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ABSTRACT: Amyloid plagques in brain tissue are a hallmark of Alzheimer’s disease. Primary components

of these plaques are 40- and 42-residue peptides,

den@i@dd-A0) and A3(1—42), that are derived by

proteolysis of cellular amyloid precursor protein. Syntheti{1%-40) and A3(1—42) form amyloid fibrils

in vitro that share many features with the amyloid in plaques. Soluble intermediat@sfibrflogenesis,
termed protofibrils, have been identified previously, and here we describe the in vitro formation and
isolation of A3(1—40) protofibrils by size exclusion chromatography. In some experiments, fiE-A

40) was radiomethylated to better quantify varioys #pecies. Mechanistic studies clarified two separate
modes of protofibril growth, elongation by monomer deposition and protofipribtofibril association,

that could be resolved by varying the NaCl concentration. Small isolated protofibrils in dilute Tris-HCI
buffers were directed along the elongation pathway by addition £(fLA40) monomer or along the

association pathway by addition of NaCl. Multi-an

gle light scattering analysis revealed that protofibrils

with initial molecular massebl,, of (7—30) x 1C® kDa grew toM,, values of up to 250< 10° kDa by

these two growth processes. However, the mass

per unit length of the associated protofibrils was about

2—3 times that of the elongated protofibrils. Rate constants for further elongation by monomer deposition

with the elongated, associated, and initial protofibril

pools were identical when equal number concentrations

of original protofibrils were compared, indicating that the original number of protofibril ends had not
been altered by the elongation or association processes. Atomic force microscopy revealed heterogeneous
initial protofibrils that became more rodlike following the elongation reaction. Our data indicate that
protofibril elongation in the absence of NaCl results from monomer deposition only at the ends of

protofibrils and proceeds without an increase in p

rotofibril diameter. In contrast, protofibril association

occurs in the absence of monomer when NaCl is introduced, but this association involves lateral interactions

that result in a relatively disordered fibril structure

Proteins form amyloid aggregates in a number of diseases
The brains of patients with Alzheimer's disease (AD)
contain large numbers of amyloid deposits in the form of
senile plaques1). The amyloid core of these plaques is
composed of interwoven fibrils, each-® nm in diameter
(2), that can be visualized by light microscopy after staining
with Congo Red or thioflaving). The fibrils in senile plaques
are composed of 40- and 42-residue peptide$)( denoted
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ApB(1—-40) and A3(1—42), that are derived by proteolysis
of cellular amyloid precursor protein (APP§-(9).

It has been difficult to establish whetherBApeptides,
amyloid fibrils, and the senile plaques in which they are
found are important in the etiology of AD. Evidence that a
higher A3 peptide level is an important risk factor has come
from studies of mutant genes that give rise to inherited forms
of early-onset AD. These mutations, which occur in the genes
for the APP or the presenilins (PS1 and PS2), all result in
elevated levels of A(1—42) (10). Furthermore, overexpres-
sion of these mutant genes in transgenic mice results in an
age-dependent development g8 Abril deposition (L1, 12.
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that result in neuronal cell death and lead to the cognitive
decline characteristic of AD1@). Therefore, therapeutic
strategies that prevent fibril formation are attractive, and
development of such strategies requires more insight into
fibril formation and structure. In particular, characterization
of intermediates in & aggregation and clarification of how
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they progress to mature fibrils may identify new sites of [*HJ[HCHO (98 mCi/mmol) or {*CJHCHO (54 mCi/mmol)
action for inhibitors. (NEN DuPont) was used directly or after dilution to lower
Ap fibrillogenesis in vitro has been described as a Specific activity with unlabeled HCHO. #(1—40) peptide
nucleation-dependent polymerization procesd, (19 in (350uM), 10 mM [*H]- or [**C]JHCHO, 50 mM NaCNBH,
which “monomeric” A3 associates noncovalently to form and 10 mM sodium phosphate (pH 7) were incubated at room
nuclei or “seeds” from which soluble protofibrils and then temperature for 3 h. The reaction was quenched by addition
full-length insoluble fibrils arise. The mechanism offA  of 0.2 volume 6 5 M Tris-HCI (pH 8.0), and labeled A
nucleation and the structure of the nucleus are unknown, butwas separated from excess HCHO and side reaction products
a number of reports have investigated the physical and kineticby SEC on Superdex 75. Radioactivity was determined by
properties of fibrils and protofibrils. Both of these aggregated scintillation counting. Amino acid analysi81) confirmed
Ap species possess an ordered, substanfisdlyeet structure  that the e-amino groups of two lysine residues and the
as determined by circular dichroism analysi$,(17, and a-amino group of the N-terminal residue were converted to
both have been reported to be toxic to neurohs—19). labeled dimethylamines, as expected for complete methyla-
Protofibril lengths (typically<200 nm;15, 20 are clearly ~ tion of residues Aspl, Lys16, and Lys28 irB@1—40), and
less than the lengths of fibrils, which can exceed 1 ra),(  established the specific activity of the labeleg,Avhich
but differences in diameters are less clear. EM studies reportanged from 1 to 1300 dpm/pmol.
widths of 6-10 nm (@5) and 8.5+ 1.5 nm @2) for AB(1— Fluorescence Determinations of the Binding of Thioiftea
40) protofibrils and of 79 nm @3), 6—10 nm @4), and T to A3 Amyloid.Thioflavin T fluorescence determinations
9—12 nm @2) for AB(1—40) fibrils. AFM (20) and EM (L5) were made as described previoudly (32, 33. Fluorescence
have provided images of protofibrils that show a smaller, was monitored by diluting & samples into comparable
less rigid structure than the longer, rodlike fibrils. buffer containing M thioflavin T at 23°C on a Perkin-
The transient appearance of protofibrils precedes that of EImer LS-50B luminescence spectrometer with excitation
fibrils during A8 aggregation in vitro, and this has suggested at 450 nm, emission from 470 to 500 nm, and excitation
that protofibrils are precursors to fibril@%). However, the ~ a@nd emission slits of 10 nm. The area under the emission
mechanism of this transformation is not completely clear. Curve was obtained by integration and expressed as area units
Kinetic studies indicate that monomers deposit onto fibrils (F). Time drive experiments were conducted in a similar
with a rate proportional to both fibril and monomer concen- fashion with continuous monitoring of 480 nm fluorescence
tration 26, 27, and the same first-order dependence of €MiSsion.
deposition rate on monomer concentration has been reported Liquid Chromatography SEC employed two systems.
with protofibrils (28). Direct association of protofibrils has ~Most molecular mass separations (0 *@0 kDa) were
been less rigorously investigated but also appears to play acarried out with a 1x 30 cm Superdex 75 HR 10/30 column
role in fibril formation (L7, 28. In this study, we show that ~(Amersham Pharmacia) attached to either a Pharmacia LKB
protofibril growth by monomer deposition and direct as- OF an AKTA FPLC system. The Superdex columns were
sociation can be distinguished by structural analysis and ionicwashed wih 1 M NaOH and pretreated with a bolus (50
strength dependence. Estimation of protofibril size is an Mg) of BSA in running buffer to block nonspecific binding
important feature of our analysis, and both dynamic light of Aj protofibrils to the resin. Columns were then equili-
scattering (DLS) and static multi-angle light scattering Prated in 5 or 50 mM Tris-HCI, 5 mM EDTA-NaOH (pH

