (4G8)
Monoclonal Antibody (Cat #: SIG-39220) from Covance
(Dedham, MA). The secondary antibody, AP Conjugate,
Anti-(Mouse IgG + IgM), Raised in Goat (Cat #: T2192)
and the secondary antibody detection kit [Pierce ECL West-
ern Blotting Substrate (Cat #: 32106, Thermo Scientific,
Rockford, IL)] were purchased from Life Technologies
(Grand Island, NY). Nonfat milk powder used for dot-blot
blocking was purchased from a grocery store. Amersham™
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HybondTM—ECL membranes (Cat #: RPN2020D) were pur-
chased from GE Healthcare Lifesciences (Pittsburgh, PA).

Hippocampal slice preparations

Mice were sacrificed by isoflurane anesthesia at age
6-8 weeks. Brains were quickly removed and submerged
in ice-cold oxygenated sucrose-replaced artificial cerebro-
spinal fluid (ACSF) cutting solution containing (in mM)
206 sucrose, 2 KCI, 2 MgSO,, 1.25 NaH,PO,, 1 CaCl,, 1
MgCl,, 26 NaHCOs3, 10 d-glucose, pH 7.4, 315 mOsm).
Transverse slices (350-um thick) were cut with a vibro-
slicer from the middle portion of each hippocampus.
After dissection, slices were incubated in ACSF contain-
ing (in mM): 124 NaCl, 2 KCl, 2 MgSQO,, 1.25 NaH,PO,,
2.5 CaCl,, 26 NaHCO;, 10 p-glucose, pH 7.4, 310
mOsm, in which they were allowed to recover for at least
90 min before recording. A single slice was then trans-
ferred to the recording chamber and submerged beneath
continuously perfused ACSF saturated with 95% O, and
5% CO,. Slices were incubated in this chamber for 20
min before stimulation at RT (~24°C).

Methods
Aggregation

AB;_4» was aliquoted into 50 pg aliquots by dissolving
the total peptide to a concentration of 1 mg mL™" with
50/50 volume ratio acetonitrile/water. The aliquots were
lyophilized overnight to remove the acetonitrile/water
solvent. To prepare the AB,_4, for use, the aliquots were
removed from the freezer and dissolved to 1 mg mL™'
in hexafluoroisopropanol (HFIP). The HFIP was evapo-
rated under a low pressure stream of N, for at least 10
min generating a peptide film. Next, the peptide was
redissolved in 50 pL of 50 mM NaOH and then soni-
cated in an ice-bath for 15 min. Nearly 400 pL of pre-
pH adjusted PBS was added to solution so that the final
pH was 7.4. An additional 15 min ice-bath sonication
was conducted followed by ultracentrifugation at 4°C,
70,000 rpm, for 30 min using an ultracentrifuge
(OPTIMA MAX-XP, Beckman Coulter, Brea, CA) with a
TLA 100.3 rotor. 350 pL of supernatant was removed for
further use. Aggregation was performed with 100 pL of
12.5 uM AR,y with 10 uM ThT in situ per well in a
twin.tec 96 skirted LoBind plate. Peptide concentration
was confirmed using Bradford assay. Aggregation experi-
ments were performed at 37°C using either mixing
(1020 rpm) or no mixing with four replicates. ThT fluo-
rescence, used to track amyloid aggregation,22 was meas-
ured at 440/485 nm excitation/emission with a gain of 50
and read height of 1 mm.

Atomic force microscopy (AFM)

Images of A4, were collected with an MFP-3D atomic
force microscope (Asylum Research, Santa Barbara, CA)
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and standard Si cantilevers (AC240TS, Olympus America,
Center Valley, PA). Samples were prepared by depositing
10 pL of AB;_4; collected from the end of the aggregation
runs in Figure 1 onto mica slides. The slides were washed
for 3 min with DI H,O and allowed to air dry before imag-
ing. Three-dimensional measurements were collected in air
using the tapping mode technique of AFM and analyzed
with IGOR Pro 5 (WaveMetrics, Lake Oswego, OR).

