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Abstract: The aggregation of proteins into insoluble amylblatils coincides with the
onset of numerous diseases. An array of technigueegilable to study the different stages
of the amyloid aggregation process. Recently, esipi@as been placed upon the analysis
of oligomeric amyloid species, which have been lilypsized to play a key role in disease
progression. This paper reviews techniques utilivestudy aggregation of the amyloid-
protein (A) associated with Alzheimer’s disease. In particuthe review focuses on
techniques that provide information about the sizeuantity of oligomeric A species
formed during the early stages of aggregation,udiioly native-PAGE, SDS-PAGE,
Western blotting, capillary electrophoresis, mapscgometry, fluorescence correlation
spectroscopy, light scattering, size exclusion atatmgraphy, centrifugation, enzyme-linked
immunosorbent assay, and dot blotting.
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1. Introduction

Protein aggregation leads to the formation of iald@ fibrous aggregates, termed amyloids, which
are commonly associated with disease. However,ratadeling of the mechanism by which proteins
aggregate has remained elusive. Although largereagges, including fibrils, remain important for
clinical determination [1,2], small oligomeric aggates are of interest due to their potentiallyctox
nature and hypothesized role in disease progresslowever, the study of oligomers is complex
due to the fact that these early aggregates atdyhigistable, present at low concentrations, and
difficult to isolate.

Among the diseases to which amyloids contribute Aeheimer’'s disease (AD), Parkinson’s
disease, prion diseases, Type Il diabetes mellkustington’s disease, as well as many others [3].
The clinical presentation of each amyloid diseaseery different, yet the presence of amyloid feori
is a common characteristic of each disease. Thestoa fibrils exhibit a cross -sheet structure in
which the -strands are oriented perpendicular to and hydrbgening is oriented parallel to the long
axis of the fibril [4-9]. In addition, it has beshown that the amyloidogenic proteins amyloi(A ),

-synuclein, huntingtin, prion, and islet amyloidlypeptide (IAPP) form structurally similar soluble
oligomeric species, which share an epitope recegnlzy oligomer-specific antibodies [10,11]. The
commonalities shared by each amyloid disease pragggest that studying the aggregation of one
amyloid protein could provide insight into the gexl@ggregation mechanism of other amyloid proteins

AD is the most common cause of dementia and the¢ pnegalent neurodegenerative disorder [12,13].
The neurodegenerative effects of AD are hypothdsiaearise from A, a partially folded protein that
aggregates during the disease processwas first identified by Masterst al. as the aggregated
protein [14] deposited within plague cores found\D brain. In its monomeric form, this protein may
be harmless [15]. However, Amonomer can self-assemble via a nucleation-depénmghway into
A oligomers, larger A aggregation intermediates, and eventually thellabraggregates that deposit
in the brain (Figure 1) [5,16-18]. Steps within the aggregation pathway are reversible, such that
deposited fibrils could give rise to soluble oligers and intermediates. Soluble aggregate speaes th
appear between monomer and insoluble fibrils haenltermed within the literature as oligomers [19],
micelles [20], amyloid-derived diffusible liganda@DLs) [21,22], amy balls [23], amylospheroids
(ASPDs) [24], and protofibrils [25,26], and the eggpte sizes associated with these definitions
overlap in range. Smaller species are most commaaigrred to as oligomers, including both low
molecular weight and high molecular weight specidsle larger intermediates are often referredso a
protofibrils. Controversy exists concerning theasze of the nucleus formed within the rate-lingt
step of the aggregation pathway; however, mostrtempeculate that the nucleus is oligomeric in
nature [27-29]. In addition to oligomers formedragjdhe aggregation pathway, off pathway oligomers
and higher order assemblies, which fail to give ie an organized fibril structure, have also been
identified [29,30].
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Figure 1. The A aggregation procet A monomer selissembles into low molecul
weight oligomeric species that can give rise thezioffpathway oligomers or nuclei of :
undetermined sizéNuclei, which arise within the re-limiting step of the » aggregation
pathway, will increase in size to form h molecular weight oligomers, soluk
aggregation intermediates, and finally the fibrilkeggregates that deposit in AD brain
yield amyloid plaques.
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A proteins comprised ofither 40 o0 42 amino acids, termed A4 and A 1.4, are the major
components found in amyloid plues [31]. A142 has implications forthe formation of initia
aggregates, while A.40 is more soluble and is the main circulating formnormal plasma an
cerebrospinal fluid (CSF) [32]Controversy currently xasts over the direct effect Ahas or
neurodegeneration, but ittiseorize( that soluble aggregates of Aather than monomers or irluble
fibrils, may be responsible fahe cellularpathology associated with AD [335]. This hypothesis is
supported by experimental observaticin vitro which show that soluble aggregates formed
synthetic A 1.40and A 142 caninducecellular dysfunction antbxicity in cultured cell [21,36,37] and
in vivo where A dodecamergA *56) have been isolated from the brains of transgenmeiand
shown to induce memory defic [38]. In addition, solubleA aggregates generatin cell culture
drastically inhibit hippocampal lo-term potentiation in rats [39Furthermor, data from mouse
models show a poor correlation between the levelasmluble A fibrils and disease sever [40].
It is now more widely accepted thsoluble A oligomers impair cognitive function a, in addition
to synapse loss, correlate most accurately withstiage of neurological impairme [11,41-43].
However, the progression from monomto oligomer to insoluble A aggregates is not ell
understood. Therefore, it is important to develn analytical tool thats suitable for analysis ¢he
A aggregation process.

A range of techniques awvailable to study tt different stages of the Aaggregation proces
These techniques fall into three main categor(l) Methodsfor the quantitative detection
monomeric and oligomeric Asizes; (2) Methodgor the qualitative detection and charirization of
oligomeric A species; (3Method: for the qualitative detection of Afibrils. As a result of the
imminent need to understand oligomerization evehe focus of this reviews on techniques from the
first and second categorieshich give irformation about A oligomeric species formed duril
aggregation Accumulating evidence sugge that these A oligomeric species play role in AD
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progression and severity. Therefore, it is impdrtangain a better understanding of the formatién o
smaller A species in order to halt the progression of ADe &bility to identify and quantify the size
of these A oligomeric species without disrupting their stuetis of utmost importance in order to
effectively study the aggregation process and dgvieeatments that target these pivotal oligomeara
events. Accordingly, this review focuses primatigon techniques that have been employed in the
study ofin vitro aggregation of A. Currently, a commonly used technique for the gfieation of A
oligomer sizes withinn vitro studies is polyacrylamide gel electrophoresis (BAGther techniques
that have been applied for determining the sizé\ ofoligomers include Western blotting, capillary
electrophoresis, mass spectrometry, fluorescencelation spectroscopy, light scattering, centtion,
and size exclusion chromatography (SEC). Furtheemdechniques including enzyme-linked
immunosorbent assay (ELISA) and dot blot have kmmalied to identify A oligomers, but give no
size estimates. In the subsequent sections, wedisdliss the application of each of these techsique
to study A oligomers.

2. Electrophoretic Techniques for the Quantification of A Oligomer Sizes
2.1. SDS- and Native-PAGE

SDS-PAGE is the most common electrophoretic tealanigsed for A oligomer size determination
in protein aggregation studies. Furthermore, aexgviby Bitanet al. cited SDS-PAGE as the most
common method used to characterize toxic protegooiers [44]. SDS-PAGE relies on the ability of
SDS, a negatively charged detergent, to bind tgtbtein of interest. This binding typically resuin
the removal of secondary, tertiary, and quatersémyctures from the protein. The SDS groups attach
to the protein in a nearly uniform manner that gitlee protein a charge approximately proportiooal t
its length, thereby allowing for size based sepamat Following the gel electrophoretic separatibn
proteins, the gel may be stained with a dye sucbaasnassie Brilliant Blue or silver stain.