(MALS) techniques were employed. 8.0) (denoted 5 or 50 mM TrsEDTA) containing 6-150
mM NaCl and run at a flow rate of 0.5 mL/min. Separations
EXPERIMENTAL PROCEDURES requiring slightly higher yields of high molecular mass

) ) ) aggregates employed a 0% 28 cm Sepharose CL-2B
Materials. AB(1—40) peptide was obtained from QCB  qjumn (Sigma) equilibrated in 50 mM THEDTA with

(Hopkinton, MA). PHJHCHO and [“CJHCHO were from 0 0596 BSA and run by hydrostatic pressure at a flow rate
NEN Dupont, scintillation cocktail (Ultima Gold) was from  of 0.25 mL/min.

Packard, and Sepharose CL-2B, EDTA, bovine serum  aggregation of f(1—40) to Protofibrils and Fibrils.

albumin, and thioflavin T were from Sigma (St. Louis, MO). Samples of unlabeled or radiomethylated(A—40) (70—
Preparation of & Peptide AB(1—40) peptide was ob-  100.M) were incubated in 051 mL of 5 or 50 mM Tris-
tained in lyophilized form and stored &t20 °C desiccated ~ EDTA and G-150 mM NaCl at room temperature and, unless
until reconstitution in deionized water (18® Millipore otherwise noted, agitated vigorously by continued vortexing
Milli-Q system) at 2.5 mg/mL (577M). Aliquots were  or platform shaking to promote aggregatioB4{36).
flash-frozen in ethanol/dry ice, stored-aB0 °C, and thawed Incubation of purified radiomethylated g&1—40) in the
at room temperature when needed. Stock solutions, storedabsence of EDTA for more than 1 day resulted in partial
for several weeks at ZC, retained their characteristic single- conversion to smaller peptide fragments (data not shown).
peak elution profiles corresponding to monomerjgwhen  This conversion was prevented by inclusion of 5 mM EDTA,
examined by SEC on Superdex 75. Concentrations of so EDTA was included in all experiments. Aggregation was
monomeric A8 were determined with a calculated extinction monitored by thioflavin T fluorescence, and the sample was
coefficient of 1450 cm* M~* at 276 nm for the £(1-40) microfuged for 10 min in a tabletop centrifuge (Beckman
peptide containing one tyrosine resid@8)( and this value  Coulter) at 18009 when a fluorescence increase estimated
was confirmed by quantitative amino acid analysis (Beck- to be 20-100% of the maximum final fluorescence was
man, System 6300). observed. The pellet obtained from this centrifugation was
Radiomethylation of A(1—40). Reductive methylation of  defined as the fibril fraction. The supernatant was chromato-
AB(1—40) was adopted from the procedure of MeaB@).( graphed on Superdex 75, ang Aluting in the void volume
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was defined as the protofibril fraction. Protofibril elution is the molecular mass of the solute. At the low concentrations
was monitored by UV absorbance at 280 nm, thioflavin T ¢ employed in this study, theA2c term in eq 1 may be
fluorescence, and (with radiolabeled preparations) scintilla- ignored. The functiofP(0) is the ratio of the scattered light
tion counting. The fluorescence profile superimposed pre- intensity to the scattered light intensity without interference.
cisely on the absorbance profile. However, concentrations P(6) equals 1 for small solute molecules, but for larger
determined from the apparent absorbance were corrected fomolecules whose size approachgsit increases to 1 only
light scattering by a conversion factor determined with in the limit as#, the angle between the incident and the
radiolabeled protofibrils (see Figure 3 below). In most cases, scattered light, approaches zero. The recipréca{d) may
isolated protofibrils were analyzed or committed to growth be expressed by the power series in eq 2:
reactions immediately, but in a few cases, they were stored
at 4°C for up to 3 days before use. . qugz

Electron Microscopy (EM)Samples of £ fibrils and PO)=1+—F"+.. (2)
protofibrils were applied to 200 mesh Formvar-coated copper

grids (Ernest F. Fullam, Inc., Latham, NY) and incubated whereq = (47nJ/,) sin (0/2) andRy is the root-mean-square
for 2 min at room temperature. The Sample was then wicked radius of gyration_ According to eqs 1 and 2, a Zimm p|ot
off with lens paper, and the grid was placed sample-side- of K¢/R, as a polynomial ing? gives M)~! as they axis
down on a droplet of 0.5% gluteraldehyde (Sigma, diluted intercept andR;2/3M as the limiting slope a8 approaches
in filtered water). After 1 min, the fixative was wicked off  zerg. In general, this plot remains lineardfonly for aRy
and the grid washed with 5 droplets of filtered water. The < 1 and curvature at higheR, depends on both the shape
sample side of the grid was placed down on a droplet of 2% and the polydispersity of the molecules. For long rigid rod

uranyl acetate (Polysciences, Inc., Warrington, PA, dissolved ., Jiacules of lenath.. R. = L/v/12 andP(0) is aiven by e
in filtered water) and incubated for-B min, after which 3 (39):u gt Ry V12 (O)is giv yeq

the stain was wicked off and the grid was air-dried. Grids

were visualized in a Philips EM208S transmission electron 2 .« sinz sin /2)]2
microscope. To estimate widths of individual strands in fibrils P(x) = X j: - dz — [ x/(2 ) (3)
and protofibrils, photographs or negatives were scanned for

analysis by AIS (Analytical Imaging System 4.0 Rev. 1.8 \yherex = gL. For semiflexible wormlike chains®(6) is

for Windows NT, Imaging Research Inc.). Using the “lane given by the expression developed by Koyam) (n eq 4:
analysis” tool, longitudinal fibril segments were resolved into

single strands or multiple parallel strands; then widths were 2 L
measured as the average distance between parallel deposits P(a) = L2Jo (Le = De(t]y,0) dt (4)
of stain along the sides of each strand. c

