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MOTIVATION Protein aggregates, also known as protein multimers or dysfunctional or disordered protein
deposits, are known to be associated pathogenically with neurodegenerative and other diseases. Accurate
measurement of protein aggregates during in vitro work and with clinical samples is imperative. However,
currently available methods are limited in providing a measure of protein aggregate size. We present a
microparticle bead-based immunocapture assay that provides, at the same time, measurement of protein
aggregate amount and size. The assay is simple, specific, quantitative, and quick, providing results within a
single experimental day.
SUMMARY
Cellular stress and toxicity are often associated with the formation of protein multimers, or aggregates.
Numerous degenerative disorders, including Alzheimer’s, Parkinson’s, and Huntington’s disease, prion-
propagated disease, amyotrophic lateral sclerosis, cardiac amyloidosis, and diabetes, are characterized
by aggregated protein deposits. Current methods are limited in the ability to assess multimer size along
with multimer quantitation and to incorporate one or more ancillary traits, including target specificity, oper-
ative simplicity, and process speed. Here, we report development of a microparticle immunocapture assay
that combines the advantages inherent to a monoclonal antibody:protein interaction with highly quantitative
flow cytometry analysis. Using established reagents to build our platform, and aggregation-prone amyloid
beta 1-42 peptide (Ab42) and alpha-synuclein to demonstrate proof of principle, our results indicate that
this assay is a highly adaptable method to measure multimer size and quantity at the same time in a techni-
cally streamlined workflow applicable to laboratory and clinical samples.
INTRODUCTION

Protein aggregation is the formation ofmultimer assemblies from

disordered mutant or damaged protein monomers. In such situ-

ations, established control mechanisms fail to sufficiently induce

proper protein refolding or to adequately remove unrecoverable

proteins for degradation via proteosome and autophagy mecha-

nisms (Mogk et al., 2018; Tanaka andMatsuda, 2014). In addition

to direct toxicity, protein aggregates are thought to be harmful

through loss of function related to deficient physiology of pro-

teins now aggregated and nonfunctional, and/or to exhaustion

of remediatingmechanisms. The connection between aggregate

formation and disease is widespread, encompassing neuro-pa-

thologies such as Alzheimer’s disease (amyloid, tau), Par-

kinson’s disease (alpha-synuclein [aS]), Huntington’s disease

(huntingtin), prion-propagated disease (PrP), and amyotrophic

lateral sclerosis (TDP-43, SOD1, FUS, and more), as well as dis-

ease in other tissues, such as the heart (cardiac amyloidosis) and
This is an open access article under the CC BY-N
pancreas (type II diabetes, islet cell IAPP). This is most strikingly

illustrated in brain sections from Alzheimer’s disease patients,

where immunohistochemical detection and visualization of

beta-amyloid and tau protein deposits scattered in large abun-

dance are routinely observed and correlate with disease severity

(Aguzzi and O’Connor, 2010; Haass and Selkoe, 2007).

Although the means by which protein aggregates damage

cells remain uncertain, the need for robust and accurate quanti-

tative methods to distinguish between protein monomers and

aggregated multimers, and to evaluate the amount and size of

protein aggregates, is clear yet has not been fully addressed

(Cox et al., 2020). This applies to basic research, where the

proteostatic activity of chemical compounds and biological mol-

ecules is determined, as well as clinical diagnostics, where

plasma neuro-protein aggregate detection is rapidly becoming

more accepted as an indicator of neurodegenerative disease

(Lindquist and Kelly, 2011; Palmqvist et al., 2020; Shahnawaz

et al., 2017; Tokuda et al., 2010). In addition, the need to
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Figure 1. Assay schematic

(A) Monoclonal antibodies (mAb) specific for an aggregation-prone protein are adsorbed onto super active aldehyde sulfate microbeads. The remaining active

sites on beads are blocked with irrelevant protein such as bovine serum albumin (BSA).

(B) The bead-mAb combination is incubated with the target protein. Illustrated are examples for solutions containing non-aggregated protein monomer only (top

row) or monomers and multimers (bottom row). mAb-target protein binding occurs at a specific site (green box). All antibody binding sites on bound monomers

are saturated, whereas unoccupied binding sites exist on bound multimers (green asterisks).

(C) The bead-mAb-target protein complex is incubated sequentially with the identical monoclonal antibody (biotinylated) and streptavidin fluorophore, followed

by fluorescence detection and quantitation.
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accurately identify and quantitate aggregated contaminants in

pharmaceutical sample preparations is essential in the develop-

ment and production of safe bioactive compounds. Several

methods and tools have been adapted to evaluate protein aggre-

gation, including electron microscopy, light scattering, electro-

phoretic migration, and enzyme-linked immunosorbent assay

(ELISA), among others, with each having its own set of advan-

tages and limitations (Bagriantsev et al., 2006; Chaudhuri et al.,

2014; den Engelsman et al., 2011; El-Agnaf et al., 2006; Mahler

et al., 2009). However, none combine quantification of degree

of aggregation (e.g., ELISA) and size of aggregates (e.g., electro-

phoresis). In addition, none combine these characteristics with

target specificity, ease of use, speed of results, and availability

of needed instrumentation.

In this report, we present a microparticle immunocapture

fluorescence assay to quantify protein aggregation by flow cy-

tometry. We designed this assay to be specific for the protein

of interest, to distinguish protein monomer from multimer, to

determine both aggregate amount and size, to be performed

with standard laboratory equipment, and to be neither time nor

resource intensive. We utilized super active aldehyde sulfate mi-

crobeads for the bead platform and tested the aggregation-

prone protein amyloid beta 1-42 (Ab42) as proof-of-principle.

Both reagents have been documented extensively in the litera-

ture, and Ab42 aggregation has wide-ranging interest in neuro-

logical disease research (Cheng et al., 2018; Mendt et al.,

2018; O’Brien and Wong, 2011; Suárez et al., 2017; Théry

et al., 2006; Wahlgren et al., 2012; Wang et al., 2017). We then

applied bead assay analysis to a second aggregation-prone

and clinically relevant protein, aS, demonstrating again the assay
2 Cell Reports Methods 2, 100214, May 23, 2022
characteristics of target specificity and protein multimer-specific

detection, as well as aggregate detection in human cerebrospi-

nal fluid (CSF). Our results demonstrate successful development

of a specific, target protein-adaptable, simple, and compara-

tively rapid assay for protein multimer detection and quantita-

tion, as well as characterization of multimer size. We envision

many potential applications to the study of protein aggregation

in basic, clinical, and pharmaceutical settings as this method

only requires materials, equipment, and scientific expertise

that are present in many basic research and clinical research

laboratories.

RESULTS

Assay overview
The fluorescent microparticle immunocapture assay for protein

aggregation described herein involves three steps (Figure 1). Su-

per active aldehyde sulfate beads are utilized as a microparticle

platform upon which an epitope-specific, monoclonal capture

antibody is bound by covalent interaction (Figure 1A). After

blocking with irrelevant protein, the loaded beads are incubated

with a test solution containing the protein of interest, leading to

antibody-protein interaction (Figure 1B, binding epitope, green

box) and subsequent protein capture and presentation on the

bead surface. No unoccupied binding sites should exist on

captured monomeric proteins due to antibody binding the single

epitope, whereas unoccupied binding sites, or detection sites,

will exist on captured protein multimers (Figure 1B, green aster-

isks). A subsequent two-step incubation with the identical mono-

clonal antibody (mAb) (biotinylated) and then streptavidin (SA)



Figure 2. Characterization and antibody binding properties of aldehyde sulfate beads

(A) Microscopic bright-field image of unlabeled beads. Yellow arrowheads denote the most prevalent, comparatively smaller diameter beads. Turquoise ar-

rowheads denote the less numerous larger diameter beads. 203 magnification.

(B) Flow cytometry dot plot of buffer only (left) or buffer + beads (right). Three gated populations distinguished by the physical parameters of size (FSC-A) and

complexity/granularity (SSC-A) are shown. The majority of beads (77.1%) fall within the low FSC-A gate.