Many research groups have utilized SDS-PAGE, daradalone technique, to study the evolution
of A species over time. A study by Yire al. used SDS-PAGE to separate oligomers formed by
100 uM A 142 incubated at 4 °C for 1 day [45]. SDS-PAGE revedladds for monomer (4.5 kDa),
trimer/tetramer (16.5 kDa), and higher moleculaight intermediates (>83 kDa) that appeared as a
smear. The oligomer pattern of freshly dissolvedp&ptides and Apeptides after a 7 day incubation
have been observed by Saethal. [46]. Both A 1.40 and A 142 peptides incubated for 7 days as well
as the freshly dissolved A4, peptide exhibited a range of species from 5-20 (figure 2). However,
the resolution of these species was low due tosgedaring. Smearing in these gels may be due to
the resolution limitations of the gel or could b@edo continuous associations and disassociatibns o
the aggregating species occurring during the elpbtresis analysis. Whatever the cause, gel
smearing interferes with the ability to identifyarticular species and is often overcome by compini
SDS-PAGE with another technique (see Sectionsr&i2a3).
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Figure 2. Tricine-SDS-PAGE analysis of the aggregation state A peptides freshly
dissolved or incubated for 7 days. #, exhibits bands at 5-20 kDa in both freshly
prepared samples and samples incubated for 7 days incubated for 7 days also
exhibits a smear at higher molecular weights, wischbsent in freshly prepared samples.
Reprinted from [46], with permission from Elsevier.
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Although the anionic micelles formed by SDS enhasegaration, they can also induce non-native
behavior. SDS has been reported to accelerateeheration of A fibrils. Sureshbabet al. have
shown that A;.4, freshly prepared in phosphate buffered salinel@tshmonomer, trimer (~13.5 kDa),
and tetramer (~18 kDa) bands when analyzed via &iestotting [47]. The addition of 1.5 mM SDS
to the sample produced bands at 20 and 50 kDa. praposed that the addition of 1.5 mM SDS
causes A;.4» to develop a partial helical structure whose hgtabicity induces aggregation. One way
to counter this phenomenon is to add urea to theplsato further denature the peptide and prevent
aggregation. However, the migration behavior of peptides in urea SDS-PAGE is inconsistent. A
study by Kawooyat al showed that the Apeptide exhibits an unusual electrophoretic miyhiti urea
SDS-PAGE that is proportional to the sum of therbgtlobicity consensus of the peptide rather than th
number of amino acids in the peptide [31]. Therefander these conditions SDS-PAGE may provide
information about the hydrophobicity of the peptaled not the size. The drawbacks of SDS-PAGE
may be overcome by using native-PAGE to separaieusA sizes under conditions that allow the
protein to remain in a native state.

Native or “non-denaturing” gel electrophoresis imikar to SDS gel electrophoresis, except this
technique is run in the absence of SDS. With né®&&E, protein mobility depends on both charge
and hydrodynamic size. This differs from SDS-PAGIere protein mobility depends primarily on
molecular mass. Since Aaggregation is a process that involves changgsratein conformation,
native-PAGE is often a suitable technique to detadbus sizes of Aspecies. A study by luraset al.
used both SDS-PAGE and Tris-tricine PAGE to analyme species formed by a solution of 140
solubilized in fibril growth buffer at pH 7.5 for &ays at 37 °C [48]. They found that SDS-PAGE was
able to detect A;.40 monomeric species, Ao oligomeric species of 20 kDa, and high molecular
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weight aggregates >98 kDa. In contrast, Tris-teclPAGE was able to separate theseofigomers
into monomer, dimer, trimer, and high molecular gi®iA sizes. Kluget al. have also compared
native and SDS-PAGE analyses of Aggregation [49]. They observed the presenceigbmlers and
high molecular weight species using native-PAGEhwite majority of A species observed in the
high molecular mass region of the gel. In contr@&tS-PAGE showed lower molecular weight species
(<14 kDa) with only trace amounts of high moleculgight species (>50 kDa), suggesting that the
removal of higher order protein structures by SD&yndestabilize aggregates. The differences
between native-PAGE and SDS-PAGE highlight the irtgorwe of examining more than one method
for studies of the various Aaggregate sizes formed throughout the aggregptmsess.

2.2. SDS-PAGE in Combination with Western Blotting

Western blotting is a popular technique used tdh&rr process samples after electrophoretic
separation. This technique provides a more sensitetection of separated proteins. This detecton i
achieved by transferring separated proteins to mbm&ne where they are detected using antibodies
specific to the protein of interest. Antibodies nieyeither monoclonal or polyclonal and are typycal
specific for a particular part of the Asequence or a particular amyloid conformation. &@ammon
antibodies and their recognition motifs are lisiadTable 1. Selecting the proper antibody is an
important consideration in order to achieve detectf the desired Aspecies or aggregation state.

Table 1. Antibodies used for amyloid-protein (A ) detection in Western blot analysis
and their respective Arecognition motifs.

Antibody Recognition Motif Monoclonal/Polyclonal References

6E10 A 117 Monoclonal [50-53]
Ab9 A 116 Monoclonal [54]
6C6 A 116 Monoclonal [50]
4G8 A 1724 Monoclonal [50]
2G3 A 3140 Monoclonal [55]
BA-27 A 140 C-terminal Monoclonal [56]
BC-05 A 14, C-terminal Monoclonal [56]
A8 amyloid oligomers Monoclonal [45]
All amyloid oligomers Monoclonal [10,57,58]
NU-4 amyloid oligomers Monoclonal [59]
oC amyloid fibrils Polycolonal [60]

Numerous research groups have utilized Western dhatyses of SDS-PAGE separations to
characterize SDS-stable Aassemblies [21,39,45,50-53,55]. Ryainal analyzed A;.s» oligomer
preps via silver staining and immunoblot with tH&l6 antibody [52]. The band intensity for monomer,
trimer, and tetramer bands was similar for bothhoés. However, 46 and 56 kDa intermediate sized
oligomers were more apparent in the immunoblot y@msl Mooreet al have also found that
immunoblot stains of A;_4, oligomers yield better results than silver st46.

SDS-PAGE with Western blotting has also been usethdnitor the formation of A oligomers
in cell culture. A study by Walsat al employed SDS-PAGE followed by Western blottingptobe
the formation of A oligomers in APP-expressing Chinese hamster o(@HO) cells [50]. Bands
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corresponding to ~4, 6, 8, and 12 kDa were obtairsgag the monoclonal antibody 6E10. However, it
was necessary to concentrate the gkotein via immunoprecipitation with an Aspecific antibody
prior to performing electrophoretic separation.

Within in vitro studies of A aggregation, A is typically solubilized in 1,1,1,3,3,3-hexaflue?e
propanol (HFIP) to break up any residual aggregitasmay be present in solution [61]. The HFIP is
allowed to evaporate, and the peptide film is eitksuspended in an organic solvent such as dimethy
sulfoxide (DMSO) and diluted into culture media msuspended in a buffer solution such as
phosphate buffered saline (PBS). Following incudrgtsamples are analyzed to detect the presence of
oligomeric species. Dahlgreat al utilized such an A;4 oligomer preparation employing DMSO and
F12 culture media with incubation at 4 °C for 2fb8]. Western blot analysis using the 6E10 antibody
showed bands corresponding to monomer and tetré®imailar results were obtained by Stieeal
using the same sample preparation [51]. Walshl utilized an A ;.40 oligomer preparation in PBS
(pH 7.4) at 37 °C [55]. After 5 days, Western bémtalysis using the antibody 2G3 showed bands
corresponding to monomer, dimer, and tetramer. Wewentermediate sizes of oligomeric species
>20 kDa were not obtained.

