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ABSTRACT. Alzheimer’s disease (AD) is characterized by the presence of large numbers of fibrillar amyloid
deposits in the form of senile plaques in the brain. The fibrils in senile plaques are composed of 40- and
42-residue amyloigr (AS) peptides. Several lines of evidence indicate that fibrill@ ad especially
soluble A3 aggregates are important in the pathogenesis of AD, and many laboratories have investigated
soluble A6 aggregates generated from monomerjg ia vitro. Of these in vitro aggregates, the best
characterized are called protofibrils. They are composed of globules and short rods, show primarily
p-structure by circular dichroism (CD), enhance the fluorescence of bound thioflavin T, and readily seed
the growth of long fibrils. However, one difficulty in correlating solubl¢ Aggregates formed in vitro

with those in vivo is the high probability that cellular interfaces affect the aggregation rates and even the
aggregate structures. Reports that focus on the features of interfaces that are imporfaggrégation

have found that amphiphilic interactions and micellar-likg #ructures may play a role. We previously
described the formation of 1—40) aggregates at potanonpolar interfaces, including those generated

at microdroplets formed in dilute hexafluoro-2-propanol (HFIP). Here we compared fiie—AO0)
aggregates produced on sodium dodecyl sulfate (SDS) micelles, which may be a better model of biological
membranes with phospholipids that have anionic headgroups. At both HFIP and SDS interfaces, changes
in peptide secondary structure were observed by CD immediately wBEh-40) was introduced. With

HFIP, the change involved an increase in predomifasttucture content and in fluorescence with thioflavin

T, while with SDS, a partiati-helical conformation was adopted that gave no fluorescence. However, in
both systems, initial amorphous clustered aggregates progressed to soluble fiberg+athusture over

a roughly 2 day period. Fiber formation was much faster than in the absence of an interface, presumably
because of the close intermolecular proximity of peptides at the interfaces. While these fibers resembled
protofibrils, they failed to seed the aggregation gi(A—40) monomers effectively.

Alzheimer's disease (AD)s characterized by the presence level of production of 4, the level of the more amy-
of large numbers of fibrillar amyloid deposits in the form of loidogenic A3(1—42) relative to that of £(1—40) (reviewed
senile plaques in the braid)( The fibrils in senile plagues in ref 6), or the propensity of a mutatedgsAo form amyloid
are composed of 40- and 42-residue pepti@e8)( denoted aggregatest|.

ApB(1—40) and AB(1—42), respectively, that are produced A number of investigators now propose that soluble
by cleavage of cellular amyloid precursor protein (APB) ( aggregates of A, rather than monomers or insoluble amyloid
The peptides are identical except for two additional amino fibrils, may be responsible for synaptic dysfunction in the
acid residues (lle and Ala) at the C-terminus gi(A—42). brains of AD patients and AD animal mode&-12). These
As originally suggested by the amyloid cascade hypothesisendogenous soluble/PAaggregates are present at low levels,
(5), it appears likely that A peptides and especially their making their detection and characterization difficult, but
aggregates initiate cellular events that lead to neurodegen-certain species have been identified by SIPRGE and
eration and AD. The most striking evidence supporting this immunoblotting. Multiple A8 bands of 412 kDa were
hypothesis comes from the identification of numerous observed in samples from AD braif3), and similar bands
mutations linked to early-onset familial AD (FADg). All were obtained from samples ofi/Ammunoprecipitated from
FAD mutations reported thus far increase either the overall the conditioned medium of CHO cells that had been
transfected with APP cDNA1{@). The bands were identified
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their structural correspondence to endogenous aggregateso the polar headgroups without penetration of amphiphilic

remains unclear. Protofibrils are formed by botf(A—40)
and A3(1-42) and meet established biophysical criteria.
They exhibit Stokes radii of 2050 nm as measured by
dynamic light scattering (DLS)1(7), show enhanced fluo-
rescence with thioflavin T1g), give circular dichroism (CD)
spectra that reved-structure 18), and display mixtures of
roughly spherical globules, short, curly fibeis7( 19, 20),
and short rods of 16200 nm @1—24) by electron micros-
copy (EM) and atomic force microscopy (AFM). Protofibrils
also readily grow to fibrils by elongation with/Amonomer
and by lateral associatior24). A definition of oligomeric

Ap into the bilayer 42—44). To compare the aggregation
of AS at an anionic micellar interface to aggregation at
polar—nonpolar interfaces, we have investigate@ Ag-
gregation in sodium dodecyl sulfate (SDS). Although SDS
is often viewed as a denaturant that destroys native protein
conformation, it provides an anionic micellar interface that
has been shown to accelerate the aggregation3¢t-A40)
and A5(1—-42) over a limited range of low SDS concentra-
tions @5). In contrast, at concentrations well above the
critical micelle concentration (CMC), SDS stabilizes the
peptide in aro-helical structure that does not aggregate and

aggregates has been much more elusive, and some protofibrils amenable to NMR structure determinatidi,(47). SDS
preparations have been called oligomers. About the only is also of interest because SBBAGE is the technique most
widely accepted criterion is that oligomers exhibit SDS-stable often used to identify endogenous solubl@ Aligomers.

oligomeric bands on SDSPAGE gels 25—27). From this
criterion, it is clear that oligomers are formed much more
readily from AB(1—42) than from A8(1—40) (17, 25).

