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ABSTRACT: Alzheimer’'s disease (AD) is characterized by large numbers of senile plagues in the brain
that consist of fibrillar aggregates of 40- and 42-residue amyfofd5) peptides. However, the degree

of dementia in AD correlates better with the concentration of solulflespecies assayed biochemically

than with histologically determined plague counts, and several investigators now propose that soluble
aggregates of Aare the neurotoxic agents that cause memory deficits and neuronal loss. These endogenous
aggregates are minor components in brain extracts from AD patients and transgenic mice that express
human A8, but several species have been detected by gel electrophoresis in sodium dodecylsulfate (SDS)
and isolated by size exclusion chromatography (SEC). Endogendagdkegation is stimulated at cellular
interfaces rich in lipid rafts, and anionic micelles that promojg aggregationn vitro may be good

models of these interfaces. We previously found that micelles formed in dilute SDS (2 mM) promote
ApS(1—40) fiber formation by supporting peptide interaction on the surface of a single micelle complex.

In contrast, here we report that monomerje(A—42) undergoes an immediate conversion to a predominant
B-structured conformation in 2 mM SDS which does not proceed to amyloid fibrils. The conformational
change is instead rapidly followed by the near quantitative conversion of the 4 kDa monomer SDS gel
band to 8-14 kDa bands consistent with dimers through tetramers. Removal of SDS by dialysis gave a
shift in the predominant SDS gel bands to-3D kDa. While these oligomers resemble the endogenous
aggregates, they are less stable. In particular, they do not elute as discrete species on SEC, and they are
completed disaggregated by boiling in 1% SDS. It appears that endogenous oligofhaggregates are
stabilized by undefined processes that have not yet been incorporateih inivo AjS aggregation
procedures.

The brains of patients with Alzheimer's disease (AD)
contain large numbers of fibrillar amyloid deposits in the
form of senile plaqueslj. The fibrils in senile plaques are
composed of peptides calledsALl—40) and A3(1—-42) (2,

AD. The strongest evidence supporting this hypothesis comes
from the identification of numerous mutations linked to early
onset familial AD (FAD) @). All reported FAD mutations
increase either the overall production gf Ahe level of the

3) that are produced by proteolysis of cellular amyloid more amyloidogenic A(1—42) relative to A8(1—40) (re-
precursor protein (APPYJ. The peptides are identical except viewed in §)), or the propensity of a mutatedsAo form

for an additional dipeptide segment lle-Ala at the C-terminus amyloid aggregatesry.

of AB(1—42) that extends beyond the 40-residue sequence The degree of dementia in AD correlates much better with
in AB(1—40). As originally suggested by the amyloid cascade the concentration of soluble/Aspecies assayed biochemi-
hypothesis §), it appears likely that & peptide aggregates cally than with histologically determined plaque counts (see
initiate cellular events that lead to neurodegeneration andref 8). As a consequence, a number of investigators now
propose that soluble aggregates ¢f, Aather than insoluble
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aggregates are present at low levels, making their identifica-
‘tion and characterization difficult, but several species in
extracts of AD brains have been detected as bands on
immunoblots of SDS-PAGE geld%). Similar bands also
were observed in samples offAmmunoprecipitated from
the conditioned medium of CHO cells transfected with APP
cDNA (13, 16, 17) and in brain extracts from transgenic
Tg2576 mice that express a mutant human APP and
substantial levels of A (12, 14, 18). The apparent molecular
masses of the bands corresponded to multiples of 4 kDa A
monomers and ranged from dimers to dodecamers, and the
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species collectively have thus been designated #s A (1—40) were reconstituted in 0.1 M Tris-HCI (pH 8.0) and
oligomers. While some of these oligomers could have been purified by size exclusion chromatography (SEC) on Super-
derived from larger aggregates that were dissociated by SDSdex 75 as described previousBgj. AB(1—42) was dissolved
during SDS-PAGE analysis, fractionation by size exclusion at 0.5-2.0 mM either in 1:1 hexafluoro-2-propanol (HFIP)/
chromatography (SEC) in the absence of detergent showedwvater or in 30 mM NaOH 30) 15 min prior to SEC on
that this was not the case. They were isolated as discreteSuperdex 75. Yields of monomeric ffl—42) in SEC
species at elution volumes consistent with their apparentfractions were higher following dissolution in NaOH, and
masses on SDS-PAGHZ, 14, 19). The isolated oligmers  peptide integrity was again confirmed by MALDI-TOF mass
are of great interest, as they appear to potently inhibit spectrometry. Monomeric/#1—42) was stored at 2C and
hippocampal long-term potentiatiordi3 17) and disrupt used within 1 day of SEC purification in all the experiments.
cognitive function 14, 20). Concentrations of A were determined by UV absorbance

The isolation of A8 oligomers following aggregation of ~ With a calculated extinction coefficient of 1450 chM
the synthetic peptides vitro has been more elusive. SDS- at 276 nm B1). Relative peptide concentrations were
PAGE bands in the dimer to tetramer range are readily determined by BCA assay (Pierce, Rockford, IL).
observed with A&(1-42) (21-25), but most of the & Size Exclusion Chromatography (SEColumn prepara-
recovered following SEC of the aggregation reactions tion and use generally were described previou8iy).(In
appeared to correspond to large aggregates in the voidPrief, samples (0.51.0 mL) were loaded on to a k
volume or to monomer26). A3(1—42) oligomers that gave 30 cm Superdex 75 HR 10/30 column (Amersham Pharma-
broad SDS-PAGE bands roughly in the range of octamers cia) attached to either an AKTA FPLC or a Pharmacia LKB
to dodecamers were recently obtained by including dilute System. The column was pre-equilibrated in 20 mM Tris-
SDS in the aggregation reactiog6j. The size of these =~ HCI (pH 8.0) at 25°C and run at a flow rate of 0.5 mL/min.
oligomers remained stable after removal of the SDS by One minute fractions were collected. Cytochrocr{&igma-
dialysis, and SEC of the dialyzed sample gave an elution Aldrich) (12.5 kDa) was used fdvl calibration. Its elution
peak. However, the authors did not report whether discrete volume relative to £(1—42) was identical with or without
SDS-PAGE bands were separated by this fractionation. addition of 150 mM NacCl, but its recovery was much higher
Although SDS is often viewed as a denaturant that destroysWith NaCl.
native protein conformation, it provides an anionic micellar A8 Aggregation ReactionsAll reactions and measure-
interface that was shown to accelerate the aggregation ofments were made at room temperature (Z5 unless
both A3(1—40) and A3(1—42) over a limited range of low otherwise noted. SDS stock solutio.ns were filtered (M
SDS concentrations at or below the critical micelle concen- Cellulose acetate filters, VWR Scientific Products, West
tration (CMC) Q?) We recent|y reported that dilute SDS Chester, PA) Reactions were initiated in siliconized Eppen—
(2 mM) accelerates the formation of soluble fibers W.A dorf tubes by inCUbating appropriate concentrations of frEShly
(1-40) (28). In contrast, SDS concentrations well above the Purified A3 monomer in buffer in the presence or absence
CMC stabilized the peptide in an-helical structure thatdid ~ 0f SDS without agitation. Aggregation kinetic parameters
not aggregate. Here we examine the effects of dilute SDSWwere obtained by monitoring the reaction with thioflavin T
on the aggregation of &1—42). Fiber formation was and fitting fluorescence (F) data points to the sigmoidal curve
promoted at an SDS concentration (0.5 mM) even lower than in €q 1 @2) using Origin 5.0. In this equationis time, tos
that observed with &(1—40). However, a slightly higher is the time to reach half-maximal thioflavin T fluorescence,
concentration of SDS (2 mM) induced very rapid conversion anda, b, andtys are constant parameters whose values are
of AB(1—42), but not A3(1—40), to a conformation rich in obtained from the fitting process. Data points were un-
B-structure that formed oligomers but not fibers. weighted. Lag times were defined as described3®) and

were equal tdos — 2b for each fitted curve.