In addition to A 140, Oligomeric A 1.4 species formeth vitro have been well characterized using
Western blot analyses. Stire¢ al. studied the formation of A.4; oligomers using two different
antibodies, 6E10 and 4G8 [51]. At 0 h, bands fomamer, trimer, and a faint tetramer band were
obtained. After 24 h, these bands were more intangea smear corresponding to oligomeric species
ranging from 30 to 70 kDa was present. Furthermuog]ifferences in the band patterns obtained using
the 6E10 and 4G8 antibodies were observed. Dah&rahobtained comparable 24 h incubation results
using the same oligomer preparation as Stal. [53]. In addition, similar O and 24 h results were
obtained by Ryaret al using a monomer preparation with dilution into 3’Bnd an oligomer
preparation with dilution into cold PBS + 0.05% S[BZ]. Stineet al also examined the effect of
temperature and ionic strength on the oligomeriedbpattern obtained after incubation of 10d@

A 142 for 24 h. An increase in temperature from 4 to °€7resulted in a decreased intensity of
monomer and trimer bands and an increased inteokitlye tetramer band. In addition, a smear for
oligomeric species ranging from 30 to 70 kDa appeat 25 °C with increased intensity at 37 °C. The
effect of ionic strength was probed using the atigo preparation at 37 °C with incubation for 2h i
either 10 mM Tris (pH 7.4) or 10 mM Tris supplenezhtvith 150 mM NaCl. Both preparations yielded
bands for monomer, trimer, and tetramer. However,dligomer preparation in 10 mM Tris gave an
intense oligomer smear from 30 to 97 kDa while phheparation in 10 mM Tris supplemented with
150 mM NaCl showed a less intense oligomer smean #0 to 50 kDa. Yin@t al have also utilized
the same A;.4 oligomer preparation as Stiret al but employed for detection the monoclonal
antibody A8, which is specific for oligomers [43].smear for oligomeric species ranging from 16.5 to
25 kDa was observed with antibody A8 (Figure 3eka@ and 3). A poorer resolution of oligomers and
larger species were obtained using the 6E10 antifléidure 3, lane 4). These results show that 6E10
may be reacting more strongly with higher moleculaight oligomers or that these antibodies bind
preferentially to different sizes of A4, oligomers. While Western blotting does facilitatgettion of
intermediate A oligomers, the presence of a gel smear in marlyeo$tudies outlined above indicates
that this technique does not allow quantificatioimndividual sizes of oligomers in this range.
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Figure 3. A 1.4, oligomers obtained upon incubation at 4 °C forl24A 5 mM A 1.4
sample was prepared in DMSO and diluted to 100 pMHam’s F12 medium without
phenol red. Oligomer mixture was separated by 15&S-BAGE, transferred to
nitrocellulose membranes, and probed with monot¢lanébody A8 (Lanes 2 and 3) or
6E10 (Lane 4). Sample in Lane 2 was heat denaforied to analysis, while sample in
Lane 3 was untreated. Reprinted from [45] with gesimon. The publisher for this
copyrighted material is Mary Ann Liebert, Inc. pisblers.
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2.3. SDS-PAGE in Combination with Other Techniques

| 111

SDS-PAGE has been used in combination with oligomstabilization techniques. One such
technique that has been applied by Bl is Photoinduced Cross-Linking of Unmodified Pnoge
(PICUP) [62]. PICUP was developed in the Kodaddiotatory in 1999 to study proteins that
naturally form stable homo- or heterooligomers [6@}is technique provides a snapshot of different
oligomer species present in solution at differenes. Protein cross-linking is achieved via thebkes
light excitation of a tris(2,2'-bipyridyl)dichlorathenium(ll) complex which, through a series ofpste
leads to the generation of a free protein radiéd,g4]. This radical can attack an unmodified
neighboring protein and form a covalent bond. Tiweee PICUP can be used to covalently freeze
components of the sample, and these componentbenagparated and analyzed via techniques such
as SDS-PAGE [62].

Bitan et al have applied PICUP to compare low molecular wefgdctions of A .40 and A 1.42,
where these fractions were isolated by SEC and/aedlvia SDS-PAGE [65]. A4 exhibited bands
for monomer, dimer, trimer, and tetramer with mfai@t bands for pentamer and heptamer (Figure 4,
lane 2). A distinctly different low molecular weigh ;.4> oligomer size distribution, consisting of
three groups of oligomers of varying band intensitgis obtained (Figure 4, lane 4). This patterrided
the conclusion that the initial phase of 14, oligomerization involves the formation of
pentamer/hexamer subunits which then associateorno farger oligomers and intermediates, or
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protofibrils [65]. Furthermore, they found that far 1.40, monomer through tetramer were preexisting
species in solution, while pentamer through heptanege formed via a diffusion-dependent reaction
of these preexisting species with free monomer.irTiesults verified that PICUP was capable of
“freezing” preexisting oligomers but was also caipty oligomeric species which were not formed
under typical aggregation conditions, thereby npisFsenting the true A.4o oligomerization pattern.

In addition, this study examined samples that werecross-linked via PICUP before separation by
SDS-PAGE. A single monomer band was obtained farsA(Figure 4, lane 1), while A .4, exhibited
only bands for monomer and trimer (Figure 4, lane These results indicate that oligomers not
stabilized via PICUP were underestimated by SDS-PA&€3ults.

Figure 4. SDS-PAGE analysis of non-cross-linked (lanes 1 3&nand cross-linked (lanes
2 and 4) A 140 and A 1.4, Densitometric intensity profiles of lanes 2 andré shown on
the right and left sides of the gel, respectivélecular weight standards are shown on
the left in kDa. Adapted from [62] with permissiddopyright (2003) National Academy
of Sciences, U.S.A.
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SDS-PAGE has also been combined with SEC to inyastiA aggregation [25,66,67]. A study by
Podlisnyet al used SDS-PAGE and SEC to observe the aggregatomess of A;.40 secreted from
CHO cells [66]. Soluble, SDS-stable aggregates-@56kDa, were detected during the first 4.5 h of
incubation at 37 °C via added radioiodinated syith® ;.40 at low nanomolar concentrations. These
6—-25 kDa A oligomers represented ~18% of the totalsignal via SDS-PAGE and ~31% of the total
A signal via SEC. This low conservation of the del signal over time to oligomeric species again
indicates that SDS-PAGE underestimates the amduadgregation. A study by Walst al. compared
size estimations via SEC to those obtained by amgjythese SEC fractions by SDS-PAGE [25]14
and A 142 were dissolved in Tris-HCI (pH 7.4) and incubafed 48 and 6 h, respectively, at room
temperature. SEC fractions corresponding tq-4 dimers, protofibrils, and fibrils produced a siagl
band at ~4 kDa on SDS-PAGE. The SEC fraction fof.A dimers produced a single SDS-PAGE
band at ~4 kDa, while the SEC fraction for 14, protofibrils and fibrils produced a ladder of size
ranging only from monomer to pentamer. These resuggest that SDS-PAGE may not accurately
detect A aggregate sizes produced throughout aggregation.
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2.4. Summary of SDS-Based Methods

As a standalone technique, SDS-PAGE is able tactléte .4, species ranging from monomer to
tetramer. Native-PAGE has been used to separaigoApecies ranging from monomer to pentamer.
However, for higher order oligomers, these techesgonly give a range of sizes that appear as a
smear on the gel. SDS-PAGE is often coupled wittelotechniques such as Western blotting and
PICUP to enhance the resolution of Aizes. By coupling SDS-PAGE to these techniqudsetter
resolution of A ;.40 species which appear as individual gel bands sporeding to monomer, dimer,
trimer, and tetramer and A4, species which appear as individual gel bands sporeding to monomer,
trimer, tetramer, and hexamer has been obtainedieter, the resolution of intermediate sized A
oligomers ranging from 30-70 kDa by PAGE remairsgmificant challenge. The addition of SDS
may also lead to complications including the aaegien of aggregation and the increased instability
of oligomers, thereby misrepresenting the distidubf A oligomeric species.

2.5. Capillary and Microfluidic Capillary Electropiresis

Capillary electrophoresis (CE) is another electooptic technique employed for size based
separations of A CE offers a fast and highly efficient separatodnmolecules with a broad range of
properties thereby making it well suited for thpaation of different sizes of protein aggrega6s.[
CE separates molecules based on electrophoretiditmowhich results from differences in charge,
shape, and/or size, and may be used either withitbout SDS. Thus, CE allows a highly efficient
separation and resolution of native forms ofgpecies, thereby overcoming the problem of gebsimg
in many SDS and native-PAGE gel separations. CEctleh typically uses either ultraviolet (UV)
absorbance or laser induced fluorescence (LIF)eteatl proteins. UV can detect proteins without any
additional labeling, but typically has a lower séugy than LIF. LIF usually requires labeling ofie
molecules, but is highly sensitive, with previoeparts of CE-LIF detection of double-stranded DNA
down to the pg/L range [69,70]. The ability to detect biomolecubdsthese low concentrations is
necessary for the analysis of physiologically ralgyrotein concentrations.