One difficulty in correlating soluble Aaggregates formed
in vitro with those formed in vivo is the high probability

However, the /& aggregate that produces these oligomers
and the conditions under which SDS itself can induce their
formation have not been investigated. The studies described
here are a first step in defining the effects of SDS, not only
on AS aggregation but also on the disaggregation of

that cellular interfaces affect the aggregation rates and evenpreformed A aggregates. In this report, we determine the
the aggregate structures. Sphingolipid- and cholesterol-richeffects of a range of SDS concentrations ofi(-40)
bilayer membranes known as lipid rafts appear to be aggregation and structure. We also describe striking differ-

especially important sites offAaggregation. These rafts are
found largely but not exclusively in cell membrane domains
known as caveolae28). The f5- and y-secretases that
generate & peptides from APP as well as theffeptides
themselves are concentrated in lipid raf2931). In the
Tg2576 transgenic mouse model of AD as well as in AD
brains, A3 was highly concentrated in lipid raftd?). In
contrast to extracellular amyloid fibrils, which were SDS-
insoluble, virtually all the 4 in lipid rafts was extracted by
SDS and corresponded to dimeric bands on SBAGE
gels. Several groups have investigated interactiongsof/th
glycosphingolipids in vitro and found that\@ ganglioside

ences in secondary structure but similarities in morphology
along the A6(1—40) aggregation pathways in SDS and in
dilute HFIP.

EXPERIMENTAL PROCEDURES

Materials The A3(1—40) peptide was obtained from the
Peptide Synthesis Facility at the Mayo Clinic (Rochester,
MN). SDS, bovine serum albumin, and thioflavin T were
procured from Sigma (St. Louis, MO). All other buffers and
salts were obtained from Fisher Inc.

Preparation of 4 Monomers.The lyophilized stock of

in micelles and in reconstituted liposomes that resembile lipid the A3(1—40) peptide was stored at80 °C (desiccated).

rafts promotes & binding andj-structure 82—34). Other

Samples were reconstituted in 0.1 M Tris-HCI (pH 8.0) at

reports have focused on the features of interfaces that arefinal concentrations 0f~500-700 uM. Any preformed

important in AG aggregation and found that amphiphilic
interactions and micellar-like Astructures may play a role
(35—37). Amphiphilic molecules such as/Atend to ac-

aggregates were removed by size exclusion chromatography
on Superdex 75, and concentrations of monomefid4{L)
were determined by UV absorbance with a calculated

cumulate at interfaces between water and air or nonpolarextinction coefficient of 1450 cmt M~* at 276 nm 24).

liquids (38), and an A monolayer at an airwater interface
did undergo a rapid and substantial increasg-structure
content compared to that of a similafgAncubation in bulk
solution @9).

We have previously described two systems in which

Aggregation ReactiondAll reactions and measurements
were carried out at room temperature (Z5). SDS stock
solutions were filtered (0.2m cellulose acetate filters, VWR
Scientific Products, West Chester, PA) and in some cases
were sonicated (30 s) in a bath sonicator 20 min prior to

polar—nonpolar interfaces appear to promote aggregation of being mixed with 4. Reactions were initiated in siliconized

ApB(1—40) into fibers rich ins-structure. In the first, addition
of monomeric A3(1—40) to the upper aqueous phase of a
quiescent buffer/chloroform two-phase system resulteddn A
aggregate formation within hour4@). In the second system,
1-4% hexafluoro-2-propanol (HFIP) in buffer was shown
to form microdroplets. In this system 5£1—40) aggregated
in just a few minutes without agitation, and the usual lag
time for aggregation was abolishedl. Although these
polar—nonpolar interfaces have dramatic effects offi A

Eppendorf tubes by incubating appropriate concentrations
of freshly purified A3(1—40) monomer in buffer in the
presence or absence of SDS without agitation. The buffer
consisted of 5 mM Tris-HCI and 50 mM NacCl (pH 8.0) for
all reactions, except that 50 mM NaF replaced 50 mM NacCl
for CD measurements with 1Q(M A to prevent high far-

UV absorbance from NaCB@). Direct comparison of 100
uM ApB in 50 mM NaF and 50 mM NaCl showed no
difference in aggregation rate as measured by thioflavin T

structure, it is unclear whether they have direct counterpartsfluorescence or in the rates of conversiorgtstructure as

in vivo. Biological membranes are composed largely of
phospholipids with polar headgroups5 Aaggregation is

promoted by anionic phospholipid/sphingolipid vesicles, but
interactions of 48 with these vesicles appear to be restricted

measured by CD spectra above 205 nm. In some CD
measurements, an aliquot of the initial mixture was trans-
ferred to the CD cuvette and left undisturbed for the
remaining measurements to eliminate agitation resulting from
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repeated pipetting of the sample. Aggregation kinetic pa- samples into 5 mM Tris-HCI (pH 8.0) containing /8Vi
rameters were obtained by monitoring the reaction with thioflavin T. Continuous measurementsfofvere taken for
thioflavin T and fitting fluorescenceH) data points to the  10—15 min with the excitation wavelength fixed at 450 nm,

