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Abstract

Aggregation of the amyloid-f protein (Ap) contributes to the neurodegeneration characteristic of
Alzheimer’s disease. Of particular importance are the early stages of aggregation, which involve
the formation of soluble oligomers and protofibrils. In these studies, we demonstrate the potential
for CE with UV detection using a polyethylene oxide separation matrix to identify the evolution of
various oligomeric species of AB1_40. To demonstrate the efficacy of this technique, UV-CE was
utilized to compare two methods commonly used to prepare Ap for aggregation experiments and
their effect on the formation of early aggregates. SEC-purified AB1_49 initially contained more
small species, including monomer, than did freshly dissolved AB1_4q pretreated with
hexafluoroisopropanol. Strikingly, the lag time to oligomer formation for SEC-isolated AB1_49
samples was ~23 h shorter compared to freshly dissolved AB1_40 samples. Furthermore, oligomers
formed from the aggregation of SEC-purified AB1_49 persisted within solution for a longer period
of time. These results indicate that the initial sample preparation has a drastic influence on the
early stages of AB1_40 aggregation. This is the first report of the use of UV-CE with a separation
matrix to study the effect of sample preparation on early aggregation of AB1_49. UV-CE was also
used in parallel with dot blot analysis and inhibitory compounds to discern structural
characteristics of individual oligomer peaks, demonstrating the capacity of UV-CE as a
complimentary technique to further understand the aggregation process.
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1 Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder that currently affects
5.4 million Americans and is the sixth leading cause of death [1]. Amyloid-p (AB) is a
partially folded protein hypothesized to contribute to the neurodegenerative effects of
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Alzheimer’s disease. In its monomer form, this protein is harmless [2]. However, this
monomer can self-assemble into AB oligomers, soluble protofibrils, and eventually fibrillar
aggregates that deposit as amyloid plaques in the brain [3]. Controversy currently exists over
the direct effect Ap has on neurodegeneration, but it appears likely that soluble AB
aggregates (oligomers or protofibrils), rather than large, insoluble fibrils, may be the most
physiologically active A species [4,5]. This hypothesis is supported by experimental
observations in vitro, which show that soluble aggregates formed by synthetic AB1_4¢ and
APB1_42 can induce toxicity in cultured cells [6,7] and in vivo where soluble AP aggregates
generated in cell culture drastically inhibit hippocampal long-term potentiation in rats [8].
Most recently, the direct neuron-to-neuron transfer and corresponding toxicity of soluble
oligomers formed by synthetic AB1_42 have been demonstrated [9-12]. To better understand
these pathogenic species that present a therapeutic target for AD, research efforts have
focused upon elucidating the size and structure of oligomers formed along the aggregation
pathway.

The study of AP oligomers has been impeded by the challenges associated with isolation and
detection of soluble AB oligomers, specifically those formed from AB1_4q, because these
species are transient [13, 14], present at low concentrations [15], and cover a range of small
sizes and potential confirmations. Many techniques have been examined for their ability to
detect the smallest oligomeric AP species. These include SDS-PAGE and/or Western
blotting [16, 17], MS [18-20], and SEC [16]. The capabilities of these techniques for
detection of AB oligomers have been comprehensively summarized in a recent review by
Pryor et al. [21]. One particular technique, CE, has potential for the detection of A species
formed throughout aggregation. A study by Sabella et al. pretreated AB1_49 and AB1_4» with
ACN/sodium carbonate followed by dilution into phosphate buffer and used UV-CE to
detect small (3-50 kDa) aggregate species with limited resolution [22]. Colombo et al. used
a similar sample preparation to examine the effects of inhibitor compounds on Ap1_4» and
found that pixantrone inhibited >100 kDa oligomeric species [23]. In addition, the
separation of large fibrillar species from monomer has been achieved for both AB1_40 and
APB1_4» using UV-CE for samples pretreated with TFA/hexafluoroisopropanol (HFIP) before
solubilization in sodium hydroxide and dilution into physiological buffer [24]. Picou et al.
used a similar sample preparation and were able to show that when UV-CE detected both
monomer and an additional peak in “monomer” samples aggregation kinetics were
accelerated [25]. These studies demonstrate the ability of UV-CE to detect Ap monomer,
oligomer, and fibrillar aggregates and highlight the need to monitor the aggregation process
over time with higher resolution of early, oligomeric species. Alternatively, CE with LIF has
also been explored. Picou et al. used LIF-CE to detect multiple thioflavin T labeled fibrils of
AP1_40 and APq_y4 that were pretreated with TFA/HFIP [26].