CE with UV detection has been utilized by varioesearchers to detect Aspecies from
monomers to large aggregates. Verpidoal used CE-UV to separate monomeric ranging in size
from 37-42 residues and differing in length by mge residue, however they did not examine A
aggregation [71]. A study by Sabed#iaal. applied CE-UV with an SDS rinse for the detectié\0;-40
and A 1.4, oligomers formed in PBS (pH 7.4) at room temperfr2]. At 0 h,peaks for A1
oligomers in a size range from monomers to undecar®0 kDa)/dodecamers (~54 kDa) and larger
aggregates were obtained (Figurdgh, A similar peak pattern was obtained over an liation time
period of 24 h with an increase in intensity of tiigher molecular mass (>50 kDa) oligomer peak
(Figure 5,t = 1440 min). However, resolution of individual sfes, especially in the larger aggregate
peak, was not achieved. Compared tq.£&, the peaks for A;.4o Wwere better resolved, but a drastically
different peak pattern was observed. At 0 h, tlpeeks ranging in size from 3 to 30 kDa were
obtained. A decrease in the intensity of the 1@B@okDa peak was observed over an incubation
period of 24 h with the disappearance of all pesties 48 h. This result shows that CE-UV is capable
of detecting small Aj.40 Species and intermediate oligomeric 14, species. In addition, the CE
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electrophoretic profiles of A.4 and A 1.4, differ significantly, supporting observations bx®E that
these two proteins differ in their early stageagdregation.

Figure 5. Electropherograms for A4, species formed in room temperature PBS (pH 7.4)
at different elapsed aggregation times frogmCE was performed with 50 mbar pressure
injection for 8 s with separation at 16 kV. Moleauiveights corresponding to each peak
were determined using Microcon centrifugal filteita with molecular weight cutoffs of 3,
10, 30, and 50 kDa. Peaks with migration times -61(® min represent monomers to
undecamers/dodecamers (3-50 kDa) and peaks withatoig times of 10-15 min
represent larger aggregates (>50 kDa). Reprintad {i72] published by John Wiley and
Sons, © 2004 WILEY-VCH Verlag GmbH & Co. KGaA.
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Picouet al. also observed substantial differences in the CEdlB¢trophoretic profiles of A.4o
and A 142 [73]. Two different preparations typically emplay& form A monomer or fibril were
used. The A;.40 monomer preparation yielded a single monomer pe#tk a molecular weight of
4.3 kDa. In contrast to A.io the A 142 monomer preparation gave peaks for both monomer
and fibrillar species. A peak pattern similar te ¥ 1.4, monomer preparation was also obtained for
the A 1.4 fibril preparation. The Aq.4; fibril preparation produced multiple aggregate kzeand no
monomer peak. Although this study was able to s#paA monomer from mature fibrils, the
detection of oligomeric A species was not achieved.

LIF detection has also been utilized as a moreitbemsneans of identifying lower concentrations
of A aggregate species separated using CE. A studiieohggregation patterns of As, using
CE-LIF was conducted by Katt al. [74]. The fluorescent dye thioflavin T (ThT) waseadl to detect
two different A 1.4, aggregate sizes with a 5 min analysis time [#jaddition, this study examined
the effect of seeding a freshly prepared 4 sample with a fibrillar A;4> seed. For samples without
a seed, a broad peak was observed with CE-LIF pssep to seeded samples that contained both a
sharp and broad peak, although no specific sizes determined.
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In addition to CE-LIF, microfluidic capillary eleciphoresis (MCE) has been used to study
A . MCE is similar to CE except operates on a muchllemscale. The advantages of MCE over
conventional electrophoresis methods include lomma consumption and a strong potential for
automation and integration [75,76]. MCE has bedizet to study A monomeric species. A study by
Mohamadiet al. utilized MCE-LIF for the separation of five Aisoforms (A 137, A 133 A 1:35, A 1-40,
and A 1.49) [77]. However, MCE has yet to be applied for sivedy of A oligomers.

CE as a technique for the detection of gpecies formed throughout aggregation is stiitdrearly
stages. CE-UV has been utilized to detect smalls4species ranging from 3-30 kDa as well as to
separate Aq.40 monomer from fibrillar species. A4, species ranging from 3-50 kDa and >50 kDa
have been detected using CE-UV. In addition, thmausgion of A 14>, monomer from fibrillar species
has been achieved using CE-UV, and the separdtiwvoalifferent A ;.42 fibrils has been accomplished
with CE-LIF. The development of MCE has promptesksechers to apply this technique to the study of
A , with initial investigations demonstrating the aeggion of five A isoforms differing in length by a
single residue. The ability of CE to detect sizesnf monomers to fibrils offers the potential to rnton
the amyloid aggregation process over time, andutee of LIF provides the potential for examining
physiologically relevant concentrations. Howevarther improvements to this technique must be
made in order to enhance the resolution of interatedized A species.

3. Spectroscopic Techniques for the Quantificatioof A Oligomer Sizes
3.1. Mass Spectrometry

Mass spectrometry (MS) is a widely used techniquehfe detection of monomeric and oligomeric
A . In MS, the sample undergoes vaporization, andocorents are ionized by impacting them with an
electron beam. lons are separated by their masisaige ratio using electromagnetic fields, andidhe
signal is processed into a mass spectrum charsatest the analyte. MS uses a variety of ionizatio
sources depending on the sample state. For vapmles, the most common source used to generate
gas-phase ions is a radioactive ionization (Rlys®(i78,79]. However, other ion sources such agnzor
discharge ionization (CDI) [80,81], photoionizati(fil) [80,82], and secondary electrospray ionizatio
(SESI) [83—86] have been used as well. The mostmamy used ionization source for liquid samples
is electrospray ionization (ESI) [83-86], and faslid@ samples matrix assisted laser desorption
ionization (MALDI) [87-90] and laser desorption ipation (LDI) [91-93] are widely used ionization
sources. In addition, there are various types assvamalyzers that process the ion signal into @& mas
spectrum. These include time-of-flight, quadrupade, trap, Fourier transform ion cyclotron, magaoeti
sector, and tandem instruments as recently revidwed&anu et al.[94]. The most common MS
techniques used for protein analyses are MALDI-M8 BSI-MS.

3.2 Matrix-Assisted Laser-Desorption lonization (MA)-MS

MALDI-MS may be combined with other separation teigoues such as SDS-PAGE to provide
more quantitative size estimates. lurastwal utilized SDS-PAGE in combination with MALDI-MS
to analyze a solution of A 4o solubilized in fibril growth buffer at pH 7.5 fdr days at 37 °C [48].
MALDI-MS indicated that the soluble fraction comtad two different ion mobilities, indicative of
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oligomerization. Parallel analysis using SDS-PAGH dris-tricine PAGE revealed the presence of
oligomeric A 1.40 of ~20 kDa (pentamer). A study by Magt al subjected wild-type and tyrosine
substituted Ai.40 and A ;.42 to PICUP and quantified the resulting aggregatessvia MALDI-MS
and SDS-PAGE [95]. SDS-PAGE yielded wild-type 140 bands for monomer through hexamer.
However, MALDI-MS was only able to attain massestfee monomer through tetramer bands, while
masses for the pentamer and hexamer bands coulBenateasured. This inconsistency could be
attributed to the presence of very small quantiiggentamer and hexamer. Alternatively, theseispec
may not be desorbed from the MALDI matrix as reads smaller oligomers. In addition, MALDI-MS
spectra of tyrosine substituted 4y, oligomers were not obtained, suggesting that eftiese oligomers
could not be incorporated into the MALDI matrix dtee their exceptional hydrophobicity or their
covalent or weak noncovalent interactions wereugied by the desorption/ionization process. These
results show that although MALDI-MS may be usedgt@ntify A oligomers, this technique does
have drawbacks including limited matrix interacg8aas well as the inability to distinguish molecules
with overlapping charge-to-mass ratios, expensd, lahor intensive analyses [96,97]. In addition,
since MALDI is typically coupled with a pre-sepaoat step such as SDS-PAGE, its detection
capabilities may vary depending on the pre-sepgaraéchnique used.

