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Abstract

Several mutations conferring protection against Alzheimer's disease (AD) have been
described, none as profound as the A673T mutation, where carriers are four times
less likely to get AD compared to noncarriers. This mutation results in reduced amy-
loid beta (Ap) protein production in vitro and lower lifetime Ap concentration in carri-
ers. Better understanding of the protective mechanisms of the mutation may provide
important insights into AD pathophysiology and identify productive therapeutic in-
tervention strategies for disease modification. Ap(1-42) protein forms oligomers that
bind saturably to a single receptor site on neuronal synapses, initiating the down-
stream toxicities observed in AD. Decreased formation, toxicity, or stability of soluble
Ap oligomers, or reduction of synaptic binding of these oligomers, may combine with
overall lower Ap concentration to underlie A673T’s disease protecting mechanism. To
investigate these possibilities, we compared the formation rate of soluble oligomers
made from Icelandic A673T mutant and wild type (wt) AB(1-42) synthetic protein,
the amount and intensity of oligomer bound to mature primary rat hippocampal/
cortical neuronal synapses, and the potency of bound oligomers to impact trafficking
rate in neurons in vitro using a physiologically relevant oligomer preparation method.
At equal protein concentrations, mutant protein forms approximately 50% or fewer
oligomers of high molecular weight (>50 kDa) compared to wt protein. Mutant oli-
gomers are twice as potent at altering the cellular vesicle trafficking rate as wt at
equivalent concentrations, however, mutant oligomers have a >4-fold lower binding
affinity to synaptic receptors (K, = 1,950 vs. 442 nM). The net effect of these differ-
ences is a lower overall toxicity at a given concentration. This study demonstrates for
the first time that mutant A673T AP oligomers prepared with this method have fun-

damentally different assembly characteristics and biological impact from wt protein
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1 | INTRODUCTION

Accumulation of amyloid B (Ap) protein in the brain is one of the hall-
mark pathologies of Alzheimer's disease (AD) (Selkoe & Hardy, 2016).
Ap is formed from the cleavage of amyloid precursor protein (APP)
by proteolytic enzyme secretases. Cleavage by p-site APP cleaving
enzyme 1 (BACE1) generates both a soluble APP fragment and a
membrane-bound fragment. The latter can be subsequently heter-
ogeneously cleaved by y-secretase to form Ap(1-40) and Ap(1-42)
proteins (Esler & Wolfe, 2001; Jonsson et al., 2012). With age, a
slowdown in the clearance rate (in sporadic AD) or overproduction
(in autosomal dominant AD) of AB protein results in a higher con-
centration of Af within the brain. At these higher concentrations
Ap self-associates into insoluble -sheet-rich fibrils, or globular, wa-
ter-soluble, metastable intermediates known as oligomers (Urbanc
et al., 2004). Most studies concur that on a molar monomer basis,
oligomers are more toxic than fibrils (Cline et al., 2018; Goure
et al., 2014; Koffie et al., 2011; Murphy & LeVine I, 2010). Moreover
there is general agreement in the literature that Ap oligomers are
responsible for initiating the cascade of events that leads to neu-
rotoxicity and neurodegeneration in the disease (Cline et al., 2018;
Hayden & Teplow, 2013; Selkoe & Hardy, 2016). In vitro and in vivo
data indicate that oligomers bind to synapses and reduce synapse
number, ultimately, causing inhibition of synaptic plasticity, long-
term potentiation, and memory formation (Selkoe & Hardy, 2016;
Shankar et al., 2008). However, the neurotoxic mechanism of oligo-
mers in AD is still being elucidated.

To date, more than 200 human mutations that cause early-onset
familial AD have been identified. Notably, almost all of these mu-
tations (in APP or presenilin, a key component of the y-secretase
complex) result in a single phenotype, increased AB. The early-on-
set mutations either increase the total amount of Ap or the relative
proportion of the longer Ap(1-42) form of the protein, the major
species deposited in amyloid plaques in AD (Esler & Wolfe, 2001;
Glabe, 2008; Hardy, 2017; Jonsson et al., 2012; Lesné et al., 2006;
Selkoe, 2001; Stenh et al., 2002). The resultant accumulation of Af is
identical to what is observed in the sporadic, late-onset form of the
disease, it just occurs earlier in life.

While many causative mutations are known, fewer protective
mutations have been identified. Recently published genome-wide
association studies have revealed AD-associated protective vari-
ants located in or near the following genes: APP, APOE, PLCG2,
MS4A, MAPT-KANSL1, RAB10, ABCA1, CCL11, SORL1, NOCT,
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and indicates that its disease protecting mechanism may result primarily from the
mutant protein's much lower binding affinity to synaptic receptors. This suggests that

therapeutics that effectively reduce oligomer binding to synapses in the brain may be

Alzheimer's disease, Amyloid beta, mutant, neurons, oligomers, therapeutics

SCL24A4-RIN3, CASS4, EPHA1, SPPL2A, NFIC, and PPP4R3A
(Andrews et al., 2019; Leigh et al., 2017). However, most confer
a very small degree of protection against AD and very few have
strong functional evidence of protection (Andrews et al., 2019).
Interestingly, the only protective mutation that both significantly
lowers AD incidence and also exhibits strong functional evidence of
protection, A673T, affects the Ap sequence, like all of the causative
mutations. A673T, an APP coding variant, is also the only known
protective mutation that results in lower plasma levels of Ap(1-42)
[although levels in cerebrospinal fluid (CSF) or brain have not been
measured] (Martiskainen et al., 2017).

In an Icelandic population, carriers of A673T were found to have
a 4-fold lower risk of AD as well as a lower risk of non-AD age-re-
lated cognitive decline (Jonsson et al., 2012). A673T, also known
as A2T, results in a substitution of alanine to threonine at position
673 in the N-terminal Ap sequence. A673T occurs at the second
amino acid residue of the AB(1-42) protein sequence (Figure 1a)
(Das et al., 2015; Jonsson et al., 2012; Maloney et al., 2014). This
substitution reduces BACE1 cleavage of the APP § site, resulting in
40% lower AB(1-42) accumulation in vitro (Jonsson et al., 2012; Kero
et al., 2013; Maloney et al., 2014). The A673T mutation may also
promote BACE1-mediated cleavage of APP at the p’ site (between
Thré8! and GIn%®?), generating AB(11-42), the neurotoxicity of which
is not yet fully understood (Jonson et al., 2015; Kimura et al., 2016;
Liu et al., 2006).