As illustrated by the studies above, sample preparation can vary widely among researchers
and may have a strong influence on Ap aggregate sizes formed at various points throughout
aggregation. It is widely accepted that the initial solvent environment influences the starting
conformation of the protein and thus the temporal evolution of aggregate sizes. Wang et al.
examined the effect of three different initial solvent environments, namely TFA, DMSO,
and urea, on the aggregation kinetics of Ap [27]. They found that a “seeding effect”
produced by the TFA and DMSO environments led to a faster rate of aggregation for Ap
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previously exposed to these two solvents. Barrow et al. studied four different AB peptides
and found that when dissolved in HFIP an a-helix structure, indicative of a monomeric state,
is favored [28]. Previous studies using the inorganic solvent NaOH indicated both a higher
presence of monomer/dimer species and the stability of a 2-6 nm aggregate formed over a
24-h time period [29,30]. Because of these differences, yet other studies have employed
SEC to obtain monomeric species for aggregation studies without the use of nonnative
solvents [31]. However, the lack of a high-resolution technique for studying the temporal
evolution of early, oligomeric species has prohibited a complete understanding of how these
sample preparations differ and thus influence the aggregation process.

In this study, we report the use of UV-CE with a polymer separation matrix to detect both
oligomeric AB1_4q species (10-30 kDa) and the evolution of intermediate aggregates (100—
300 kDa and >300 kDa) from APB1_4g. To our knowledge, this is the first study to investigate
AP1_40 oligomerization using a polymer matrix to separate oligomer species on CE. The
efficacy of this novel detection approach is illustrated by applying CE to compare the
oligomeric species formed during aggregation of AB;_49 Samples prepared using two distinct
techniques: SEC purification vs. fresh dissolution via dilution from a NaOH-solubilized
stock that was pretreated with HFIP.

2 Materials and methods

2.1 AB preparation

Lyophilized AB1_49 (Anaspec, Fremont, CA) was stored desiccated at —80°C until
preparation of freshly dissolved or SEC-purified ABq_49. Freshly dissolved ABi_sap Was
prepared by pretreating AP1_4¢ in HFIP to dissociate preexisting aggregates by
reconstituting (4.33 mg/mL) in HFIP. This stock solution was aliquoted (0.0625 mg AB1_40),
and HFIP was allowed to evaporate overnight. Vials were stored at —80°C until
reconstitution in 5 mM NaOH just prior to experimentation, at which time the NaOH stock
was diluted into 40 mM Tris-HCI (pH 8.0). SEC-purified ABq_49 Was prepared as described
previously [32]. Briefly, peptide was reconstituted (2 mg/mL) in 50 mM NaOH, and
preexisting aggregates were removed by SEC (Superdex 75 HR10/30, GE Healthcare,
Piscataway, NJ, USA) using 40 mM Tris-HCI (pH 8.0) running buffer. SEC-purified AB1_40
was flash frozen, shipped overnight on dry ice, and used immediately or stored at —80°C.

2.2 Ap aggregation

To observe the time course for AB1_4q oligomer formation, freshly dissolved AB1_40 Was
prepared by diluting HFIP/NaOH-treated AB1_4 to a final concentration of 0.22 mg/mL. To
compare the effects of sample preparation, SEC-isolated AB1_4g was diluted in parallel to a
final concentration of 0.22 mg/mL. Both dilutions were made into 40 mM Tris-HCI (pH 8.0)
containing 5 mM NaCl. Both sample preparations were incubated at 25°C under continuous
agitation (800 rpm). Evolution of amyloid aggregates was evaluated by removing aliquots
both prior to the onset of aggregation and at times between 5 and 48 h following the onset of
aggregation and analyzing via UV-CE and dot blot analysis.
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2.3 A aggregation in the presence of inhibitors