3.3. Electrospray lonization (ESI)-MS

ESI-MS has been used to analyze liquidgamples. Palmblaet al. have utilized ESI-MS to study
the effect of Met-35 oxidation on the formation Af ;.40 oligomers [98]. They found that freshly
dissolved A .40 and A 1.4dMet35(0) both exhibited monomers and dimers (Figurneanels a and b).

In addition, A .40 and A ;.40Met35(0) incubated for 41 min exhibited similar moomer and
dimer signals (Figure 6, panels e and f). In catfraimers and tetramers were detected for freshly
dissolved A .40 (Figure 6, panel c) whereas these species werelatettable for freshly dissolved

A 1.40Met35(0) (Figure 6, panel d). However, after >9% mi incubation, A;.40 and A ;.40Met35(0)
exhibited similar trimer and tetramer signals (Fe®, panels g and h). These results suggest that
Met-35 oxidation slows a conformational change thal be necessary for early formation of; Ay
trimers. Although ESI-MS can be used as a way ¢eZe protein oligomers in time, complications
arise when a protein could simultaneously poputateimber of states with the same mass-to-charge
ratio [97]. This complication makes it difficult uantify different size oligomers that have thmea
mass-to-charge ratio.
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Figure 6. ESI-Mass spectra of 4.0 uM freshly dissolved 4 (a and c), freshly dissolved
A 1.40Met35(0) (b and d), Ai40 and A 1.40Met35(0) incubated for 41 min (e and f), and
A 140and A 1.40Met35(0) incubated for >95 min (g and h). Ao samples were dissolved
in H,O and A 1.40Met35(0) samples were dissolved intHand 2.7% KO,. Reprinted
with permission from [98]. Copyright (2002) The Arnivan Society for Biochemistry and
Molecular Biology.
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3.4. lon Mobility (IM)-MS

IM-MS is capable of separating ions by both thdiage and charge, which has rendered it a
successful technique for the separation of confesn@ various shapes arising from a single
protein [94,99-101]. lons are separated in timeowrting to their cross sections by passing them
through a drift cell containing helium gas undee ihfluence of a weak electric field [102]. The
flight times are combined with the drift times telg the mass-to-charge IM distributions for alhso
in the sample. The ability of IM-MS to separate gee that differ in shape or size but have the
same mass-to-charge ratio has made this technigogverful tool for analyses of the early stages of
A oligomerization.
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Various research groups have utilized IM-MS to gaibetter understanding of the early events
of A aggregation. A;.40 conformational states in freshly dissolved andregated solutions have
been studied by lurascet al [48]. Two different conformational states weretasbed for freshly
dissolved A 140 and the soluble fraction obtained byA incubation for 5 days at 37 °C and pH 7.5.
Bernsteinet al. used IM-MS to study the aggregation of14, versusA 1.4> with a Phel9 Prol9
substitution [103]. Monomers and large oligomersemeroduced by unfiltered A.42, while protein
passed through a 10,000 amu filter yielded monoutierer, tetramer, hexamer, and an aggregate of
two hexamers. In contrast, the Pro19 alloform pocedumonomer, dimer, trimer, and tetramer but no
large oligomers. In a more recent study by Bernsetial, a mechanism for A.q0 and A 1.4
oligomerization and eventually fibril formation wasstulated [104]. Using IM-MS, this group was
able to determine the shape and size of A and A ;.42 oligomers. A ;.40 Oligomerization proceeded
via the formation of dimer and tetramer followed thg very slow formation of fibrils containing a

-sheet structure. In contrast, A, proceeded via the formation of dimer, tetramed arhexameric
paranucleus followed either by the formation of elmameric species or the slow conversion into
fibrils containing a -sheet structure. Representative IM-MS data obtaineBersteiret al for A 1.4,
and A 140 are shown in Figure 7. Similar findings about &aely oligomerization behavior of A4
and A 1.4 were obtained by Murragt al using IM-MS [102]. In addition, these researchiensnd
that in an equimolar mixture of A4 and A 1.45, A 1.40 inhibited the formation of higher molecular
weight oligomers by Aq.42. This result suggests that Ay could sequester A4, into stable tetramers
and prevent the further oligomerization of4, into dodecameric species.

Figure 7. IM-MS arrival time distributions fora) 30 uM A 1.42 in 49.5% HO, 49.5%
acetonitrile, and 1% NDH and b) 30 uM A 140 in ammonium acetate (pH 7.4).
D = dimer, Te = tetramekl = hexamer, Do = dodecamer withea = 5/2. Figure 7a
adapted with permission from [103]. Copyright (2P0&merican Chemical Society.
Figure 7b adapted by permission from Macmillan Rgrs Ltd.: Nature Chemistry [104],
copyright (2009).
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3.5. Fluorescence Correlation Spectroscopy

Fluorescence correlation spectroscopy (FCS) haslaen utilized to gain information about the
size of A species formed throughout aggregation [24,105-1BCS was originally developed by
Eigen and Rigler in the early 1990s [108]. In F@8labeled protein is combined with fluorescently
labeled protein and, at various times throughowgreggtion, the fluorescent dye is excited by a
sharply focused laser beam. The emitted fluorescefi@ small number of molecules in solution is
observed. The fluorescence intensity fluctuates wud@rownian motion of the particles, and an
intensity correlation function can be used to datee the average number and average diffusion time
(i.e,, molecular size) of molecules. Advantages of F@3ude high sensitivity (nM range and below),
ability to examine a wide range of molecular si@es, monomer, oligomer, fibrils) [109], fast analysis
times [109], and small sample volumes (femtolif@f)0]. In addition, no pre-separation step is respli
for the determination of particle radius via FC®wéver, assumptions must be made about the kinetics
of the aggregation process as well as moleculgresimeorder to determine molecular weight.

Various researchers have employed FCS to monitoaggregation. A study by Matsumugga al.
utilized FCS to monitor the aggregation of 4¢ and A 14, and observed distinct aggregation
pathways, dependent upon incubation conditiong, rdsulted in the formation of either oligomeric
species or fibrils [24]. Two different site-specifabels at either the N-terminus or Esere used to
monitor aggregation. One pathway involved the fdromaof 10—15 nm spherical A4, assemblies of
~330 kDa, termed amylospheroids (ASPDs), appeaiitey 5 h of gentle agitation of a 50 uM Ay,
solution in F12 buffer at 4 °C. These ASPDs wenenfed from A species of ~12.7 kDa initially
present in solution. In addition, the aggregatiathprays were similar for the N-terminus and ¥ys
site-specific labels. An alternative pathway imem\ibril formation from 100 uM A;.40 Solutions in
Dulbecco’s PBS (pH 3.5) with gentle agitation atCl This pathway began with dimer formation at
0 h, followed by the formation of intermediate sizepecies of 1540 nm after 2—-9 h. Eventually,
larger molecular weight fibrils (14,000 kDa) weoerhed after 24 h using Alabeled site-specifically at
Lys™®. However, much larger aggregates (120,000 and®00,000 kDa) were formed after 24 h using
A labeled site-specifically at the N-terminus. Itsamlaus postulated that the E§gluorescent probe
interfered with aggregation into larger fibrils. Bynploying oligomer formation conditions, Cizztsal.
used FCS to observe much smalleri; 4y oligomers [105]. They dissolved A4, in HFIP with
subsequent dilution into de-ionized water and irtigm at 20 °C with or without agitation (500 rpm)
for 24 h. The average radius observed for unagitsaenples was ~3.4 nm while the radius for agitated
samples was ~8 nm. Garat al. have applied FCS to monitor the A, aggregation process when
monomer is initially the predominant species presesolution (Figure 8, time = 0.05 h) [107]. Afte
1 h, intermediate aggregates of 20—100 nm formeldgaew to sizes >1000 nm after 24 h (Figure 8,
time = 2-24 h). These A4 intermediate sizes are larger than those obsdryellastmuraet al.
and could be due to different sample preparatianthe presence of different Aspecies at 0 h.
These studies again show that although.4 and A 1.4, differ by only two amino acid residues, the
aggregates formed are considerably different.
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Figure 8. Size distributions obtained via FCS for 4 dissolved in 2.8 mM NaOH,
diluted to 10 uM in HEPES (pH 7.4), and incubatedoam temperature. Sample taken at
~3 min shows predominantly monomeric species wite formation of intermediate
aggregates of 20-100 nm after 1 h and further dramto larger aggregates >1000 nm
after 24 h. Adapted with permission from [107]. @oght (2008), American Institute
of Physics.