sigmoidal curve in eq 14@8) using Origin 5.0. the emission fixed at 480 nm, and the excitation and emission
slits set at 10 nm, and the averdgealue was determined.
- a (1) The fluorescence of solvent blanks was subtracted.
1+ g (ttos)/] Electron Microscopy (EM)Samples of /& aggregates

were applied to 200 mesh Formvar-coated copper grids
wheret is time,a andb are fixed parameters, argk is the (Ernest F. Fullam, Inc., Latham, NY) and incubated for-10
time to reach half-maximal thioflavin T fluorescence. Data 15 min at room temperature. We then wicked off the sample
points were unweighted. Lag times were defined as describedwith lens paper, washed it briefly by placing the grid face
in ref 48 and were equal ttys — 2b for each fitted curve.  down on a droplet of water, and stained it by transferring
Protofibrils of A3(1—40) were prepared essentially as the grid face down to a droplet of 2% uranyl acetate
outlined previously 24, 40). In brief, SEC-purified mono-  (Polysciences, Inc., Warrington, PA) for-80 min before
meric A3(1—40) (100-140uM) was incubated in 10 mM  wicking off the solution and air-drying. Grids were visualized
Tris-HCl and 20 mM NaCl (pH 8.0) and agitated vigorously in a Philips EM208S transmission electron microscope. To
by continued vortexing to promote aggregation. After 16 h, estimate widths of individual fibers, digital electron micro-
the sample was centrifuged for 10 min in a microfuge graphs were analyzed by MCID Elite (MicroComputing
(Beckman Coulter) at 180@0 The supernatant was chro- |maging Device 7.0, revision 1.0; Imaging Research, Inc.).
matographedma 1 cmx 30 cm Superdex 75 HR 10/30  Using the standard sample analysis menu and the “2 pt
column (Amersham Pharmacia) equilibrated in 20 mM Tris- |ength” option, widths were measured at several places along
HCI (pH 8.0), and 48 eluting in the void volume was defined  numerous fibers from different images.
as the protofibril fractionZ4). In some experiments, isolated
protofibrils (2 uM) were elongated by incubation with RESULTS
purified monomeric (1—40) (50uM) for 16 h (24). During )
the elongation reaction, the thioflavin T fluorescence in-  Agdgregation of f(1-40) Is Accelerated @er a Very
creased at least 5-fold. Narrow Range of SDS ConcentratiodMdonomeric A3(1—
Dynamic Light Scattering (DLSHydrodynamic radius ~ 40) was purified by size exclusion chromatography to ensure
(RH) measurements were made with a Dynapro MSX removal of any preexisting aggregates. The time course of
instrument (Protein Solutions Inc., Piscastaway, NJ) contain- itS aggregation was conveniently monitored with thioflavin
ing a gallium aluminum arsenide laser. The total light T, a fluorophore that shows greatly enhanced fluorescence
scattering intensity at a 9Gngle in kilocounts per second 0N binding to amyloid fibrils 49) and certain other A
was collected for samples (6Q) in the quartz cuvette using ~ aggregates enriched firstructure 41). As reported previ-
an acquisition time of 5 s. Particle translation diffusion 0usly @9), the addition of SDS accelerated aggregation over
coefficients Dr) were calculated from autocorrelation data @ narrow range of SDS concentrations (Figure 1A,B). The
and converted intdR, values with the StrokesEinstein ~ Maximal rate with 10uM Af(1—40) in Figure 1B was
equation using the built-in Dynamics data analysis software observed at 2 mM SDS, but it depended more on the CMC
provided by the manufacturer. than on the absolute concentration of SDS. The CMC of SDS
Circu|ar Dichroism Spectroscop)@D Spectra were Ob_ iS 8 mM (022%, W/V) in Watel’, but the addition Of Salt |0W€I’S
tained in the far-UV region with a Jasco J-810 spectropo- the CMC ©0). We examined several combinations of SDS
larimeter (Jasco Inc., Easton, MD) in continuous scan mode@nd NaCl concentrations and found that 2 mM SDS in
(260-190 nm) and a 0.1 cm path length quartz cuvette buffered 50 mM NaCl was slightly above the CMC.
(Hellma). The acquisition parameters were 50 nm/min with Formation of micelles with a hydrodynamic radiu&) of
response times of 8 s, a bandwidth of 1 nm, and a data pitch™~2.0 nm was confirmed using DLS. However, the binding
of 0.1 nm, and data sets were averaged over three scan§f SDS to A5(1-40) at a level of at least 0.4 g of SDS/g of
unless otherwise noted. Spectra of appropriate solvent blankgrotein 61) would imply that about a third of the SDS in
were subtracted from the data sets. The corrected, average#® 2 mM SDS reaction in Figure 1 is bound t@(A—40),
spectra were smoothed using the “means-movement” a|go_thereby dropping the concentration of monomeric SDS below
rithm with a convolution width of 25 in the Jasco spectra its nominal CMC. This point is considered further in the
analysis program. Data were normalized to mean residueDiscussion.
ellipticity using the equatiord] = [0].,dMRW/10ic), where Secondary Structure Changes during Aggregation in
MRW is the mean residue molecular weight gf(A—40) the Presence of SDShe secondary structure of3fl—40)
(4331 g/mol divided by 40 residued)|s the optical path during incubations such as those in Figure 1B was analyzed
length (centimeters), anclis the concentration (grams per by CD spectroscopy. The initial spectra for monomerjt A
cubic centimeter). In some CD experiments with high inthe absence of SDS and with 0.5 mM SDS, a concentration
concentrations of A peptide, NaF was used in place of NaCl well below its CMC, showed no minima above 200 nm and
to reduce the noise in the far-UV regio®3j. were consistent with previous reports of a largely random
Fluorescence Spectroscopyhioflavin T fluorescence  coil conformation in aqueous buffers prior to aggregation
measurements were performed as described previo24ly (  (data not showr42, 52). Over the 12 day incubation period,
49). Briefly, the fluorescenceH) was monitored in a  the amplitude of the spectra for these samples decreased by
microcuvette with a Perkin-Elmer LS-50B luminescence ~50% (Figure 1C), suggesting that some process was
spectrometer after 15- or 30-fold dilution of 54—40) removing monomeric A(1—40) from solution. However,
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Ficure 1: Dependence of A(1—40) aggregation on the SDS
concentration as monitored by thioflavin T fluorescence. Monomeric
AB(1-40) (100uM) was incubated in buffer [5 mM Tris-HCI and
50 mM NaCl (pH 8.0)] with the following concentrations of SDS:
0.5 (¥), 2.0 @), 8.0 ©), and 150 mM ). (A) At the indicated
times, aliquots were diluted 30-fold for measurement of thioflavin