Hippocampal slice electrophysiology

Standard field EPSPs (fEPSPs) were measured from
the CAl region of the hippocampus using a previously
described pro‘coc01.23_25 A bipolar stimulating electrode
(FHC, Bowdoin, ME) was placed in the Schaffer collater-
als to deliver test and conditioning stimuli. A borosilicate
glass recording electrode filled with ACSF was positioned
in stratum radiatum of CAl, 200-300 pm from the stim-
ulating electrode. fEPSP in CAl were induced by test
stimuli at 0.05 Hz with an intensity that elicited a fEPSP
amplitude of 40-50% of maximum. Test responses were
recorded for 30-60 min prior to beginning the experi-
ment, to ensure stability of the response. To induce LTP,
two consecutive trains (1 s) of stimuli at 100 Hz sepa-
rated by 20 s, a protocol that induces LTP lasting ~1.5 h
in wild-type mice of this genetic background were
applied to the slices. All LTP values represent fEPSP
slopes measured 60 min after the conditioning stimulus
(n=16). The field potentials were amplified 100X using
Axon Instruments 200B amplifer and digitized with
Digidata 1322A. The data were sampled at 10 kHz and
filtered at 2 kHz. Traces were obtained by pClamp 9.2
and analyzed using the Clampfit 9.2. Two-tailed Student’s
t-test and one-way analysis of variance (ANOVA) were
used to determine statistical significance.

Stock solutions of 500 uM AP,_,, were prepared 3 h
before LTP recordings. Prior to LTP recording, 10 pL of
AB;_4 stock was added to 10 mL of perfusion ACSE
bringing the final AB;_4, concentration to 500 nM. Brain
slices for the control LTP were tested daily whenever
compounds were added to the buffer to make sure the
brain slices were healthy and exhibited normal LTP. Our
control LTP level was around 150% (see Fig. 3 and Refs.
23,25). We (co-author, Li from the Selkoe Lab) have pre-
viously demonstrated that for immunodepleted cells, the
soluble WT AR oligomers can restore the LTP,26 there-
fore, it was suggested that AR is the key synaptotoxic
agent for LTP inhibition. When the A2T and A2V
mutants were added into the perfusion buffer, the LTP
baseline did not change and was stable up for up to 2 h
(data not shown).

Circular dichroism (CD)

Spectra were collected using a Jasco 815 CD Spectrome-
ter (Jasco, Easton, MD) with a Spectrosil® Far UV Quartz
cuvette (Starna Cells, Atascaddero, CA, Cat #: 21-Q-1).
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Figure 1

Aggregation kinetics and modeling: WT (blue circles), A2T (green diamonds) and A2V (red squares) aggregation kinetics (a) without mixing (solid
symbols) and (b) with mixing (open symbols). The model fit of the data for fibrils are the solid lines. The fit of the model to the data are described by
R>=0.9888, R* = 0.9912, and R* = 0.9961 for WT, A2T, and A2V, respectively, for non-mixing and by R* = 0.9923, R* = 0.9547, and R* = 0.9950 for WT,
A2T, and A2V, respectively, for mixing. Experimental data are the average values of n = 4 aggregation runs, and the error bars represent 1 standard
deviation. (ci—civ) Rate constants from the aggregation reaction model. The rate constant error is derived from fitting of individual runs of the WT data,
and scaled to A2T and A2V. The remaining reaction model parameters are given in Supporting Information Tables SI and SII. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Samples were prepared using the same protocol from the
aggregation experiments except substituting 10 mM PB
buffer for PBS buffer to greatly reduce the salt concentra-
tion. Measurements were taken at 21°C using ten accumu-
lations. Spectra were read from 240 to 195 nm with a
1.0 nm band width, a sensitivity of 100 mdeg, a response
of 1 s, and a scan speed of 100 nm min~ L.

lon mobility spectrometry-mass spectrometry

All samples were analyzed by direct infusion nanoflow
ESI on a Waters (Milford, MA) Synapt G2 HDMS instru-
ment capable of providing both molecular mass and ion
mobility data. Nanospray operations involved the utiliza-
tion of quartz emitters produced in house by a Sutter
Instruments Co. (Novato, CA) P2000 laser pipette puller.
Up to 5 puL samples were typically loaded onto each emitter
by using a gel-loading pipette tip. A stainless steel wire was
inserted in the back-end of the emitter to supply an ioniz-
ing voltage that ranged between 0.4 and 0.8 kV. Experi-
mental/instrumental conditions were kept consistent in all
experiments and consisted of a cone voltage of 60 V, a

source temperature of 30°C, a wave velocity of 650 m s L

and a wave height of 40 V. For all samples, both mass and
arrival time data were collected respectively in the mass
over charge (m z~') scale and time dimension. Samples of
the three variants (WT, A2T, and A2V) were analyzed in
150 mM ammonium acetate solution (pH adjusted to 7.0)
at final peptide concentrations of 5 pM. Each variant was
left to equilibrate in solution for >15 min on ice prior to
eventual IMS-MS analysis. Based on the observation that
the three AP,_y, peptides share a pI of about 5.0,27 the
samples were analyzed in negative ion mode.