3.6. Summary of Spectroscopic Methods

MS is capable of detecting low oligomer concentrai but is expensive and has difficulty
separating species with identical mass-to-chartjesrauch as A aggregates [96,97]. To address this
problem, MS is often coupled with an upstream sapar technique such as SDS-PAGE [48,95]. In
addition, IM-MS has been utilized for the sepamaind different sizes and conformations of,4, and
A 142 with promising results for small oligomers. Howevtre addition of a step such as IM also
increases the time needed for analysis and therefecreases the chances of detecting transient
species. Consistent results for 40 and A 1.4, oligomer sizes formed during the earliest everits o
aggregation have been obtained using MS technid¢legever, the detection of larger A and A 142
oligomeric species ranging from ~32—~100 kDa hdsren achieved using MS. FCS does not require
a pre-separation step to determine the particlisaaf species in a sample. This technique has been
successfully applied for the detection of small antdrmediate sized Aoligomers as well as large A
fibrils. However, FCS vyields average values of ipkrtradius for a population of aggregates and not
individual particle sizes or their distributions.
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4. Additional Techniques Utilized for A Aggregate Size Determinations
4.1. Light Scattering Techniques

Light scattering technigues have been used to me#suaggregate sizes. Classical, or multi-angle,
light scattering (MALS) employs a well collimategsingle frequency light beam to illuminate a sample
of macromolecules [111]. When incident light int@geawith the macromolecules in solution, an
oscillating dipole is induced and the light is esliated, or scattered [112]. Aggregated structures
induce coherent scattering, and as a result tkasity of scattered light is dependent upon molassn
Furthermore, destructive and constructive scatjetivat result from the independent scattering of
individual molecular elements can give rise to agudar dependence of the scattered light, which is
function of the size of the molecule. Thus, themsity of the scattered light is measured as atifumc
of scattering angle, often referred to as Rayleigattering, to yield the molar mass and root mean
square (rms) radius of the macromolecules [112].LMAs ideal for characterizing larger assemblies
(>10 nm). In contrast, for analyses in which smafi®lecules are present in solution, dynamic light
scattering (DLS), also known as quasi-elastic ligtdttering (QELS), is used. DLS employs a fast
photon counter to measure time dependent fluctosiio scattered light at a single angle (usualR),90
which are related to the rate of diffusion of thaamomolecules [112,113]. Measurement of diffusion
rates allows calculation of the hydrodynamic radiRg of macromolecules using the Stokes-Einstein
equation [113]. When used as standalone techniddd&S yields the weight-averaged molar mass
for all molecules in solution. While DLS can digjiinsh populations that differ in size by a factér o
five or more, individual peaks exhibit a high degad polydispersity. Therefore, it is often necegsa
to utilize a pre-separation step in conjunctionhvight scattering to obtain an accurate estiméata®
relative amounts of individual aggregates presergoiution. In addition, the exponential dependence
of scattering on aggregate size prohibits the dete®f low quantities of small aggregates in the
presence of larger species.

Various researchers have utilized MALS and/or DI characterize A assemblies formed
throughout aggregation [114-117]. Carro#ta al. utilized both MALS and DLS to monitor the
aggregation of a 185 uM A4 sample at pH 3.1 and 37 °C [117]. DLS was usedhiaracterize
aggregate sizes formed during the early stageggtgation up to ~38 h, as shown in Figure 9. After
5 min (Figure 9a), an averagga of 7 nm was obtained. The size distribution becamee polydisperse
over time and ranged from 10-52 nm after 37 h (feif). However, only average size distributions
could be obtained and no information was reportsaliaithe concentrations of each aggregate species
(i.e., monomer, dimeretc). Larger aggregates (hundreds of microns) wemndd after 2 weeks as
detected by MALS.

Similar to these findings, Lomaket al. observed using DLS the initial formation of a spleglindrical
micelle with averag®y of 7 nm immediately following dissolution of A4 at pH 2 [115]. In addition,
they reported two different kinetic patterns fogeggation of A;.40 prepared at a concentration either
above or below the critical micelle concentrati@W(C) of 100 uM [114] Complimentary DLS and
MALS studies by Murphy and Pallitto also demon&tda&n effect of A concentration upon aggregate
formation [118]. They demonstrated that dilution Af;40 from urea into PBS yielded larger
aggregates at lower protein concentrations, whieiticrease iRy for aggregates was proportional to
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the protein concentration. In addition, MALS datalicated that the linear density of aggregates
increased with protein concentration. Thuneeiteal. have utilized MALS and DLS to study the
aggregation of A;.40 and A 142 in acetonitrile-water mixtures [116]. At the onsétaggregation, A;.4»
was present as a 2 nm oligomer and rapidly formealst with a length <50 nm within 4.5 h. In
contrast, A 1.4 initially exhibited large aggregates that grewtifles slower than aggregates of14..
However, the presence of these large aggregategprealude observation of a separate population of
oligomers. These findings highlight differencedhe dissolution and aggregation of Agand A 1.42.

Figure 9. Time evolution oRy for a 185 uM A 140 Sample incubated at pH 3.1 and 37 °C.
Distributions were determined using a constrairegglilarization method. Reprinted with
permission from [117]. Copyright (2005) The Amerc&ociety for Biochemistry and
Molecular Biology.

4.2. Light Scattering in Combination with Other fiemues

Because light scattering techniques provide inféionaabout the weight-average molar mass and
radius for all molecules in solution, they are ofupled with a pre-separation technique such as
asymmetric field flow fractionation (AFFF) [119] &EC [25,120,121] to better characterize individual
A oligomeric species. A study by Nichasal. utilized MALS with SEC as well as DLS to charaizer
A 140 protofibrils following growth by monomer elongati®r lateral association [120]. They found
that protofibrils isolated by SEC exhibited an ageRy of 51 nm and molecular weight, determined via
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MALS of 30,000 kDa. Protofibrils that had grown tmponomer deposition had an averdeof 143
nm and molecular weight of 57,000 kDa, while pritols that had grown by lateral association had
an averag®, of 104 nm and molecular weight of 86,000 kDa. Remnore, SEC-MALS revealed that
the mass per unit length of protofibrils was ungehduring elongation, but was increased following
association. The temporal change in size ofi.4 protofibrils isolated by SEC has also been
monitored via DLS by Walskt al. [121]. The initial averag®y for protofibrils isolated by SEC was
~27.8 nm, and protofibril size grew to 80.6 nm oagreriod of 9 days when 17 uM A4 in Tris-HCI
(pH 7.4) containing 0.04% w/v sodium azide was bated at room temperature.

AFFF is another technique that has been coupled hght scattering to estimate the molecular
weight of individual A aggregates. AFFF exploits the parabolic flow peofireated by the laminar
flow of a sample through a thin, parallel platewflehannel, where the lower surface is solvent
permeable [122]. A perpendicular force appliedhe flaminar flow stream drives molecules towards
the permeable boundary layer of the channel [1B8ause Brownian motion of the particles creates a
counteracting force, smaller particles localizehleigin the channel leading to separation of difiere
molecular sizes, with smaller molecules elutingtfill22]. Rambaldet al. utilized AFFF-MALS to
monitor the aggregation of A4, in PBS (pH 7.4) at room temperature over 24 h [1A90 h, two
major peaks were obtained corresponding to moleeutéghts of ~60 kDa and ~1000-100,000 kDa.
In addition, the retention time of the ~60 kDa speaecreased between 0 and 4 h, corresponding to
an increase in aggregate size of 6.5-4.7 nm. Tieasity of the two peaks also decreased over 24 h,
possibly due to irreversible adsorption of the sienp the permeable surface. Although AFFF-MALS
has several advantages, including gentle, rapid,rem-destructive separation, improvements to the
ultrafiltration membrane are critical to enhancealgsis capabilities. In addition, the smallest
molecular weight cutoff for membranes is 5 kDa, mgldetection of A monomeric species difficult.