EXPERIMENTAL PROCEDURES
a

Materials. AS(1—40) and AS(1—42) were synthesized on F= 1+ g [t ] (1)
preloaded NovaSyn TGA resins (EMD Novabiochem, San
Diego, CA) utilizing orthogonal Fmoc solid-phase chemistry  polyacrylamide Gel Electrophoreses (PAGE) and Immu-
by the Peptide Synthesis Facility at the Mayo Clinic noplotting. Unless otherwise noted, samples were adjusted
(Rochester, MN). Two steps were taken to improve yields to |oading buffer (NUPAGE, Invitrogen Inc, Carlsbad, CA)
of Ap(1—-42). First, the solid-phase synthesis utilized a containing 1% LDS, applied without heating to NUPAGE
pseudoproline (oxazolidine) dipeptide Fmoc-Gly-géiMe pre-cast 412% acrylamide gels containing bis-Tris, and
Pro)-OH @9) that was converted to wild type sequence Gly- resolved in NUPAGE MES SDS running buffer with 0.1%
25 and Ser-26 after trifluoroacetic acid cleavage of the gps. Dye-linkedMy, markers (SeeBlue Plus2 Prestained
peptide from the TGA resin. Second, HPLC purification of - Standards, Invitrogen) were run in parallel for calibration.
the peptide was omitted in lieu of purification by size Gels were electroblotted onto 0.48n Immobilon PVDF
exclusion chromatography (SEC) as described below. MALDI- membranes (Millipore, Bedford, MA). Blots were blocked
TOF mass spectrometry revealedd0% purity of both  oyernight with PBS containing 5% nonfat dry milk and
peptides. SDS, bovine serum albumin, and thioflavin T were probed (1.5-3 h) with 1:1000-1:2500 dilutions of mono-
procured from Sigma-Aldrich (St. Louis, MO). All other  ¢lonal antibodies 6E10 (Senetek, Maryland Heights, MO)
buffers and salts were obtained from Fisher Inc. or Ab9 33), both of which detect A(1—16). Blots were

Preparation of & MonomersLyophilized stocks of & then incubated with an anti-mouse horseradish peroxide
peptides were stored at80 °C desiccated. Samples offA (HRP) conjugate and developed with ECL reagent (GE
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Healthcare, Buckinghamshire, UK). Where noted, blots were
boiled in a microwave oven in PBS for 10 min before
blocking in PBS with milk.

ELISA Measurement offATo quantify A3(1—42) bands
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modified with 3-(aminopropyl)triethoxysilane (APTES), and

the disk was briefly washed with water and then dried over
desiccant before imaging. A NanoScope Il controller with
a Mulitmode AFM (Veeco Instruments Inc, Chadds Ford,

in SDS-PAGE gels, slices from each lane spanning the rangePA) was used for imaging by ambient tapping mode. Images

of monomer (6-6 kDa), 2-4mers (6-14 kDa), and larger
aggregates (14 kDa- loading well) were excised and
incubated with 0.2% diethylamine overnight to largely
dissociate & aggregates and extracffArom the gel slices.
Samples were neutralized with 0.5 M Tris-HCI, an@d(A—

42) was measured by a sandwich ELISA syst&#) that
utilized Ab9 as the capture antibody and monoclonal
antibody 4G8 (Senetek, Maryland Heights, MO), which
recognizes the epitope fAs—2,, for detection. The 4G8
detection antibody was conjugated to HRP with the EZ-Link
Plus Activated Peroxidase Kit (Pierce, Rockford, IL) ac-
cording to the manufacturer’s instructions. Triplicate assays
were conducted by applying aliquots to microtiter plates pre-
coated with capture antibody and incubating at°@
overnight. Plates were then washed, incubated with the
detection antibody fo 3 h at room temperature, and
developed with tetramethylbenzidine.

Circular Dichroism (CD) SpectroscopZD spectra were
obtained in the far UV region with a Jasco J-810 spectropo-
larimeter (Jasco Inc., Easton, MD) in continuous scan mode
(260-190 nm) and a 0.1 cm path-length quartz cuvette
(Hellma). The acquisition parameters were 50 nm/min with

8 s response times, 1 nm bandwidth, and 0.1 nm data pitch,

were obtained in either amplitude mode or height mode,
where increasing brightness indicates greater damping of
cantilever oscillation 7) or increasing feature height,
respectively. Height images were “flattened,” and particle
heights were collected using the “section” function of the
NanoScope (version 613b21) software. Particle height aver-
ages were based on at least five preparations; heights of
<1.0 nm or>5.0 nm were rejected.

RESULTS

SDS-Stable Oligomers Are Formed More Readily by
AB(1—-42) Than by A(1—40) and Are Generated during
Incubation in the Absence of SDEo avoid contamination
with preexisting aggregatesSAnonomers were isolated by
SEC prior to all experiments. Although there has been some
controversy about whether the isolate@ & truly mono-
meric, translational diffusion measurements by NNVB8)(
andM,, measurements by multiangle light scatteri@g, 40)
have confirmed the monomeric assignment.

Several recent reports have emphasized the presence of

SDS-stable oligomers in tissue and cell extracts, but the
relationship of these oligomers to aggregates geneiated

and data sets were averaged over three scans unless otherwigéro from A monomers has remained unclear. SDS-PAGE
noted. Spectra of appropriate solvent blanks were subtracted®ands in the & dimer/trimer and particularly tetramer region
from the data sets. The corrected, averaged spectra werdvere observed in early analyses of several synthefic A

smoothed using the ‘means-movement’ algorithm with a
convolution width of 25 in the Jasco spectra analysis
program. Data were normalized to mean residue ellipticity
using the equationf)] = [0]obs x (MRW/10Ic), where MRW
is the mean residue molecular weight of(A—42) (4513
g/mol divided by 42 residues),is the optical path length
(cm), andc is the concentration (g/cin

Fluorescence Spectroscopyhioflavin T fluorescence
measurements were performed as described previoBily (
35). Briefly, the fluorescence (F) was monitored in a
microcuvette with a Perkin-Elmer LS-50B luminescence
spectrometer after 15-fold of(1—40) samples into 5 mM
Tris-HCI (pH 8.0) containing &M thioflavin T. Continuous
measurements of F were taken for-1Ib min with the
excitation wavelength fixed at 450 nm and the emission fixed
at 480 nm, and the excitation and emission slits set at 10

peptides, including A(1—42) (21) and A3(x-43) (41), and
similar bands were obtained from solubie vitro AfS
aggregates corresponding to ADDI28(24) and protofibrils
(22). Most studies have found that these oligomers are far
more prevalent with A(1—42) than with A3(1—40) (but
see ref25). We examined aggregates formed fromi(A—

40) and A3(1—42) monomers by SDS-PAGE and reached a
similar conclusion (Figure 1). With relatively low loads
(20 pmol) of monomeric A& taken immediately after SEC
isolation, only 4 kDa monomer bands were apparent. After
1 day of incubation at 37C, the AG(1—42) sample showed
substantial bands at8.4 kDa that are generally referred to
as dimers, trimers, and/or tetramers (here denoteth®ers)
and a very broad band from 30 to 200 kDa. Most of the
aggregates that give rise to these bands remained in the
supernatant following centrifugation at 18@J(Figure 1)

nm, and the average F value was determined. The fluores-and thus may be considered soluble. Continued aggregation

cence of solvent blanks was subtracted.