Dot blots

A 2 pL of 25 pM protein, either AB;_4,, ApoE3 or E4, or
EphB2-FC chimera was blotted on a Hybond™-ECL
membrane. Blots were allowed to air dry at RT. Mem-
branes were then blocked with 10% nonfat milk in PBS
buffer for 2 h at RT. The membranes were washed four
times for 5 min with PBS buffer, which was used as the
standard wash step. A 2.5 pM of AB WT monomer or vari-
ant in PBS at pH 7.4 was incubated overnight (at least
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Table |
Reaction diagram and species reactions for the primary nucleation
aggregation reaction model

Reaction Diagram
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12 h) at RT. The membranes were washed with PBS fol-
lowed by an incubation with 1:5000 primary antibody for
1 h at RT. Another wash step was performed and the mem-
branes were subsequently incubated with 1:10000 second-
ary antibody for 1 h at RT. Membranes were washed again,
followed by development and film exposure for ~ 10 s.
Blot results were quantified using the “Dot Blot Analyzer”
macro for ImageJ, NIH. A rolling background subtraction
of 40 with a dot radius of 5 was used for analysis.

Aggregation reaction model

Primary nucleation is defined as the process in which
monomers nucleate in solution forming precursors for fibril-
lation. Cohen et al. suggest that monomer-dependent sec-
ondary nucleation is the dominant mechanism for AR, 4,
aggregation during which A fibrils catalyze the formation
Ferrone posits that this process must involve
a monomeric conformational change, the conformational
change is the aggregation’s overall rate limiting step, that the
nuclei must be monomeric and that the assembly process
after the rate-limiting conformational change is “downhill
despite clear lag times and significant concentration depend-
ence.”29 Others have reported that the two AB,_4, variants
(A2T and A2V) and wild type (WT) exhibited negligible dif-
ferences in aggregation rates with little or non-measurable

of new ones.
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quiescent lag times, indicating the secondary nucleation rates
were identical for all three variants.16>17 Here we have per-
formed aggregation experiments using a protocol designed
to prevent seeded aggregation, that is, forcing primary nucle-
ation to occur first, and have modeled these aggregation
processes using a set of equations that specifically describes
amyloid primary nucleation kinetics, predicts the concentra-
tion profiles of all small oligomeric species during aggrega-
tion and includes an “off-path” reaction (Table I).

The primary nucleation reaction model with fibril frag-
mentation is fit to the experimental aggregation data in Fig-
ure 1. It is adapted from a previously published model for
the amyloid insulin’s conversion reactions>0 and is based on
the following assumptions: (i) an initial, reversible conforma-
tional change of the AR, 4, monomer, (ii) unfolded mono-
mers add to each other and species of size i to form species of
size 1+ 1, (iii) conversion reactions from monomer to fibril
under mixing conditions is assumed to be complete and fol-
lows an on-pathway reaction, that is, all the monomer is
sequestered into fibril, not other aggregate species, at the end
of the run [Fig. 2(A)]. For non-mixing, only a fraction of the
initial monomer follows the on-pathway, as estimated from
the final asymptotic thioflavin T (ThT) values at long times,
the rest of the monomer, dimer, trimer, and so forth detour
to an off-pathway reaction under the control of k*,& forming
small (WT) and large (A2V) spherical-like aggregates or pro-
tofibrils (A2T) [Fig. 2(B,C)]. (iv) Fibrils fragment to shorter
fibrils.28 (v) All fibrils are accounted for as F due to publica-
tions by Serio et al. and Heldt ef al. demonstrating fibrils of
all length undergo reactions mostly at the two fibril
ends. 31,32 A complete picture of the reaction diagram and
species reactions are given in Table I.

Using MatLab (The MathWorks, Natick, MA), nonlinear
least-squares regression was utilized to minimize the sum of
squared errors between the experimental data and those pre-
dicted by the model through estimation of kyopn, kmon.> (for-
ward and reverse monomer unfolding rate constants) kg,
ko, (forward and reverse primary nucleation rate constants)
kv k-, (forward and reverse fibrillation rate constants) Kf,g,
(fragmentation rate constant) and k*,g& (off path rate con-
stant). To determine the reverse rate constants, kgqg and k*og
all parameters were fit to four different concentrations of
WT kinetics for the cases of aggregation with mixing and
without mixing while kyons knuo Ko Kirag and k*og were
assumed to remain constant for all aggregation runs of each
case (Supporting Information Fig. S1). Once those five rate
constants were determined, the three remaining forward rate
constants (kmon> knw and kg,) were estimated by fitting the
model to the data in Figure 1(A,B). The complete set of rate
constants for each experimental condition is presented in
Supporting Information Tables ST and SII.