Recent measurements revealing that A673T mutation carri-
ers have 28% lower levels of AB(1-42) levels in plasma support the
model that a reduction in Ap(1-42) monomer concentration provides
protection against AD (Bussy et al., 2019; Martiskainen et al., 2017).
Attempts to recapitulate this lower monomer concentration in AD
patients via inhibition of p- or y-secretase-mediated production of
Ap or monomer-selective antibody therapy have not met with clinical
success, and the secretase inhibition approach has been largely dis-
continued due to worsening cognitive function (Panza et al., 2019).
The A673T mutation may also offer protection against AD by re-
ducing oligomer and fibril concentrations in the brain, although this
has not been directly measured in carriers of this mutation to date.
Monoclonal antibodies that lower fibril concentration in the brain
are currently being tested in the clinic (Panza et al., 2019).

In addition to lowering A protein concentration (and therefore
also lowering the concentration of the most toxic form of the protein,
oligomers), the mutation may confer protection from AD in other im-

portant ways: reductions in the biophysical assembly rate, synaptic
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FIGURE 1 Wtand A673T mutant Ap(1-42) oligomers exhibit
similar initial rates of assembly. Sequences of wt and mutant Ap
proteins illustrate the A to T substitution at position 2 relative

to the B-secretase cleavage site (a). Assembly of a range of
concentrations of wt and A673T mutant Ap(1-42) monomeric
proteins into oligomers was monitored over time (b). Oligomer
content was determined by single-site binding ELISA after
oligomerization was halted by addition of Tween-20. The slope

of the assembly rate of oligomers over the initial 5 min (0, 1,

2, 5 min) was calculated via linear regression. No detectable
difference between wt and A673T mutant proteins in initial rate

of oligomer formation was observed (linear regression for slope
difference, p = .67, F = .195). Dashed and solid lines represent linear
regression fits to the data points. Results were obtained from N = 2
independent ELISA experiments (technical replicates)

binding, toxicity, or stability of mutant oligomers compared to wt may
be additive to the overall lower Ap protein concentration, and greatly
amplify the mutation's disease protective effects. Determining these
properties of mutant protein oligomer is important for understanding
disease biology and guiding effective therapy design.

When comparing the A673T protective mutation versus wild type
(wt) AB oligomers, the chosen method of oligomer preparation is vital
to the biological relevance of the study. To prepare well-characterized
synthetic Ap oligomers, synthetic full length Ap protein must first be
rigorously treated to remove the fibril and oligomer structures that as-
semble even in the solid state, before allowing re-assembly to occur
under well-controlled conditions. Currently, two main preparation
methods are widely used in publications that study the biochemis-
try of AP oligomer assembly: (1) the strong alkaline method (Ryan
et al., 2013; Teplow, 2006) and (2) the anhydrous dimethyl sulfoxide
(DMSO) method (Klein, 2002). The latter has two advantages: (1) it is
more compatible with the pH conditions used in cell culture and (2)
it produces oligomer size distributions more similar to those found
in humans (Harper et al., 1999; Izzo, Xu, et al., 2014; Jan et al., 2010;
LeVine, 2004; Sebollela et al., 2014). Oligomers produced using the
DMSO method were shown to better replicate the biological effects
of AD brain-derived oligomers in vitro and in vivo (Izzo, Staniszewski,
et al.,, 2014; Upadhaya et al., 2012; Yang et al., 2017).

The majority of published papers studying A673T mutant oligo-
mer formation that provide a sufficiently detailed description of their
oligomer preparation methods have used the strong alkaline method
(Colombo et al., 2017; Murray et al., 2016; Poduslo & Howell, 2015;
Zhang et al., 2018; Zheng et al., 2015). Collectively, these studies
concluded that A673T Ap oligomers (either AB(1-40) or Ap(1-42) or a
mixture of both) differ morphologically from their wt counterparts.
This result was corroborated in a study that used the DMSO prepa-
ration method to facilitate the formation of oligomers under more
physiologic conditions (Benilova et al., 2014). In addition, this study
used atomic force microscopy to visualize the effect of the A673T
mutation on equimolar mixes of A673T Ap(1-40) or A673T AB(1-42)
oligomers with their wt equivalents. They concluded that A673T
oligomers, no matter the species, formed smaller aggregates over-
all when compared to their wt counterparts (Benilova et al., 2014).
However, none of these studies measured the oligomerization rate
or functional effects on neurons in vitro of full length pure Ap(1-42)
A673T mutant oligomers prepared with the DMSO method.

In this study, we measured the effect of the A673T mutation on
the oligomerization of the AB(1-42) protein using the DMSO oligo-
mer preparation method to yield synthetic oligomers that most
closely resemble those derived from the AD brain. To examine the
differences in the rate of oligomer formation of synthetic wt and
A673T mutant Af oligomers in vitro, we measured oligomerization
using a single-site binding enzyme-linked immunosorbent assay
(ELISA) (LeVine, 2004). To evaluate the interaction between recep-
tors and Ap proteins, we quantified the amount and intensity of
synaptic punctate binding of both oligomer preparations to DIV21
primary hippocampal/cortical neuron and glia cultures in vitro. We
also explored the functional effects of the mutation on neurons via
a vesicle trafficking assay. To the best of our knowledge, this study
is the first of its kind to study the A673T Ap(1-42) oligomer assembly
rate and functional effects in neurons using the more physiologically
relevant method, defining a mechanism by which the A673T muta-

tion protects against AD.

2 | METHODS
2.1 | Study design

The study was not pre-registered on any open source registra-
tion platforms. All procedures were approved by the Institutional
Animal Care and Use Committee at Cognition Therapeutics and
were in compliance with the Office of Laboratory Animals Welfare
(OLAW Assurance A4611-01) and the Guide for the Care and Use of
Laboratory Animals, Eighth Edition.