(C) Beads were first incubated with the indicated PBS-based blocking buffer preparation for 60 min, then with IgG phycoerythrin (PE) (0.0025 mg/mL) for 30 min,

and subsequently analyzed by flow cytometry. Dot plots display the percentage of PE+ beads and geometric mean intensity (GMI) PE of the low FSC-A bead

population.

(D) Beads labeled with IgG AF594 were blocked with BSA, mixed at equal number with sorted murine B cells, and imaged. 203 magnification.

(legend continued on next page)
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fluorophore allows detection of only protein multimers, while

bound monomers go undetected (Figure 1C). More unoccupied

detection sites in larger multimers result in more antibody/SA

fluorophore binding, and hence greater fluorescence. The fluo-

rescence signal of individual beads is then quantitated by flow

cytometer acquisition and analysis.
Aldehyde sulfate bead protein-binding characteristics
and flow cytometry acquisition
Although aldehyde sulfate bead use in research is well docu-

mented, we validated the physical nature of the beads and the

bead properties required for assay function, including capture

antibody adsorption onto beads and detection by flow cytometry

(Mendt et al., 2018; Suárez et al., 2017; Théry et al., 2006; Wahlg-

ren et al., 2012). Aldehyde sulfate bead stock imaged by bright-

field microscopy displayed a population that was largely uniform

in diameter (yellow arrows), with a small percentage of larger

diameter beads (turquoise arrows) (Figure 2A). Bead populations

could be visualized on a standard flow cytometry dot plot (see

gated bead populations [right] versus buffer alone [left]) using

the physical parameters of size (FSC-A, x axis) and complexity

(SSC-A y axis) (Figure 2B). The relative proportion of bead popu-

lations observed by microscopy was congruent with flow cytom-

etry, with the large majority of beads (77.1%) in the lower FSC

population. Glycine, followed by incubation and washes in a

blocking agent such as BSA, is reported in the literature as an

effective block of non-specific protein adsorption to beads (Théry

et al., 2006). To demonstrate this, we first incubated beads with

buffers of predicted variable blocking efficiencies, followed by in-

cubation with fluorescent antibody. Flow cytometry analysis and

quantitation of the geometric mean intensity of PE (GMI PE) indi-

cated that beads incubated in 100mMglycine/PBSwere blocked

to some extent (GMI PE 5,471 versus 7,393 for PBS alone); how-

ever, addition of an irrelevant protein, such as BSA or FBS, pro-

vided a complete block of antibody binding (GMI PE 13.9 and

13.6 versus 13.5 for unstained beads) (Figure 2C). As an additional

confirmatory step, we first labeled beads with fluorescent anti-

body, blocked in glycine/BSA, mixed beads with sorted B cells,

and imaged the solution by bright-fieldmicroscopy. We observed

fluorescently labeled beads of the expected size (4 mm bead

versus 8–10 mm B cell) that were in solution unbound to the pro-

tein-rich surface of B cells (Figure 2D). Therefore, the blocking

conditions of 100 mM glycine PBS followed by 0.5% BSA/

2mMEDTAPBSwere utilized for the duration of our experiments.
(E) Beads (1.0 mL bead stock/100 mL PBS) were incubated with titrated biotinylated

equivalent amount of streptavidin (SA)-phycoerythrin (PE), washed, and analyzed

low FSC-A singlet AS bead population for analysis. From left to right, the bead

SSC-A. The low FSC-A population (2, black arrowhead; 71%) was subjected to

beads from bead aggregates. The GMI PE of the resultant bead population (5) wa

indicates the PE+ bead population).

(F) Overlay of representative dot plots showing the PE intensity and gated PE+ be

table to the right shows the GMI PE value for each of the 12F4 mAb titrations sh

(G) Two graphs represent the bead GMI PE for all titrated 12F4 samples (left) an

(H) Flow cytometry dot plots (bottom row) display the bead PE intensity for beads i

signal intensity highlighted by black arrowheads.

(I) Beads prepared at 0.1 mL bead stock/100 mL PBS were incubated with titrated

the bead GMI PE for all titrations. Due to the limitations of using a value of 0 on a log

0 mg amyloid.
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We next determined 12F4 mAb-to-bead binding properties,

with the goal to identify the amount of antibody that would pro-

vide near maximum binding potential to amyloid peptides in so-

lution without reaching the coating saturation of the beads.

Adsorption onto polystyrene substrates can result in protein

layering at high concentrations, leading to unstable outer layers

that can have an enhanced potential to dissociate from the sub-

strate (Butler, 2000; Vogler, 2012). Titrated biotinylated-12F4

mAb (range of 4 3 10�7–1 mg/50 mL) was incubated with 1 mL

AS bead stock/50 mL (total incubation volume 100 mL), followed

by block, wash, SA PE incubation, and flow cytometry acquisi-

tion and analysis. Application of a standard flow cytometry

gating scheme to beads that received SA PE only (no 12F4

mAb) allowed the identification of single PE+ beads (Figure 2E).

Analysis of the 12F4 mAb titrated samples utilizing this scheme

indicated that bead PE fluorescence increased with increasing

12F4 mAb concentration, up to 0.25 mg, whereupon the slope

of the curve started to flatten (Figures 2F and 2G [left graph all

titrated samples, right graph most dilute samples only]). A com-

parison of the dot plots from beads in the antibody range 0.031–

0.5 mg showed a distinct sub-saturated fluorescence tail (black

arrowhead) at levels below 0.25 mg, but not present at 0.5 mg

(Figure 2H). We then conducted a 12F4 mAb titration using

10-fold less beads (0.1 mL bead stock/100 mL total volume) and

observed a similar curve based on the 12F4 mAb:bead stock ra-

tio (Figure 2I), thus indicating that bead adsorption at 0.4 mg 12F4

mAb/1.0 mL AS bead stock was sufficient to coat the beads to a

high degree but remain below bead saturation.
Evaluation of 12F4mAb binding to Ab42, optimal analyte
concentration, and assay sensitivity
The results to this point suggested that aldehyde sulfate beads

constitute a suitable platform for immunocapture of a protein

target. Although use of 12F4 mAb is reported in the literature,

we confirmed that it could bind Ab42 specifically under con-

ditions dictated by the assay. We first incubated titrated

monomeric Ab42 directly with reactive beads to allow adsorp-

tion, followed by wash and then block. The samples were then

incubated with an equivalent amount of biotinylated 12F4, fol-

lowed by wash, SA PE incubation, wash, and flow cytometry

analysis. As expected, increased amounts of Ab42 resulted in

higher bead fluorescence (Figure 3A), indicating that 12F4 mAb

could bind Ab42. A similar curve (based on Ab42 (mg):bead stock

ratio (mL); plateau �0.1 mg:0.1 mL) was observed when
anti-Ab42monoclonal antibody mAb (clone 12F4), blocked, incubated with an

by flow cytometry. Dot plots display the gating scheme utilized to identify the

population was identified from all acquired events (1, 93%) using FSC-A and

FSC (3, 100%), and SSC (4, 100%) pulse width analysis to discriminate single

s determined for all samples (example shown for the SA PE only sample; gate

ads for samples incubated with the indicated amount of 12F4 mAb. The color

own in the dot plot.

d the most dilute 12F4 mAb samples only (right).

ncubated with 0.5–0.031 mg 12F4mAb, with beads that exhibited sub-maximal

biotinylated-12F4 mAb and analyzed by flow cytometry. The graph represents

scale, the data points for the lowest amount of amyloid on all graphs represent



Figure 3. Determination of 12F4 mAb specificity and effective assay working conditions

(A) Lyophilized monomer Ab42 was resuspended at 0.25 mg Ab42/1.0 mL assay buffer A, titrated as indicated, incubated with 1.0 mL aldehyde sulfate beads

(100 mL total volume buffer), and processed for detection by flow cytometry. Representative dot plots display both the PE+ bead gate and GMI PE for all beads.

The graph displays the bead GMI for all Ab42 titrations.