T fluorescence. (B) Fluorescence intensities at 290 h from panel A

as well as from additional reactions run in parallel under identical
conditions in 3 and 5 mM SDS (240 h) and in 35 mM SDS or in
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Ficure 2: Correlation of A8(1—40) aggregation in SDS with
secondary structure changes indicated by CD. (A) Monomefic A
(1—40), at 100 @ and O) or 25uM (a), was incubated in the
presence® anda) or absence®) of 2 mM SDS in buffered NacCl.

At the indicated times, aliquots of the 281 Aj3(1—40) reaction
mixture were diluted 15-fold into thioflavin T, and the fluorescence
(F) was measured as described in the legend of Figure 1A. Points
(®) are from Figure 1A. Values df with 100 and 25%«M ApS in

2 mM SDS were fit to eq 1 (solid lines) to give calculated lag
times of 31+ 5 and 125+ 4 h, respectively. (B) Aliquots of the
reaction mixture involving 2xM Ap in panel A were transferred

to a CD cuvette, and CD spectra were recorded at each time point
in panel A. Representative spectra are shown for the indicated times.
The control spectrum is for 26M Ap in buffered NaCl in the
absence of SDS.

and turn) as reported previously forgAfibrils (55) and
protofibrils (18) generated in vitro.

the absence of SDS (290 h). (C) Aggregation reactions with 100 The aggregation of 2aM Aj3(1—40) in 2 mM SDS and

uM AB(1-40) in 5 mM Tris-HCI, 50 mM NaF (pH 8.0), and the
indicated concentrations of SDS were left undisturbed in a CD

cuvette. CD spectra were recorded at 290 h. Similar data were

obtained in three replicate experiments.

in the absence of SDS, we saw no indication of an initial
transition from random coil tax-helical structure prior to
aggregation, as observed in one rep&3)( In contrast, a

rapid spectral change was obtained with samples in high

concentrations of SDS (8, 35, and 150 mM). The CD
spectrum for monomeric &1—40) was immediately altered
with minima near 208 and 222 nm (Figure 1C), indicating
formation of a substantial amount @fhelical structuref4).

buffered 50 mM NaCl was slower than that of 100 ApS
(Figure 2A). As expected for a nucleation-dependent ag-
gregation proces$6), both aggregation reactions displayed
a lag phase prior to the onset of aggregation. However, the
lag times were reduced from weeks to days by the addition
of 2 mM SDS (Figure 2A). Changes in secondary structure
of Aj during these aggregation reactions were analyzed by
CD spectroscopy, as shown for 2M AS(1—40) in 2 mM
SDS in Figure 2B. A spectral shift indicating conversion to
a predominantw-helical structure was evident immediately
after addition of A6 to 2 mM SDS. The shape and amplitude
of the spectrum were similar to those obtained at higher SDS
concentrations in Figure 1C, and this spectrum also remained

The spectra of these samples remained unchanged in shapgnchanged for points taken over the first 40 h of the

throughout the incubation, although the amplitude for the
sample in 150 mM SDS increased-105% at 290 h. CD

aggregation. However, a small shift became apparent at 110
h, the time in Figure 2A when aliquots from the 281 AS

spectra for the sample in 2 mM SDS showed a series of reaction first showed a slight increase in thioflavin T
changes (described below) that were completed by 290 h.fluorescence. By 182 h, the shift in the CD spectrum became

The spectrum at this point (Figure 1C) showed a minimum
at 216 nm expected for a preponderancg-structure (sheet

quite pronounced and indicated a preponderangesifuc-
ture. This point corresponds to the time near maximal
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after incubation in SDS for various amounts of time. Aliquots (10
uL) from the reaction mixture with 2aM ApB(1—-40) and 2 mM
SDS in panels A and B of Figure 2 were processed for negative
staining and EM at the following times: (A) 0, (B) 40, (C) 100,
and (D) 156 h. Widths of individual fibers in panel D averaged
11.8 +£ 2.1 nm (SD,n = 148). Images are shown relative to a
calibration bar of 200 nm.