Electron Microscopy (EM Samples of /& aggregates
were applied to 200 mesh Formvar-coated copper grids
(Ernest F. Fullam, Inc, Latham, NY) and incubated for-10
15 min at room temperature. The sample was then wicked
off with lens paper, washed briefly by placing the grid face
down on a droplet of water, and stained by transferring the
grid face down to a droplet of 2% uranyl acetate (Poly-
sciences, Inc., Warrington, PA) for-3.0 min before wicking
off the solution and air drying. Grids were visualized in a
Philips EM208S transmission electron microscope.

Atomic Force Microscopy (AFM)mages were obtained
as described previously3§). Briefly, the samples were
incubated for 15 min on freshly cleaved mica that had been

of this A3(1—42) sample for 7 days resulted in the disap-
pearance of most of the-2Zmer bands. More of the
aggregates were sedimented after 7 days, but substantial
amounts remained soluble. Aggregates formed Ify1A

40) did not show similar bands on SDS-PAGE. After 3 days
of incubation at 37°C, most of the /&(1—40) was sedi-
mented and only bands 6f200 kDa along with monomer
were observed.

Oligomers Corresponding to -24mers Coelute with
AB(1—42) Monomers or Larger Aggregates during Size
Exclusion Chromatography (SEC) and Are Minor Species
in the Absence of SD$he 2-4mer bands produced bypA
(1—42) could reflect the formation of stable dimers, trimers,
or tetramers during the 37C incubation, or they could be
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Ficure 1: Analyses of 4(1—-40) and A3(1—42) aggregation == '
reactions by SDS-PAGE. Monomericgfl—40) and A3(1—42) 38 '
(50 uM) were incubated in 150 mM NaCl, 20 mM Tris-HCI (pH B EE
8.0) at 37°C. At the indicated times, 5QiL aliquots were 17
centrifuged (18006 for 10 min) to separate supernatant (S) and T B 14 |
pellet (P) fractions, and 8% of each fraction was taken for SDS- - il
PAGE and immunoblotting with monoclonal antibody 6E10. All GEERE— 7 eme - -
samples were run on SDS-PAGE immediately after the incubation 27 29 31 16,18 .20 .20, 31,
period. Samples of freshly isolated monomerig &tocks (M, 28 30
20 pmol) were included for comparison. Bands corresponding to fraction number fraction number
2—4mers are indicated by the arrow. F

E

generated from either monomers or larger aggregates by the

action of SDS prior to PAGE. To address this question, we  ,| 5 i

conducted a size analysis of two samples by SEC on a 2 g )
Superdex 75 column. The first sample consisted of mono- ¥|§ °°

meric A3(1—42), and to ensure the absence of aggregates e 1
we conducted a second cycle of SEC on the peak fractions 0.0 . .

from the initial monomer purification (Figure 2A). Our goal S S S SR skhalbatiidin
was to determine whether-2imer bands eluted from the fraction number fraction number

column as species distinct from monomer. If this were the Ficure 2: Coelution of 2-4mers with monomers or higher
case, their elution volume should be shifted relative to that aggregates during SEC. Monomerig3@—42) was either im-
of monomer and ratios of-24mer to monomer bands should Mediately reapplied to the Superdex 75 column for another cycle

. . . of SEC (Panel A) or incubated as in Figure 1 for 16 h prior to
vary continuously among adjacent fractions. Immunoblot loading the supernatant following centrifugation at 189G

analysis with larger amounts of #1—42) (Figure 2C)  syperdex 75 (Panel B). Column elutions were monitored by the
showed 2-4mer bands only in peak monomer fractions, but absorbance at 254 nm. The elution volume @i{(B-42) was just
this technique cannot resolve a quantitative shift in band slightly larger than that of cytochrone(12.5 kDa, arrow in Panel

; ; ; A), but cytochromec as a globular protein does not provide an
ratios. To quantify these ratios, we extractg{2-42) from accurate calibration of monomerigsfl—42), which is a random

slices of gels run in triplicate with the gel in Figure 2C "?md coil (39, 40). C, D) Selected fractions were run on SDS-PAGE
measured the peptide in an ELISA assay. As shown in Figure and immunoblotted as in Figure 1. In panel C, fractions were diluted
2E, the ratio of A(1—42) in the 2-4mer bands to that in  to 10uM AB(1-42) in 20 mM Tris-HCI and 180 pmol were loaded.
the monomer band was constant at about 0.06 across theg‘ng%r‘lda[r){d 185;] Za(l)lepr”;% (‘)"l’ﬁ]fé Q?ﬁﬁgxfgmmﬁsgmsmgﬁé%
five peak SEC fractions in Figure 2C. Therefore, we Con.CIl.Jde the rerﬁaining fractions. E, F) Selected fractions were run on SDS-
that the 2-4mer bands do not reflect a stable species distinct paGE, and gels were sliced ang8bands extracted for ELISA

from monomer in freshly isolated K1—42). measurements of monomers;2mers, and 15200 kDa aggregates

s outlined in the Experimental Procedures. Fractions in panel E
The second sample analyzed by SEC corresponded to arilorrespond to the monomer fractionation in panels A and C, and

AB(1-42) aggregate mixture very similar to that obtained those in panel F are from the aggregate fractionation in panels B
after the 1-day incubation in Figure 1. The immunoblot of and D. The inset in panel E shows the panel E data on a more
column fractions showed-24mer bands along with intense  sensitive scale. Averages are from triplicate gels run in parallel.
30 to >200 kDa bands and minor monomer bands at the A8 amounts loaded were identical to those in panels C and D. Ratios

. . . . in panel E were independent of sample load with samples up to 25
void volume in fractions 1618 (Figure 2D). Monomer iy increased about 3-fold when a small aliquot of concentrated

bands were also observed in the residual monomer peak ifsample buffer was diluted into 50M AB(1—42) and 500 pmol
fractions 29-31. ELISA measurement of A1—42) in the was loaded (data not shown).

gel slices revealed a higher ratio of@—42) in the 2-4mer

bands to that in the monomer band (0.7) across the threebands to that in the 30 t8200 kDa band in fractions 16
peak void volume fractions (Figure 2F), an indication that 18. This ratio (0.6) appeared relatively high based on the
most of these 24mer bands arose from dissociation of the intensity of bands in the immunoblot in Figure 2D, suggest-
larger aggregates during SDS-PAGE. ELISA measurementsing either that the 30 te-200 kDa band was stained more
were also made of the ratio of#1—42) in the 2-4mer intensely by antibody 6E10 or that the efficiency of
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dissociation and extraction of #&1—42) from the 30 to AB(1-40) AB(1-42)
>200 kDa band may have been lower than that of the A B
2—4mer and monomer bands. However, regardless of this 30 30

relative efficiency, the fact that the ratio of 0.6 was also >
constant across the three void volume fractions supportedg . v
the conclusion that the-24mer bands resulted from dis-
sociation of the larger aggregates. ELISA measurements also
detected £(1—42) in 2-4mer bands in the monomer peak 7 e
0 150 0 150 300

(fractions 30 and 31) in Figure 2D. The ratio of@—42) 0
in these bands to that in the monomer band was again about
0.1 (Figure 2F), indicating that these-2mer bands also were
generated from the residual monomer in the sample.