Dynamic Light Scattering (DLSHydrodynamic radius : I
(Ry) measurements were made at room temperature with aWherQI‘C is the contour length of the chaily,is the Kuhn

DynaPro MSX instrument (Protein Solutions Inc., Charlottes- statistical segment length, and the_ functignis deflneq
ville, VA) containing a gallium aluminum arsenide laser. gls_evyhgre40),_see ¢1). When the rat'd'fll‘.c > 1, the' chain
Samples (6Q«L) were placed directly into a quartz cuvette, IS mﬁmtely stiff and behaves as a rigid rod, with eq 4
and light scattering intensity at a 9@ngle was collected reducing to eq 3. . . .
using a 5 sacquisition time. Particle translational diffusion When the solute is polydisperse, egs 1 and 2 can still be

coefficients Dr) were calculated from auto-correlated light applied if it 'T reclognlzmham g] eql bepome; tge weight
intensity data (usually 2025 points) and converted tey average molecular ma, (eq 5a) and, in eq 2 becomes

with the Stokes Einstein equationRy = kiT/6yDr). A the mean square-average radius of gyratioRy, (eq 5b):

histogram of percent intensity Ry was calculated using N

Dynamics data analysis software (Protein Solutions), and M =S WM (53)

intensity-weighted meaRy values were obtained for each <

subpeak. )

Multi-angle Light Scattering (MALS)Analysis of light z\NiMiRgi

scattering data was based on the Zimm formalism of the 2_ (5b)

Rayleigh-Debye-Gans model 7, 39, which relates the Ry

excess Rayleigh ratiB, to the molecular structure according Z\NiMi

to eq 1: !
Kc 1 wherew; is the weight fraction of molecules with molecular
E = W + 2AC (1) massM; (42). Polydispersity of larger molecules complicates

shape analysis with eqs 3 and 4 becaB&#) also varies

whereRy is proportional to the fraction of incident light that with size, and eq 1 must be extended to eq 6:

is scattered by the solute without interfereri€és a physical R,

constant equal to #(dn/dc)’n,®Na~4, 4, Wheren is the T zW,M_p_(g) (6)
refractive index of the solutiom,is the solute concentration Kc 4+ "'

(g/mL), n, is the refractive index of the solvenl, is

Avogadro’s number, and, is the wavelength of the incident The effect of polydispersity can be assessed if a solute
light in a vacuum#; is the second virial coefficient; ard distribution function is incorporated into eq @23). We
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applied a Flory distribution function predicted by a bifunc-
tional polycondensation moded3, 49 given in eq 7:
wi(p) =i(1 —p)p" (7)
wherew;(p) is the weight fraction of théth polymer made
of i monomers and O< p < 1 represents the conversion
degree of the monomers. Sinbk is proportional ta, eq 7
was used to generate &hbin distribution ofMy(N), with
each bin representing & of 1/N and the valuev,(N) of
each bin defined relative to that of the first bify(1). This
w; and theseM,(N) were then inserted into eq 6, af{0)
was taken from eq 4 with the assumption tNgi(N)/L(N)
andlx were constant for alN (44). The resulting eq 6 was
then fitted to experimental data with the numerical integration

Nichols et al.

were maintained for 322 h. Aliquots of the reaction were
mixed with thioflavin T at the given time points if thioflavin

T was excluded from the reaction, or thioflavin T fluores-
cence was continuously monitored in situ if thioflavin T was
included in the reaction. Elongation rates were determined
by linear regression of the initial increase in thioflavin T
fluorescence.

Atomic Force Microscopy (AFM)Samples of £& proto-
fibrils (100 uL) were incubated for 15 min at room
temperature on freshly cleaved 15 mm disks of ruby
muscovite mica (Asheville-Schoonmaker, Newport News,
VA) modified with 3-aminopropyl-triethoxy-silane (APTES)
essentially as previously describexD). The mica disk was
gently rinsed with water and blown dry with compressed
gas. Care was taken to ensure that the disk remained dry

program SCoP (version 3.51) developed at the NIH National ©nce the sample preparation had been completed. A Nano-
Center for Research Resources and available from Simulatiorscope Il controller with a Multimode AFM (Digital Instru-

Resources, Inc. (Redlands, CA}5). Three parameters
[Mw(1), Le(1), andly] were varied to obtain the best fit for
N =1, 10, or 20.

When the length. of rigid rod molecules becomes large
(gL > 3.8; 44), Casassa4p) showed thatKc/R, for
polydisperse solutes approaches a linear dependence on
as shown in eq 8:

zWiMi/Liz
K 2 5
B

o

4 sin 0/2)
+

- (8)
Ry =« (z\,\,i|\/|i/|_i)2 ,1’ZWiMi/Li

where M. = 2wMi/L;, the weight average mass per unit
length. Thus, the slope of a plot &ft/Ry vs q approaches
(#Mp)~* at highg. A similar limiting slope has been derived
for semiflexible wormlike chains if botlgL andqlx > 3.8
(44, 49.

Ap protofibrils were separated by SEC in-line with a
DAWN EOS multi-angle light scattering instrument (Wyatt
Technology, Santa Barbara) employing incident light from
a 30 mW gallium aluminum arsenide laség & 690 nm).

Eluted samples were passed through a K5 quartz flow cell
surrounded by an array of 18 photodetectors at fixed angles

normalized with bovine serum albumid4). Scattered light
at detectors 4 16 (corresponding to scattering angles of-26
143), after correction for the refractive index of the glass
and solvent, was recorded eye? s during the column
elution. Data for edt 2 s interval were plotted according to
egs 1 and 2, usually with a third-order polynomial fit, to
obtain values ofMl, and Ry,. Ry was calibrated for the

ments, Santa Barbara, CA) was used for imaging. Silicon
cantilevers (TESP, Digital Instruments) were cleaned by
exposure to high-intensity UV light (UVO Cleaner, Jelight
Co. Inc., Laguna Hills, CA) for 20 min prior to use. Samples
were imaged by ambient tapping mode AFM at scan speeds
of 1-2 Hz, and 5um x 5 um images were obtained (512
x 512 pixels). Particle height distributions were obtained
with NanoScope (R) Ill (version 5.13r5, Digital Instruments),
which displayed heights vs line distance on a horizontal or
vertical line section through the image. Measured heights
were assumed to be proportional to the particle diameters.
The height distributions were related 4, (eq 8) as
follows: The probabilityn’; of tabulating a particle with
heighth; increases with the length of the partidleand is
given byn'; = niL;, wheren; is the total number of particles
with height h;. Assuming thatM; is proportional to the
molecular volumerL;hi?/4 and given byM; = NazzLih?/4v,
whereuy is the partial specific volume of the particle, the
relationship betweeM, andh; is given by eq 9. Defining
B, = =n'ihiZn'ihi2, Mi/L; for a specific population with
heighth; is given by eq 10:

> el ZniMiZ/Li NAnZn'ihi4
I I I
M, = = =

Zci IZniMi 4z/p|Zn’ihi2

h?
m_ﬂ)

(9)

ML, = M, (10)

RESULTS

instrument with toluene as a solvent reference, and the value Radiomethylation of and Purification ofsfLl—40). Studies

of dn/dc was taken as 0.186 éfg (48). Additional proce-
dural details were similar to those outlined elsewhéei@, (
49).

Protofibril Elongation/Association Assafrotofibrils iso-
lated on Superdex 75 were diluted teduM (in AS residue
units) in 50 mM Tris-EDTA with SEC-purified A6 mono-
mer (30uM) (for elongation) or with 150 mM NacCl (for
association) or without either addition and incubated without

agitation at room temperature. In all elongation reactions,

protofibrils and monomer were either both unlabeled or both
labeled. Incubations of unlabeled protofibrils ranged from
20 to 120 min, while those of radiomethylated protofibrils

of Aj aggregation can be complicated if monomerig A
stocks are contaminated by preexisting aggregates. To ensure
that aggregation reactions were initiated with monomeric
Ap(1-40), we first resolved monomer from any residual
aggregates by size exclusion chromatography (SEC) on
Superdex 7525) (Figure 1A). The elution volume from this
column has been reported to correspond to a molecular mass
of 5—15 kDa relative to globular protein standard$ (27,

but translational diffusion measurements by NMR indicated
that the eluted A& corresponded to a monomer (4.3 kDa)
(27). To better quantify & in some experiments, we radio-
labeled AG(1—40) by reductive radiomethylatio3Q). This
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FiGure 2: Aggregation of monomeric A(1—40). Solutions of 70

108

(1—40) peptide was solubilized as outlined under Experimental ;M AB(1—40) (triangles) or 7&M [3H]A B(1—40) (circles) in 50
Procedures and applied to Superdex 75 equilibrated in 50 mM Tris- mM Tris—EDTA containing either 150 mM (open symbols) or 40

HCl, 5 mM EDTA (pH 8.0) (50 mM TrissEDTA). Peptide
absorbance at 280 nm was monitored (AU). Panel B(1A-40)
was reductively radiomethylated witPH]JCHO as described under

mM NacCl (closed symbols) were agitated by continuous platform
shaking at~600 rpm. Panel A: Thioflavin T fluorescende)(was
measured as described under Experimental Procedures by mixing

Experimental Procedures and applied to Superdex 75 as in panellom_ aliquots of each £(1—40) sample with 5uM thioflavin T

A. Fractions were collected, and radioactivity (DPM) was deter-
mined by scintillation counting. Labeled31—40) in the elution

(200uL) at the indicated times. Panel B: Aliquots from each sample
(50 uL) were centrifuged at 180@or 10 min, and the thioflavin

peak at 15 mL was resolved from labeled reaction by-products T fluorescence remaining in the supernatant was measured. The

eluting in the later peak at 20 mL.

reaction converted the primary amino groups at Asp1, Lys16,

and Lys28 to (H]- or [*“C]dimethyl)amines. Labeled 3
(1—40) was purified as the initial peak of radioactivity on

percentage of B(1—40) fibril formed was calculated as the
percentage of total fluorescence lost in the supernatant.

samples showed slight differences, but analysis of additional
aggregation reactions indicated that these differences were

Superdex 75 (Figure 1B). It eluted at the same volume asnot significant (data not shown).

unlabeled A8(1—40) in Figure 1A and was well resolved

Aliquots of the aggregating A1—40) samples in Figure

from residual radioactive reagents and by-products in later 2A were periodically microfuged to sediment larger ag-

fractions. Dynamic light scattering (DLS), previously used
to characterize monomeric and oligomerig Bpecies 15,
16, 51), verified the absence of/Aoligomers following SEC.
Average hydrodynamic radiusR{) values for purified
preparations of unlabeled and labelefl ®onomer were the
same (1.4+ 0.2 nm, SDn = 12). Data in following sections
indicate that radiomethylated/#1—40) aggregated more
slowly but formed protofibrils and fibrils that were virtually
indistinguishable from unlabeled{1—40).

AB(1—-40) Aggregation. Aggregation of radiolabeled
and unlabeled monomeric/#1—40) was induced by con-
tinuous agitation at two concentrations of NaCl and moni-
tored with thioflavin T, a fluorophore that shows greatly
enhanced fluorescence on binding to amyloid fibr®)(

gregates. Electron micrographs of the sedimented material
revealed fibrils that were morphologically indistinguishable
for the radiolabeled and the unlabeled samples (data not
shown). However, the higher NaCl concentration had a
striking effect in increasing the percentage of thioflavin T
binding material that formed fibrils. Greater than 80% of
the aggregates that bound thioflavin T were sedimented with
150 mM NacCl, while less than 20% were sedimented with
40 mM NaCl (Figure 2B). Furthermore, the time delay
between the appearance of thioflavin T binding species and
fibril formation at the higher NaCl concentration was very
short, while a large percentage of the species that bound
thioflavin T remained soluble in the supernatant at 40 mM
NaCl even after no further aggregation was apparent. We

The time course of aggregation was characterized by ahave operationally defined these soluble aggregates that bind

delay, or lag time, that is well-known for amyloidogenic
proteins (Figure 2A). The duration of the lag time is

thioflavin T as protofibrils, and it is evident that the yield of
protofibrils is increased at lower salt concentrations. Although

highly dependent on several factors, including monomer DLS provides a very sensitive measure of aggregation, we
concentration and the initial presence of trace amounts of were unable to detect significant levels of aggregates prior

aggregates that can act as “seeds” (discussegRinUn-
labeled A3(1—40) solutions containing the lower 40 mM

to the point at which fluorescence increases were observed
in Figure 2. The initial rise in fluorescence was accompanied