thioflavin T fluorescence for this reaction in Figure 2A. The
CD spectra in Figure 2B did not exhibit a precise isodichroic

Biochemistry, Vol. 45, No. 28, 2008643

to the initial a-helical conformation. The final EM sample
was taken at 156 h, and the number of fibers had significantly
increased. This correlated well with substantial increases in
the levels of aggregates that gave thioflavin T fluorescence
andg-structure by CD (Figure 2A,B). Furthermore, the fibers
at 156 h appeared to have matured to a form more typical
of amyloid fibrils, with smoother features and few branching
elements. The fiber widths at 156 h averaged 12 nm,
somewhat larger than the—® nm widths reported for
elongated £8(1—40) protofibrils in the absence of SD3(
24) but within the 712 nm range generally observed for
amyloid fibrils (57).

Stability of AG Aggregates Formed in SD3s noted in
the introductory section, A aggregates are produced at
polar—nonpolar interfaces formed by microdroplets in dilute
HFIP. These aggregates are richgistructure but initially
are very unstable. When briefly incubated and then diluted
out of HFIP, they dissaggregated completely within 2 min
(41). The aggregates stabilized during a 10 day incubation
in 2% HFIP, and dilution then induced only slight disag-
gregation over 1 h. To examine the stability of(@—40)
aggregates formed in SDS, we disrupted the peptide-bound
SDS micelles simply by 10-fold dilution of samples ag-
gregated in 2 mM SDS. This dilution reduced the SDS
concentration to well below its CMC. We anticipated that
removal of SDS micelles would cause unstabfesiructures
to revert to conformations in which they are stable in the
absence of SDS, while structures stable in both the presence
and absence of SDS would persist.

point but showed intersections of spectra between 204 and CD, thioflavin T fluorescence, and EM were employed to
210 nm, suggesting a system of more than two componentsmonitor changes that occurred during dilution. To ensure that

with contributions from random coity-helix, andj-structure

there was sufficient peptide for examination of the diluted

conformations. When the 182 h sample was centrifuged atsamples, we focused on the mixture of 0@ A3(1—40)

1800@ for 10 min, more than 90% of the peptide remained
in the supernatant as measured by CD and thioflavin T
fluorescence (data not shown). Therefore, the(1A-40)

in 2 mM SDS from Figure 1A. The secondary structure
changes measured by CD during this reaction were similar
to those observed in Figure 2B for 281 Aj3(1—40). Prior

aggregates generated by prolonged incubation in 2 mM SDSto dilution, the initial spectrum showed structure enriched

are soluble.

Changes in Morphology during/AAggregation in the
Presence of SDSo gain more insight into the structural
changes occurring when #1—40) is mixed with SDS,

in a-helix, but subsequent spectra showed a steady increase
in s-structure content (Figure 4A) which was-3-fold faster

than that in Figure 2B. In some replicates of this 1
Ap(1—-40) incubation, a spectrum consistent vitistructure

samples taken from aggregation reactions were negativelywas evident even at the earliest time point. Disruption of

stained with uranyl acetate and examined by EM. In Figure
3, samples were taken from the sameu®5A 3 aggregation
reaction mixture and at some of the same time points

the SDS micelles by dilution resulted in an immediate
reversion of the initiab-helical structure to random coil (0
hin Figure 4C), indicating that the-helix was very unstable

examined in Figure 2A to better compare aggregation ratesin the absence of SDS micelles. A slight shift toward

and secondary structure with aggregate morphology. Im-
mediately after addition of A(1—40) to the 2 mM SDS

p-structure was apparent afté h in theundiluted sample
in Figure 4A, and the diluted sample showed a similar

solution, a relatively sparse number of amorphous clusterspercentage conversion t6-structure (Figure 4B,C). The

were observed with little indication of fibrous elements
(Figure 3A). After 40 h, these clusters had developed into

similarity indicated that the§-structure was largely stable
in the absence of SDS micelles as soon as it was formed.

more extensive ordered latticelike structures and had becomeThe stability of the diluteg-structure aggregates was also

more numerous (Figure 3B). However, at this 40 h point,

monitored with thioflavin T, and an increase in fluorescence

these structures did not yet generate thioflavin T fluorescencewith time was observed (Figure 4D). The fluorescence

(Figure 2A) or show any change from the initial CD spectra
that indicated partiad-helical structure. After 100 h (Figure
3C), most of the latticelike structures had evolved into a
network of more distinct fibers, with numerous long fibers
to which many knobs and short fibers were attached. At this

intensities remained stable and showed no significant decay
over the 1 h observation period. At early time points, the
fluorescence lagged slightly behind the increasg structure
content observed by CD (Figure 4C), suggesting that the
initial S-structures may induce less enhancement of thioflavin

time, the reaction was just beginning to produce aggregatesT fluorescence.

that gave thioflavin T fluorescence (Figure 2A), and the CD
spectra indicated a small componengestructure in addition