2.2 | Neuronal cultures

Sprague-Dawley rats (Taconic Biosciences; RRID: RGD_1566440)

were separately housed for 4 days to acclimate, with water and
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food provided ad libitum. At 18 days of pregnancy they were eutha-
nized by CO, asphyxiation followed by cervical dislocation, and em-
bryos were removed. Hippocampal/cortical cultures were prepared
as previously described (lzzo, Staniszewski, et al., 2014; Izzo, Xu,
et al., 2014). Briefly, dissociated embryonic day 18 (E18) hippocam-
pal and cortical cells were plated on 384-well poly-D Lysine-coated
plates (Phenix Research, Candler, North Carolina, USA; catalog num-
ber MPG-781946; year of purchase 2014) at a density of 4.6 x 10*
cells per cm? in Neurobasal Media (Life Technologies; catalog num-
ber 12348-017; year of purchase 2014) supplemented with B27 (Life
Technologies; catalog number 17504-044; year of purchase 2014),
Glutamax (Life Technologies; catalog number 35050-061; year of
purchase 2014), and antibiotics (penicillin 50 units/ml and strep-
tomycin 50 pg/ml, Life Technologies; catalog number 15070-063;
year of purchase 2014). Cultures were maintained at 37°Cin 5% CO,
for 3 weeks with weekly media changes prior to experimentation.
Cultures contained 30% + 8% MAP2 positive neurons (Figure 5). The
remainder of cells were astrocytes, microglia, and other glial popula-
tions (Figure S1). The number of replicate neuronal culture experi-
ments (cell culture preparations) is specified for each datapoint.

2.3 | AB(1-42) protein synthesis

Synthetic human wt and mutant AB(1-42) proteins (custom synthe-
sized at University of Pittsburgh Peptide and Peptoid Synthesis Core
Facility; samples provided upon reasonable request) were treated
according to previously published methods to remove any struc-
tural assemblies that may have formed during the synthesis, isola-
tion, and storage procedures (Klein, 2002; Lambert et al., 2001). All
oligomer concentrations are reported as monomer equivalents. An
Ap monomer film was prepared by evaporating the 1,1,1,3,3,3,hex-
afluoro-2-propanol (HFIP) (Sigma-Aldrich; catalog number 105228;
year of purchase 2014) at 20°C from a solution of 253 pg Ap(1-42) in
HFIP at 20°C for 20 min using N, gas. The film was then dissolved in
10.12 pL anhydrous DMSO (Sigma-Aldrich; catalog number D2650;
year of purchase 2014) to make a 5 mM working solution. This solu-
tion was diluted to 100 pM with cold Basal Media Eagle media (Life
Technologies; catalog number 21010; year of purchase 2014), fol-
lowed by incubation at 4°C for 24 hr to form oligomers. The resulting
oligomer preparations were centrifuged at 16 000 g to pellet any in-
soluble fibrils and the supernatant was diluted in Neurobasal media
prior to addition to cultures. All studies using synthetic oligomers
were performed with this preparation unless otherwise specified.
All lots of AB(1-42) were put through a strict quality control process
before being used for experiments, as previously published (Izzo,
Staniszewski, et al., 2014).

2.4 | AB(1-42) oligomer assembly studies

Upon oligomerization from the monomeric state, Ap(1-42) protein

can be found in monomeric, oligomeric, and fibril formations. The
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semble into structural forms ranging from low molecular weight
monomers, to various sizes of oligomers, to high molecular weight
fibrils. It is hypothesized that a disruption in the balance of produc-
tion and clearance of the toxic Ap oligomer isoform is the under-
lying cause of AD (Bao et al., 2012; Das et al., 2015; Glabe, 2008;
Viola & Klein, 2015; Walsh & Selkoe, 2007; Walsh & Teplow, 2012).
Characterization of synthetic wt Ap(1-42) and A673T AB(1-42) has
shown that, although conformational changes of the intrinsically
disordered Ap vary between the two preparations (Das et al., 2015),
there is little effect of the A673T mutation on the detection of
the protein when compared with wt Af by direct ELISA (Jonsson
et al., 2012; Maloney et al., 2014). Monomer was allowed to assem-
ble as described above and briefly below and oligomer content was
determined by single-site binding ELISA (LeVine, 2004) using 4G8
antibody to AB(1-42) (Covance, Gaithersburg, Maryland, USA,; cata-
log number SIG-39330; RRID:AB_662804; year of purchase 2009).
Briefly, wt and mutant Ap(1-42) were rigorously disaggregated in
HFIP/trifluoroacetic acid (TFA) (Sigma-Aldrich; catalog number
T6508; year of purchase 2014) (LeVine, 2006) and dissolved at 50x
the desired final concentration of protein in DMSO. Assembly reac-
tions were initiated upon addition of protein to 1X phosphate buff-
ered saline (20 mM sodium phosphate, 0.145 M NaCl, pH 7.5) and
terminated at the desired time by the addition of Tween-20 (0.1%
v/v) (Fisher Bioreagents, Pittsburgh, Pennsylvania, USA; catalog
number BP337-500; year of purchase 2014). A673T and wt Ap(1-
42) oligomer concentrations were compared via two-way analysis of

variance (ANOVA) and linear regression analysis.

2.5 | Western blot analysis

Ap oligomer preparations were run on a 4%-15% Tris-HCI| nondena-
turing gel (Bio-Rad Laboratories; catalog number 3450029; year of
purchase 2014) in Tris-Glycine buffer (Bio-Rad Laboratories; catalog
number 1610734; year of purchase 2014) at 125V for 110 min and
transferred to 0.2 uM nitrocellulose (Bio-Rad Laboratories; catalog
number 1620112; year of purchase 2014) in Tris-Glycine buffer at 30V
for 120 min. The membrane was boiled in PBS for 5 min and blocked
with 5% Blotto (Santa Cruz Biotechnology; catalog SC-2324; year of
purchase 2014) overnight at 4°C. The membrane was probed for 1 hr
at 20°C with 6E10 monoclonal antibody (Covance; catalog number
SIG-39320; RRID:AB_662798; year of purchase 2014) diluted 1:100 in
PBS + 1% Blotto then washed three times for 30 min with PBS + 0.05%
Tween. Rabbit anti-mouse-HRP secondary antibody (MilliporeSigma,
catalog number AP308P, year of purchase 2014) was applied at 1:100
for 1 hr at 20°C. The membrane was washed three times for 30 min
with PBS + 0.05% Tween and developed with SuperSignal substrate
(Pierce; catalog number 46640; year of purchase 2014) for 5 min and
imaged with AlphaView SA (Alpha Innotech) using a CCD camera. Note
that under these native, nondenaturing conditions, intrinsically disor-
dered proteins such as A oligomers and monomers run differently

than well-folded proteins (molecular weight protein size standards) and
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therefore, monomers were assumed to run at ~25 kDa, although this
was not confirmed by an independent control method. Images in
Figure 4a show side-by-side lanes of wt and A673T mutant proteins
prior to addition to cultures on the same gel; images in Figure 4b show
a different gel with side-by-side lanes of wt and A673T mutant pro-
teins after addition to cultures. Original images were acquired and op-
timized for publication quality identically.