Figure 2A also shows additional UV absorbance in C

D

fractions 36-40 which is comparable to that in the monomer 30 30
peak in fractions 2931. The source of this absorbance is
unclear. Fractions 3640 showed no UV maximum at F
276 nm, in contrast to the monomer peak, and less than 10%
of the peptide content of the monomer peak by BCA assay.

SDS Concentrations Far below the Critical Micelle
Concentration Accelerate the Aggregation ¢{A—42).The 0 0

SEC results in Figures 2A and 2C indicate that4ier 0052 3 5 10 35150 0052 3 5 10 35150
bands do not elute as distinct pre-existing species in the
absence of SDS but are generated frof{1&-42) monomer SDS, mM SDS, mM

by the mtroducthn of SDS. To examine this process in g re 3: Dependence of A(1—40) and A3(1—42) aggregation
greater detail, we incubated{l—42) at various concentra-  on the SDS concentration as monitored by thioflavin T fluorescence.
tions of SDS and compared the results to our recent studyMonomeric A3(1—40) (Panel A) or (1—42) (Panel B) (25M)

(28) of Aﬁ(1—40) aggregation in SDS. The aggregation of was incubateql in buffer (5 mM Tris-HCI, 50 mM NacCl, pH 8.0)
AB peptides was conveniently monitored by fluorescence 20ne ©) or with 0.5 mM SDS ¥) or 2.0 mM SDS @, data from

. ) . . reference 28)). At the indicated times, aliquots were diluted 15-
with thioflavin T. This fluorophore shows greatly enhanced tqq for measurement of thioflavin T fluorescence. Values of F were

fluorescence upon binding to amyloid fibril3), AS fit to eq 1 (solid lines) to give lag times of 125 4 h for points®
protofibrils (31, 42), and certain other Aaggregates enriched in Panel A and of<1 h and 56+ 4 h for pointsv and O,
in B-structure 89). Rates of aggregation with 2&M respectively, in Panel B. Fluorescence intensities-a240 h for

; _ _ ApB(1-40) (Panel C) or #(1-42) (Panel D) were taken from
concentrations of A(1~-40) and A6(1-42) were compared Panels A and B as well as from additional reactions run in parallel

in the presence and absence of SDS (Figure 3). Without SDS g the indicated SDS concentrations.
Ap(1—-42) aggregated after a delay or lag time of 56 h, while

300
time, h time, h

AB(1—40) failed to aggregate over the observed 10-day time A 2mM SDS

interval (Figure 3A and B). These observations are consistent:. . ﬂ‘

with previous reports that #(1—42) aggregates more rapidly R i

than A8(1—40) (22, 43). EM of the A3(1—42) sample B ey 4 Faar®: o
revealed filamentous structures (Figure 4A) which resembled % A5 4 Y {“#"ﬁ‘

A[(1—40) protofibrils that had been elongated by monomer © %
deposition while remaining largely soluble following cen- & ! ’i
trifugation at 18006 (31). Under the salt conditions in Figure i, A S &

3, the AB(1—42) aggregates that gave thioflavin T fluores- ;‘ o
cence also remained soluble.

Addition of SDS resulted in accelerates@—40) ag- _
gregation but only over a narrow range of SDS concentra- vFv'ffﬁgﬁtmsDEs'egtﬁgnwrﬂ'ﬁrggmh?,Sgﬁ(i\ﬁf&éggﬁﬁa}féﬂoﬂed
tions. A maX|maI rate (.)f A(1~40) aggregation Was  reaction mixtures with 2xM ApB(1—42) without SDS (panel A)
observed in 2 mM SDS (Figures 3A and C), a concentration or with 2 mM SDS (panel B) in Figure 3 were removed after 172
near the critical micelle concentration (CMC) for SDS under h and processed for negative staining and EM. Images are shown
the buffer conditions employe®®). We previously con-  relative to a calibration bar of 200 nm.
cluded that the aggregation was accelerated because a high
ratio of AB peptides to small SDS micelles facilitated a close 42) as measured by thioflavin T fluorescence was promoted
proximity of peptides on micelle surfaces and thereby by optimal concentrations of SDS similar to those in Figure
promoted intermolecular associatic?8). 3 (27). A proximity effect like the one we proposed fopA

Aggregation of A8(1—42) also was accelerated over a (1—40) in 2 mM SDS could explain a maximal rate ofA
narrow range of SDS concentrations, but the maximal rate (1—42) aggregation in 0.5 mM SDS, iff1—42) promoted
was observed with only 0.5 mM SDS (Figures 3B and 3D). SDS micelle formation more strongly thang@—40).

This aggregation progressed quickly without a significant However, it was surprising that, in contrast t@@A—40),
lag-time, and the fluorescence remained high over the AB(1—42) in 2 mM SDS gave little or no increase in
remaining 10-day incubation period (Figure 3B). A previous thioflavin T fluorescence (Figure 3B and 3D). Examination
report also found that aggregation of@—40) and A3(1— of this reaction by EM after 172 h revealed a few amorphous
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A B consistent with our previous demonstration of a close
No SDS 0.5 mM correlation between the slow conversionfsstructure by
CD and the increase in thioflavin T fluorescence fqs-A
on (1—-40) in 2 mM SDS 28). In sharp contrast, addition of
24h 2 mM SDS to A3(1—42) resulted in an immediate appear-
——72h ance off3-structure, and the shape of the spectra remained
on unchanged for-240 h with only a marginal increase in the
mean residue ellipticity (Figure 5C). Since this sample failed
to show significant thioflavin T fluorescence throughout the
entire 10-day incubation (Figure 3B), we conclude that A
c D (1—42) in 2 mM SDS formss-structured aggregates that
2mMm 5mM differ from those generated in 0.5 mM SDS or in the absence
of SDS. CD spectra of A(1—42) in 3 mM (data not shown)
and 5 mM SDS (Figure 5D) initially showed a predominant
oh o-helical conformation (0 h curve) that gradually converted