EM analysis of 100tM A3(1—40) in buffered 2 mM SDS
revealed immediate formation of amorphous clusters, as
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FiGure 4: Stability of A3(1—40) aggregates formed in SDS after
disruption of SDS micelles. Data were obtained from aggregation
reactions with 10«M A 3(1—40) and buffered salt in 2 mM SDS.
(A) The reaction in Figure 1C was left undisturbed in a CD cuvette,
and CD spectra were recorded at the indicated times. (B) Sample
from the reaction in Figure 1A were diluted 10-fold with buffered
NaCl at the indicated times, and CD spectra were immediately
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Ficure 5: Electron micrographs of aggregates formed by bovine
serum albumin and A(1—40) in SDS and stability of aggregates
after disruption of SDS micelles. Albumin (0.43 mg/mL) and-A
(1—40) (100uM, 0.43 mg/mL) in buffered NaCl were incubated
in 2 mM SDS. After various times, 14L aliquots of samples were
taken for negative staining and EM: albumin aféeh (A) and A3
after 0 (B) aml 6 h (C). The 4 sample &6 h was diluted 10-fold
into buffered NaCl with (D) or without (E) 2 mM SDS, and 40
aliquots were taken for EM. Images are shown relative to calibration
bars of 2 (A-C) or 0.2um (D and E).
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the 6 h point when CD changes were detected in Figure 4A.
Dilution of this sample into 2 mM SDS did not affect the
morphology of either the amorphous aggregates or the fibers
(Figure 5D), indicating that both structures were at least
moderately stable in the continued presence of SDS micelles.
On the other hand, dilution of this sample into buffer without
SDS resulted in the loss of all the amorphous aggregates
but retention of the fibers (Figure 5E). Some of the knobs
or short appendages associated with the fibers also seemed
to disappear on dilution. Ten-fold dilution of albumin in 2
SmM SDS also resulted in the loss of all amorphous
aggregates, further supporting the conclusion that these
structures disaggregate in the absence of SDS micelles.

recorded. Each trace is the average of six spectra. (C) The Slow Disaggregation of A Protofibrils at High SDS

percentage of A converted tg3-structure in samples diluted as in
panel B (%p-structure;a) was calculated from CD measurements
of 6 at 217 nm as 100 — 60)/(0280 — o), Where subscripts refer
to time points () in hours. Samples were also diluted 30-fold in
parallel into 5uM thioflavin T for measurement of fluorescence
(F) (®, points from Figure 2A). The percentage conversion of CD
spectra of the diluted control reaction mixture from Figure 2A was
calculated assuming the same valuedgd, (O).

observed with the 25(M Af incubation in Figure 3A.
However, controls with bovine serum albumin in 2 mM SDS
and Ag in higher concentrations of SDS indicated that these

Concentrations.The predominant conformation of mono-
meric A3(1—40) in concentrations of SDS above 3 mM
remaineda-helical for at least 12 days (Figure 1C). To
determine whether this conformation is more stable than the
S-structure adopted by fibrillar #(1—40) at these concentra-
tions of SDS, we isolated {1—40) protofibrils as we had
reported previously24, 41). As noted in the introductory
section, these soluble A aggregates are composed of
globules and short rods by EM, show primarflystructure

by CD, enhance the fluorescence of bound thioflavin T, and
readily seed the growth of long fibrils. They are also very

clusters were also formed with other proteins when the SDS stable and showed no tendency to disaggregate over several
concentration was above the CMC. Panels A and B of Figure hours in aqueous buffers without SD&1). When AG(1—

5 compare images of albumin ang3An 2 mM SDS at
equivalent concentrations by weight and at low magnifica-
tion. The images are virtually indistinguishable, with many

40) protofibrils were incubated in buffered 35 mM SDS, they
also displayed no immediate change in secondary structure.
Their CD spectrum exhibited a negative minimum at 219

amorphous clusters that were not evident when either thenm, near the minimum characteristic @fstructure (Figure

protein or SDS was omitted. In this sample with albumin or
with Ag in 8 and 35 mM SDS, this morphology remained
unchanged for up to 75 h (data not shown). With ik 2

6A). However, after 2 h, the spectrum showed a decrease in
intensity at 219 nm and a relative increase in intensity at
208 nm. This trend gradually continued, and at 50 h, the

mM SDS, however, fibers began to emerge (Figure 5C) at spectrum indicated a conversion to predominastielical
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A (Figure 6B). Therefore, the shift in conformation frginto
o-helical structure observed by CD was accompanied by an
04 increasing level of disaggregation of the protofibrils as
oh measured by SDSPAGE. It is noteworthy that protofibril
stocks showed some variability in these experiments.-SDS
2h PAGE analysis of some preparations gave only two species,
monomer and aggregate in the loading well. Furthermore,
-10000- protofibril preparations that had been aged by incubation at
room temperature for several days showed slower rates of
conversion toa-helical structure on addition of SDS when
analyzed as in Figure 6. This increasing stability to SDS-
50h induced disaggregation supports our previous report that
. . T . T . ! incubation of AG protofibrils results in progressive resistance
200 220 240 260 to disaggregation in generad).

wavelength, nm DISCUSSION

B el The Acceleration of A(1—40) Aggregation by SDS
188 — ' ' . Requires a High Ratio of Peptide to Bound Micellar SDS.
' In this study, the aggregation ofgl—40) was stimulated
by SDS but only over a narrow range of SDS concentrations.
The rate of A6 aggregation to fibrils was increased at 2 mM
SDS, a concentration near its CMC in our experiments, but
38 — not at SDS concentrations that were 4-fold higher or lower
(Figure 1A,B). Similar effects of SDS on the aggregation of
ApB(1—40) and A3(1—42) were previously reported by