To identify oligomer and fibril peaks within CE electropherograms, Congo Red and Orange
G, reported to inhibit oligomer and fibril formation, respectively, were employed [33].
Congo Red and Orange G were solubilized in DMSO and combined, individually, with
freshly dissolved AB_4q, prepared via dilution into 40 mM Tris-HCI (pH 8.0) containing 5
mM NacCl for final concentrations of 0.22 mg/mL ApB1_40 and 0.15 mg/mL Congo Red or
0.23 mg/mL Orange G. Freshly dissolved AB1_4q devoid of inhibitor was also prepared as a
control. Solutions were incubated at 25°C under continuous agitation (800 rpm). Both prior
to the onset of aggregation and at times of 24 and 28 h following the onset of aggregation,
an aliquot was removed and analyzed by UV-CE.

2.4 UV-CE measurements

Aliquots of 15 uL were separated via CE in 0.5% w/v polyethylene oxide (PEO; 2 MDa,
Sigma-Aldrich, St. Louis, MO) coated capillaries (L = 31 cm; Lg = 10 cm) with a 0.5% PEO
(300 kDa, Sigma-Aldrich) separation matrix and a capillary temperature of 25°C. Capillaries
were dynamically coated by rinsing with water (10 min at 20 psi), 0.1 M HCI (15 min at 20
psi), 0.5% PEO (2 MDa) in water (20 min at 50 psi), and with water (15 min at 20 psi). CE
separations using UV detection (214 nm) were performed using a P/ACE MDQ
Glycoprotein System from Beckman Coulter, (Fullerton, CA). Samples were pressure
injected at 0.5 psi for 8 s and separated at 7 kV. Between each run, the capillary was rinsed
with deionized water for 10 min.

To correlate electrophoresis peaks with approximate molecular weights, 50 pL aliquots of
aggregated APBq_4g Were removed at selected times and ultrafiltrated (20 min, 14,100 x g)
through Amicon (Millipore, Billerica, MA) filters with molecular weight cutoff values of 10,
30, 50, 100, and 300 kDa. The filtrate and retentate were analyzed via UV-CE to verify
elution times for oligomers within each molecular weight range.

2.5 Dot blot analyses

Aliquots of 3 L were spotted on nitrocellulose membranes with a pore size of 0.2 pm
(VWR) and allowed to dry (1 h). Membranes were blocked (1 h) using 5% skim milk in
TBS containing 0.01% Tween 20 (TBS-T). After washing three times with TBS-T,
membranes were incubated (1 h) at 4°C with gentle shaking with either Ap sequence
specific 6E10 antibody (1:2000 dilution), Ap oligomer specific A1l antibody (1:2000
dilution), or A fibril specific OC antibody (1:4000 dilution). Membranes were again
washed with TBS-T and bound antibody was detected via incubation (1 h) at 4°C with
alkaline phosphatase conjugated anti-mouse 1gG (6E10, 1:2000 dilution) or alkaline
phosphatase conjugated anti-rabbit 1gG (A11/0C, 1:3000 dilution). All antibodies were
diluted in 5% skim milk in TBS-T. After washing with 1x TBS-T/MgCl,, membranes were
developed using a substrate solution containing 0.17 mg/mL 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and 0.33 mg/mL nitroblue tetrazolium chloride (NBT). Dot blots were
analyzed using ImageJ (http://imagej.nih.gov/ij/) and a dot was considered positive when it
produced a signal at least three times higher than background.
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2.6 Statistical analysis

The area of CE peaks were determined using Origin (V. 8.0) software from OriginLab
(Northampton, MA). A Gaussian fit was applied to calculate the peak area and migration
time. Differences in peak area were evaluated via an unpaired t-test using GraphPad
QuickCalcs (GraphPad Software, San Diego, CA).