—___1e6h o to a p-structure. These spectral changes resembled those

10000 240n o observed during incubation of#§1—40) in 2 mM SDS 28),
200 220 240 260 200 250 240 260 but the changes with &(1—40) were accompanied by a
corresponding increase in thioflavin T fluorescence whereas
wavelength, nm wavelength, nm those with A3(1—42) were not. The hydrophobicity intro-
Ficure 5: Secondary structure changes indicated by far-UV CD duced by the two additional amino acids (lle-Ala) at the
during aggregation of A(1—42) with or without low concentrations C-terminus of A8(1—42) may induce a qualitatively different

of SDS. Aliquots of reactions with 26M A3(1—42) in Figure 3 . - . : -
were transferred at various times to a CD cuvette, and spectra werd?€Ptide alignment on dilute SDS micelles that results in an

recorded. Representative spectra are shown for tBel-A42) alternatives-structured aggregate. A conversion froneli-
samples taken at the indicated times in the absence of SDS (Panetal to s-structure was also observed when amylin (IAPP)

A) and in 0.5 mM (Panel B), 2 mM (Panel C), and 5 mM SDS  was incubated with DOPG liposomes and, as wif(#%-
(Panel D). 40), the time scale of the conversion was consistent with
structures in a loose lattice (Figure 4B) but no filaments like measurements of fiber formation by thioflavin T fluorescence
those in Figure 4A. With SDS concentrations at or slightly (50). There also appeared to be a quantitative difference in
above 3 mM, 10-day incubations ofpil—42) as well as  the extent ofg-structure formation by A(1—42) in 2, 3,
Af(1—40) resulted in fluorescence that was marginally and 5 mM SDS, as the mean residue ellipticity values at
higher than the background but far lower than that at the 218 nm (characteristic g§-structure) remained at+8000
optimum SDS concentrations (Figures 3C and 3D). deg cn? dmol™! and never exceeded this intensity, while
Secondary Structure Changes of(A—42) during Ag- those with 0.5 mM SDS saturated-a12000 deg crhdmol*
gregation in SDSTo obtain further information about the (Figure 5).
structural changes in//1—42) that occur during incubation Progressie Formation of £(1—42) Oligomers in 2 mM
in various concentrations of SDS, we periodically took SDS.In view of the unexpected increase fstructure in
aliquots from reactions represented in Figure 3D and obtainedthe absence of thioflavin T fluorescence whef(A-42) is
circular dichroism (CD) spectra. At SDS concentrations well incubated in 2 mM SDS, SDS-PAGE analyses were con-
above the CMC (10, 35 and 150 mM)pgAL—42) exhibited ducted to investigate changes in the state @f{1A-42)
CD spectra consistent with a largetyhelical conformation, aggregation. With 2xM AB(1—-42) in 2 mM SDS, only a
with minima near 208 and 222 nm (data not shown). These monomeric A band was initially observed, but first2mer
spectra remained unchanged over the 10-day incubationbands and then bands near 40 kDa became apparent. The
period and were similar to CD spectra obtained in high time course of this progression varied somewhat from sample
concentrations of SDS with/&1—40) (28) and many other ~ to sample. In Figure 6A, a significant monomer band
proteins #4—47). An abundance of SDS micelles at these remained aftel h and virtually all of the £ was localized
high concentrations virtually eliminates intermolecular in- in 2—4mer bands with only a faint band near 40 kDa after
teraction of A3 peptides on the surface of a single micelle, 24 h. In other samples, mospAvas found in 2-4mer bands
and individual peptides are stabilized by the micelles within 0.5 h (see Figure 7A). In all cases, however, while
predominantly ast-helices. In contrast, CD spectra at lower the conversion to a predominagtstructure by CD was
SDS concentrations or without SDS revealed time-dependentnearly complete within the roughly 5 min required for the
changes in A& conformation. Spectra for &1—42) in the initial spectrum measurement (Figure 5C), the complete loss
absence of SDS (Figure 5A) as well as in 0.5 mM SDS of the monomer band on SDS-PAGE gels required consider-
(Figure 5B) initially showed no minima above 200 nm and ably more time. Therefore, the change in conformation
were consistent with previous reports ofi(A—40) (28, 48) precedes the formation of oligomers that can be detected by
and A3(1—42) (49) of a largely random coil conformation ~SDS-PAGE.
in aqueous buffers prior to aggregation. Both of these Barghorn and co-workers26) recently reported the
samples showed progressive conversion to a predominanisolation of a stable £(1—42) oligomer that migrated as a
p-structure, characterized by a negative minimum at 218 nm, doublet of 38 and 48 kDa bands on SDS-PAGE. This
over the 10-day incubation period. The emergence of oligomer, which they called a 38/48 kDa “globulomer”, was
[-structure in both samples correlated with the increases ingenerated in a multistep procedure that involved initial 6-h
thioflavin T fluorescence shown in Figure 3B. This trend is incubation in 7 mM SDS, subsequent 16-h incubation at

[6], deg cm?2 dmol!

200 220 240 2 200 220 240 260
wavelength, nm wavelength, nm

{61, deg cm2 dmol-"




Distinct Aggregation Pathways for/A1—42) on SDS Micelles

A B C D
well - B
188 — _ <]
l 5 0
g2 — & . g " after dialysis
o =
38~ . - i-_wmo  bafore dilaysis
17 - _ =
- m-—-
6 - 200 220 240 260
;e -« - 2 -
wavelength, nm
hr:0 021 24 2 120
F

E

FiIGURE 6: A(1—42) oligomers are formed in high yield in 2 mM
SDS and are distinct from fibrils. (A) Parallel samples of monomeric
ApB(1—42) (25uM) were incubated in 20 mM Tris-HCI, 50 mM
NaCl (pH 8.0) with 2 mM SDS for the indicated times. The 0-,
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remained in the supernatant following centrifugation at
1800@ for 10 min. The CD spectrum of the dialyzed sample
(Figure 6D) showed a retention gtstructure with a mean
residue ellipticity at 218 nm comparable to that of the initial
aggregate produced in 2 mM SDS. Dialysis also resulted in
small increases in fluorescence with thioflavin T, suggesting
the formation of a few protofibrils and fibrils (data not
shown). However, when the dialyzed sample was examined
by atomic force microscopy (AFM), filamentous structures
were difficult to find (Figure 6E). The AFM image showed
globular species with an average height of 1.9 nm. Our initial
attempts to isolate and characterize the dialyzed oligomers
have been hindered by extremely low recoveries following
SEC on Superdex-75.