[6], deg cm® dmol”

4h

-20000

14 — Yamamoto et al.45), and the aggregation of other amy-
v loidogenic proteins also showed a comparable dependence
6 — on SDS concentration. In one example, a peptide corre-
- @ @& @& Monomer sponding to residues 84 from the SCR3 domain of the
hr: O 2 4 50 human complement receptor slowly converted from a random

FiGURE 6: Dissolution of A3(1—40) protofibrils by high concentra-  COil conformation to fibrils rich ins-structure over a period
tions of SDS. (A) Freshly isolated Aprotofibrils (10uM) were of several days in the absence of S8)( In 20 mM SDS,

incubated in 35 mM (1.0%) SDS in buffered NaCl, and CD spectra gpectra characteristic of azhelical conformation remained

of the sample were taken at the indicated times. (B) Aliquots of ; ;
the freshly isolated A protofibrils in panel A were transferred to effectively unchanged for more than 2 days. However, in 3

1.0% SDS and incubated for the indicated times. Samplegizo MM SDS, & concentration slightly below the CMC in their
20 pmol) were applied to a-412% bis-Tris gel (NuPAGE, experiments, spectra that initially indicated a predominantly
Invitrogen Inc., Carlsbad, CA), electrophoresed in NuPAGE MES q-helical structure gradually shifted over a few hours to a
SDS running buffer that contained 0.1% SDS, and immunoblotted ¢(rye typical of8-structure and fibrils were produce8s).

on Immobilon-P. The transfers to SDS were timed so that all . . .
samples were run on SBRAGE immediately after the incubation. Effects of SDS consistent with these observations also were

The gel was calibrated with dye-linkédiy, markers (SeeBlue Plus2 ~ Made with amyloid fibrils prepared froy,-microglobulin
Prestained Standards, Invitrogen), and the blot was probed using(59). SDS over a narrow range of concentrations just below
monoclonal antibody 6E10 with ECL development. Similar results the CMC accelerated the extension of fibril seeds and
were obtained with isolated /1—40) protofibrils that had been  stapijlized the extended fibrils, while higher SDS concentra-
elongated. tions disaggregated the fibrils to a structure rictuimelix.
Concentrations of SDS that induce the formation of
structure with a minimum at 208 nm and a shoulder at 220 a-helical structure by A(1—40) also give rise to SDS
nm. The superimposed spectra exhibited a well-defined micelles. No conversion ta-helix was observed at 0.5 mM
isodichroic point at~214 nm (Figure 6A), suggesting that SDS, and no micelles were observed by DLS; on the other
the conversion off- to a-helical structure involved a two-  hand, all SDS concentrations af2 mM resulted in the
state process without significant accumulation of other immediate appearance afhelix. The unique effect of SDS
intermediates. The Aprotofibril incubation in 35 mM SDS  concentrations near the CMC in promoting amyloid fibril
was also monitored by SDSPAGE and Western blotting.  formation can be explained in the context of classic measure-
Three A species were detected immediately after addition ments of SDS binding by proteins. Several proteins bound
of SDS: 4 kDa monomer near the gel dye front, aggregate SDS at plateau levels 0£0.4 g of SDS/g of protein just
that remained in the loading well, and more diffuse aggregate below the CMC and~1.4 g/g of protein above the CMC
that barely entered the separation gel (Figure 6B, 0 h). Such(51). Proteins stabilized the bound SDS in the form of
large aggregates are consistent with our previous estimatemicelles even at SDS concentrations that were slightly below
that the minimunivly, for these 48 protofibrils is~7 x 10° the CMC in the absence of protein80f, but the micelles
kDa (24). Protofibril samples were incubated in SDS for formed at the lower SDS concentrations were smabay. (
longer times that corresponded to the times at which the CD A level of 0.4 g of bound SDS/g of &(1—40) corresponds
spectra were taken. These samples showed progressivéo approximately six molecules of SDS per peptide, a value
conversion of aggregates to monomer over the 50 h interval considerably lower than the minimum number-e30 SDS
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molecules per micelle measured for SDS micelles bound to
bovine serum albumin6@). The difference suggests that
more than one A peptide binds to a single SDS micelle at
SDS concentrations just below the CMC, and the intermo-
lecular proximity of these peptides in turn could promote
formation of aggregates rich jf+structure. This proximity
effect is likely to contribute to differences in the rates of
formation of3-structured aggregates withAconcentration.
Reducing the £(1—-40) concentration from 100 to 26M

in the presence of 2 MM SDS increased the lag time for A
aggregation by a factor of 4 (Figure 2A). While this decrease . __*
in aggregation rate is consistent with a simple mass-action
effect at the lower & concentration, it also is likely to result
from a smaller ratio of /& peptides per SDS micelle.