4.3. Centrifugation

Centrifugation has also been explored as a metbhoddtermining A size. Here, sedimentation
coefficient (s) values can be correlated with molac weight. Mok and Howlett provide a nice
overview of sedimentation velocity centrifugationthe context of A analysis [124]. Warét al. used
density gradient centrifugation to fractionatei4, samples incubated at pH 7.4, 35 °C for 30 min,
18 h, or 18 days [26]. Using SDS-PAGE with Westelotting to analyze sedimented samples, they
found that A 140 incubated for 18 h contained only small molecwiaight oligomers (4-17 kDa),
while A 1.4 incubated for 18 days showed the presence of & kP& band as well as significant
streaking, indicating other unresolved sizes. Huanhgal. used analytical ultracentrifugation to
compare Ai.40 Samples prepared at pH 3, 5, and 7 [125]. Thegro@ted that at pH 5 there were no
soluble aggregate species. At pH 7, they identifisthll oligomers with an average molar mass of
12.1 kDa, and at pH 3 they identified a range @jragate sizes with an average molecular weight of
1 MDa. Nagel-Stefeet al. also used sedimentation velocity centrifugationtfe analysis of A;.4,
samples after 5 days of agitation at room temperatnd were able to detect “globular species” rangi
in size from ~270 kDa—-3.8 MDa as well as even largggregates [126]. Interestingly, they also
compared three different simulation methods foredeining molecular weight from sedimentation
values and obtained molar masses that differegopsoaimately one order of magnitude.
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4.4. Size Exclusion Chromatography

SEC, a chromatographic technique, separates mekbialsed on molecular hydrodynamic volume
or size. Molecules too large to penetrate the pofabe column packing material elute in the void
volume, while smaller molecules travel through goges and elute at later times. Globular proteins
are often used as standards to estimate the siZe afligomers. However, since Ais a linear,
hydrophobic peptide, comparisons between the eluiehavior of A oligomers and size standards
are difficult [127]. In addition, the sample is gedied to a several-fold dilution, which facilitatéhe
dissociation of small unstable oligomers [128]rélliy precluding the detection and size estimation o
these species.

Although SEC is typically utilized in conjunctionitiv another technique, SEC as a standalone
technique has been employed for the study ofaggregates [129-131]. Engluetial. used SEC to
detect low molecular weight Aaggregates, Aprotofibrils, and A fibrils formed using different A
sample preparations [130]. The size of low molecwaight A aggregates ranged from 4-20 kDa
(Figure 10, panel a), while Aprotofibrils were >100 kDa (Figure 10, panel c)mfore narrow size
distribution of A ;.47 oligomers of 24t 3 kDa (pentamer—hexamer) has been obtained by Aletra.
with SEC [129]. This resolution was achieved bybdiaing A 14, oligomers at a low temperature
(4 °C) and low salt concentration (10 mM NaCl). @pet al. have analyzed via SEC freshly prepared
1 mg/mL A 140 in PBS (pH 7.4), diluted from DMSO, and achievedalution of an A;.4 trimer
with molecular weight of 11.6-15.7 kDa [131]. Th&atence in sizes obtained by Ahmetal. and
Zheng et al. most likely result from differences in sample @egion. While these studies show
promising results for resolution of a single low lesular weight A oligomer, the resolution of
individual intermediate A oligomeric sizes formed during aggregation hasbesn achieved using
SEC as a standalone technique.

Figure 10. HPLC-SEC chromatograms of Aaggregates produced using sample
preparations of 50 UM synthetic Alesigned to optimizea) low molecular weight A;.40
oligomers andd) A 1.4, protofibrils. To ensure that insoluble fibrils veenot present in
solution, these species were removed via centtilmgarior to analysis, and this was
confirmed by an absence of SEC signall & fibrillar A 1.4, preparation. Absorbance at
214 nm is given on the y-axis and retention timgiven on the x-axis. Adapted from [130]
published by John Wiley and Sons, © 2007 The Awhiwurnal Compilation © 2007
International Society for Neurochemistry.
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Figure 10.Cont.

4.5. Summary of Additional AAggregate Size Determination Techniques

Light scattering techniques, such as MALS and Cha/e been used to detect both small and large
A aggregates. DLS is more suitable for the deteatioemaller aggregates and gives information
about aggregate size, By, while MALS has been utilized for the detectionlafger A species,
including fibrils, and can provide information albauolar mass. MALS and DLS, however, give a
weight-average molar mass &y for all molecules in solution and must be couptedanother
technique in order to increase the resolution dividual sizes. SEC as a standalone technique has
been utilized to detect low molecular weight sligomers and protofibrils, and SEC-MALS has been
used to characterize protofibrils formed via difier growth mechanisms. However, due to the
dilutions required by SEC, small unstable oligomars often dissociated, thereby precluding their
analysis. AFFF-MALS does not require a pre-fractiion step and has been used to separate A
oligomers of ~60 kDa from larger species. This teghe yields a gentle, non-destructive separatfon o
molecules. However, further improvements to theafiltration membranes must be made in order to
reduce adsorption of the sample to the membranatri@gation has also been explored for the
separation of small oligomers (4—17 kDa) and lagmecies (>250 kDa) but requires an uncertain
correlation of sedimentation coefficients with nrat@ass. Each of these techniques are suitablédor t
detection of a wide range of Aaggregates present throughout aggregation butmrdsficulties with
respect to the resolution and quantification ofvidtial A aggregate sizes.

5. Techniques Utilized for A Oligomer Identification

While this review focuses primarily on techniquepable of qualitatively determining the size of
A oligomers, techniques that can identify the presenf oligomers, without providing information
about oligomer size, are also available. Althougalitative in nature, we have chosen to brieflycdss
two of these techniques, dot blot and ELISA, assalt of their frequent use and emerging interest.

5.1. Dot Blot

Dot blots employ a protein captured upon a membeana spot, or dot. A primary antibody binds
to the protein epitope of interest followed by theding of a secondary antibody to facilitate datsc
When dot blots are probed with antibodies that i§ipally recognize oligomeric A, they can confirm
the presence of oligomers but give no informatibawt aggregate size. Three different @ntibodies,
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oligomer-specific A11 or sequence specific 4G8 @RdO (see Table 1 for Abinding epitopes), were
employed in conjunction with a dot blot assay fetedtion of aggregating Aby Wonget al. [57].

A 14owas diluted to 50 uM in PBS (pH 7.4) and incubae87 °C. At times ranging from 0-3 days,
a sample was analyzed via dot blot, as shown imrEidgl. A1l binding revealed the transient
appearance of oligomers in uninhibited sampleslendtection via 4G8 and 6E10 remained constant
until later times when signals decreased, preswndbe to masking of binding sites following
aggregation. Changes in these patterns in the nmesef inhibitor demonstrated the ability of the
inhibitor to prevent oligomer formation and slove tevolution of larger aggregates. Neceial. used

a dot blot assay to monitor the oligomerizatioof .4, dissolved in 200 mM NaOH, diluted to 45 uM
in PBS (pH 7.4), and incubated at room temperdird 0 days [132]. Similar to Wonet al, they
probed the specificity of three different antibajieligomer-specific A11 and sequence specific 6E10
and 4G8. At 0 days, 6E10 and 4G8 strongly reactiélal Av 1.4, aliquots, while A1l reacted weakly,
indicating that only monomeric species were preséntstrong immunoreactivity for A1l was
observed after 4 days and continued to increas#eansity over 10 days, similar to results obtaibgd
Wonget al. Again, this was accompanied by a decrease in monaactivity of 6E10 and 4G8.