RESULTS

In this work, we compared the in vitro biophysical behav-
ior of the protective and causative AP ;_4, variants (A2T and
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Figure 2

Aggregate Morphology and Height: AFM images of AB;_4, aggregates
formed with (a) mixing: fibrils, (b) non-mixing: fibrils, and (c) non-
mixing: other aggregates. About 10 uL samples of 12 pM AB;_4, WT
(left column), A2T (middle column), and A2V (right column) collected
at the end of the aggregation runs from Figure 1 were deposited onto
mica and the images were collected in air. Line height analysis (above)
displays the height of each pixel in contact with the solid white line on
each image moving from left to right. Histogram height analysis
(below) represents the height distribution of all aggregates above 500
pm in each image. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

A2V) with that of wild type (WT) in order to determine dif-
ferences in molecular properties by measuring the aggrega-
tion kinetics (ThT), oligomer morphology (Atomic Force
Microscopy, AFM), LTP inhibition (standard field excitatory
postsynaptic potential, fEPSP), and monomeric structure
(circular dichroism, CD and ion mobility spectrometry-
mass spectrometry, IMS-MS). Also, by fitting an aggregation

reaction model to the aggregation kinetics data, different
oligomer species (dimers, trimers, and so forth) were
tracked and the reaction rate constants for the different var-
iants estimated. We further estimated binding to ApoE
(with relevance to in vivo modulation of AB;_4, levels)33
and to the receptor EphB2 domain (with implications for
neuron receptor function)21 of the variants, with a focus on
understanding the protection and causation effects.

Aggregation kinetics and morphology
of oligomers

The mechanism of fibril formation changes from one
where breakage occurs and fibrils multiply (mixing) to
one where secondary nucleation dominates (quiescent—
non-mixing).34 A comparison of the kinetic aggregation
data, the aggregation reaction model fits to the data with
kinetic rate constants (Fig. 1) and AFM images with
analysis of the aggregate morphology at the end-point of
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Figure 3

LTP inhibition: (a) AB1-42 WT (blue circles), A2T (green diamonds),
A2V (red squares), and vehicle (ACSFE, black X’s) inhibition of LTP of
neurons from the CAl hippocampal region induced by high frequency
stimulation (HFS, t =0 min). Error bars represent = 1 SEM (n = 6) (b)
Final fEPSP slope calculated from the average of the final five readings
from (A), with the error bar representing the average standard devia-
tion of the final six data points.[Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

proTEINS 493


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

B. Murray et al.

the runs for WT, A2T and A2V with and without mixing
(Fig. 2) is presented. These asymptotic ThT values
exhibit a linear increase with respect to AP,_4, concen-
tration (Supporting Information Fig. S2).

Comparison of aggregation kinetics

Aggregation of APB,_y, variants at 37°C without mixing
reveals WT aggregates with a lag time to fibril onset, #,g, of
2.3+ 0.13 h, while A2T aggregates slower (3.6 = 0.19 h) and
A2V decidedly slower still [16 = 1.0 h, Fig. 1(A)]. The reac-
tion model predicts the decrease in overall aggregation rate
is primarily due to a 31% decrease in k., for A2T and an
86% decrease in ki, for A2V compared with WT. For ref-
erence, there is at most a 33% reduction in k,, and an 38%
reduction in kg, for A2V compared with WT. Also, fragmen-
tation could have occurred but was not incorporated into
the model (i.e., we did not separately measure nor relate
fragmentation to average shear rate during mixing).

Decreases in k., coincide with the idea of a more
stable initial monomer for A2V. Increased stability of the
A2V monomer is consistent with results from a recent
molecular dynamics study where it was shown that A2V
is decidedly more stable due to the monomer sampling
an increased number of conformations with long range
hydrophobic interactions compared with WT and A2T.3°

Comparing mixing [1020 rpm, 37°C, Fig. 1(B)] with
non-mixing [0 rpm, 37°C, Fig. 1(A)] for the AR, 4, var-
iants in solution gave the following results: (i) As
expected, mixing significantly speeded up f,, as com-
pared with nonmixing.3® (i) Tracking the kinetics via -
sheet formation (ThT), the trajectories with error bars
(n=4) for mixing are close to each other whereas the
aggregation kinetics are clearly distinct for non-mixing.
It should be noted the large error bars are due to the
heterogeneous nature of AP aggregation. (iii) The final
ThT asymptotes are five to eight times higher for the
mixing versus nonmixing.37 Because all the initial
monomer (12.5 uM AB;_4,) for each variant is assumed
to convert to fibrils during mixing [Fig. 2(A), we con-
sider this a complete on-pathway reaction, k*,=0, in
the aggregation reaction model], we estimate from the
long-time asymptotic values between mixing [Fig. 1(B)]
and nonmixing [Fig. 1(A)] that, for non-mixing, only
about 14.6% of the WT oligomers are on-path with
k¢ =0. The rest is off-path (k*og>0). (iv) knon is the
slowest rate constant by orders of magnitude making it
the overall rate limiting step. The aggregation reaction
model predicts the process will run downbhill after this
initial conformational change. (v) The reaction model is
used to predict the trajectories of oligomers (Supporting
Information Fig. S3). The dominant early-predicted spe-
cies were dimers, and the dimers for A2V exist for hours
longer than either A2T or WT (Supporting Information
Fig. S3). Shankar et al. suggest these dimers are the dom-
inant synaptotoxic species.26
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Thus, nonmixing in vitro aggregation demonstrated
that the overall aggregation rate, and specifically kyon,
for A2V is much slower than that of A2T and WT, indi-
cating is the most stable monomeric species. Also our
model predicts the monomer conformational change is
the aggregation’s rate limiting step, a feature predicted
using independent calculations on a completely different
set of APB;_4, aggregation data.2%