2.6 | ApB(1-42) oligomer binding assay

Neuronal cultures were treated with increasing concentrations of
oligomeric protein (wt or mutant) for 60 min at 37°C and automated
immunofluorescent imaging was then used to assess the binding of oli-
gomerized wt and mutant Ap(1-42) to neurons and glia (MAP2 negative
cells) as described above and previously (1zzo, Staniszewski, et al., 2014).
Briefly, cells were fixed in 3.75% formaldehyde (Polysciences; catalog
number 4,018; year of purchase 2014) and blocked with 5% normal
goat serum (Tissue Culture Biologicals; catalog number 701D; year of
purchase 2014) and 0.5% Triton X-100 (Sigma-Aldrich; catalog number
T8787; year of purchase 2014) before being incubated with primary
antibodies for Ap (1 pug/ml 6E10 or 4G8, Covance; catalog numbers
SIG-39320 and SIG-39330, respectively; RRIDs:AB_662798 and
AB_662804, respectively; year of purchase 2014) and MAP2 (0.2 ng/
ml; Abcam, Cambridge, Massachusetts, USA; catalog number AB5392;
RRID:AB_2138153; year of purchase 2014) and then fluorescently
labeled secondary antibodies (2 pug/ml, goat anti-chicken Alexa Fluor
546 and goat anti-mouse Alexa Fluor 647, Life Technologies; catalog
numbers A11040 and A21235, respectively; RRIDs:AB_2534097
and AB_2535804, respectively; year of purchase 2014). A Cellomics
VTi automated microscope with a 20X, 0.75 numerical aperture ob-
jective was used to capture images, which were analyzed using the
ThermoFisher/Cellomics Neuronal Profiling bioapplication that meas-
ured punctate labeling of Ap along MAP2-labeled neurites, as well as
neuron count, nuclear area, and neurite length. A separate image anal-
ysis algorithm was used to measure Af binding to non-MAP2 labelled
cells as described previously (Izzo, Staniszewski, et al., 2014); DAPI-
labeled nuclei are used by the image processing algorithm as the basis
for identifying cells versus non-cellular objects such as aggregates. The
image processing algorithm then measures Ap immunofluorescence
within the same region as the nuclei, so all A measurements reported
are associated with cells. The term ‘MAP2-negative cells’ therefore re-
fers only to nucleated cell bodies and not to non-cellular aggregates.
All quantification was performed on original images acquired identi-
cally as described above. Identical methods were used to optimize all

images for publication.

2.7 | Trafficking assay

Typically, the 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium

bromide (MTT) assay is used as a measure of toxicity in cultured cells.

Yellow tetrazolium salts undergo endocytosis and are then reduced
to purple formazan. The amount of formazan reflects the number of
metabolically active cells and thus diminished formazan is a measure
of cell death. However, the MTT assay can also be used to measure
the trafficking rate of endosomal/lysosomal vesicles in response to the
addition of synthetic Ap oligomer (Hong et al., 2007; Izzo, Staniszewski,
et al,, 2014; Kreutzmann et al., 2010; Liu & Schubert, 1997). One hour
after the administration of tetrazolium salt, vehicle-treated cells are full
of formazan-containing vesicles while synthetic Ap oligomer-treated
cells have released the contents of their vesicles through exocytosis,
leading to observable needle-shaped crystals at the membrane surface
(formed when the water-insoluble formazan encounters the aqueous
extracellular environment). Since Ap oligomers accelerate the process
of exocytosis, reduced intracellular vesicular formazan is observed
along with synaptic loss (Izzo, Staniszewski, et al., 2014). The assay was
used to measure the potency of A673T mutant and wt Ap oligomers
in altering vesicular trafficking rate and executed as described previ-
ously (Izzo, Staniszewski, et al., 2014). Briefly, after being treated with
Ap oligomer preparations, neurons were incubated for 24 hr at 37°C
(the time point that achieves the maximal effect (Izzo, Staniszewski,
et al., 2014)). They were then incubated with tetrazolium salts
(3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide, (VWR,
Monroeville, Pennsylvania, USA; catalog number 80108-190; year of
purchase 2014); final concentration of 0.75 mM) for 60-90 min. After
extraction with 1.6% Tween-20, absorbance spectrometry was used to
quantify the vesicular formazan remaining in cells.

2.8 | Blinding, randomization, and statistical analysis

No blinding or randomization of experimental groups was con-
ducted. For replicate experiments utilizing image analysis, at least
100 neurons were sampled using unbiased automated algorithms
from four replicate wells for each experimental condition (400-500
neurons per experimental condition). The number of replicates from
separate cell culture preparations is reported for each experiment.
The number of replicates were determined a priori to attain statisti-
cal power of 80% and a p-value of less than 0.05 (determined using
G*Power software, Heinrich Heine University, Diisseldorf, Germany)
(Faul et al., 2007). Statistical significance was determined for non-
linear curve fitting by an extra sum of squares F-test using Prism
(GraphPad Software). A D'Agostino-Pearson normality test was
used prior to all statistical analyses. Outliers were not removed.

3 | RESULTS

3.1 | Characterization of AB oligomer preparations
via single-site binding ELISA and western blotting

Quantification of oligomers is essential to understanding the physi-
ological differences between protein variations (Figure 1a). The

single-site binding ELISA used here, in which the epitopes of the
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capture antibody (monoclonal antibody 4G8) and the detection
antibody (biotinylated 4G8) are identical, allows the specific deter-
mination of the total quantity of oligomer existent in each AB(1-42)
preparation (Esparza et al., 2013; LeVine, 2004; Yang et al., 2013).
This assay has been shown to be sensitive to oligomer preparations
in concentrations ranging from 0.2 to 1,000 ng/ml (LeVine, 2004).
Using this ELISA configuration, there was no detectable difference
between the wt and A673T mutant proteins in initial rate of oligomer
formation (linear regression for slope difference, p = .67, F = .195;
Figure 1b). However, at specified concentrations, monomeric A673T
AB(1-42) formed 50% or fewer oligomers than wt AB(1-42) when al-
lowed to assemble for 30 min (two-way ANOVA p <.0001; Figure 2).
Consistent with this finding, mixing of the two protein monomers
prior to assembly resulted in oligomer formation proportional to the
molar ratio of wt and A673T AB(1-42) concentrations (p < .05 for
linearity for all proportions; Figure 3).