Figure 11. A aggregation monitored via dot blot. A 50 uM 4, sample was incubated
in PBS (pH 7.4) at 37 °C in the presence (+) oreabs () 3 x Brilliant Blue G (BBG)
inhibitor. Samples were taken on the indicated dagyd spotted on a nitrocellulose
membrane. Oligomer-specific A11 antibody and-g#equence specific antibodies 4G8 and
6E10 were used to detect aggregates. Reprinted pethmission from [57]. Copyright
(2011) American Chemical Society.
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5.2. Enzyme-Linked Immunosorbent Assay

ELISA is a commonly used technique for the idecdifion of A oligomers. ELISA may be used in
a traditional or sandwich assay format. In theitrawial format, protein adsorbed at a surface can b
detected using a primary antibody that is spediic A oligomers (see Table 1). This primary
antibody can be directly linked to an enzyme tlverts added substrate to a detectable signalk(dir
ELISA) or can be coupled with a secondary antiboolytaining the enzyme moiety (indirect ELISA).
The latter format serves to enhance the assaylsiit@rnatively, in the sandwich ELISA format, a
sequence-specific capture antibody (see Table 49rbdd onto the surface is used to capture A
protein, which is subsequently detected using #messequence-specific antibody, such that only A
species containing multiple monomeric units, aretéfore multiple epitopes, are detected [130,133].
Consequently, this sandwich ELISA will recognizelyomggregated A, but not A monomer.
Although ELISA can identify the presence of Aligomers in a sample, this technique is not ckpab
of determining sizes of these oligomeric specidseré&fore, ELISA is most advantageous for the
detection of oligomeric Awithin a sample containing many different proteins

Various researchers have utilized ELISA for theedbdn of A oligomers [128,130,133-135]. A
study by Englunckt al. employed a sandwich ELISA with monoclonal antibdd®g for the detection
of low molecular weight oligomeric A.4 produced by dissolving A.4 in 10 mM NaOH with
dilution to 50 pM in 2 X PBS and A.4; protofibrils produced by dissolving A42in 10 mM NaOH
with dilution to 443 puM in 2 X PBS and incubationesnight at 37 °C [130]. Gonzales al. utilized a
similar ELISA assay to detect low molecular weight;_4, formed by dissolving A;.42 in HFIP with
dilution to 200 nM in PBS (pH 7.2) and incubatian3a °C for 24 h [133]. The size of these species
was confirmed with PAGE to be tetramer and pentarhewever, the bands were very faint,
indicating the superior sensitivity of the ELISAsag for these oligomeric species. A detection limit
for A 1.40 0ligomers of 80 nM was obtained in these studies.

5.3. Summary of AOligomer Identification Techniques

Dot blots and ELISAs have been employed to detiegbmeric A assemblies. Dot blots have been
used to observe the transient evolution of olig@wkiring aggregation, but provided no information
about A aggregate size. Low molecular weight Aligomers and A protofibrils have been
detected via ELISA at nanomolar concentrations. el@w, PAGE was required to estimate the size of
these species. Thus, these techniques can selysitw&irm the presence of oligomers but yield no
size information.

6. Conclusions

This review describes a variety of techniques, sanmad in Table 2, that are currently utilized to
determine the size or presence ofa@ggregates, with a focus upon oligomeric spetiesse techniques
have been explored for the quantitative detectiodifterent aggregate sizes with various limitagdo
their resolution, dependence on pre-analysis proesdsensitivity, cosetc Electrophoretic techniques,
such as SDS-PAGE, Western blotting, and CE, areelwidsed for size-based separations of A
aggregates. In particular, SDS-PAGE and Westerttitdoare suitable for the detection of monomeric
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and small oligomeric A species. The separation of larger oligomers vi&S-HPBAGE is more
difficult due to the sensitivity of these sizesdenaturing conditions, which can result in aggregat
decomposition during analysis. The recent developrotantibodies specific for Aoligomers has led
to an increase in the application of Western higitidot blotting, and ELISA to study Aaggregation.
However, the detection limits of Western and dottisig prohibit study of physiologically relevant A
concentrations. While more sensitive, ELISA is éetuited for the identification of specific analyt
such as A oligomers, present within a mixed population bammot distinguish individual oligomer
sizes. CE with LIF detection offers a highly sensit detection of physiologically relevant
concentrations, but the application of CE to antd/laggregation analyses is still in the early stages
MS is another commonly used technique for Aggregate size-based separations. MS has been
successfully used to detect small oligomeric spef@specially IM-MS) but quantitative analyses of
aggregate size may be limited by the pre-separatem the ability to differentiate species witghly
similar charge-to-mass ratios, and high equipmestsc FCS, MALS, and DLS may be utilized for
determination of A aggregate size, but yield a weight-averaged mtaeeueight of species, thereby
limiting the resolution of individual A aggregate species. Centrifugation has been usedaimine
small oligomeric species up to large fibrils; hoeegvselection of the method for determination of
molar mass from sedimentation coefficients can playmportant role in size estimation. SEC may be
coupled with these approaches or used as a staedt#ohnique; however, SEC is complicated by
dilution of the analyte during separation, inadeguasolution of intermediate oligomeric specieg] a
limited utility of size standards.

Table 2. Summary of techniques for the quantitative dedectind/or identification of A
aggregate sizes formed throughout the aggregatmegs.

Aggregate Sizes

Technique Advantages Disadvantages References
Detected
SDS-PAGE - SDS offers strong size- - SDS may induce non-native  4.5-20 kDa, [45,46]
based separation behavior and destabilize >83 kDa
oligomers
- Gel smearing
Native PAGE - Ability to separate based - Gel smearing 8-20 kDa, [48,49]
on charge and high molecular
hydrodynamic size weight
Western Blotting - High sensitivity and - Requires specific and 4-16 kDa, [45,50-53,55]
specificity, expensive antibodies 16.5-25 kDa,
- Incomplete transfer of proteins 30-97 kDa
onto membrane (with SDS-PAGE)
- Technically demanding
Capillary and - Fast, highly sensitive - Low resolution of intermediate 4-50 kDa, [72-74]
Microfluidic separation of proteins sized A oligomers >50 kDa,
Capillary based on charge and - Irreproducibility fibrils
Electrophoresis hydrodynamic size

- Low sample volume
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Mass
Spectrometry

- Fast data acquisition
- Can identify multiple

species with different
mass-to-charge ratios

Table 2.Cont.
- Inability to distinguish 4-24 kDa, [48,95,98,
molecules with overlapping ~48 kDa, 102-104]

mass-to-charge ratios (MALDI, fibrils,
ESI)

- Expensive
- Labor intensive

Fluorescence

- High sensitivity, ability to

- Relies on assumptions about

~10 nm—1 pum [24,105,107]

Correlation look at wide range of shape and kinetics of protein to(small
Spectroscopy sizes within a sample determine molecular weight  oligomers—
- Fast analysis time - Yields average molecular aggregates)
- Low sample volume weight values
Light Scattering - Direct measurement of - Yields weight-average molar >10 kDa [112,116,117]
molar mass and radius mass and not size of individual (MALS)
(MALS) species or their distribution 1 nm-1pum
- Simultaneous detection of - Exponential dependence of  (DLS)
multiple populations scattering on aggregate size
within a sample (DLS)
Centrifugation - Ability to detect a wide - Theoretical size estimate 4-17 kDa, [26,126]
range of sizes depends on appropriate >250 kDa,
(oligomers—fibrils) assumptions in the model ~270 kDa—3.8 MDa
- Fast analysis time
Size Exclusion - Well established - Leads to sample dilution which 4-20 kDa, [129-131]
Chromatography  technique can dissociate unstable 24 kDa,
oligomers >100 kDa
- Comparisons between elution
behavior of oligomers and
globular protein standards
make molecular weight
estimations difficult
Enzyme-Linked - Highly sensitive and - Gives information about No size [130,133]
Immunosorbent specific presence of oligomers and not determination
Assay - Ability to measure size
specific analytes within a - Requires expensive and
crude preparation specific antibodies
- Versatile
Dot Blot - Straight-forward, rapid - Gives information about No size [57,132]
technique presence of oligomers and not determination

size

- Requires expensive and

specific antibodies

Although each of the methods discussed in thisekeVias the capability to determine Aggregate

size, the pathogenic events that initiate the rfdsig of A and formation of aggregate species
remain elusive. Hence, there is a continued needniprovement of these techniques in order to
realize the effective detection of small size diéfeces in A oligomers. In order to leverage the
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advantages of each Adetection method, a combination of approaches rbesttilized, allowing
validation of findings from different techniquesdaa better understanding of the early events of the
A aggregation process.
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