At concentrations of SDS well above the CMC, the larger
SDS micelles that are bound tofl—40) may be more
compact 61) and are more effective in stabilizinghelical
structure. For example, K1—40) protofibrils are rich in
[-structure and extremely stable in the absence of SO (
but they were slowly converted to a monomeric form with |
increasedx-helical structure content upon addition of SDS P
to 35 mM (1%), a concentration typically used to prepare o
samples for SDSPAGE (Figure 6). This structure in &Q&;,‘
association with these micelles thus is more stable than® . I .
fibrillar AB, an observation that explains why the initial i
o-helical structure formed upon addition of high concentra-
tions of SDS to monomeric Adid not proceed to fibers.
However, this stability was lost if the micelles were removed.

~
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Addition of AB(1—-40) to 2 mM SDS initially gave a
preponderance ofr-helical structure, but this structure
reverted to random coil upon removal of the micelles by
dilution to well below the CMC (Figure 4B). Furthermore,

R

o ”

S5 ML A o

Ficure 7: Similar progressive changes in morphology for interfacial

amorphous aggregates, which were apparent by EM whenag(1-40) aggregates formed in 2% HFIP or 2 mM SDS. (A, C,

either bovine serum albumin or#1—40) interacted with

and E) Monomeric £(1—40) (40 uM) was incubated in M

the micelles, immediately disappeared when SDS was dilutedthioflavin T, 5 mM Tris-HCI (pH 8.0), and 2% HFIP at 2€ (41).

to well below its CMC (Figure 5A,B). Although these

Aliguots of the solution were centrifuged at 18@0@r 10 min at
the indicated times, and supernatant sampleg(d@vere removed

amorphous aggregates may reflect only the small percentag&ng processed for negative staining and EM. (B, D, and F) Images
of proteinr-SDS complexes large enough to be detected by from the soluble reaction mixture with 28M AB(1—40) and 2
EM, they presumably assume the saméelical structure mM SDS in Figure 3 are shown here for comparison. All images
observed by CD with the bulk solutions. Their disappearance &€ shown relative to a calibration bar of 200 nm.

on dilution supported a loss of this structure on removal of
the micelles. In contrast, the earliest Aibers formed in 2
mM SDS did not require the support of micelles for stability
and remained after dilution (Figure 5E).

resulted in elongation rates that were less than 10% of those
obtained in parallel with isolated/&1—40) protofibrils (data
not shown). In both of these interfacial systems, changes in
The Interfacial Formation of Fibrillar & Depends on peptide secondary structure occurred immediately whgn A
Peptide Proximity but Not on Initial Peptide Conformation. was introduced. With dilute HFIP, the change involved
As noted in the introductory section, current interest in small conversion from random coil to a predominghstructure.
soluble A6 aggregates that are formed in vivo is high because Furthermore, the conversion fiastructure was accompanied
they are proposed to be neurotoxic and to initiate neurode-by a rapid increase in fluorescence in the presence of
generation. The aggregates op(A—40) generated at the thioflavin T, a property usually thought to indicate the
polar—nonpolar interface in dilute HFIP and at the anionic generation of an amyloid-like crogbstructure. These
micellar interface in 2 mM SDS are not sedimented by features stood in sharp contrast to the initigh Atructure
centrifugation at 1800§for 10 min, even after several days formed in 2 mM SDS, which showed a partiathelical
when fibers have become apparent by EM, and thus areconformation and gave no thioflavin T fluorescence. Despite
classified as soluble. These fibers thus share many featureshese differences in initial secondary structure, the progres-
with protofibrils, although they are not identical to protofibrils sive changes in EM morphology that accompanied the
because they seed the aggregation 8{1A&-40) monomers  development of fiber structures were strikingly similar both
ineffectively: The AS(1—40) fibers obtained after prolonged in buffered 2% HFIP and in 2 mM SDS (Figure 7). In both
incubation in dilute HFIP elongated only slightly following cases, amorphous clustered aggregates were immediately
dilution into 60uM AS(1—40) monomers41), and similar formed and evolved slightly into a mesh or lattice of fiberlike
dilution of AB(1—40) aggregates obtained after several days elements over a roughly 2 day period (Figure 7A,B)
of incubation in 2 mM SDS into monomeric (A1—40) However, after a few more days in either 2% HFIP or 2
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mM SDS, A3 began to show more distinct fibers, including
long fibers from which many short fibers branched (Figure

7C,D). These fibers continued to mature over subsequent

days to a form more typical of amyloid fibrils, as the number

of branching elements decreased and the fibers became

smoother (Figure 7E,F).

We suggest that two conclusions can be drawn from the
facts that the initial secondary structures adopted [Syaf\
the SDS micelle and the HFIP microdroplet interfaces were
completely different and yet fibers emerged from latticelike

matrices in both systems at approximately the same rates.

First, neither thex-helical conformation induced at the SDS
interface nor thes-structure rapidly formed at the HFIP
interface appears to uniquely promot@ fiber formation.

If one of these conformations served as an obligatory
intermediate in, for example, an initial nucleation step, one
would expect fiber formation to occur much more rapidly
at the interface corresponding to this conformation. Second,
both interfaces clearly accelerate fiber formation relative to 1 \walsh, D. M., Hartley, D. M., Kusumoto, Y., Fezoui, Y., Condron,
the rate with buffer alone. Therefore, these interfaces provide
a means of concentratingpAfrom the bulk solution in
essentially a two-dimensional space, and aggregation appears

to be enhanced simply by the greater likelihood that peptide 19

molecules will come into contact.
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