Consistently, Messa et al. have recently reported dis-
tinctive aggregation of A2V compared with WT.8 How-
ever, comparing their homozygous aggregation kinetics
with our A2V and WT kinetics results, we see that A2V
kinetics were much slower than WT with non-mixing
and they observe the reverse. This could be explained by
the different protocols used by each group, that is we
used 12.5 uM at 37°C in PBS and they used 100 uM at 4
or 22°C in phosphate buffer. These differences could
have an enormous effect on aggregation rates.30 See Dis-
cussion for further elaboration on this topic.

Comparison of aggregate morphology

The differences in aggregate morphology after aggrega-
tion for 18 and 72 h for the mixed and non-mixed runs,
respectively, are shown in Figure 2. The following is
observed:

With mixing. AP, 4, aggregation generated fibrils for all
three variants with mixing at 1020 rpm [Fig. 2(A)]. The
height distribution for A2T and A2V fibrils were similar,
that is, 2.1 = 1.3 nm and 2.6 = 1.5 nm, respectively. WT
aggregated into fibrils under mixing conditions, but with
a different distribution compared with A2T and A2V.
The WT fibrils were uniformly distributed from 0 to
6 nm and had a mean height of 4.5 * 2.5 nm. It is possi-
ble that the unique height distribution of WT fibrils
comes from inherent variability in synthetic peptide
production.

Without mixing. For non-mixing aggregation, two unique
morphologies existed on each molecularly smooth mica
substrate for each variant [Fig. 2(B,C)]. All three variants
aggregated into fibrils and an alternate morphology.

(a) Fibrils [Fig. 2(B)]: A2T and A2V fibrils have similar
height distribution profiles, that is, 2.8 = 1.7 nm and
3.1 = 1.7 nm. The height distribution for WT fibrils shifted
from a lognormal-like distribution to a more Gaussian-like
distribution, and the mean and standard deviation height
of 3.4 = 1.6 nm was similar for A2T and A2V.

(b) Other aggregates [Fig. 2(C)]: Both WT and A2V
formed spherical-like aggregates as an alternative morphol-
ogy to fibrils, whereas A2T formed proto-fibrils without any
evidence of small spherical aggregates. Despite contrasting
morphologies of the A2T and WT aggregates, the height dis-
tributions of the two species were comparable to the mean
and standard deviation of 0.78 £0.82 nm (proto-fibrils)
and 1.2 £ 0.50 nm (spherical-like aggregates) for A2T and
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WT respectively. The spherical aggregates of A2V yielded a
height distribution akin to fibrillar species with a mean and
standard deviation of 2.3 = 1.6 nm. This result is in agree-
ment with earlier AFM A morphology images of WT
aggregates with non-mixing that showed WT formed fibrils
and spherical aggregates.38

Here, we have shown that A2T and A2V exhibit differ-
ent in vitro aggregation kinetics, different morphological
structures after aggregation (spherical-like vs. proto-fibril
structures), and different abundances of smaller oligom-
ers, with “peculiar behavior of A2V oligomers.”8 Distinc-
tive formation of dimers and spherical-like aggregates
could both be associated with different mechanisms of
decreased/increased pathological effects for A2T/A2V
variants of AB;_4, (see Broerson et al.3% and references
therein).