Samples of wt and A673T mutant protein (1 pg of total Ap) were
analyzed on non-denaturing western blots both before being added
to cell culture media (Figure 4a) and after (Figure 4b) being incubated
in cell culture media for 24 hr. Analysis of Ap preparations from both
conditions confirmed ELISA results shown in Figure 2, and demon-
strates that in equimolar samples of protein, mutant protein contains
less oligomer and more monomer than wt. Note that under these
native, nondenaturing conditions, intrinsically disordered proteins
such as Ap oligomers and monomers run differently than well-folded
proteins (such as molecular weight protein size standards) and ap-

pear at different molecular sizes than expected (Tseng et al., 1999).

3.2 | Comparison of mutant and wt Ap(1-42)
oligomer binding to neurons and glia

We previously reported robust characterization of the binding of wt
AB(1-42) oligomer made with the same method to synapses on neu-
rons (including colocalization of Ap oligomers with the synaptic marker
synaptophysin (lzzo, Staniszewski, et al., 2014; Figure S1) and demon-
strated it to be consistent with a saturable, single-site binding model
(Izzo, Staniszewski, et al., 2014; Izzo, Xu, et al., 2014; Laurén et al., 2009).

To examine whether differences in binding to neuronal cultures exist
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treated with increasing concentrations of oligomeric protein (wt or mu-
tant, Figure 5), and Ap binding to synaptic puncta was measured using
guantitative immunofluorescence. Similar to previous observations
(Izzo, Staniszewski, et al., 2014; Izzo, Xu, et al., 2014), wt AB(1-42) oligom-
ers exhibited saturable single-site binding (K, = 442 +70 nM, Figure 6a
and b and Table 1), as did A673T oligomers, however, mutant oligomers
bound with significantly lower affinity (K, = 1,950 + 502 nM, one-site
specific binding least squares fit p < .001, Figure 6a and b and Table 1)
and exhibited lower intensity binding than wt oligomers (Figure 6c and
d). The number of binding puncta per neuron showed that wt oligomers
bound to more synaptic puncta at each concentration compared to the
A673T oligomers (Figure 6e and f). Taken together, these results sug-
gest that mutant protein oligomers have a lower affinity for synaptic-
binding sites when compared to wt.

Additional image analysis parameters from these oligomer bind-
ing assays were used to assess any potential toxicity of the oligomer
treatments: neuronal counts, neuronal nuclear area, and neuronal
neurite length (Figure 7). Small but significant decreases in nuclear
area and neurite length were observed only at the highest (non-phys-
iological) concentration of oligomeric proteins tested (14 uM) with
no statistical difference seen between mutant and wt Ap.

We have previously characterized the detectable binding of wt
AB(1-42) oligomer made with the same method to subpopulations of
glial cell bodies in neuronal cultures (Figure S1 and Figure 6 in Izzo,
Staniszewski, et al., 2014). Binding intensity of ascending concentra-
tions of AB to non-MAP2 labeled cells (arrows in Figure 5) was mea-
sured. Similar to previous results, about 83% of the non-neuronal cells
had asymmetric or condensed nuclei and exhibited higher Ap oligomer
binding intensity than the remainder of the non-neuronal cells which
had round, symmetrical nuclei (Figure 8). In the non-neuronal cells with
asymmetric or condensed nuclei, no significant difference was seen
between the affinity or intensity of wt Ap and the A673T mutant oligo-
mers (Figure 8a). Similar to previous studies, the binding of A to these
non-neuronal cells fit a 2-site binding model with a high affinity site
(K4 =410 nM for wt, 382 nM for A673T mutant protein oligomers) and
a second, unsaturable, low affinity site. Binding to non-neuronal cells
with round, symmetric nuclei was of low intensity and also showed no
difference between wt Ap and the A673T mutant (Figure 8b).

- wt0.35nM
& wt0.69nM
& wt1.38 nM
¥ wt2.76 M
- wt5.50 nM
© wt11.0nM
& wt22.0nM
& wt44.0 nM

oligomer (ng/ml)

0 10 20 30
time (minutes)

FIGURE 2 Monomeric A673T AB(1-42) forms fewer oligomers than wt Ap(1-42) at specified concentrations and times. Monomeric wt (a)
and A673T mutant (b) AB(1-42) proteins were assembled at a series of concentrations in vitro for 10 or 30 min before assembly was stopped
with Tween-20. Oligomer content was determined by single-site binding ELISA. At specified concentrations, monomeric A673T Ap(1-42)
formed 50% or fewer oligomers than wt Ap(1-42) when allowed to assemble for 30 min (two-way ANOVA p < .0001). Plotted values are
mean + SD. Results were obtained from N = 3 independent ELISA experiments (technical replicates)
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FIGURE 3 Mixing monomeric A673T mutant AB(1-42) with wt
AB(1-42) decreases oligomer formation proportionally. Increasing
proportions of monomeric A673T mutant AB(1-42) were mixed
with the wt protein in HFIP, disaggregated with TFA, dried, and
dissolved in DMSO. Oligomer assembly was initiated to produce
total protein concentrations of 5, 10, 20, and 40 nM and incubated
for 30 min at 20°C before stopping with Tween-20. Oligomer
content was determined via single-site ELISA resulting in oligomer
formation proportional to the molar ratio of wt and A673T AB(1-42)
concentrations (p < .05 for linearity for all proportions). Data points
represent mean + SD. Dashed lines are linear regression fits to the
data points. Results were obtained from N = 4 independent ELISA
experiments (technical replicates)