(B) Fluorescently labeled monomeric Ab42 (Ab42 HL488) titrated at the indicated amount was incubated with beads for 45 min to allow adsorption (0.1 mL bead

stock/100 mL total volume), and the beads were subsequently analyzed by flow cytometry. The bead GMI HL488 is presented for all titrations.

(C) Ab42monomer solutionwas kept on ice (0min), or incubated at 37�C/1,000 rpm for the time indicated (15, 60, 480min) to inducemultimerization. The resultant

Ab42 samples were prepared at the indicated amounts and resolved by native PAGE, stained, and imaged. Noted are the migrating distances of the stock

monomer (black arrowhead), small multimers (black line), large multimers (red line), and large aggregates that failed to migrate (red arrowhead).

(legend continued on next page)
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fluorescently conjugated Ab42 (HL488 Ab42) was adsorbed

directly onto beads (Figure 3B), providing additional support

that the fluorescence measured following 12F4 mAb-mediated

detection in Figure 3A was in fact due to 12F4 mAb binding to

Ab42. We then used established experimental conditions, heat

and agitation, to induce aggregation of monomeric Ab42. Native

PAGE of monomer solutions incubated for 15, 60, or 480 min at

37�C/1,000 rpm illustrated the comparative aggregation state of

Ab42 (Figure 3C). Monomeric Ab42 was largely restricted to a

single band; Ab42 incubated for 15 and 60min showed evidence

of increasing aggregation into larger multimeric forms, whereas

Ab42 incubated for 480 min resulted in very large species that

failed to enter the gel. The 60 min solution appeared to have

the widest spectrum of Ab42 multimeric species, small ranging

to large, and thus was utilized for subsequent experiments. We

first evaluated assay parameters that could result in a hooking

effect, a commonly observed phenomenon in research and clin-

ical ELISA-based assays where analyte concentrations above

the assay hook point result in reduced signal intensity (Dodig,

2009; Erickson and Grenache, 2016; Jassam et al., 2006).

Titrated 60 min Ab42 material was incubated with beads lacking

capture antibody, or with 12F4 mAb-loaded beads, followed by

detection and flow cytometry analysis. We observed an increase

in both the percentage of PE+ beads and GMI PE as Ab42

amount increased (range 0.0039 mg to approximately 0.1 mg);

however, there was a marked decrease in bead fluorescence

at higher levels of Ab42 (Figure 3D). This indicated that the

hook point was around 0.1 mg Ab42/100 mL buffer. Control beads

without capture antibody showed no to minimal fluorescence

above background, indicating that 12F4 mAb-mediated Ab42

capture was required for detection of antibody binding, and

thus provided further confirmatory evidence for efficient bead

blocking and antibody specificity. Increasing the reaction vol-

ume from 40 to 200–1,000 mL, thereby decreasing the analyte

concentration, resulted in a shift of the fluorescence curve to

the right (Figure 3E). This provided further evidence that Ab42

binding and detection was dependent on Ab42 concentration,

and as a result we set 0.1 mg Ab42/40–100 mL as an upper con-

centration limit to stay within the working detection range of the

assay.

Using these assay parameters as a guide, we performed a

competition experiment to determine if Ab42 aggregate-to-

bead binding could be blocked if incubation occurred in the

presence of monomeric Ab42. Equivalent 0.1 mg samples of

60 min Ab42 aggregate were first combined with titrated mono-

mer and then incubated with 12F4 mAb-loaded beads under

standard conditions (60 min, room temperature). Detection and

flow cytometry acquisition proceeded by standard methods as

well. The data revealed that we could effectively compete

60 min Ab42 aggregate binding with monomer levels greater
(D) Beads activated with either 12F4 mAb or buffer only were blocked, incubated

processed for detection by flow cytometry. Representative dot plots with the ga

mAb-activated beads (black) and buffer only beads (gray).

(E) 12F4 mAb-loaded beads were incubated with titrated Ab42 60 min multimers

200 mL; open black square, 1,000 mL), and processed for detection by flow cytom

(F) 12F4 mAb-activated beads were incubated with or without 0.1 mg Ab42 60 m

processed for detection by flow cytometry. The bead PE GMI for beads incubate

6 Cell Reports Methods 2, 100214, May 23, 2022
than 1.0 mg, and that monomer at all tested amounts incubated

without Ab42 aggregates showed no appreciable fluorescence

above background (Figure 3F). This indicated that the 12F4-

Ab42 interaction is specific, and that only higher-order Ab42mul-

timers, not monomers, are detected by the assay.

Having established the bead-12F4 mAb conjugation amount,

the effective assay blocking conditions, and the assay hook con-

centration, and having confirmed antibody specificity, we then

evaluated assay reproducibility and sensitivity. Titrated solutions

from the identical stock of Ab42 aggregate were prepared every

other day over 5 days and analyzed. Assay parameters and

methods were stringently consistent. Our results indicated that

bead GMI PE and percentage PE+ beads were reproducible,

as determined by the mean values across days (Figures 4A,

4B, and 4C). Notably, detection of aggregates above back-

ground was significant at sub-nanogram levels, indicating sensi-

tivity on the scale of ELISA-based methods and immunoblot

(Figures 4B and 4C [asterisks]).

To compare our results for bead assay quantitation of Ab42

aggregates with commonly employed methods to measure pro-

tein aggregation, Ab42 prepared at the above amounts was sub-

jected to both native PAGE immunoblot and measurement of

light scatter (turbidity). As expected, decreasing amounts of

Ab42 resulted in a reduced signal by anti-Ab42 immunoblot (Fig-

ure 4D [left to right on each image]), which corresponded well to

our results for the bead assay (Figure 4B). Although the detection

limit was comparable for the two methods (�10�4 mg Ab42), the

quantitative linear range for detection by immunoblot was limited

to approximately 4-fold Ab42 (compare short exposure [left, 7 s]

to long exposure [right, 12 min]). In contrast, there were quantifi-

able differences in signal intensity across the entire range of

samples analyzed by the bead assay down to the detection limit.

Furthermore, the time required to complete the bead assay, from

start to data analysis, was less than 1 working day, compared

with 2 days for immunoblot. When the identical Ab42 amounts

were analyzed for turbidity (spectrophotometry absorbance

395 nm [A395]), we were unable to detect any change in light

scatter above background for all samples tested (Figure 4E).

To confirm that our methodology to measure turbidity was suffi-

cient, we analyzed uncoated microbeads over a large titration

range. Our results showed an increase in A395 as the volume

of beads in solution increased (Figure 4F), indicating that our sys-

tem was in place to measure turbidity. In total, a comparison of

the bead assay with immunoblot and turbidity measurement

highlight sensitivity, quantitative range, and rapidity to assay

completion as advantageous bead assay characteristics.

Bead assay detection of Ab42 oligomers and protofibrils
Multiple studies indicate the form of an aggregate, whether small

order multimers (oligomers), intermediate-sized protofibrils, or
with the indicated amount of Ab42 60 min multimers (100 mL total volume), and

ted PE+ population are shown. The graph displays the bead GMI PE for 12F4

in the indicated reaction volumes (solid black circle, 40 mL; open black circle,

etry. The graph displays the bead GMI PE of all beads.

in aggregates in the presence of the indicated amount of Ab42 monomer, and

d with (black) or without (gray) aggregate are presented.



Figure 4. Assay sensitivity and comparison to other methods

(A) 12F4 mAb-activated beads were incubated with titrated Ab42 60 min aggregate, followed by detection and flow cytometry analysis. The dot plots display

representative examples of bead GMI PE and percentage of PE+ beads (indicated by gate).

(B) The GMI PE for all titrations (left) and themost dilute samples only (right) are presented. The lowest Ab42 amount that displayed significance comparedwith no

amyloid control is indicated.

(C) The percentage PE+ beads for all titrations (left) and the most dilute samples only (right) are presented. Indicated is the lowest Ab42 amount that displayed

significance compared with no amyloid control.

(D) Titrated Ab42 60 min aggregate at the indicated amounts was resolved by native PAGE and immunoblot was performed using an anti-Ab42 mAb. Repre-

sentative images are presented for short (left, 7 s) and long (right, 12 min) film exposures.