Variant effect on LTP inhibition

Neuronal long term potentiation (LTP), an electrophysio-
logical measurement that correlates with memory and learn-
ing, is shown to be inhibited experimentally by soluble A
species.14>26’40’41 To examine the effects of the AB;_4, var-
iants on neuronal LTP, micromolar concentrations of pep-
tide were dissolved in ACSF (vehicle), applied to mouse
hippocampal slices and standard field excitatory postsynap-
tic potential (fEPSPs) were recorded. The different AP var-
iants were treated for at least 30 min before the high
frequency stimulation (HFS) being applied. Compared with
the vehicle, WT and A2V reduced the slope of the fEPSPs
from 150% = 6.3% (vehicle, n=16) to 123% = 5.5% (WT,
n=6) and 126% * 5.5% (A2V, n=6), significantly less
than the vehicle (P values < 0.001 for WT vs. vehicle, Fig.
3). This result for WT is consistent with previously reported
AB-induced neuronal LTP inhibition.23 Interestingly, A2T
only slightly decreased the fEPSPs slope to a final value of
140% * 4.0% (n=06, P<0.05 compared with vehicle),
however its LTP inhibition is significantly less than A2V
(P values < 0.05). This indicates A2T has less of an effect
than WT and A2V on LTP inhibition, a measurement that
has previously been correlated with learning and memory
loss, and thus provides the first pathologically-relevant
evidence toward A2T’s reduced causation of AD.

Monomeric structure from experiments

Detailed structural knowledge of the monomeric form
of the AP;_4, variants, that are the minimal building blocks
of a complex aggregation process, served to elucidate the
differences in their biophysical properties.42 The structural
characterization of the full length AB;_4, monomeric pep-
tides in solution is extremely challenging through standard
ensemble averaging techniques due to their highly disor-
dered nature and a tendency to populate a heterogeneous
ensemble of multiple conformations. This is a common
feature of amyloidogenic proteins.43:44 Below, we provide
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Figure 4

Experimental secondary structure: CD spectra of 25 uM AB;_4, WT (blue
circles), A2T (green diamonds), and A2V (red squares). Unsmoothed
data shown in Supporting Information Figure S4. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

an analysis of the monomer structure for the three variants
using CD and IMS-MS experiments.

Circular dichroism

All three variant monomeric structures according to
their CD spectra are dominated by random coil (198 nm)
and contain only minor percentages of (3-strand (215 nm)
and a-helix (222 nm) (smoothed data in Fig. 4 with raw
data in Supporting Information Fig. S4). Similar CD spec-
tra for WT and A2V were published by Messa et ald

lon mobility spectrometry-mass spectrometry

The conformation of the different variants was also
explored by IMS-MS experiments that are capable of dif-
ferentiating isomeric species as a function of their ability
to interact with buffer gas while traveling through a
moderate electric field. 4346 The ion’s conformation
determines the rate of interaction, which governs the
time necessary to exit the mobility cell. This constitutes
the observed experimental mobility. The above approach
has been successfully employed to investigate the confor-
mation of different short versions of the AB;_4, peptide,
which provided new insights into the putative mecha-
nism of aggregation.#7>48 We applied this technique to
examine the conformations adopted by full-length AB,_
42 and its variants. Figure 5 provides representative time
distribution profiles detected in negative ion mode (pI of
ABi_4 is ~5) from the 3-charge state of monomeric
WT, A2T and A2V peptides. Displayed under each trace
are the results of a curve fitting procedure that was car-
ried out to discriminate the contributions of individual
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Figure 5

Experimental conformers: IMS-MS profiles and Gaussian-fit curves
obtained from monomeric AR, 4, WT (top), A2T (center), and A2V
(bottom). 3-Gausian peaks fitted the raw data mobilograms for all three
variants (blue dashed). Matching was based on the arrival time corre-
sponding to the apex of each fitted peak. Peak areas for (L) (red), (M)
(green), and (R) (purple) are calculated using numerical error minimi-
zation as a percentage of the total peak area and displayed in the inset
to the right of each mobiligram. The error bars represent one standard
deviation from the average of three fits using distinct initial parameters.
The relative standard deviation of the IMS-MS data itself is =0.01%.
The displayed percentage is the peak area percent for (R).

conformers. For each of the variants, the procedure
returned three distinctive Gaussian peaks, which were
labeled left (L), middle (M), and right (R).