NaCl concentration displayed longer lag times than those by the appearance of particles with averdgevalues of

with 150 mM NaCl (Figure 2A). Under equivalent condi-
tions, radiomethylated #(1—40) showed increased lag times
compared to unlabeled#1—40), and the lag time sensitivity
to NaCl concentration was not as evident (Figure 2A).
Maximum fluorescence levels obtained with these four

40-50 nm, and smaller aggregates were not observed. To
compensate for the more rapid aggregation of unlabeled
ApB(1—40), we adjusted the ionic strength of reaction
mixtures to generate protofibrils of similar size. Lag times
and recoveries of protofibrils from unlabele@g@—40) were
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Ficure 3: SEC of AG(1-40) protofibrils. PHJA5(1—40) (60uM) FiGURE 4: MALS analysis of A8(1—40) protofibrils. A 75uL

was aggregated in 60 mM NaCl with vortex agitation~&000 sample of $H]AB(1—40) protofibrils isolated as in Figure 3 was
rpm under conditions otherwise identical to those in Figure 2, and gjjyted to 500uL and applied to Superdex 75 equilibrated in 50
after 18 h, the supernatant (0.8 mL) was applied to Superdex 75 y\ Tris—EDTA and in-line with a DAWN EOS MALS unit (see
equilibrated in 50 mM Tris EDTA. Protofibrils eluting in the void ~ gyperimental Procedures). Light scattering data from detectors
volume (7.5-9.5 mL) were resolved from monomer in the partially  4—16 were fitted to a Zimm plot as outlined in egs 1 and 2. The
included volume (1315 mL). Elution was monitored by absor- |6t shown corresponded & 2 sinterval (17uL) at 7.6 mL of the
bance at 280 nm (line) and radioactivity (circles, dotted line) and protofibril elution peak. Extrapolation of this plot # = 0 gave

converted to £ residue concentrationslit) with an ezgonmof 1450 My = 18 x 10® kDa andRy, = 65 nm. For 35 intervals taken across
cm* M~* and the determined specific radioactivity. Recovery of  he peak, from 50% of the maximum height on the leading edge to
radioactivity in eluted fractions was 49% of the onput. 75% of the maximum height on the trailing edge 739 mL),

. . ) - analysis with eqs 1 and 2 gad, = 18 + 3 (SD) x 10° kDa and
further increased in 5 mM TrSEDTA, while *H-labeled R, =63+ 10 (SD) nm. If the protofibrils are assumed to be rigid

protofibrils were produced efficiently in 50 mM THEDTA rods (see text), their-average length, = v/12 x Ry, = 218 nm,
containing 6-60 mM NacCl. andM,/L, = 82 kDa/nm.

Soluble protofibrils recovered in the supernatants of
aggregation reactions such as those in Figure 2 wereand 2). MALS is attractive because, in contrast to DMg,
separated from residual #81—40) monomer by SEC on estimates can be made without assumptions of protofibril
Superdex 75. Clear separation was achieved betweenshape. MALS analysis was conducted on protofibrils as they
protofibrils, which eluted in the column void volume, and eluted in the void volume on Superdex 75 as in Figure 3.
monomers (Figure 3), and profiles for radiolabeled and For onput protofibrils with an averad®; of 50 nm by DLS,
unlabeled protofibril preparations were similar (data not the Zimm plot in Figure 4 gave K, = 18 x 10° kDa and
shown). Subsequent SEC analyses indicated that isolatedan Ry, of 65 nm. With other protofibril preparation$f,,
radiolabeled protofibrils in 50 mM TrisEDTA or unlabeled values ranged from % 10 to 32 x 10° kDa andRy, from
protofibrils in 5 mM Tris—-EDTA slowly generated monomer 50 to 120 nm. The large size ofAprotofibrils resulted in
with a half-life of >5 h at room temperature. Figure 3 also only slight size separation by SEC on SuperdexM5and
demonstrates that radiolabeling of @—40) permits Ry, values decreased by up to a factor of 2 from the leading
protofibril concentrations to be determined more accurately. edge to the trailing edge of the intervals analyzed in Figure
Protofibrils scatter significant amounts of light, causing the 4, although their ratio (proportional tM,/L, in Table 1
ratio of apparent absorbance at 280 nm to radiolabel to bebelow) decreased by less than 20% over this range. In
about 3-fold higher in the protofibril peak than in the addition, the largest protofibrils appeared to be filtered out,
monomer peak. Therefore, unlabeled protofibril concentra- asRy values decreased by-30% in the eluted pool relative
tions estimated only by absorbance at 280 nm were correctedo the onput (see Table 1 below). Because of protofibril
by factors of 2.2-3.5, a value that depended largely on the polydispersity in the eluted fractions, it was important to use
size of the protofibrils. the same protofibril preparation to compare the protofibril

Size Analysis of AProtofibrils by Light ScatteringThe elongation and association reactions described below.
size and yield of £ protofibrils were dependent on several Mechanisms of A Protofibril Growth. While studies of
features of the aggregation reaction including ionic strength, Ag fibril formation have examined Amonomer aggregation
pH, and monomeric A concentration. DLS was a convenient (14) and Ag fibril extension by monomer depositior2§,
technique for size comparisons between protofibril prepara- 33, 53, few reports have focused on protofibril growth in
tions, and careful control of the aggregation conditions solution. Since mature Afibrils have a greater length and
resulted in reproducible protofibril pools. ValuesRf for diameter than & protofibrils, several possible mechanisms
pooled A3 protofibrils eluted from Superdex 75 ranged from  of protofibril growth may exist. We have distinguished two
46 to 64 nm for unlabeled and from 24 to 51 nm for growth processes: protofibril extension by monomer deposi-
radiomethylated & protofibrils. tion, a process we term elongation, and direct protofibril

To obtain information about protofibril molecular masses, protofibril association. The rates of both growth processes
we employed a DAWN EOS multi-angle light scattering were essentially unaffected by the presence oM
(MALS) instrument in-line with SEC. MALS uses an array thioflavin T in the reaction medium (data not shown).
of detectors at fixed angles to measure the intensity of Elongation could be conveniently followed by the fluores-
scattered light. Extrapolation of the angular dependence of cence increase following addition of purifiegsAnonomer
the light scattering signal to°(provides an estimate of the to purified protofibrils. This is illustrated in Figure 5A, where
sample molecular masb(,), which requires that the sample addition of 30uM A3(1—40) monomer resulted in a rapid
concentration be known, and the root-mean-square radiusincrease in fluorescence from about 60 to 280 units over 40
(Rg»), which is independent of concentratiofdf (see eqs 1~ min. Parallel measurements of the aver&yeshowed an
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Ficure 6: Protofibril growth in the absence of added monomer
does not involve a monomer dissociation/re-deposition process.
[®H]A3(1—40) protofibrils (1.5uM) isolated as in Figure 3 were
incubated with *C]JAS(1—40) monomer (kM) in 50 mM Tris—
EDTA and 150 mM NacCl for 20 h prior to separation on Sepharose
association CL-2B as outlined under Experimental Procedures. Fractions were
collected, and radioactivity (DPM) was measured by scintillation
counting: H (circles) and“C (triangles). DPM were converted to
0 60 150 pmol of AB(1-40), and molar ratios were determined in each
] . fraction. Recovery of radioactivity in eluted fractions wa80%
time, min of the onput.