(E) Titrated Ab42 60 min aggregate was prepared in either PBS (black solid circles) or blocking buffer (BB) (orange solid circles) and analyzed by spectropho-

tometry at 395 nm.Open circles designate either PBS only (black) or BB only (orange) samples. Presented are the A395measurements for the indicated amount of

Ab42.

(F) Aldehyde sulfate microbeads (4 mm diameter) were titrated in BB and analyzed by spectrophotometry at 395 nm. The A395 measurements for all titrated

samples and most dilute samples only (inset graph) are presented. N = 3 for (A–C). Data presented in (E) and (F) are representative of at least two independent

experiments. Errors bars indicate SD of the mean. *p < 0.05.
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Figure 5. Assay detection of Ab42 oligo-

mers and protofibrils

(A) To isolate Ab42 oligomers and protofibrils,

Ab42 monomers were incubated at 4�C for 120 h

to induce multimerization, and the resultant sam-

ples were subjected to size-exclusion chroma-

tography. Equivalent volumes of the indicated

fractions were resolved by PAGE, stained, and

imaged. Indicated are the fractions enriched for

protofibrils (8,9) and oligomers (11,12).

(B) Pooled oligomer fractions were titrated at the

indicated amounts and then analyzed by the bead

assay. The PE+ population and GMI PE of all

beads for representative samples are indicated

in the dot plots. The graphs display the GMI PE

(left) and percentage of PE+ beads (right) for all

analyzed samples.

(C) Pooled protofibril fractions were titrated at the

indicated amounts and then analyzed by the bead

assay. The PE+ population and GMI PE of all

beads for representative samples are indicated

in the dot plots. The graphs display the GMI PE

(left) and percentage of PE+ beads (right) for all

analyzed samples.
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large fibrils, may convey unique functional and pathophysiolog-

ical consequences (Chen et al., 2017; Haass and Selkoe, 2007).

To test the ability of the bead assay to detect Ab42 oligomers or

protofibrils specifically, we utilized established protocols to

generate both species from Ab42 monomers (Esparza et al.,

2016; Ryan et al., 2010). Following size-exclusion chromatog-

raphy, the collected samples were resolved by PAGE and, as ex-

pected, we observed fractions enriched for either protofibrils

(slower migration; fractions 8,9) or oligomers (faster migration;

fractions 11,12) (Figure 5A). The indicated fractions were then

pooled, Ab42 concentration was determined by ELISA method,

and the samples were titrated and evaluated by the bead assay.

Our results demonstrated that both oligomers (Figure 5B) and

protofibrils (Figure 5C) could be detected above no amyloid con-

trol at sub-nanogram levels, in line with what was observed

above for the Ab42 60 min aggregate sample.

Bead assay characterization of Ab42 multimer size
Current methods employed to study protein aggregation are

qualitative to the presence of aggregation, but do not measure

aggregate size. To address the utility of the bead assay for mea-

surement of this parameter, solutions of monomeric Ab42 were

incubated with heat and agitation (37�C/1,000 rpm) for different

periods of time. This standardized method, common for assays

such as ThT, produces progressively higher-order multimers.

Samples were harvested every 5 min for the first 30 min, and

then at 45 and 60 min. Samples from each time point were

resolved by native PAGE and displayed progressive transforma-

tion of majority monomeric Ab42 at no incubation (0 min; black

arrow) to a mix of smaller (black line) and larger (red line) multi-
8 Cell Reports Methods 2, 100214, May 23, 2022
mers at 60 min, with some protein spe-

cies being of such large size that they

fail to migrate (red arrow) (Figure 6A). An

equivalent amount of protein from each
time point was then analyzed by the bead assay, with the PE

positive bead population first established using the buffer only

sample (no Ab42). This population was then divided into four pro-

portionally equivalent populations (quadrants) using the sample

that displayed the highest overall fluorescence intensity (Fig-

ure 6B, 60 min aggregation time). Given that only multimers,

and not monomers, can produce fluorescent beads above back-

ground levels, we could determine not only the percentage of

beads that displayed positive fluorescence (multimer detection),

but also the proportion of beads in each of the four populations

based on relative bead PE intensity (1 PEdim, 2 PElow, 3 PEmed, 4

PEhigh). Applied to all time points, the gating revealed that longer

aggregation time resulted not only in more PE positive beads,

but also proportionally brighter beads (Figure 6C). In particular,

whereas between 45 and 60 min the increase in the amount of

positive beads was small, the increase in PEhigh beads was dra-

matic, from essentially no PEhigh beads at 45 min to a quarter of

all the beads at 60 min. This was accompanied by a marked

decrease in the fraction of PEdim beads. Moreover, the increase

in positive beads with aggregation time corresponded with our

observed increase in higher-order Ab42 multimer species (Fig-

ure 6A). In addition, the most notable shift to brighter beads, at

45 and 60 min, is in line with the formation of the highest-order

multimers at these time points as confirmed by native gel. These

results demonstrate that the microparticle immunocapture

assay reflects multimer size independently of multimer amount.

To further test this result indicating that larger aggregates pro-

duce brighter beads, we utilized centrifugation to isolate Ab42

multimers based on sedimentation velocity (Mok and Howlett,

2006; Stine et al., 2003). Multimeric species were first generated



Figure 6. Quantitation of Ab42 multimer size

(A) Ab42monomer solution was kept on ice (0 min) or incubated at 37�C/1,000 rpm for the indicated amount of time to induce aggregation. An equivalent amount

of protein for each sample was resolved by native PAGE, stained, and imaged. Noted are the migrating distances of the stock monomer (black arrowhead), small

multimers (black line), large multimers (red line), and large aggregates that failed to migrate (red arrowhead).

(B) Aldehyde sulfate beads were activated with 12F4 mAb, incubated with 0.1 mg of the Ab42 preparations described above, and processed for detection by flow

cytometry. Buffer only condition was used first to define PE+ beads. The 60 min aggregate sample (rightmost dot plot) was used second to define four bead

quadrants (equivalent proportions) based on relative PE fluorescence intensity. The gates were then applied to all samples and the percentage of beads in

each of the four populations was determined. Dot plots for the indicated sample preparations are presented.

(legend continued on next page)
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by incubation (37�C/1,000 rpm) for 30 or 60 min, followed by

centrifugation to isolate comparatively larger (pelleted, 60 min

PEL) and smaller (supernatant, 30 min SUP) protein species.

Samples resolved by native PAGE exhibited the expected shift

in migration when compared with Ab42 monomer, with the

60 min PEL displaying reduced migration compared with

30 min SUP (Figure 6D). Application of the gating scheme

described above for bead assay analysis revealed that, whereas

the amount of PE positive beads in the 60 min PEL sample was

only minimally increased compared with the 30 min SUP, the

fraction of PEmed to PEhigh beads was markedly increased

(Figures 6E and 6F), and the fraction of PEdim beads was mark-

edly decreased. These results provide additional evidence that

increased Ab42 size is reflected in increased bead fluorescence.

In total, these data suggest that the bead assay canmeasure not

only the degree of protein multimerization but also distinguish

multimers by size.
Detection of aS protein aggregates
To test the versatility of the microparticle immunocapture plat-

form we examined aggregation-prone aS. We first acquired

commercially available human wild-type monomeric aS and

induced aggregation with heat and agitation according to the

manufacturer’s instructions. Resolved aS monomer samples

by native PAGE revealed a predominant single band (Figure 7A,

first four sample lanes). The presence of a higher-order species

(red arrow), along with a reduction in amount of the faster

migrating monomer species, indicated that the sample had un-

dergone aggregation (last four lanes). To this point, our proof-

of-concept approach for the bead assay had utilized Ab42, so

we next validated the critical bead assay characteristics of target

specificity and aggregate only detection using aS. Beads acti-

vated with or without the anti-aS mAb MJFR1 were incubated

with titrated aS monomer or aS aggregate samples and subse-

quently subjected to a similar block, wash, detection (here PE

conjugated MJFR1), and flow acquisition protocol as utilized

for the bead assays involving Ab42. Prior experiments (data

not shown) had revealed that the optimal mAb:bead conjugation

ratio and aS amount were similar to those established for Ab42,

conditions that allowed for maximal bead intensity while staying

below the hook point for the assay. Incubation of either aS

monomer or aS aggregate with non-MJR1-activated beads re-

sulted in bead fluorescence that was near background levels

(Figure 7B, left side of graph). The samewas true forMJFR1-acti-

vated beads incubated with aS monomer. However, incubation

of activated beads with aS aggregate samples produced mark-

edly brighter beads whose fluorescence intensity increased with

increasing levels of aS (Figure 7B, right side of graph). These re-
(C) The percentage of beads in each population, designated in silver (PEdim), yello

aggregation time only (0–15 min) are shown in the inset graph.