The exact relationship between gas-phase and solution
structures is still the object of intense debate in the mass
spectrometry  community.49>1  However, the self-
consistency of IMS-MS determinations enables one to
compare results obtained from different samples and draw
general conclusions about their different behaviors and
topologies. In our case, the following observations can be
made on the basis of the order of arrival times afforded by
the detected species, which is determined by their respec-
tive conformations. The fact that species (R) displayed lon-
ger arrival times than those of (M) and (L) indicates that
(R) possesses a more extended conformation (Fig. 5). It
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has been shown that, in the case of AR peptides, extended
conformations represent solution-like structures, whereas
more compact conformations reflect progressively more
dehydrated structures that may be produced during gas-
phase analysis.?>2 For this reason, the partitioning between
the solution-like (R) and the dehydrated (M) and (L) con-
formers may provide valuable insights into the intrinsic
flexibility of the different variants. Based on the area under
each peak, which provides a measure of the abundance of
the corresponding conformation, the abundance of con-
former (R) displays a A2V > WT ~A2T trend. This obser-
vation suggests that the A2V is likely to possess the most
stable structure in the series, which is the least prone to
the dehydration effects associated with gas-phase analysis.
Conversely, the flexibility possessed by A2T makes this var-
iant more sensitive to the transition to a solvent-free envi-
ronment. Earlier modeling work has suggested that the
compact, solvent-free structure has polar residues buried
and hydrophobic residues exposed.42 Additionally previous
molecular dynamics simulations show differences in the
conformational landscape for these three variants, which is
in good agreement with the experimental data presented
here.3>

In summary, we show using low resolution CD that
three variants are mainly random coil in nature. With
high resolution IMS-MS, we demonstrate that the three
variants exhibit very similar, but subtly different, profiles
in terms of species populations, which is in good agree-
ment with previously published simulations.3>

Ap binding

ApoE receptor-mediated internalization of A by astro-
cytes and microglia represents a functional pathway to clear
and eventually degrade AB.53 Thus, binding of AB,_4, var-
iants to ApoE isoforms provide guidance to AP, 4 clear-
ance [Fig. 6(A)]. A2V exhibited the weakest binding to
ApoE3 and F4 suggesting that it may clear less efficiently
than WT and A2T. Also, note that binding to ApoE4, a
positive risk factor for AD,53’54 was always less than that
for ApoE3 perhaps impeding clearance. Also no signal was
observed for the scrambled control. EphB2 mediates neuro-
nal NMDA receptor function through binding with AB,_
.21 Differences in variant binding to the EphB2-FC chi-
mera, a receptor domain, that is, known to bind ABI_42,21
is clear [Fig. 6(B)]. Again, as with the ApoE isoforms, A2V
variant binds less to EphB2 than does A2T and WT. Inter-
estingly, comparing the Af; 4, binding to the EphB2-FC
chimera and to itself for A2T and for WT are significantly
different (P values < 0.01 for both comparisons), while that
for A2V is not significantly different. It appears that A2V
binds to this receptor domain and to itself with similar low
affinity. It should be noted that dot blot analysis is less
accurate in determining binding affinity of specific confor-
mations to target proteins than other (e.g., Surface plasmon
resonance) direct measurements.
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Molecule binding estimation: (a) Binding of 12.5 pM AB1-42 WT (blue),
A2T (green) or A2V (red) to ApoE3, ApoE4 and to themselves (self-bind-
ing), as well as (b) binding to EphB2 binding domain and themselves
(self-binding) as quantified by dot blots. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

DISCUSSION

As mentioned above, a ~20% reduction of AB;_4
concentration with the A2T variant is attributed to less
effective B-secretase cleavage of APP. To offer an alternate
explanation to this upstream hypothesis and one related
to downstream processing of AB,_4,, the variants should
exhibit markedly different aggregation, clearance, binding
and LTP inhibition, as reported in this study. We further
provide a rational explanation for such different biophys-
ical behavior and how these differences could, in princi-
ple, increase necrosis.

The results presented here demonstrate for the first
time, to our knowledge, that the protective (A2T) and
causative (A2V) variants convert kinetically to proto-
fibrils and large spherical aggregates, respectively (Figs. 1
and 2), and exhibit molecular structural and mobility
differences (IMS-MS, Fig. 4). In addition, the variants
induce distinct LTP inhibition, a pathologically relevant
result not previously reported (Fig. 3). Further, the var-
iants offer diverse binding to ApoE isoforms and recep-
tor domains. These downstream events during the AR
cascade, from dual cleavage of APP to oligomer aggrega-
tion, fibril formation, and clearance, are integral to

maintaining a dynamic steady state flow of AP into and
out of the cell. Any change in the biophysical properties
such as those observed for A2V, for example, slower
aggregation kinetics and hence longer residence time for
oligomers, with structural dimers and trimers at lower
frequency than those of A2T and WT, poorer binding to
ApoE isoforms suggesting lower clearance, would result
in its buildup. Converse behavior regarding structural
oligomers partly different from those of WT and A2V as
well as ApoE and receptor binding, was observed for the
A2T variant, suggesting early proto-fibril formation with
recruitment of toxic oligomers via a less toxic pathway
compared with the WT and A2V. If, as the Selkoe group
has reported,26 dimers are the smallest synaptotoxic
oligomers, then our reaction model predicts for non-
mixing that the dimers endure markedly longer for A2V
than for WT/A2T (Supporting Information Fig. S3, right
two top plots).