3.3 | Measurement of mutant and wt Ap(1-42)
oligomer potency in primary neurons

The potency of mutant and wt synthetic Ap oligomers to nega-

tively impact trafficking rate is shown in Figure 9. The durations of

(a) Prior to addition (b) After addition

to cells to cells
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b I
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FIGURE 4 Native western blots of mutant and wt Ap oligomer
preparations before (a) and after (b) addition to hippocampal/cortical
neuronal cultures. Western blot using 6E10 to detect wt and A673T
AB(1-42) shows mutant protein contains higher concentrations of
monomer and lower concentrations of oligomers than wt

TABLE 1 Binding affinity of wt Ap(1-42) and A673T mutant Ap
oligomers to neuronal synaptic puncta

Ky (nM) B
wt AB(1-42) oligomers Site 1:442 + 70 7.98 x 10° +
0.29 x 10°
A673T mutant Ap(1-42)  Site 1:1,955 + 502 5.98 x 10° +
oligomers 0.50 x 10°

“intensity in arbitrary fluorescent units.

treatment required to achieve maximal effects on membrane traf-
ficking were similar; however, the mutant protein oligomers’ half
maximal effective concentration (EC;, = 2.22 pM) was approxi-
mately two times smaller than the wt (EC., = 4.73 uM, p < .001).
These results indicate that the mutant protein oligomers are more

potent than wt protein oligomers at inhibiting vesicle trafficking.

4 | DISCUSSION

The A673T mutation confers a 4-fold lower risk of AD as well as
a lower risk of non-AD age-related cognitive decline (Jonsson
et al.,, 2012). Carriers have 28% lower levels of Ap(1-42) monomer
levels in plasma as a result of lower p-secretase cleavage efficiency
(Bussy et al., 2019; Martiskainen et al., 2017), and presumably lower
concentrations of the more toxic oligomer conformation as well.
However, it is also possible that other characteristics of mutant pro-
tein may lower oligomer toxicity in a manner that is additive to, or
even outweighs, overall lower monomer concentration contributions
to protection from AD. Understanding the precise molecular basis by
which the A673T protective mutation impacts Af structure, assem-
bly and biology is essential to both understanding AD and designing
the most effective therapeutic strategies, since drug candidates with
the same mechanism as protective variants would be expected to
have a higher success rate in the clinic (Harper et al., 2015).

This study is the first to examine the A673T mutation effects
on both ApB(1-42) oligomer assembly rate and neuronal function
using a physiologically relevant method of oligomer preparation.
Using single-site binding ELISA and size exclusion chromatography,
we demonstrated that A673T mutant AB(1-42) protein forms ap-
proximately 50% fewer high molecular weight (>50 kDa) oligomers
compared to wt AB(1-42) protein (Figure 2). This is supported by the
finding that mixing wt and mutant oligomers together reduces the
formation of oligomers in direct proportion to the concentration
of mutant protein present. We also observed that A673T Ap(1-42)
oligomer assembly plateaus at a lower level than wt Ap(1-42) oligo-
mer assembly, with a decrease in the propensity to oligomerize
that is dependent on the mole fraction of wt and A673T Ap(1-42)
as measured by ELISA (Figures 2 and 3) and as visualized on west-
ern blots (Figure 4). This reduced propensity for A673T AB protein
to aggregate into toxic oligomeric species could be due to a desta-
bilizing feature of the mutation (Sharma et al., 2018). Our finding
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FIGURE 5 A673T Ap(1-42) oligomers bind with lower affinity to synaptic puncta than wt AB(1-42) oligomers. Synthetic wt AB(1-42)
oligomers (a) and A673T AB(1-42) oligomers (b) were added to rat neuronal cultures for 60 min at 37°C at total Ap concentrations ranging
from 0.88 to 14 uM. Oligomer binding to synaptic puncta was visualized via quantitative immunofluorescence. A subset of neurons
(immunopositive for MAP2) exhibit punctate postsynaptic oligomer binding along their neurites. A673T oligomers labeled significantly fewer
puncta than wt AB(1-42) oligomers with the number of puncta for both proteins plateauing at approximately 7 uM (mean Ap puncta count
per neuron for wt = 5.0 x 10° + 4.4 x 10°, A673T = 2.5 x 10° + 2.0 x 10°, p < .05, paired t-test). For each fluorescent image of bound Ap,
the MAP2 labeling on the right-hand edge of each image demonstrates a similar density of neurons in each field. Arrows identify examples
of Ap binding to glia (non-MAP2-labeled cells). Scale bar = 20 microns. Results were obtained from N = 4 independent neuronal culture
experiments

that there was no detectable difference between the wt and A673T increased), although we did not examine this directly. Future studies
mutant proteins in initial rate of oligomer formation, yet monomeric that explicitly measure oligomer stability in physiological conditions
A673T AB(1-42) formed 50% or fewer oligomers than wt AB(1-42) are needed to clarify this possibility.

after 30 min of assembly suggests that mutant oligomers may be Several other reports have studied the effect of this mu-

less stable once formed than wt (e.g., oligomer dissociation rate is tated amino acid residue on the rate of aggregate assembly in
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FIGURE 6 A673T Ap(1-42) oligomers bind less, and with lower affinity as well as intensity, to synaptic puncta than wt Ap(1-42)
oligomers. Synthetic wt AB(1-42) protein and A673T AB(1-42) oligomers were added to rat neuronal cultures for 60 min at 37°C at total A
concentrations ranging from 0.88 to 14 uM. Oligomer binding to synaptic puncta was visualized via quantitative immunofluorescence. (a)

At equivalent protein concentrations, wt AB(1-42) produced a 3-fold higher total binding intensity than A673T. (b) Data from (a) displayed
on a logarithmic scale to emphasize the difference in binding affinity (wt Ap(1-42) = 442 + 70 nM and A673T mutant = 1,950 + 732 nM,
one-site specific binding least squares fit model, p < .001). (c) Mean intensity per puncta shows brighter intensity at each concentration for
wt oligomer when compared to A673T mutant oligomer on a linear scale. (d) Data from (c) displayed on a logarithmic scale (one-site specific
binding least squares fit model, p < .001). (e) Number of binding puncta per neuron graphed on linear and (f) logarithmic scales show that wt
Ap bound to more puncta at each concentration compared to A673T mutant (one-site specific binding least squares fit model, p < .001). Wt
AB(1-42) oligomers and A673T mutant oligomers are represented by circles with solid lines and open squares with dotted lines, respectively.
All data represent mean + SEM from N = 16 independent neuronal culture experiments. Y-axis labels are shown at the top of each column of

data

vitro (Benilova et al., 2014; Colombo et al., 2017; Lin et al., 2017;
Maloney et al., 2014; Murray et al., 2016; Poduslo & Howell, 2015;
Somavarapu et al., 2017). Many of these reports show that A673T
AB(1-42) proteins aggregate more slowly than wt proteins via thio-
flavin T fluorescence assays that detect B-sheet structure charac-
teristic of fibrils (Benilova et al., 2014; Maloney et al., 2014; Murray
et al., 2016). Zheng and colleagues demonstrated that A673T Ap(1-
42) oligomers formed with the alkaline method have different size
ranges than wt (Zheng et al., 2015). These findings support our con-
clusions that A673T Ap(1-42) oligomers assemble at a different rate
than wt Ap(1-42) oligomers.