(D) Ab42 monomers were incubated for 30 or 60 min at 37�C/1,000 rpm and th

supernatant (30 min SUP), the 60 min pellet (60 min PEL), and Ab42 monomer w

(E) Beads were activated with 12F4 mAb, incubated with 0.1 mg of the Ab42 pre

gating scheme similar to that described above was applied. Here, the 60 min PEL

then applied to all samples. Displayed are the dot plots with applied gates.

(F) The graph displays the percentage of beads in each population, designated by

the isolation of Ab42 species by differential ultracentrifugation (D–F) are represen

10 Cell Reports Methods 2, 100214, May 23, 2022
sults indicated that the MJFR1-conjugated bead assay platform

was specific for aggregated aS only and could measure the

amount of aggregated aS.
Detection of aS protein aggregates in human CSF
There is much interest in the detection and measurement of pro-

tein aggregates in biological specimens. However, although sim-

ple in concept, the ability to detect protein species in biological

matrices is often compromised to some degree by yet uncharac-

terized factors present in the matrix that do not exist in standard,

controlled laboratory buffers and solutions, for which reason it is

often recommended to test biological fluids at 1% concentration

(DeForge et al., 2007; Lachno et al., 2015; Mollenhauer et al.,

2008). We therefore tested the utility of the bead assay in detec-

tion of aggregated aS in human CSF specimens. Equivalent

amounts of monomeric aS prepared in buffer alone or in buffer

with titrated CSF, incubated with MJFR1-activated beads, and

subsequently analyzed by flow cytometry produced bead inten-

sities with similar background (Figure 7C, left side of graph). With

aggregated aS, we observed a progressive decrease in bead

fluorescence compared with buffer alone as the amount of

CSF increased (0.4%–25% CSF); however, even at 25% the

signal intensity was well above background (GMI PE 47.6 versus

1,452). These results showed that, although we did observe a

matrix influence on aS detection, we could detect aggregated

aS, but not monomeric aS, in a physiologically and pathologi-

cally relevant biological material. Building from these results,

we then determined the limits of detection of aggregated aS in

CSF. Titrated aS aggregate was prepared in either buffer or

buffer + 1% CSF and analyzed by the bead assay. Flow cytom-

etry dot plots show a comparable bead fluorescence profile

(spread) and PE intensity (GMI) for buffer (top row) and buffer/

CSF (bottom row) samples (Figure S1; GMI in lower left of

plot). Data from four independent assays indicated equivalent

fluorescence values for the two buffer conditions across all

tested samples (Figure 7D, inset graph low aS levels only).

Furthermore, we observed a significant difference in PE intensity

above background for both conditions at approximately

4.9 3 10�5 mg aS (GMI PE: buffer 44.2 versus 51.9, buffer/CSF

45.2 versus 51.1). Thus, the microparticle immunocapture assay

represents a platform that can be readily adapted to detect other

species of protein aggregates, in this case aS, and can do so in a

biological fluid (CSF).

To this point, validation and application of the assay involved

CSF from normal human donors spiked with aggregated aS pre-

pared in vitro under experimentally controlled conditions. Given

the potential significance of establishing the microparticle plat-

form as a methodological tool for aggregate quantitation in
w (PElow), orange (PEmed), and red (PEhigh), are presented. Data for the shortest

en subjected to ultracentrifugation. Equivalent Ab42 amount from the 30 min

ere resolved by native PAGE, stained, and imaged.

parations described above, and processed for detection by flow cytometry. A

PE+ bead population was utilized to derive four quadrants, and the gates were

color as above. Note: data presented for the aggregation time course (A–C) and

tative of at least two independent experiments.



Figure 7. Detection and measurement of aggregated alpha-synuclein (aS) in human cerebrospinal fluid (CSF)

(A) Monomeric aS was aggregated according to the manufacturer’s instructions (37�C/1,000 rpm) and analyzed by native PAGE to confirm aggregation state.

Displayed are titrated (starting 1.25 mg aS, with 1:2 dilutions) aS monomer (left lanes) and aS aggregate (right lanes). Use of protein molecular weight standards

(indicated M, lanes 1 and 6) is for the purposes of sample lane separation and gel orientation only and not to determine sample molecular weight. The red

arrowhead indicates the accumulation of aggregated protein in the aS aggregate sample, which is not visible in the aS monomer sample.

(B) Aldehyde sulfate beads were incubated in either PBS alone or PBS + anti-aSmAbMJFR1, and subsequently blocked, washed, and incubated with titrated aS

monomer or aS aggregate. Following detection with MJFR1-PEmAb, the beads were analyzed for PE intensity by flow cytometry. The graph displays the GMI PE

(legend continued on next page)
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diseased individuals, we next assessed how the assay would

perform on CSF collected from Parkinson’s disease (PD) pa-

tients. Our analysis of aggregated aS added to normal CSF,

and then titrated in buffer, indicated that optimal detection

occurred when the samples in CSF were less dilute (left and right

graphs, orange dots); however, bead fluorescence was most

near buffer conditions (black dots) as the dilution increased (Fig-

ure 7E). This was in line with our results using equivalent aS

amount in titrated CSF (see Figure 7C). Using similar parameters

to analyze PD CSF samples for the presence of aggregated aS,

we observed a distinct population of PE+ beads in both evalu-

ated PD CSF samples that decreased with sample titration

(Figure 7F, rows two and three, gated population). Notably, the

populations displayed a relatively broad fluorescence pattern

(compare with Figure 7E dot plot, third column), indicating the

existence of higher-order aggregates, which, as expected,

were approximately 3- to 4-fold greater in number than that de-

tected in normal CSF (column one, 2.6% and 2.5% versus

0.88% at 50% CSF; column two, 0.38% and 0.37% versus

0.12% at 12.5% CSF) (Shahnawaz et al., 2020). These results

indicate that the bead assay cannot only detect naturally gener-

ated aggregated aS in CSF, but also suggest assay utility for

comparative quantitative analyses across multiple patient

samples.

DISCUSSION

Maintenance of protein homeostasis (proteostasis) is essential

for cellular and organismal health. Given the strong experimental

and observational evidence connecting protein aggregation with

neurodegenerative and other diseases, methodologies to

assess protein aggregation have been developed and relied

upon by basic science and clinical investigators. There are, how-

ever, substantial deficiencies in the repertoire of the tests

presently available that hinder a more complete analysis of

protein aggregation. In particular, measurement of multimer

size has been lacking. Herein we present a bead fluorescence

assay to detect protein aggregates that uses highly quantitative

flow cytometry analysis to discriminate protein monomers from
of beads without mAb activation (left) or with MJFR1 mAb activation (right) for all t

no aS (buffer, black circles).

(C) HumanCSFwas prepared at the indicated concentration in PBS (25.0%–0.4%

aggregate. The samples were then incubated withMJFR1-activated beads, and p

beads analyzed for each condition. Open circles indicate samples prepared with

black circle). Indicated by solid circles are buffer alone + aS (black), or titrated C

(D) Aggregated aSwas titrated at the indicated amount and combinedwith 1%hu

were processed for detection by flow cytometry. The graph displays the bead GM

aS in either buffer alone (black) or 1% CSF (orange; overlaps with open black circ

ange). The inset graph displays the most dilute aS preparations only. Indicated is t

buffer alone conditions was observed.