Ficure 5: Protofibril growth arises from direct protofibril associa-

tion and from elongation by added monomer. Both growth processesthe conditions outlined in Figure 5. This concentration of
were studied with unlabeled#1—40) protofibrils isolated as in 14C-labeled monomer far exceeds the level3dflabeled
Figure 3 but with Superdex 75 equilibrated in 5 mM FHEDTA. monomer observed after incubation of-2 uM [3H]-
The protofibril stock was diluted to a final concentration of 1.3 oo .

uM (in A residue units) in 50 mM TrisEDTA with the additions protofibrils alone. The prthf'b”RH_ 'ncre_ased from 51 to
indicated below. Reactions were incubated at 5 without 143 nm over 20 h. Following centrifugation and SEC of the
agitation in the fluorometer for continuous monitoring of thioflavin ~ reaction mixture*C and3H radioactivity in each fraction

T fluorescence (F) (panel A) and in the DLS instrument Rr was determined by scintillation counting. A process of

determination at the indicated times (panel B). For elongation ; g N . ;
measurements, SEC-purifieggfl—40) monomer was added to 30 d:cssoplago’?Hand rg ?%WT)“?%WOUM create a;ran5|e:1t POOI
uM. For association measurements, NaCl was added to 150 mm. O Mixe - an -labeled monomer and result In

Incubations without addition of either monomer or NaCl showed Significant incorporation of“C into the growing fH]AS
no significant change in fluorescenceRy over a 2 hperiod (data protofibril. However, the!*CPH molar ratio reached only

not shown). 0.06 in the protofibril peak (Figure 6). Since our general
increase from 68 to 234 nm during the same time course observations indicate that percentage increaseRyirtby
(Figure 5B). These data confirm that protofibrils grow in DLS) and M,, (by MALS) during protofibril association
size immediately upon addition of monomer and that this reactions are nearly proportional, tiRg increase in this
growth corresponds to an extension/theet structure as  experiment would predict a nearly 3-fold increaseM.
indicated by an increase in thioflavin T binding. Protofibril Such an increase cannot be explained by the small amount
interactions in the absence of addefl onomer have been  of 1“C incorporation, and we conclude that the increase in
observed previously by DLS1{) and AFM @28). We protofibril size during association reactions does not involve
observed in preliminary experiments that protofibril associa- significant monomer deposition. Monomer deposition does
tion was very sensitive to ionic strength and occurred at a occur at a very slow rate at low monomer concentration and
very slow rate if at all in the absence of NaCl. This effect of probably accounts for the small amount &f(Jmonomer
NaCl on protofibril association appears to be related to the incorporated into the®H]protofibrils.
NaCl effect on A8 aggregation in Figure 2, a point that we To characterize the protofibril growth products generated
consider further under Discussion. Following addition of 150 in Figure 5 more thoroughly, the elongated protofibrils, the
mM NaCl to the initial protofibrils in Figure 5, the average associated protofibrils, and the initial protofibril pool were
protofibril Ry increased from 64 to 160 nm ave h (Figure analyzed by SEC-MALS. Samples were loaded on Superdex
5B). Thioflavin T fluorescence during $2 h period showed 75 as in Figure 3, and the elution was monitored in-line by
little change (Figure 5A), indicating thg@i-sheet structure UV absorbance and MALS. A similar series of elongation
was retained and that little dissociation occurred during the and association experiments carried out on radiomethylated
incubation. Ap protofibrils also was analyzed by SEC-MALS. Recover-
To support our interpretation that the obserfRadncreases  ies of the elongated and associated protofibrils from the SEC
without added & monomer in Figure 5 reflected protofibril  column were lower than those of the initial protofibrils,
association, we took care to remove any initial monomeric suggesting that growth prevented some of the larger protofibrils
Ap from the protofibril pool immediately prior to the from passing through the column. DLS measurements
association reaction. However, the protofibril pool was confirmed this loss, aR values of the recovered elongated
polydisperse, and it was important to rule out any possibility and associated protofibrils were considerably lower than
that monomer could dissociate from smaller protofibrils and those of the onput samples (Table 1). Nevertheless, the results
then rapidly re-deposit onto larger protofibrils. We conducted in Table 1 show very similar trends for the labeled and
double isotope labeling experiments to address this questionunlabeled protofibril growth products. Zimm plots were used
A fresh preparation ofH]A 5 protofibrils was incubated with  to obtainM,, andRy, values. Relative to the initial protofibrils,
150 mM NacCl and 1uM [*“C]AB(1—40) monomer under  estimatedM,, values increased by factors of-8 for the

elongation

50
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Table 1: Comparison of SEC-MALS Parameters for Elongated and Associated Profofibrils

pre-SECR4 post-SECR4 Ry My M
(nm) (nm) (nm) (kDa) Mu/L; (kDa/nm)

unlabeled 4(1—-40)

initial protofibril 64 51 100 30x 10° 88 nd

elongated protofibril 221 143 225 57 10° 73 63

associated protofibril 169 104 162 8610° 157 150
radiolabeled £(1—40)

initial protofibril 47 nd 121 19x 1¢° 48 nd

elongated protofibril 93 75 187 24 1C° 38 46

associated protofibril 195 112 203 610° 110 109

aSamples (0.5 mL, 42 uM protofibril) from the protofibril pool and from elongation and association reactions similar to those in Figure 5 were
applied to Superdex 75 equilibrated in 5 mM HEDTA and in-line with a DAWN EOS MALS unit (see Experimental Procedures). SomelG0
intervals across the protofibril peak were analyzed as in Figure 4 to obtain valuds, &5, andM./L, and with eq 8 to obtaiM.. Parallel
experiments were conducted on control, elongated, and assotittadiomethylated A(1—40) protofibrils eluted from Superdex 75 in 50 mM
Tris—EDTA. Additional experiments with unlabeled protofibrils € 4—6) gaveM,/L, of 95 + 22 (SD), 87+ 12, and 257+ 71 kDa/nm for
initial, elongated, and associated protofibrils, respectively. Additional experiments with radiolabeled protafibrids-6) gaveM,/L, of 85+ 52,
61 + 30, and 201+ 84 kDa/nm for initial, elongated, and associated protofibrils, respectively. The rakih/bf to M, in all cases was close to
unity [1.06 + 0.20 (SD),n = 15]. For reference, DLS measurementsRaffor protofibrils in onput (pre-SEC) and eluted pools (post-SEC) are
included.