We investigated whether the-Z2mers that predominate
after 24-h incubation of A(1—42) in 2 mM SDS also could
be observed by AFM. Since the-Zmers are stabilized by
interaction with SDS micelles, we also examined a parallel
sample of 25M AB(1—42) in 10 mM SDS, where A(1—
42) remains monomeric, as well as both SDS buffers as
controls. No particles greater than 1 nm were detected in
the buffers. Particles similar in appearance to those in Figure
6E were observed with A(1—42), and a small difference
in particle height was observed betweefi(A—42) in 2 mM

0.2-, and 1-h incubations were staggered so that each sampleSDS (2.44- 1.0 nm (SD,n = 540)) and 10 mM SDS (1.&

(10 pmol) was subjected to SDS-PAGE immediately after incuba-
tion. LDS (2 mM) was substituted for 1% LDS in the sample

loading buffer to minimize potential oligomer dissociation, but this

substitution had little effect on banding patterns. (B) After 24-h

incubation of A3(1—42) as in panel A, the sample was dialyzed

using a 25000 MWCO dialysis membrane (Spectra/Por) for 48 h
against 10 mM Tris-HCI (pH 8.0) in the absence of SDS and
centrifuged (18009 for 10 min). An aliquot (8 pmol) of the

supernatant was transferred to 1% LDS loading buffer and run on

SDS-PAGE. (C) Monomeric A(1—42) (50uM) was incubated in
buffer containing NaCl at 37C as in Figure 1 for the indicated
times, and aliquots (10 pmol) were transferred to 1% LDS loading
buffer and run on SDS-PAGE. Gels from panels-@ were
immunoblotted, and blots were stained with antibody 6E10. (D)

CD spectra of the 24-h sample in panel A and the dialyzed sample

in panel B. (E, F) Atomic force microscopy (AFM) of the sample
in panel B and the 120-h sample in panel C, respectively. Aliquots
were diluted with 100-fold with water, and 150 was applied to
mica disks. The average height was £9.7 nm (SD,n = 447)

for globular particles including those in panel E, and the range of
heights was 39 nm for the fibrils in panel F. Images, shown in
amplitude mode, are ¥ 1 um and calibration bars are 100 nm.
The inset in panel F also is% 1 um.

1.8 mM SDS at 37°C, and final removal of SDS. Of
particular note, the SDS-PAGE banding pattern of this

0.7 nm (SD,n = 469) data not shown). Thus, the heights of
the 2-4mers associated with micelles in 2 mM SDS were
slightly greater than those of the dialyzed oligomers in Figure
6E.

Incubation of 5quM A 5(1—42) in buffered 150 mM NaCl
at 37 °C in the absence of SDS resulted in considerable
aggregate formation within 1 day (Figure 1). To assess early
intermediates and final products on this aggregation pathway,
a similar reaction was initiated and monitored by thioflavin
T fluorescence. Aggregation was in an early stage after 2 h,
as the relative fluorescence was only about 4% of the final
plateau value obtained after 48 h. After 120 h all of the
aggregates that generated fluorescence were sedimented at
1800@ for 10 min, and AFM confirmed that the sample at
this point consisted of fibrils (Figure 6F). To determine
whether 2-4mers are the initial aggregation intermediates
under these conditions, the 2- and 120-h samples were
subjected to SDS-PAGE. Most of thesfl—42) migrated
in the monomer band in the 2-h sample, but a broad but
clear aggregate band was apparent at- 11D kDa and no
2—4mer bands were detected (Figure 6C). After 120 h this
band had broadened considerably but contained virtually all

globulomer was preserved after it was either extensively of the A3(1—42). Therefore, we conclude that2mers are

dialyzed or precipitated with cold methanol/acetic acid. The
globulomer structure appeared to existvizo, as a mono-

clonal antibody generated to isolated globulomers cross-

not detectable as initial intermediates on this fibril formation
pathway.
Dissociation of £(1—42) Aggregates following Boiling

reacted at the periphery of amyloid plaques in the brains of in 35 mM LDSIn our routine SDS-PAGE analyses, samples

AD patients. Since the SDS-PAGE profiles following our
24-h incubations of A(1—42) in 2 mM SDS and their 16-h

incubation showed banding patterns similar to globulomers,

we examined the stability of our aggregates following
dialysis. After removal of the SDS by dialysis of this sample

were not boiled in the 1% (35 mM) LDS loading buffer
before SDS-PAGE electrophoresis. We examined the stabili-
ties of several of the aggregates formed h§(B-42) by
comparing banding patterns with and without boiling the
samples in the loading buffer prior to SDS-PAGE. In all

for 48 h, SDS-PAGE analysis showed almost complete loss cases, bands larger than the monomer band were abolished
of the 2-4mer bands but a dramatic increase in the intensity by boiling. These bands included the initia-2mers

of 30—60 kDa bands (Figure 6B), sometimes extending to
>200 kDa. More than 80% of the/X1—42) was recovered
following dialysis, and virtually all of the dialyzed oligomers

generated in 2 mM SDS (Figure 7A), the -360 kDa
oligomer species formed after dialysis of the samples
incubated in 2 mM SDS (Figure 7B), and high, bands
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buffer. The key point, however, is that SDS-PAGE bands
corresponding to oum vitro oligomers were completely

6E10
well — abolished by boiling in SDS. In sharp contrast, endogenous
. oligomer samples appear to be routinely boiled in sample
- buffer containing +2% SDS in preparation for SDS-PAGE
& without disruption of the oligomer gel band&3{ 14, 16,
- 19).
38 _
DISCUSSION
7= 3 Distinctions between Endogenoug ®ligomers and &
14 - - - &

Oligomers Generated in VittoThe hypothesis that soluble
6 — il amelils s ohgqmerlc aggregates of/Aare the principal toxic species _
B i e = B B Ieadlng to AE_) has be_en st_rengthened by recent progress in
We® 5 B o the biochemical fractionation of these aggregates. In par-
’ ticular, SEC of conditioned medium from cultured cells or
of brain extracts from transgenic mice has allowed separation
of Ap oligomers from both & monomers and large A
aggregates. Multiple Abands of 6 to 14 kDa were detected
by SDS-PAGE in samples of Aimmunoprecipitated from
the conditioned medium of CHO cells that had been
transfected with APP cDNALE), and these apparentfA
dimers and trimers were separated by SEC on Superdex 75
in buffers without SDS 13, 19). Fractions containing the
dimers and trimers but not/Amonomers inhibited hippo-

B oligomer C fibrils
6E10 Ab9 6E10 ADb9 6E10 Ab9 6E10 Ab9

17 _ campal long-term potentiation. Transgenic Tg2576 mice
ik ® s express a mutant human APP that generates substaytial A
B it s G - i L levels (18). quin extracts from Tg2576 mice, but not
nontransgenic littermates, contained appareghtrimers as
MMPIEDOY S =~ % i & - E e B e ® e o well as oligomers that migrated as multiples of trimers on
BIOLBOILE - o o e S AR o o i - R T SDS-PAGE, and these oligomers were also separated by SEC

determined by SDS-PAGE. Monomerig3g—42) was incubated .
in the presence or absence of 2 mM SDS as in Figure 6, and sampleém apparent dodecamer denotgféd6 correlated best with

(10 pmol) were transferred to 1% LDS sample buffer and either SPatial memory deficits exhibited by the transgenic mice.
maintained at 25C or boiled for 5 min before analysis by SDS-  When A3*56 was purified by immunoprecipitation, separated
PAGE. (A) Samples in 2 mM SDS for the indicated times. (B) from other A8 oligomers by SEC, and infused into the lateral

Samples in 2 mM SDS for 24 h followed by dialysis for 48 h. (C) i ; it ; i
Samples in Tris-HC-buffered NaCl for 120 h. In panels B and C, ventnclgs of the brains of young rats, it impaired the retention
of spatial memory 14).

parallel blots were either boiled or left unboiled (see Experimental : . .
Procedures) before immunostaining either with antibody 6E10 or ~ These demonstrations of deficits in neuronal function and