(E) Aggregated aSwas prepared at 0.1 mg in either buffer or 50%CSF/buffer. The

assay. Indicated by dot plot are the percentage of PE+ beads and GMI PE for buff

(column three) conditions. The graphs display the GMI PE intensity (left) and the p

CSF (orange) conditions. The open black circles represent buffer only conditions

(F) Parkinson’s disease patient CSF (PD CSF) and normal CSF were titrated in

populations indicate the percentage of PE+ beads at each titration as comparedwi

representative of at least two independent experiments. For (D), N = 4 independen

*p < 0.05.

See also Figure S1.
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multimeric species and characterize the degree of protein

multimerization.

At the core of our design is amicroparticle immunocapture plat-

form, in which a monoclonal capture antibody is adsorbed onto

super active aldehyde sulfate beads, followed by sample incuba-

tion and capture, detection antibody incubation, and flow cytom-

etry analysis. In theory, target protein binding to the capture mAb

will saturate all available antibody binding sites on a monomeric

target and thus prohibit any subsequent binding of a detection

antibody fashioned fromamAb identical to the capturemAb.Mul-

timer capture will occur by the same process; however, sites will

remain unoccupied and thus open to binding by the detection

mAb, with the number of unoccupied sites proportional to the

number of individual units that comprise the multimer. Our results

demonstrate that this did in fact occur, for both tested proteins

Ab42 and aS, thus indicating not only protein-specific multimer

detection but a high level of adaptability in terms of aggrega-

tion-prone proteins for which suitable antibody reagents exist.

An additional advantageous feature is the short duration required

to complete the assay, as data could be generated for a sample

set, from start to finish, in less than one working day. Although

turbidity measurements provide a rapid result, they cannot

compare with microparticle immunocapture platform in terms of

sensitivity and provide no information regarding size.

A limitation of several other commonly utilized assays, including

ThT and plate-based ELISA (El-Agnaf et al., 2000, 2006; Gade

Malmos et al., 2017), is that signal intensity reflects only the overall

degree of aggregation for a sample, while differences in size of in-

dividual aggregates that comprise the total are not detected or

quantified. Although quantitation of total aggregation is informa-

tive and valuable, there is mounting evidence that aggregate

size, small oligomer versus protofibril versus fibril, has biological

significance. Size analysis by immunoblot, EM, or gel filtration

chromatography (GFC) can be informative, but application may

be limited due to practical considerations for immunoblot and

EM, and the limited size range for GFC. We suggest that the

inherent characteristics of the bead platform provide substantial

advantages. A bead that has captured in proportion more larger

aggregates will fluoresce more than a bead with smaller
itrated samples of aS monomer (blue circles) and aS aggregate (red circles), or

CSF) and spiked with an equivalent amount (0.5 mg) of either aSmonomer or aS

rocessed for detection by flow cytometry. The graph displays the GMI PE for all

out aS in either buffer alone (black) or 25% CSF (orange; overlaps with open

SF + aS (orange).

man CSF. Following incubationwithMJFR1mAb-activated beads, the samples

I PE for all titrated samples. Open circles represent samples prepared without

le). Depicted by solid circles are buffer alone + aS (black) or 1% CSF + aS (or-

he aS amount at which a statistically significant difference in PE intensity above

samples were then titrated 1:4 in buffer and subsequently analyzed by the bead

er/no aS (column one), buffer/0.1 mg aS (column two), and 50% CSF/0.1 mg aS

ercentage of PE+ beads (right) at the indicated aS amount for buffer (black) and

with no aS added.

buffer at the indicated amount and analyzed by the bead assay. The gated

th buffer only conditions (far left dot plot). Note: data presented in (B) and (C) are

t experiments from four separate humanCSF donors. Errors bars indicate SEM.
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aggregates due to a greater number of available detection mAb

binding epitopes. Thus, sample solutions that have a greater pro-

portion of large aggregates to small aggregates will generate

beads that display higher fluorescence. This is clearly shown by

flow cytometry dot plot analysis in Figure 6, where four equivalent

quadrants were constructed for the fluorescence profile of the

sample that displayed the highest overall PE intensity (60 min ag-

gregation) and then applied to all samples. Although the total

number of PE+ beads varied (increasing in number with aggrega-

tion time, see Figure 6C), it would be expected that, if aggregate

size had no influence on bead fluorescence, then the proportion

of beads in each of the four populations would be about one-

quarter across all samples. This was not the case, as only at the

later time points (30, 45, 60 min) were bead populations that are

medium to high fluorescence observed. The bead assay showed

similar size discrimination for protein aggregates separated by

centrifugation. This type of analysis can be utilized with any sam-

ple set, and population gates can be set based on criteria estab-

lished by the investigator. Furthermore, flow cytometry allows

equal application of these gates across all samples, thus insuring

that characterization of aggregate size based on bead fluores-

cence will be unbiased.

Although we foresee a large opening in basic science research

and pharmaceutical quality control that can be filled with appli-

cation of the bead assay, clinical research interests commonly

lie in protein aggregate detection in human biological samples.

Our experiments utilizing aS were designed to demonstrate the

feasibility in a routinely analyzed human tissue, CSF, and detec-

tion of aggregated aS in CSF from PD patients provides addi-

tional support for use of the assay in a clinical context. In either

investigative context, sample manipulation during the course

of the assay is limited and thus the potential introduction of arti-

facts is lessened. It is specific (antibody-mediated detection),

rapid (same day results), quantitative (flow cytometry readout),

and readily adaptable to detect other species. Furthermore,

and perhaps most notably, aggregates can be distinguished

based on size. Given these attributes, we suggest that the assay

possesses distinct advantages beyond the traditional methods

of evaluation available up to now.

Limitations of the study
An essential component of the assay is the mAb required for

capture and detection, and thus selection of which mAb to use

is a critical first step. Our approach was to start with well-vali-

dated mAb that have an extensive record in the literature, and

we propose that the binding, detection, and blocking experi-

ments, as described in Figures 2 and 3, provide an appropriate

guide to determine if a given antibody is a suitable candidate.

We note that numerous experiments were completed to estab-

lish mAb:bead ratios and incubation conditions that offered an

acceptable balance to minimize reagent requirements, enhance

protein capture efficiency, generatemaximal fluorescence signal

intensity, and optimize flow cytometry acquisition parameters.

Therefore, it is recommended that consideration be given to

these points for all experimental designs, particularly when the

assay is utilized to interrogate aggregation state in biological

matrices, given the aforementioned technical issues that can

arise in ELISA-based approaches under these conditions. It
also became apparent early in our studies that protein (analyte)

amounts above a certain concentration resulted in decreased

bead fluorescence as the amount of protein increased. The fluo-

rescence intensity curves display characteristics of the hook ef-

fect, a common feature to immunological assays that is attrib-

uted to excess analyte or antibody in solution (Dodig, 2009;