A comparison of aggregate morphology and especially
the heights for the three variants suggest that fibrils gener-
ated with and without mixing were similar for all three
variants within error of the measurements. However, the
main morphological difference was between other aggre-
gates. WT and A2V formed small and larger spherical-like
aggregates, respectively, while A2T only formed small
height proto-fibrils without any spherical-like structures.
This finding could be significant, given that the spherical-
like “doughnut” aggregates intercalate into cell membranes
and induce slow ionic leakage through central pores.>>
Thus, one could speculate that the mechanism of protec-
tion against “toxicity” or slow cell leakage for A2T relies on
its ability to recruit spherical-like “doughnut” aggregates
out of the solution and into proto-fibrils, thus protecting
the cells from ion leakage, whereas A2V’s toxic mechanism
is derived from its ability to remain in the dimeric/small
oligomeric state for substantially longer than both WT and
A2T (Supporting Information Fig. S2). Clearly, more work
needs to be done on fractionating these structures and
testing their separate toxicity with neuronal cells or in
mice that overexpress AB.S6—58

As mentioned above, AB;_4, aggregation kinetics from
two recent publications report dissimilar results from the
ones presented here, which is that A2V has a drastically
longer lag time (16 =1.0 h) than A2T (3.6 =0.19 h)
which in turn has a slightly longer lag time than WT
(23*+0.13 h) (Fig. 1).16’17 The experiments here are
designed to capture the rate of primary nucleation of the
AP variants whereas both Maloney et al. and Benilova ef
al. report little or no lag time in their aggregation experi-
ments, indicating bypass of primary nucleation, likely
due to experimental seeding (see Supporting Information
Table SIIN).16:17 Therefore, they fail to capture the sub-
stantial differences reported here in terms of primary
nucleation (Fig. 1).

As predicted by our model and supported by the
IMS-MS data (Fig. 5) and previous MD simulations,3>
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the main difference in aggregation behavior without mixing
emanates from the initial monomer structural stability.29

Here, clear differences in the lag time for the aggrega-
tion of WT (2.3 =0.13 h), A2T (3.6 =0.19 h) and A2V
(16 £ 1.0 h), due mainly to substantially slower rate of
monomer unfolding for A2V (Fig. 1). Thus, the IMS-MS
data, the aggregation results and modeling show the A2V
monomer is the most stable, at least in terms of species
dehydration, whereas the WT and A2T monomers are
considerably less so (Fig. 5), a result, that is, supported
by recent MD simulations.3> These results bolster the
overall picture that the stability of the variant monomers
is markedly different, and this effect, while not observed
in aggregation experiments dominated by secondary
nucleation, 1617 is clearly demonstrated and modeled for
aggregation kinetics that incorporate primary nucleation.

In addition, the CD results (Fig. 4) are in good agreement
with published CD results8 confirming that our monomer
secondary structures are similar and not aberrant.

Presented here for the first time is a biophysically relevant
property of A2T, that is, LTP inhibition, that relates directly
with the protection of AD.14:26,40,41 The LTP inhibition of
hippocampal cells, which correlates with memory forma-
tion, is markedly less for A2T (140% = 4.0%) than both
WT (123% = 5.5%) and A2V (126% =* 5.5%, Fig. 3). As has
been reported, A2T reduces the (3-secretase cleavage rate of
APP resulting in a ~20% reduction in AB; 4, monomer
concentration, while A2V effects cleavage conversely.8:17
Here, we show that A2T reduces LTP inhibition in compari-
son with WT, a result that demonstrates a pathway toward
reduced causation of AD for this protective mutant. Hence,
we speculate that conformational differences between A2T
and A2V are the cause of the differences in LTP inhibition
and provide additional evidence for reduced and enhanced
causation of AD, respectively.

If, as we suspect and have demonstrated here, down-
stream events are critical for synaptotoxicity, then inter-
vention at each downstream step may be possible. Options
include complete inhibition of oligomerization (Fig. 1),
preventing formation of large spherical-like structures
(Fig. 2), mild stabilization of monomer conformation
(Figs. 1 and 5), and/or increasing ApoE binding (Fig. 6).
Small molecules have been designed and synthesized to
bind with AB;_4,.2%00 They could possibly be specifically
designed for the A2V variant to inhibit aggregation and/or
to increase binding to ApoE isoforms. Upregulating the
ApoE gene for increased A2V clearance may also help.9’53
The role of the extreme N-terminus in modulating AB;_4,
monomer structure, aggregation, LTP inhibition, and
clearance obtained here can also guide design of inhibitory
peptides against the N-terminus (i.e., aducanumab).
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