3 Results and discussion

3.1 Analysis of Ap1_40 oligomers using CE with UV detection

To explore the utility of CE for the detection of AB1_4g oligomers that appear during early
stages of ABy_40 aggregation, freshly dissolved AB1_49 at a concentration of 0.22 mg/mL in
40 mM Tris (pH 8.0) containing 5 mM NaCl was agitated at 800 rpm to promote amyloid
assembly. The reaction was analyzed using UV-CE to assess the appearance of oligomers
and progression into larger aggregate species. At 0 h, UV-CE demonstrated the presence of
an early, sharp peak at an elution time of ~9 min (Fig. 1B) in addition to a broader peak
migrating at 220 min (Fig. 1A). The size of these species was estimated using a filtration
analysis similar to that performed by Sabella et al. who used molecular weight cutoff
membranes to size early AP} aggregates detected via UV-CE [22]. The sharp peak eluting at
~9 min exhibited a molecular weight of 10-30 kDa (~2-6 mer). The broad peak at 220 min
exhibited a molecular weight of 200-300 kDa (~23-70 mer), indicating the presence of
larger species before the onset of aggregation. A similar peak pattern for the small species
was obtained after 5, 10, and 24 h of aggregation (Fig. 1B), while the peak corresponding to
the larger species became broader and exhibited a progressively shorter migration time (Fig.
1A). At 28 h, a set of sharp peaks with migration times of 8-8.5 min appeared (Fig. 1B). The
size of these species was estimated by filtration analysis to be >300 kDa (>70 mer). By 36
and 48 h, the intensity of the sharp peak at ~8.5 min increased and produced a single peak.

Using UV-CE with an SDS rinse for the detection of ABq_49 oligomers formed in PBS (pH
7.4) at room temperature, Sabella et al. observed a decrease in the intensity of a 10-30 kDa
peak over an incubation period of 24 h with the disappearance of all peaks after 48 h [22].
However, in contrast to our results, no new peaks were observed over an aggregation period
of 48 h. Our results add to the evidence that UV-CE is an effective means of detecting A
oligomers by further utilizing UV-CE to detect the formation of AB1_4q species ranging from
100 to 300 kDa and >300 kDa with the use of a polymer matrix and coated capillary.

3.2 Effect of sample preparation on AB;_40 aggregation

The procedure used to solubilize lyophilized AB1_4q has been reported to have an influence
on the initial conformation and subsequent aggregation of this peptide [27]. In particular,
organic solvents accelerate AP aggregation and misrepresent the “native” aggregation of the
protein [34]. Furthermore, the presence of aggregates can serve as “seeds” that promote the
aggregation process [35, 36]. Since a range of AB1_aq Sizes was detected at the onset of
aggregation (Fig. 1A) following a commonly used sample preparation method for freshly
solubilized protein, we explored the aggregation ofABy_4q purified via SEC.
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SEC-purifiedAB1_49 Was diluted to 0.22 mg/mL in 40mM Tris (pH 8.0) containing 5 mM
NaCl and agitated at 800 rpm to promote amyloid assembly. The appearance of oligomers
and larger aggregates was again analyzed via UV-CE coupled with filtration analysis. At 0
h, a single peak migrating at ~9.5 min was observed, which was estimated to range in size
from 10 to 30 kDa (Fig. 2A). This observation is in contrast to freshly dissolved peptide, for
which a second peak of higher molecular weight was also observed (Fig. 1A). In addition,
after just 5 h of aggregation, the ~9.5 min peak was no longer observed, while a sharp peak
with a faster migration time between 8 and 9 min appeared and persisted throughout the
aggregation (Fig. 2B). Thus, these large species are formed ~23 h earlier than for the freshly
dissolved sample. Again, the size of these species was estimated as >300 kDa (>70
monomer units). In addition, a later peak appeared that became broader and exhibited a
progressively shorter migration time (Fig. 2A), which corresponded to a size of 100-300
kDa.

While the filtration analysis facilitates an estimate of aggregate size, it does not provide
information about conformation of the aggregate species. The recent development of
conformation-specific antibodies, some of which selectively recognize AB oligomers, has
led to an increase in the application of dot blotting to study Ap aggregation [37-39]. We
utilized the conformation-specific antibodies A11 and OC, which have been demonstrated to
recognize prefibrillar oligomers [37, 38] and fibrillar B-sheet structures [37], respectively.
These analyses were coupled with the use of the sequence-specific antibody 6E10, known to
recognize AP1_16 [37, 38], for detection of total Ap protein.