Erickson and Grenache, 2016; Jassam et al., 2006). The

observed hook point was very consistent, and could be manipu-

lated with changes to protein concentration. Identification of the

hook point can be achieved by a simple dilution, and would need

to be completed for any tested protein. Although microparticle

immunocapture successfully assessed aS aggregates added

to human CSF, and endogenous aS aggregates in CSF from

PD patients, continued study of a larger number of PD patient

specimens will be needed to verify clinical utility.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse monoclonal anti-beta

amyloid 1-42, clone 12F4 biotinylated

mouse monoclonal anti-beta

amyloid 1-42, clone 12F4

Biolegend

Biolegend

Cat# 805501; RRID: AB_2564683

Cat# 805504; RRID: AB_2564688

goat anti-rabbit HRP Invitrogen Cat# 65-6120; RRID: AB_2533967

donkey IgG AF594 Life Technologies Cat# A21209; RRID: AB_2535795

rabbit monoclonal anti-beta

amyloid, clone D54D2

Cell Signaling

Technology

Cat# 8243S; RRID: AB_2797642

rabbit monoclonal anti-alpha

synuclein, clone MJFR1

rabbit monoclonal anti-alpha

synuclein PE, clone MJFR1

abcam

abcam

ab138501; RRID: AB_2537217

ab209306

Biological samples

Human cerebrospinal fluid

Human cerebrospinal fluid,

Parkinson’s disease donor

PrecisionMed 990201rev1

Human cerebrospinal fluid,

Parkinson’s disease donor

BIOIVT HUMANCSF-0040179

Chemicals, peptides, and recombinant proteins

lyophilized monomeric Ab42 peptide Anaspec Cat# AS-72214

lyophilized monomeric

HiLyte Fluor 488 Ab42 peptide

Anaspec Cat# AS-60479

Recombinant human alpha

synuclein monomers

Proteos RP-003

Critical commercial assays

aldehyde sulfate beads (4 mm) ThermoFisher Scientific Cat# A37304, lot 1965879

streptavidin PE eBioscience Cat# 12-4317-87

assay buffer A Anaspec Cat# AS-72214

Miltenyi pan B cell isolation kit II Miltenyi Cat# 130-104-443

thick walled polycarbonate tubes Beckman Coulter Cat# 343775

bicinchoninic acid (BCA) protein assay kit Pierce Cat# 23227

4-15% tris-glycine gels Bio-Rad Cat# 4568086

amyloid beta 42 human ELISA kit ThermoFisher Scientific Cat# KHB 3441

imperial protein stain ThermoFisher Scientific Cat# 24615

ENrich SEC 650 column Bio-Rad Cat# 7801650

Protein LoBind 1.5 mL

microcentrifuge tubes

Eppendorf Cat# 022431081

Immun-Blot PVDF membrane Bio-Rad Cat# 1620177

SuperSignal West Pico PLUS ECL reagents ThermoFisher Scientific Cat# 34580

Experimental models: organisms/strains

C57BL/6 mouse The Jackson Laboratory https://www.jax.org

Software and algorithms

Flowjo Becton-Dickinson https://www.flowjo.com

Image J, version 1.51 National Institutes of Health https://imagej.nih.gov/ij/

download.html
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Prism, version 8.1.1 GraphPad https://www.graphpad.com/

scientific-software/prism/

Photoshop 2018 Adobe https://www.adobe.com/

products/photoshop.html

Image Lab Bio-Rad https://www.bio-rad.com/

en-us/product/image-lab-

software?ID=KRE6P5E8Z
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead author, Thomas L.

Rothstein (tom.rothstein@med.wmich.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DATA

Mouse model
Female and male wild type 8 - 12 week old C57BL/6 mice (The Jackson Lab) were maintained under standard conditions in the vi-

varium atWestern Michigan University Homer Stryker M.D. School of Medicine (WMED) and utilized experimentally in accordance to

protocols approved by Institutional Animal Care and Use Committee at WMED.

Human cerebrospinal fluid
This study involved the use of human cerebrospinal fluid collected with consent from healthy donors in accordance to protocols

approved by the Institutional Review Board at the Feinstein Institute for Medical Research. Parkinson’s disease patient CSF from

a 77 year old male and 60 year old male were purchased from PrecisionMed and Bio IVT, respectively.

METHOD DETAILS

Mouse splenic B cells
Whole spleens fromC57BL/6micewerefirst homogenizedbygentlemechanical disruptionwith a syringeplunger and 70mmmeshfilter.

Bcellsweresubsequently isolatedusing theMiltenyiPanBCell IsolationKit II (Miltenyi), inaccordance to themanufacturer’s instructions.

Conjugation of antibody to aldehyde sulfate beads
Aldehyde sulfate beads (4 mm) (ThermoFisher) were resuspended in phosphate buffered saline (PBS) at a concentration of 2 mL bead

stock/50 mL PBS (unless otherwise indicated). Anti-beta amyloid 1-42 monoclonal antibody (clone 12F4 mAb; Biolegend) was pre-

pared at 0.8 mg/50 mL PBS (unless otherwise indicated). The solutions were combined in a 1.5 mLmicrocentrifuge tube, mixed gently

by pipet, and incubated for 40 min at room temperature. To quench unoccupied binding sites on the beads, 1000 mL PBSwas added

to the solution, followed by 110 mL of 1 M glycine. After a 15 min incubation at room temperature, 400 mL ice-cold blocking buffer

(PBS/0.5% bovine serum albumin (BSA)/2 mM ethylenediaminetetraacetic acid (EDTA)) was added, and the solution was rotated

for an additional 15 min. The sample was centrifuged at 4000 revolutions per minute (rpm) (Eppendorf tabletop centrifuge 5424R)

for 3 min at 4�C and the supernatant was removed by pipet. These conditions were utilized for all experiments to pellet the beads.

To wash the beads and remove unbound 12F4 mAb in solution, the bead pellet was gently resuspended in 400 mL ice-cold blocking

buffer and centrifuged. The beads were washed two additional times. After the final wash, the pellet was resuspended in 400 mL ice-

cold blocking buffer. The resultant solution contained enough antibody-coated beads for 20 sample tests (20 mL/test at 0.04 mg 12F4

mAb/0.1 mL bead stock).
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Preparation of Ab42 multimers
Lyophilized monomeric Ab42 (Anaspec) was prepared in assay buffer A (Anaspec) in Protein LoBind 1.5 mL microcentrifuge tubes

(Eppendorf), according to the manufacturer’s instructions. Fluorescently labeled monomeric Ab42 (HiLyte Fluor 488 Ab42; Anaspec)

was reconstituted in 1% NH4OH and PBS as described by the manufacturer. To generate Ab42 multimers, monomeric solutions

(100 mL at 0.2125 mg/ml, unless otherwise indicated) were incubated at 1000 rpm/37 �C (ThermoMixer, Eppendorf) for the indicated

period of time. The samples were then placed on ice for approximately 15 min and used for the assay, or frozen at �80�C for future

use. All Ab42 monomer or multimer solutions were kept on ice for the duration of test sample preparation. Solutions containing Ab42

monomers or multimers were kept in LoBind tubes for all stages of the assay and during storage.

Binding of Ab42 to 12F4 mAb-activated aldehyde sulfate beads
Ab42 test samples were prepared in 20 mL assay buffer A (unless otherwise indicated). Antibody-coated beads (in 20 mL ice-cold

blocking buffer, unless otherwise indicated) were combined with the test samples, gently mixed by pipet, and incubated for

60 min at room temperature, with mixing at 30 min to re-disperse the beads in solution. Ice-cold blocking buffer (400 mL) was

then added to each tube, followed by centrifugation and one wash. After the final spin, all supernatant was removed by pipet,

less approximately 25 mL to maintain bead hydration.

Detection of bead-captured Ab42
Pelleted 12F4mAb activated beads were resuspended in 50 mL biotinylated 12F4mAb (Biolegend; prepared at 2.5 mg/mL in blocking

buffer) and incubated for 60min at room temperature, withmixing by pipet at 30min. After addition of 400 mL ice-cold blocking buffer,

the sample was centrifuged, washed, and centrifuged again, after which all supernatant was removed by pipet, less approximately

25 mL. The pellet was resuspended in 50 mL of streptavidin PE (eBioscience; prepared at 0.5 mg/mL in blocking buffer), mixed gently

by pipet, and incubated for 20min on ice, protected from light. Ice-cold blocking buffer (400 mL) was then added, and the sample was

centrifuged, washed, centrifuged, and resuspended in 250 mL ice-cold blocking buffer for flow cytometry analysis.

Flow cytometry acquisition and analysis
All sampleswere acquired on a Fortessa Analyzer (Becton-Dickinson) at the low setting, yielding approximately 60–90 events/second

for 0.1 mL bead stock/250 mL blocking buffer preparations. An FSC and SSC event threshold of 200 and voltage setting of 120 was

utilized for all experiments. At least 4000 events of the gated bead population were acquired for each sample, and all analysis was

conducted using Flowjo software (Becton-Dickinson). The gating scheme to identify the bead population for analysis, unless other-

wise indicated, proceeded as: first gate on low FSC beads (FSC-A and SSC-A), second gate on single beads (FSC-A and FSC-W),

third gate on single beads (SSC-A and SSC-W), and fourth gate on PE+ beads (PE and SSC-A), defined against the negative control.