Ab9 as indicated. memory retention highlight the importance of better defining

the structures of A oligomers as potential therapeutic targets.
obtained from fibrils generated during incubation gf(A— However, the low levels of the endogenous oligomers make
42) in 150 mM NacCl at 37C (Figure 7C). Monomer band  such a characterization extremely difficult. A reasonable
intensities on immunoblots stained with antibody 6E10 alternative is to reconstitute/Aoligomers from chemically
increased following boiling of the dialyzed oligomer and the synthesized A& in vitro. Initial observations ofin vitro
fibril samples, but the increase in these intensities was oligomer formation have been encouraging 2—4mers
considerably less than the intensities of the higligtbands that resemble the endogenous dimers, trimers, and tetramers
in the samples that were not boiled. This difference appearedare readily detected whensl—42) is incubated, and higher
simply to be a technical issue. Immunoblotting with antibody levels of 2-4mers are formed from #1—42) than from
Ab9 gave greater intensities in monomer bands after sampleAS(1—40) (Figure 1). Since mutations that increase the ratio
boiling (Figures 7B and 7C). Furthermore3Anonomer of Ap(1—-42) to A3(1—40) lead to FAD 6), this trend
band intensities were reported to be enhanced by boiling blotssuggests a basis for the greater toxicity gf(A—42). In
prior to immunostaining X4), and this treatment further  addition, a broad band of oligomers in the-3%0 kDa
increased the intensities of monomer bands but strikingly region are obtained during incubation of@—42) (Figure
decreased the intensities of bar30 kDa with both 6E10 1). While not exhibiting as sharply discrete SDS-PAGE
and Ab9 (Figures 7B and 7C). The ELISA analysis in Figures bands as the endogenoug Aligomers reported by Lesne
2E and 2F was applied to extracted gel slices correspondinget al. (14), they nevertheless span a similar size range.
to monomer bands from the oligomer sample in Figure 7B. However, the similarities break down when elution patterns
In agreement with apparent monomer intensities from the from SEC are compared. Fractionation of monomeric or
boiled blots in Figure 7B, sample boiling was found to double aggregated A(1—42) generatedn vitro by SEC fails to
the level of extracted monomer. This observation was resolve stable 24mers (Figures 2 and 3), in contrast to the
consistent with a complete transfer of A1 aggregate bands  well-resolved profiles obtained with the endogenous oligo-
to monomer bands following sample boiling in LDS loading mers.
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One possible explanation for the difference in stability and protofibrils generated from synthetigAn vitro were
between endogenoussligomers and oligomers prepared not, it is important to consider whether the endogenous
in vitro is a fundamental divergence in aggregate structure. oligomers were covalently cross-linked in their cellular
Cellular interfaces may serve as templates for structures thatenvironments. Lesne et all4) addressed this point by
cannot readily be formed in aqueous buffersvitro, and treating their Tg2576 brain extracts with HFIP, a popular
there is strong evidence for interactions between endogenousolvent for solubilizing peptides and proteir@&l), prior to
Ap and cell membranes. Sphingolipid- and cholesterol-rich SDS-PAGE. They observed a loss of Aligomers greater
bilayer membranes known as lipid raftslj are enriched in  than trimers and an increase in monomers when the HFIP
the 8- andy-secretases that generatg peptides from APP  concentration was more than 10%, but the trimer bands
as well as in the A peptides themselve§2Z—54). In Tg2576 persisted to 45% HFIP. In data not shown, the trimer band
transgenic mice, A was highly concentrated in lipid rafts was said to dissociate to monomers witt65% HFIP.
in a form that corresponded almost exclusively to dimeric Although this data suggests that the endogenous oligomers
bands on SDS-PAGE gel&2). Some of these interactions were not cross-linked1@), this issue should be examined
may occur at similar membrane interfagesitro. Several  with other techniques. Several agents have been shown to
reports have shown that anionic micelles composed of generate & oligomersin sitro that are stable to boiling in
gangliosides as well as reconstituted liposomes that resemblesDS, presumably by promoting covalent intermolecular
lipid rafts promote 48 binding andg-structure formation  cross-linking. These include €u(62, 63), transglutaminase
(55-58). We have explored the features of interfaces (64, 65), and prostaglandin products of cyclooxygena (
responsible for these effects and found that both polar 67). These cross-linking agents also could be important in a
nonpolar interfaces3@, 59) and anionic micelles formed by physiological context, particularly if they were concentrated
SDS @8) induce AS aggregation. In particular, dilute anionic  near cellular interfaces that promoteg Aggregation.

micelles formed in 2 mM SDS promote the formation of :
. B . Effects of SDS on/#1—42) Conformation and Aggrega-
soluble fibers by f§(1-40) (Figure 3A,C and re8) and ;"\ o previous study28), we concluded that micelles

of soluble oligomers and globulomers byii—42) (Figures formed in dilute SDS (2 mM) promote fiber formation by

4, 7 and reR26). However, the introduction of SDS micelles AB(1—40) because they support peptide interaction on the
did not result in the formation of more stables@—42) . ney support peplide | .

. : : . . surface of a single micelle complex. A similar promotion of
oligomers. Fractionation of /{1~42) samples incubated in amylin fiber formation was observed with DOPG liposomes
2 mM SDS by SEC in detergent-free buffer resulted in (50)y Here we show that this process may occurr\)/vimA
complete dissaggregation to monomers (data not shown).(1_42) in even more dilute SDS (0.5 mM). HowevergA

Therefore, introduction of this anionic micellar interface o o .
alone is not sufficient to generatgsfl—42) oligomers that (1-42) b.Ut got ﬁﬂ@(égéO)hexhlbltsl an addltlonal_aggrfegatlon f
can be resolved as stable discrete species by SEC. Fr:gceesst':;]e t(;n% 4merst i;rﬁzuésam(gpmﬁrzg] fg”gnosctjo
Differences between endogenoug Aligomers and oli- b F; - . tWII : y |ng in th 3\‘%
gomers prepareth vitro are also shown by their thermal y slower conversion 1o farger aggregates in the-
kDa range. These larger aggregates are stable enough to

stabilities. Endogenous oligomer samples appear to be o e . T
routinely boiled in sample buffer containing-2% SDS in l(?:riglejlglerggft dissociation during removal of SDS by dialysis