associated protofibrils but only about +.3 for the elongated 2.0e-4 1
protofibrils. In contrast, roughly comparable 2-fold increases
in Ry, were observed for both elongated and associated
protofibrils. Fitting the angular dependence of the light
scattering from selected intervals of the SEC-MALS runs to
eg 4 revealed that all three protofibril samples corresponded
closely to rigid rods. Converting they, values tol, for rigid

rods allowed estimates of the mass per unit lendtiiL,
(Table 1). Some variation iW,/L, was observed within each
class of protofibrils. Nevertheless, th&,/L, for associated
protofibrils was consistently higher than that for elongated Ficure 7: Analysis of MALS from elongated and associated
protofibrils in paired experiments by a factor of 3:10.7 protofibrils as suggested by Casas4§) (eq 8). A typical interval
(SD, n = 7). To investigate whether polydispersity could of data from each of the three radiolabeled protofibril samples

. : . analyzed in Table 1 was plotted according to eq 8 to assess
affect theseM,/L, estimates, selected intervals were again yhe range ofjL over which the plots become linear. Each of the

analyzed with egs 6 and 7, which incorporate an explicit three data sets was also analyzed with the semiflexible chain model
M,, distribution function. This analysis moved the protofibril (eq 4 and the reciprocal of eq 6 with= 1), and the fitted curve

shapes slightly in the direction of semiflexible chains (e.g., Was graphed according to eq 8 to give the lines shown. Both the

I, decreased fron#50 000 to 1400 nm for the elongated POiNts and the lines for the elongatet)(and the associatedh
protofibrils were linear over most of the range of measurements,

labeled protofibrils) but had no effect dft/L. As a further  zjoning calculation oM, but the line for the initial protofibril
check on any possible distortion of the data by polydispersity, pool (©) did not reach a linear range and ruled out ki
the analysis was repeated with the Casassa plots in eq 8determination.

This plot, whose application is limited to large valuesyjbf

offers the advantage that the weight average mass per unit The large increase iM, for associated protofibrils also
length M, is obtained independently of the distribution of resulted in a greater proportion of sedimenting fibrils
molecular lengths in the sample. Thus, if the protofibril cross- compared to elongated protofibrils. Tik, for associated
sectional areas are relatively uniform in each sample, unlabeled 48 protofibrils in Table 1 progressed from 64 to
provides a good estimate of the mass per unit length. Values281 nm after 40 min prior to SEC-MALS. Centrifugation of
of gL for both the elongated and the associated protofibrils the solution sedimented 60% of the light scattering intensity
fell within the range in which the Casassa plots were by DLS and reduced thig,to 169 nm. TheR, for elongated
predicted to be linear (Figure 7), and tiMy, estimates  protofibrils increased from 64 to 197 nm after 25 min, and
obtained were in good agreement with the previous valuessedimenting fibrils were not detected by loss of light

of My/L; (Table 1). Values ofjL for the initial protofibril scattering intensity.

pools did not fall in this range (Figure 7), preventiiy Visualization of Elongated and Associated Protofibrils by

estimates for these samples. AFM and EM.AFM has previously revealed periodicity and
Murphy and colleagues have previously shown that MALS branching in air-dried samples ofgibrils (20, 55. AFM

is useful in probing mechanisms ofsfaggregation16, 41). analysis of A6(1—40) protofibrils generated in PBS found

They calculatedM,/L, values ranging from 4 to 60 kDa/nm  spherical species and wormlike structures-B0O0 nm in

for AB(1—-40) aggregated for several hours in PBRI)( length. The diameters of these particles, estimated from

Given uncertainties in determining concentrations of the heights in topography scans of air-dried samples, wer¢ 3
aggregates in the absence of a radiolabel, these estimatesm (28, 5. AFM analysis of our protofibril samples showed
are in reasonable agreement with the rang®lgL andM_ striking changes after elongation and association. The initial
estimated for elongated protofibrils from our SEC-MALS protofibril pool consisted of small aggregates with a globular
data (46-100 kDa/nm). appearance, rigid rods<(L um length), and globular ag-
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Ficure 8: Protofibril growth monitored by AFM. Initial (panels A and D), elongated (panels B and E), and associated (panels C and F)
protofibrils (100uL) from the unlabeled samples in Table 1 were applied to mica stubs and analyzed by AFM as outlined under Experimental
Procedures. Panels-AC: 2 um x 2 um insets of 5um x 5 um images. Panels BF: Height distributions of all particles 0.5 nm
observed on multiple horizontal and vertical lines through these images are shown as histograms. These distributions tabulate the frequency
of particle heights in 0.2 nm increments and represent3@00 measurements in each image. The initial and elongated protofibril samples
were taken from the SEC void volume peaks, but low recovery of associated protofibrils after SEC required that this sample be taken from
the SEC onput.