Microscopy imaging of aldehyde sulfate beads and B cell isolation
Aldehyde sulfate beads were prepared at a concentration of 1.0 x 106 beads/100 mL ice-cold blocking buffer, aliquoted to a standard

48 well plate, and imaged by brightfield microscopy using a Lionheart FX automated live cell imager (Biotek). To stain beads directly

for fluorescent imaging, 4 mL beadswere combinedwith 4 mg donkey anti-rat IgG AF594 (Life Technologies) in 50 mL PBS, followed by

a 40 min incubation at room temperature. The sample was quenched with ice-cold blocking buffer, washed three times, and resus-

pended at a concentration of 1.0 x 106 beads/100 mL ice-cold blocking buffer for imaging. B cells were isolated from C57BL/6 whole

spleen single cell suspensions using the Miltenyi Pan B Cell Isolation Kit II (Miltenyi) and prepared at 1.0 x 106 beads/100 mL ice-cold

blocking buffer. Fluorescent beads and B cells were then mixed at a ratio of 50 mL:50 mL in a 48 well plate, incubated for 40 min, and

imaged.

Isolation of Ab42 multimers by centrifugation
Ab42 monomers (0.25 mg/ml assay buffer A) were placed on ice, or incubated for 30 min or 60 min (2 x 100 mL/condition) at 1000 rpm/

37�C to formmultimers. The multimer samples were transferred to thick-wall polycarbonate tubes (Beckman Coulter) and subjected

to centrifugation at 20,000 rpm (15,4563 g) for 30 min (Optima Max-TL Tabletop Ultracentrifuge (Beckman Coulter); TLA-100 fixed-

angle rotor (Beckman Coulter)). Supernatant (100 mL) was removed carefully from the 30 min sample so as to not disturb the pellet,

and placed on ice. For the 60 min sample, supernatant was removed by pipet and the pellet was resuspended in 200mL assay buffer

A. Following a second spin (20,000 rpm 3 30 min), all supernatant was removed carefully, and the pellet was resuspended in 40 mL

assay buffer A. The protein concentration of each sample was determined by the bicinchoninic acid (BCA) method according to the

manufacturer’s directions (Pierce).

Native polyacrylamide gel electrophoresis (PAGE) and immunoblot
Samples were prepared 1:2 in 23 native sample buffer (62.5 mM Tris-HCl pH 6.8, 40% glycerol, 0.01% bromophenol blue) and

resolved on 4-15% tris-glycine gradient gels (Bio-Rad). Sodium dodecyl sulfate (SDS) was excluded from the running buffer. The

gels were stained with coomassie blue-based Imperial protein stain (Thermo Scientific) for 60 min at room temperature with gentle

agitation, followed by several destain cycles in ultrapure water. Gel imaging and acquisition was completed on the chemidoc imaging

system (Bio-Rad). For immunoblot detection of Ab42, gels were equilibrated in Bjerrum transfer buffer (48 mM Tris, 39 mM glycine,
e3 Cell Reports Methods 2, 100214, May 23, 2022
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0.04% SDS in ultrapure water) for five minutes, and PVDF membranes (0.2 mm; Bio-Rad) were first activated in 100% methanol for

twominutes and then equilibrated by a fiveminute incubation in transfer buffer. Transfer occurred at 100 V constant for 60min on ice.

The membrane was incubated in wash buffer (TBS/0.1% Tween-20) for five minutes after transfer, prior to a 60 min block in blocking

buffer (wash buffer + 5% milk (w/v)). Incubation with monoclonal anti-Ab42 (CST) in blocking buffer (1:1000) occurred overnight at

4�C. The membrane was then washed (20 min, three buffer changes) and incubated with goat anti-rabbit HRP (Invitrogen; 1:5000

in blocking buffer) for 40 min at room temperature. The membrane was subsequently washed for 30 min (five buffer changes) and

then developed by enhanced chemiluminescence.

Spectrophotometry (turbidity) measurements
Samples of either Ab42 or aldehyde sulfate beads (4 mm) were prepared in 100 mL buffer at the indicated amounts in 96 well microtiter

plates. The plates were then subjected to absorbance measurements at 395 nm (A395).

Purification of Ab42 oligomers and protofibrils by size exclusion chromatography
To form Ab42 oligomers and protofibrils, 15 mM Ab42 monomers were vortexed for 30 seconds and then incubated at 4�C for two

weeks as previously described (Ryan et al., 2010). Samples were centrifuged at 14,000 3 g for 10 min at 4�C to eliminate insoluble

mature fibrils. Oligomers and protofibrils were purified by size exclusion chromatography as previously described with aminor modi-

fication (Esparza et al., 2016). Briefly, 0.25 mL of sample was injected onto an Enrich SEC 650 column (Bio-Rad) attached to an NGC

Quest Chromatography system (Bio-Rad), and eluted with PBS containing filtered 0.05% BSA at a flow rate of 0.5 mL/min. A total of

19 1 mL elution fractions were collected and resolved by PAGE. Fractions 8 and 9 were pooled as protofibrils whereas fractions 11

and 12 were pooled as oligomers. The concentration of Ab42 oligomers and protofibrils were determined by ELISA (Thermo Fisher

Scientific).

Alpha synuclein aggregate formation and bead assay detection in human cerebrospinal fluid
Monomeric alpha synuclein (aS) (10 mg/mL in 10 mM Tris, 50 mM NaCl, pH 7.6; Proteos) was diluted 1:2 in 2X PBS, aliquoted in

Lobind tubes, and either frozen (�80�C) or induced to aggregate according to the manufacturer’s instructions (37�C/1000 rpm;

also see Polinski et al., 2018). Prior to analysis by PAGEor the bead assay, both sample preparationswere subjected to centrifugation

to more thoroughly isolate the aS species of interest. Monomeric aS was transferred to thick-wall polycarbonate tubes and centri-

fuged in a TLA-100 fixed-angle rotor at 51,000 rpm (100,5003 g) for 40 min (4�C). The resultant supernatant was collected and either

used immediately or frozen at �80�C. Aggregated aS was centrifuged at 10,000 3 g for 30 min (4�C), and following removal of the

supernatant, the pellet was washed in 200 mL PBS and centrifuged again at 10,000 3 g for 30 min (4�C). The resultant pellet, desig-

nated as aggregated aS, was resuspended in 60 mL PBS and used immediately or frozen (�80�C). Protein concentration of both

monomeric and aggregated samples was determined by BCA method, and titrated samples were then resolved by native PAGE

as described above for Ab42. Bead assay analysis of aS monomers and aggregates followed the protocol established for Ab42,

only here using anti-aS MJFR1 (abcam) and MJFR1-PE (abcam) as the capture and detection monoclonal antibodies, respectively.

Human cerebrospinal fluid (CSF), from four normal individuals and stored in liquid nitrogen or two Parkinson’s disease patients, was

thawed on ice and centrifuged at 2000 3 g for 20 min prior to use, with the supernatant utilized as the CSF stock. For experiments

requiring diluted CSF, the CSF stock was prepared in buffer at the indicated concentration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism software (version 8.1.1; GraphPad) was used to generate graphs and for statistical analyses. One-way ANOVA was performed

for comparison of three or more groups to determine an overall difference, followed by a two-tailed t test between groups. Values of

p < 0.05 were considered significantly different. Coomassie stained gels were imaged on the chemidoc imaging system (Bio-Rad).

ImageLab software (Bio-Rad) or photoshop (Adobe) was used to process and prepare images. All adjustments or transformations

during image preparation were equivalently applied to the whole image. Microscopy images acquired using the Lionheart FX auto-

mated live cell imager (Biotek) were processed using image J software (National Institutes of Health). All adjustments or transforma-

tions during image preparation were equivalently applied to the whole image. Final figure layouts were completed using photoshop

software (version 2018; Adobe).
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