Freshly dissolved and SEC-purified AB;_4g Were aggregated under the same conditions used
in UV-CE studies, and aggregates were analyzed via dot blot analysis (Fig. 3) with
antibodies recognizing AB1_15 (A), oligomer conformations (Al1, B), and fibrillar
conformations (OC) (C). Both freshly dissolved and SEC-purified AB1_4g exhibit 6E10-
positive stains for all aggregation times (Fig. 3A), indicating the steady presence of protein.
Al1- and OC-positive dots are detected in freshly dissolved AB1_49 Samples after 24 h and
in SEC-purified AB1_s40 samples after just 5 h (Fig. 3B and C). These results indicate that
both oligomeric and fibrillar species are formed much faster from SEC-purified protein than
from freshly dissolved ABq_49. Furthermore, the observed pattern of oligomer and fibril
conformations corresponds to the appearance of UV-CE peaks with an elution time of <8
min, indicating that these large (>300 kDa) species exhibit conformational characteristics.
However, UVCE was able to detect both these species as well as broad peaks representing
oligomeric species estimated to be 100-300 kDa (~23-70 mers) prior to the positive
detection of either oligomeric or fibril species using dot blots. Together, these results
indicate that conformation-specific antibodies may not recognize the smallest, earliest
oligomers, but instead recognize larger aggregates.

The addition of inhibitors to the aggregating protein was used to further determine the nature
of the UV-CE peaks eluting at ~8.5 min, which correlate with positive A11 (oligomer) and
OC (fibril) dot blots. As shown in Fig. 4, these sharp peaks persisted when aggregations
were performed in the presence of Orange G, known to inhibit AB fibril formation, but were
absent after incubation with Congo Red, an inhibitor of Af oligomer formation [33]. Thus,
these sharp peaks (>300 kDa) are oligomeric in nature. Interestingly, while the >300 kDa
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peaks are still present, their migration time appears to be faster, indicating that the Orange G
may be affecting the oligomeric structure in some way. The appearance of conformation
organization within these species may lead to an increased negative surface charge and thus
the observed faster migration time. Petkova et al. have proposed a structural model for
AP1_40 aggregates in which negatively charged N-terminal residues are exposed to solution,
while hydrophobic residues are protected at the center of aggregates [40]. An increase in
negative surface charge for Api_42 aggregates has been experimentally observed by Wang et
al. [41] using surface plasmon resonance tomonitor the absorption of Ap1_4, to four model
self-assembled monolayers (SAM) with varying degrees of hydrophobicity and charge. As
aggregation progressed, the amount of protein absorbed onto positively charged NH,-SAM
increased while the amount of protein absorbed onto negatively charged COOH-SAM
decreased, suggesting an increase in negative surface charge of AB1_4» aggregates.

To further understand the aggregation process as monitored by UV-CE, the peak area for the
initially present species (10-30 kDa peak migrating at ~9 min) was compared to the peak
area for the >300 kDa oligomer peak migrating at ~8.5 min (Fig. 5). For freshly dissolved
protein (Fig. 5A), the peak area of the 10-30 kDa peak initially increases over 24 h. This
increase could indicate the breakdown of the larger species (100-300 kDa) present at O h
into smaller oligomers. However after 28 h, the 10-30 kDa peak area decreases and the
faster migrating oligomeric peak (>300 kDa) appears. Thus, these large species likely result
from the coalescence or growth of 10-30 kDa oligomers. Finally, between 28 and 48 h of
aggregation, both the 10-30 kDa and >300 kDa peak areas further decrease, suggesting the
formation of an aggregate too large to elute via CE. For SEC-purified AB1_40, the 10-30
kDa peak (Fig. 5B) likewise begins to decrease at 5 h in conjunction with appearance of the
faster migrating oligomeric peak (>300 kDa). This transition occurs much earlier than for
the freshly purified sample. Interestingly, SEC-purified AB1_49 exhibits a significantly larger
initial population of 10-30 kDa species compared to freshly dissolved ABq_49. In contrast,
the population of 10-30 kDa species for freshly dissolved ABq_4g increases initially and then
begins to decrease before forming larger oligomeric species (>300 kDa). These trends
suggest that a critical concentration of 10-30 kDa species may be necessary for the
formation of larger aggregates that exhibit conformation. It is also of interest that the >300
kDa species formed from SEC-purified protein has a longer lifetime, appearing at 5 h and
decreasing at 48 h, than does this same species formed from freshly dissolved AB1_49, Which
appears later and begins to decrease after only 36 h. Clearly, there are notable differences in
the aggregation of freshly dissolved and SEC-purified samples, indicating the importance of
utilizing a technique such as UV-CE to assess both the species within prepared samples and
the appearance of early aggregates to fully understand the aggregation process.