Ap oligomers are believed to behave pharmacologically when
binding to synapses as they exhibit saturable binding to their target
and displacement by small molecule antagonists (Izzo, Staniszewski,
et al., 2014; lzzo, Xu, et al., 2014; Maloney et al., 2014). We pre-
viously reported that synthetic Ap(1-42) oligomers made with the

same method bind to synapses in primary hippocampal and corti-
cal neuronal cultures (Izzo, Staniszewski, et al., 2014; Figure S1).
In the current study, we found that wt AB(1-42) oligomers bound
with greater than 4-fold higher affinity (K, = 442 nM + 70nM)
to synaptic neuronal puncta than did A673T Ap(1-42) oligomers
(K4 = 1,950 + 502nM, Figure 5, Figure 6a and b, Table 1). In ad-
dition, A673T oligomers bound with lower intensity and to fewer
puncta than did wt oligomers (Figure 6c and d). A673T Ap(1-42)
also displayed a lower total binding intensity than wt Ap at sat-
urating concentrations and bound to fewer synaptic puncta, in-
dicating the difference in binding is not simply a function of the
lower oligomer concentration in the mutant oligomer preparation
(Figure 6).

We previously reported that synthetic Ap(1-42) oligomers
made with the same method bind to cell bodies of a subset of glia

(MAP2 negative cells) (Izzo, Staniszewski, et al., 2014; Izzo, Xu,
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FIGURE 7 Toxicity measures in neuronal cultures. Neuron
count per well, neuronal nuclear area and total neurite length

per neuron were measured in Ap oligomer binding experiments.
Small effects on nuclear area and total neurite length were seen
only at the highest concentration of oligomers used (14.0 uM,
non-physiological) with no difference seen between oligomers
made from wt and mutant proteins (two-way ANOVA with
Tukey's post-test correction for multiple comparisons). All data
represent mean + SEM from N = 13 independent neuronal culture
experiments

et al., 2014). In the present study, no difference in binding affin-
ities of wt and A673T ApB(1-42) oligomers to glial cell bodies was
observed (Figures 5 and 8), suggesting that, unlike neuronal syn-
apses, binding to glia may occur via a different mechanism than in
neuronal synapses.

Our results indicate that the mutant protein is twice as potent at
inhibiting vesicle trafficking than wt (Figure 9), an effect that would
be expected to negatively alter neuronal function. Corroborating
our findings, Colombo et al. (2017) showed that A673T Ap(1-42)

aggregates are more toxic than wt Ap(1-42) aggregates in a cell
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FIGURE 8 Similar binding affinities of wt Ap(1-42) and A673T
APB(1-42) mutant oligomers to glial cell bodies. Glial cells were
characterized by a lack of MAP2 labeling. Nonlinear regression
analysis revealed no significant difference in the binding of wt Ap(1-
42) and A673T mutant AB(1-42) oligomers to glia (MAP2 negative
cells) with condensed or asymmetric nuclei (a) or to glia with round,
symmetric nuclei (b). All data represent mean + SEM from N = 3
independent neuronal culture experiments

viability assay in neuroblastoma cells. Another study reported that
the A673T variant results in the production of fewer AB(1-42) oligo-
mers, but that the oligomers produced are equally toxic to wt Ap(1-
42) (Maloney et al., 2014).

It is important to note that neither wt nor A673T mutant protein
produce rapid cell death at physiological concentrations, but instead
produce subtler deficits in vesicle trafficking that reflect their impact
on synaptic function (lzzo, Staniszewski, et al., 2014). In the present
study, we observed a slight reduction in nuclear area and total neur-
ite length (with no differences between the wt and mutant proteins)
at non-physiological (14 uM) concentrations, however this is approx-
imately 100 times higher than the EC,, observed with either wt or
mutant Af in the trafficking assay.

Other possible differences in the biophysical characteristics or
biological impact of wt and A673T AP may exist but were not stud-
ied. It is possible that the mutated amino acid sequence could pro-
duce oligomers with a different conformation, resulting in altered
interactions with downstream signaling proteins or even interac-
tions with different downstream proteins which are not detected

by the trafficking assay used in these studies. In fact, many studies
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FIGURE 9 A673T mutant protein is more potent at inducing
vesicle trafficking deficits than wt. Wt and mutant Ap(1-42) protein
oligomer potencies were compared via vesicle trafficking assay.
Mature primary neurons, 21 days in vitro, were treated for 24 hr
with a particular protein oligomer at varying concentrations as
indicated in the plot. The EC,, for A673T mutant and wt protein
oligomers were 2.22 and 4.73 pM, respectively (variable slope
sigmoidal dose-response curve fit was used to fit the data and an
extra sum of squares F-test was performed to show difference in
potency, p < .001). These results indicate that the A673T mutant
protein oligomers are more potent than wt protein oligomers at
inhibiting vesicle trafficking. All data represent mean + SEM from
N = 16 independent neuronal culture experiments

show that A673T AB mutant aggregates are structurally distinct
from wt aggregates (Benilova et al., 2014; Colombo et al., 2017; Lin
et al., 2017; Murray et al., 2016; Poduslo & Howell, 2015; Zheng
et al., 2015). This different shape could lead to binding to different
receptors, which could account for lower synaptic affinity binding
and/or increased toxicity of mutant protein oligomers. We cannot
rule out either possibility.