preparation for SDS-PAGE without disruption of the oligo-
mer gel bands 13, 14, 16, 19). However, comparable It has been argued that SDS-PAGE is not a useful method
amounts ofn vitro Af aggregates completely dissociate to for identification and quantitation of noncovalently associated
monomers when boiled in SDS (Figure 7). This difference protein oligomers because SDS can induce artificial oligo-
may not be fully appreciated from previous reports because merization 68). Our data here reinforce the point that SDS
early studies of B(x-43) (41) and A3(1—42) (21, 22) can induce oligomerization, but this induction can be largely
reported trimer and tetramer bands on SDS-PAGE gels evenavoided in conventional SDS-PAGE analyses with appropri-
when the samples were boiled in SDS just before electro- ate precautions. Incubation of monomerigg(A—42) at
phoresis. The key issue here appears to be the quantity ofconcentrations of SDS below about 80.2% can generate
peptide in the samples. Nanomolar amounts of peptides wereoligomer bands on SDS-PAGE, but this conversion is not
loaded on the gels in these early studies to allow detectioninstantaneous. When 2 mM SDS is added to freshly isolated
with standard protein stains, in contrast to the-180 pmol monomeric A3(1—42) and the sample is immediately
loads in our immunoblots, and with our ELISA assay we subjected to SDS-PAGE, oligomer bands are below limits
observed an increase in the ratio of@mer to monomer  of detection even when the gel running buffer also contains
with a 500 pmol load (see legend to Figure 2). In a more 2 mM SDS (Figure 6A). Bands corresponding tedmers
recent report in which A oligomers were detected by become apparent within 10 min of incubation in 2 mM SDS
immunoblotting, SDS-PAGE sample onputs were not heated (Figure 6A), and the rate at which these bands appear
before electrophoresis2®). Other amyloids also appear increases at higher concentrations gf(A—42) (data not
susceptible to boiling. Fibrils formed by the NM domain of shown). Once oligomers are formed, they resist dissociation
the yeast prion protein Sup35 exhibited higly aggregates  in 1% SDS loading buffers unless the sample is heated
on agarose gel electrophoresis following treatment with (Figure 7). CD spectra of A(1—42) indicate that conversion
1-2% SDS at room temperature but were completely to nearly the final extent gf-structure occurs as soon after
disaggregated by a 7-min treatment with 2% SDS at addition of 2 mM SDS as a spectrum can be recorded (Figure
95 °C (60). 5C). This indicates that the conformatioff@—42) mono-
Since the endogenoussfoligomer bands were observed mers is immediately altered to that characteristic of oligomers
even after boiling in +2% SDS whereas the/Aoligomers by interaction with micelles in 2 mM SDS, but that oligomers
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IATAAAARA SR formation from monomers proceeds with a lag phase prior
- R — el to the onset of aggregation (see Figure 3A and 3B), and small
nucleus protofibril fibrils amounts of protofibrils or fibrils act as seeds when added to
l monomers to eliminate the lag phase. Protofibrils are formed
by both A3(1—-40) and A3(1—42) and can be isolated by
o . % . %% SEC @2, 31). They e_xh_ibit Stokes_radii of 2050 nm as
= “ measured by dynamic light scatterir2p), show enhanced
monomer 2-4 mer 8-50 mer fluorescence with thioflavin T31, 42) (although see70)),

Ficure 8: Two alternative pathways of /A aggregation. The give CirCU|a.r diChrOis.m (CD) spectra that rev¢_83$tructure
nucleation-dependent pathway (upper) includes protofibril inter- (42), and display mixtures of roughly spherical globules,
mediates and leads to fibril formation. A second pathway (lower) short, curly fibers 22, 37, 71) and short rods of 16
involves soluble oligomer formation {24 mers and 850mers). 200 nm B1, 72—74) by electron microscopy (EM) and
These oligomers proceed on to mature fibrils slowly if at all. atomic force microscopy (AFM). An alternative process
(represented by the lower pathway in Figure 8) involves the
stable enough to detect on SDS-PAGE take somewhat longefjtial formation of small oligomers that become progres-
to form. sively larger with longer incubation. Models of alternative
When concentrated SDS-PAGE sample buffer is diluted pathways with similar features were recently proposed by
directly into monomeric f(1-42), the relative level of  two groups 26, 75). The small oligomers are represented
2—4mer bands depends on the peptide concentration. Withpy the 2-4mers observed on SDS-PAGE, but their actual
concentrations below 26M, the level of 2-4mer bands is  size prior to contact with SDS is unclear. While these
about 6% of that of the monomer band (Figure 2E). One oligomers remain minor species during@—42) incubation
possible explanation for the appearance of thesdr@er  in the absence of detergent, this pathway emerges as an
bands starts with the premise tha8(A—42) monomers in  alternative to fibril formation because it is strongly promoted
detergent-free buffers are in rapid equilibrium with small py 2 mM SDS and perhaps by dilute anionic micelles in
oligomers. Such an equilibrium has been inferred from general. In support of this arguments@—42) was im-
oligomer banding patterns following rapid cross-linking with  mediately converted to a predominghstructure conforma-
a PICUP procedures@). If 1% LDS is able to trap these  tion in 2 mM SDS (Figure 5C), and progressive conversion
oligomers as stabilized species that do not equilibrate with of virtually all monomers to 24mers and higher oligomers
monomers during SDS-PAGE, discrete oligomer bands in 2 mM SDS was essentially complete within a day (Figure
would be evident. An alternative possible explanation for 6A). However, this aggregation did not lead to more rapid
the 2-4mer bands considers the dilution of SDS during fibril formation. Continued incubation of 26M AB(1—42)
conventional SDS-PAGE. Monomers that interact with the in 2 mM SDS gave no increase in fluorescence with
micelles in 1% LDS and assume a predominarttelical  thioflavin T and no appearance of fibrils by EM, in contrast
conformation do not aggregate at a significant rate. During to parallel incubations in the absence of SDS that resulted
electrophoretic migration of the sample into gel running in both thioflavin T fluorescence and fibril formation (Figures
buffer containing 0.1% SDS, however, monomers may 3B and 4). Oligomers represented by—-38 kDa bands
encounter an SDS concentration sufficient to initiate a extending to 200 kDa remained stable following removal of
conversion tg-structure (Figure 5 C and D) and subsequent the 2 mM SDS by dialysis and closely resembled the
oligomerization (Figure 6A). We have confirmed by CD that globulomer preparation described previoushg)( An in-
dilution of AB(1—42) monomers from 1% SDS to 0.1% SDS crease in thioflavin T fluorescence following dialysis indi-
results in the same extent Bfstructure as when monomers cated some protofibril formation during dialysis, but there
are added directly to 0.1% SDS and on a time scale well was no evidence that these protofibrils were derived directly
within the 2-3 h required for a typical SDS-PAGE run. This  from oligomers rather than from a small monomer pool in
explanation may be a little less likely because it should result equilibrium with the oligomers following removal of SDS.
in gradual oligomerization and more diffuse bands than are In a previous study, incubation of #&1—42) at high
observed. Such considerations aside, however, the questiozoncentrations (10@M) initially gave only oligomers but
of how to interpret oligomer bands obtained fronf(a— after a week gave a mixture of oligomers and short fibrils
42) incubations added directly to SDS-PAGE sample buffers by AFM (25). Therefore, while we cannot rule out a very
remains. Our data suggest that, if these bands are well inslow rate of conversion of these larger oligomers to
excess of the relatively low levels obtained from purified protofibrils, our data indicate that the two pathways in Figure
monomer samples run in parallel, they are likely to reflect 8 are alternatives that do not intersect.
aggregates that existed before contact with SDS.

Alternative A3 Aggregation Pathwayd\ fibril formation ACKNOWLEDGMENT
in vzitro is thought to involve nucleation-dependent polym-
erization @2, 43). In this process, monomericfassociates
noncovalently to form nuclei or “seeds”, which then grow
into soluble protofibrils and insoluble fibrils (as represented REFERENCES
by the upper pathway in Figure 8). Nucleus formation is
considered rate-limiting in this process, but the low level of ~ 1.Cohen, A.'S., and Calkins, E. (1959) Electron microscopic
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