4 Concluding remarks

In the current study, we explored the potential of UV-CE with a PEO matrix to monitor the
early stages of AB1_40 aggregation. Strikingly, we found that SEC-isolated AB1_4q initially
contained larger quantities of smaller species and exhibited a lag time to oligomer formation
that was ~23 h shorter compared to freshly dissolved AB1_40. In addition, SEC-isolated
AB1_40 produced oligomers that persisted within solution for a longer period of time. These
findings indicate that the aggregate composition of the initial sample has a drastic effect on
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the early stages of aggregation, highlighting the importance of sample preparation.
Furthermore, we utilized conformation-specific antibodies to confirm the presence of
prefibrillar oligomers and aggregates with fibrillar structure. Correlations between dot blots
and UV-CE analyses identified oligomers >300 kDa as exhibiting conformational
characteristics, while oligomer and fibril-specific inhibitors confirmed a prefibrillar
conformation associated with these species that is hypothesized to yield alterations in
surface charge that render their short elution time.

These studies are the first to utilize a polymer separation matrix to study the early stages of
native APBq_49 aggregation using UV-CE. The results indicate that the presence of this matrix
does not provide a purely sieving effect as the species do not elute in a linear molecular
weight order and therefore, work should be done in the future to investigate that exact nature
of its interaction with the oligomeric species. UV-CE is a powerful tool to monitor the
disappearance of A species initially present and the appearance of new oligomers
throughout aggregation. Furthermore, when coupled with other oligomer-specific
techniques, UV-CE can contribute to the characterization of individual oligomer species.
Together, these findings highlight the potential of UV-CE as a complementary technique
with which to provide a more thorough understanding of Ap aggregation.
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HFIP hexafluoroisopropanol

PEO polyethylene oxide
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Figure 1.

Migration Time (min)
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Detection of freshly dissolved AB1_4q early aggregation into oligomers and higher molecular

weight aggregates using UV-CE. (A) shows peaks for the total analysis time while (B)
highlights the fastest migrating oligomer peaks. Results are representative of three

independent experiments.
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Figure 2.
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Detection of SEC-isolated AB1_4q early aggregation into oligomers and higher molecular

weight aggregates using UV-CE. (A) shows peaks for the total analysis time while (B)

highlights the fastest migrating oligomer peaks. Results are representative of three

independent experiments.
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Incubation time (hours)
10 24 28 36 48

Freshly dissolved AB1_4q and SEC-purified AB1_40 aggregation monitored by dot blotting.
Membranes were stained with sequence-specific antibody 6E10 (panel A), oligomer-specific
antibody A1l (panel B), and fibril-specific antibody OC (panel C). Images were altered
(brightness decreased by 15-20%, contrast increased by 50-55%, and converted to
grayscale) to enhance visualization of dots and in some cases to align the dots.
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Figure4.

Freshly dissolved AB1_aq peak patterns obtained in the presence and absence of inhibitory
compounds. AB1_40 was aggregated alone (no inhibitor) or in the presence of 0.15 mg/mL

Orange G or 0.23 mg/mL Congo Red.
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Effect of aggregation time on the peak areas obtained for the initially present 10-30 kDa
species (¢, n = 3) and >300 kDa oligomer ( =, n = 3) for freshly dissolved AB1_4g9 (A) and
SEC-purified AB1_49 (B). Peak area was determined using a Gaussian fit. (A) * represents
the first time point in which peak areas are statistically different from the 0 h peak area with

p < 0.05.
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