Internalization of bound oligomers by cells is one potential
pathway of lowering oligomer concentration, and is one of four
major AB monomer clearance pathways (Mohamed & Posse de
Chaves, 2011; Pomilio et al., 2016; Yuede et al., 2016). A previous
study examining internalization of bound oligomers on primary
microglia noted a higher degree of internalization with wt A than
A673T AB (Maloney et al., 2014). We did not examine internaliza-
tion in the present study but did observe an equivalent binding
of wt and A673T A to glial cell bodies, suggesting that oligomer
receptors on the cell body and synapses may be different. As
mentioned above, mutant oligomers may have a higher dissocia-
tion rate compared to wt, which could affect their concentration.
Additionally, increased protease cleavage in the brain is another
possible source of lower concentration.

Based on the structural equilibrium between Af monomer,
oligomer, and fibril, and supported by the A2T mutation's protec-
tive effect of reduced monomer production across a lifetime, sev-
eral therapeutic approaches to lowering Ap levels have been tested

in clinical trials (reviewed recently in Aisen et al., 2020; Long &

Holtzman, 2019; Walsh & Selkoe, 2020). Therapeutics that interact
primarily with monomer, such as D-enantiomeric peptide D3 deriv-
atives that bind monomeric AB(1-42), can lower Ap(1-42) oligomer
and fibril formation and reduce Ap(1-42)-induced cytotoxicity in pre-
clinical model systems, but have challenges achieving stoichiometric
concentrations in patients with the high concentrations of monomer
that turn over rapidly (Klein et al., 2017). Tramiprosate, a compound
that blocks the addition of monomer to fibrils with limited evidence
of activity against oligomers under physiological conditions, did not
show efficacy in two AD phase 3 trials (Aisen et al., 2011). Lowering
Ap monomer production with - or y-secretase inhibitors led to cog-
nitive worsening and this approach has been largely discontinued
(Panza et al., 2019). Monoclonal antibodies with high affinity for
monomer, such as solanezumab, have not been clinically efficacious
(Doody et al., 2014; Honig et al., 2018). These therapeutics gener-
ally do not impact fibrillar Ap load in the brain, leaving a large fibril
concentration which can dissociate to form oligomers. N-terminal
monoclonal antibodies such as BAN2401 and aducanumab effec-
tively clear fibril load from patients’ brains as assessed with amyloid
PET imaging but also produce edema, and their impact on cognitive
decline has yet to be clinically demonstrated (Logovinsky et al., 2016;
Sevigny et al., 2016). Small molecule therapeutics that directly target
oligomer formation have also been discovered. Hydroxyquinoline
compounds block Ap(1-42) oligomer assembly directly (LeVine
etal., 2009) but have not reached the clinic. Quinoline-related PBT2,
which interacts with metal ions and impacts the oligomeric configu-
rations of Ap (Ryan et al., 2015), failed to change cognitive function
in a phase 2 trial (Villemagne et al., 2017).

Safely lowering AP concentrations in Alzheimer's patients
without negatively impacting cognitive functioning as occurred
following inhibition of p- or y-secretase enzymes may prove to be
difficult, however the present results on the quantitative impact
of the mutation on oligomer formation, binding, and functional
impact suggest that alternative therapeutic approaches may be
even more effective. The decreased APP f-site cleavage resulting
from the A673T mutation results in a 28% reduction in Ap mono-
mer concentration (Jonsson et al., 2012), which combines with
the 50% lower oligomer formation due to the A673T substitution
(Figure 2), potentially resulting in a >60% lower total oligomer
concentration in A673T carriers than in wt individuals. However,
the >4-fold lower binding affinity of mutant oligomers could lower
the amount of oligomer bound to neuronal synaptic receptors by
more than 90%, to 10% of the original starting concentration.
This is offset by an increase in potency of mutant oligomers at
inhibiting membrane trafficking in neurons (making the 10% that
do bind twice as effective). While many factors impacting these
estimates in humans are unknown, the predominance of lowered
binding affinity in quantitatively contributing to the 4-fold pro-
tection of AD conferred by the mutation on carriers suggests that
therapeutic approaches that lower binding affinity of oligomers
may be productive.

Binding affinity can be lowered by drugs that antagonize or

allosterically modulate oligomer receptors. While other structural
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states of Ap bind nonsaturably to a variety of proteins, direct bind-
ing evidence with well-characterized physiologically relevant Af
oligomer preparations demonstrates that they bind saturably to a
single receptor site at synapses composed of cellular prion protein,
LilIRB2, and Nogo (Kim et al., 2013; Park & Strittmatter, 2007; Smith
& Strittmatter, 2017). Once bound to these receptor sites, oligo-
mers cause failure of long-term potentiation, induction of long-
term depression, inhibition of memory formation, and reduction of
synapse number and cognitive performance (Selkoe & Hardy, 2016;
Shankar et al., 2008). Therapeutics targeting the oligomer recep-
tor constituent proteins LilRB2, prion, and Nogo have not reached
the clinic, and it remains unclear whether they can be successfully
inhibited or modulated with small molecule therapeutics. We have
previously demonstrated that sigma-2 receptors regulate this oligo-
mer receptor complex, and sigma-2 allosteric antagonists can de-
stabilize the oligomer receptor binding site, increasing the off-rate
of oligomers (lzzo, Staniszewski, et al., 2014; Izzo, Xu, et al., 2014).
Treatment of neurons with drug candidate CT1812 lowers Ap
oligomer binding affinity to neuronal synapses, restoring cogni-
tive function in transgenic AD mice (lzzo et al., 2020). CT1812 is
currently in multiple phase Il clinical trials in Alzheimer's patients
(NCT03522129, NCT03493282, NCT03507790).

This study is the first to examine the effect of the neuroprotective
A673T mutation on the biophysical assembly kinetics and biological
function in neurons of the most toxic structural form of Ap protein, using
a physiologically relevant oligomer preparation method. Ap oligomers
containing the A673T mutation form approximately 50% less oligomers
than wt A but are twice as potent at inhibiting vesicle trafficking rate
in mature primary neurons and glia in vitro. However, mutant A673T AB
oligomers have a >4-fold lower binding affinity to synaptic receptors
than wt. These observations indicate that the protective effect of the
A673T mutation derives primarily from mutation-containing oligomer's
much lower binding affinity to synaptic receptors. This suggests that
therapeutics that significantly reduce oligomer binding to synapses in
the brain may replicate the protective effects of the A673T mutation
and be effective treatments for Alzheimer's disease.
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