gregates with rods emanating from them (Figure 8A). After strands within the elongated protofibrils were more pro-
elongation, the proportion of aggregates corresponding tonounced in the sample elongated with NaCl (Figure 9D),
rods increased, and these rods were longer (Figure 8B).and the widths of the strands in these protofibrils were
Elongated protofibrils analyzed by AFM prior to SEC slightly larger than the widths of those elongated in the
included long wispy tendrils extending to lengths of several absence of salt (Figure 9C). Further experiments will be
micrometers (data not shown). Length measurements of thenecessary to determine whether these strand width differences
elongated protofibrils in Figure 8B gave a distribution in result from the inclusion of NaCl during elongation or
general agreement with the of 780 nm from Table 1. In  whether they arise from more random patterns of negative
contrast, protofibril association induced by added NaCl stain uptake from sample to sample.
resulted in clustering of the initial protofibrils and no Elongation Rates after Protofibril GrowthWe hypothesize
extension of tendrils (Figure 8C). Negatively stained EM that A3(1—40) monomer deposition occurs at the ends of
images of elongated or associated protofibrils reinforced thesethe small protofibrils we isolate after aggregation at low ionic
observations. Elongation gave filamentous or ribbonlike strength. This elongation hypothesis is supported by several
protofibrils (Figure 9C), while association resulted in less- observations. The AFM analysis in Figure 8 shows that
ordered clustering of protofibril segments generally in a elongated protofibrils have the same diameter but consider-
staggered fashion along their lateral surfaces rather than atbly longer lengths than the initial protofibrils, and the SEC-
their ends (Figure 9B). AFM showed a rather broad range MALS analysis in Table 1 is consistent with growth in a
of particle heights in the initial protofibril pool, as demon- longitudinal rather than a lateral direction. Furthermore, rates
strated by the height distribution plot in Figure 8D with a of elongation at a fixed monomer concentration are propor-
peak at about 3 nm. After protofibril elongation, the height tional to the protofibril concentrations as dilutions are made
distribution became narrower and enriched at a peak of 3.1from a common protofibril stock (data not shown). If it is
nm (Figure 8E). Virtually all of the 3.1 nm heights in Figure thus assumed that elongation rates are proportional to the
8B corresponded to rodlike filaments, and many structures concentration of protofibril ends, then comparison of elonga-
with heights greater than 4 nm appeared to be bundles oftion rates following protofibril growth by elongation or
filaments. The height distribution of the associated protofibrils association provides information about the structural pro-
in Figure 8F was similar to that of the initial protofibrils. cesses occurring during growth. In particular, if the number
The height of large clusters such as that in Figure 8C concentration of initial protofibrils is maintained during
generally exceeded 5 nm throughout, causing a slight shift growth, the relative elongation rates will indicate whether ends
in the associated protofibril distribution to larger heights. have been lost by sequestration or capping or in fact created.
To obtain further information about the effects of NaCl An isolated A3(1—40) protofibril stock Ry = 70 nm) was
on protofibril growth, we compared protofibrils elongated incubated at 5«M for 2 h with either 15uM A/ monomer
with and without 150 mM NacCl for 19 h. Filamentous or (to induce elongation) or 150 mM NaCl (to promote
ribbonlike structures composed of both single and multiple association) under conditions otherwise identical to those in
longitudinal strands were seen in both samples (Figure 9C,Figure 5. A 2-fold increase in botRy and thioflavin T
D), but the pattern of negative staining differed. Individual fluorescence was observed in the protofibril elongation
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Ficure 10: Comparison of monomer deposition rates for elongated
and associated protofibrils. Unlabele@@—40) protofibrils iso-
lated by SEC in 5 mM TrisEDTA as in Figure 3 were incubated
at 5uM with 15 uM monomer without NaCl for elongation, at 2.5
uM in 150 mM NacCl without monomer for association, or at 5
uM without monomer or NaCl as a control. Followgra 2 h
incubation without agitation, samples were diluted into 50 mM
Tris—EDTA, 150 mM NaCl, 5uM ThT, and 35uM Ap(1—40)
monomer to a final concentration corresponding taM initial
protofibril. Rates of elongation were then obtained by linear
regression analysis of the thioflavin T fluorescenEg With time
for elongated protofibrils (circles), associated protofibrils (squares),
' . and the initial protofibril pool (triangles) and corresponded to 11.6,
FIGURE 9: Electron micrographs of radiomethylategs(a—40) 10.8, and 11.3-/min, respectively.
fibrils and protofibrils. Panel A: H]AS(1-40) fibrils were  Ragiolabeling also permitted more accurate MALS deter-

prepared as in Figure 2 with buffer containing 150 mM NaCl. At S .
144 h, fibrils were sedimented by centrifugation at 18)0bhe minations of theM,, and mass per unit length of the

supernatant was removed, and the pellet was washed and gentiyprotofibrils, because protofibril concentrations were deter-
suspended in water and applied to a grid without dilution. Grids mined by absorbance calibrated with radiolabel rather than

were analyzed by EM as described under Experimental Procedurespy absorbance alone. A clear distinction was made between
Panel B: Labeled protofibrils were associated as in Figure 5 for protofibril growth by elongation with monomer in the

19 h, and an aliquot was prepared for EM. Panels C and D: Labeled . . .
protofibrils werg elongatgd vF\)/ith 46M SEC-purified monomer as  apsence of NaCl and growth by protofibril association with

in Figure 5 in the absence (panel C) or presence (panel D) of 150 NaCl in the absence of monomer, as the mass per unit length
mM NacCl for 19 h, and aliquots were prepared for EM. Elongated of the associated protofibrils was—3 times that of the
protofibrils consisted of both single- and multiple-stranded filaments e|ongated protofibrils. The data from MALS were integrated
or ribbons. Average widths of the single strands, measured as, it jmages from AFM to clarify and confirm this structural
outlined under Experimental Procedures, were5.9.9 nm (SD, . . :
n = 59) in panel C and 8.3 1.7 nm 1 = 65) in panel D. Images difference. Protofibril elongation resulted from monomer
are shown relative to a calibration bar of Qufin. deposition only at the ends of protofibrils and proceeded
without an increase in protofibril diameter. In contrast,
reaction, while the associated protofibrils increasedRin protofibril association involved lateral associations that
by almost 4-fold with little change in thioflavin T fluores-  resulted in a relatively disordered fibril structure. Finally,
cence. Dilutions of the elongated and associated protofibril protofibril growth by elongation or association did not result
reactions and of the initial protofibril pool to an equal number in any capping or other reduction of protofibril ends available
concentration of original protofibrils were then made into for elongation with monomer.
solutions containing 3aM A(1—40) monomer and gM Early models of nucleation-dependent polymerization
thioflavin T, and the fluorescence was monitored continu- (14, 57 did not specify the pathways by which nuclei grow
ously as shown in Figure 10. The new elongation rates wereto become fibrils. The incorporation of protofibrils as
nearly identical for all three protofibril preparations. The intermediates in the growth process still did not establish
elongation rate data support the conclusion that the initial the mechanisms of protofibril growtHL%, 28. However,
number of protofibril ends was retained without change even before the identification of protofibrils, the growth of

during both the elongation and association reactions. Ap aggregates by monomer deposition and direct aggregate
interaction had been propose2b( 33, 51, 58 The smallest
DISCUSSION Ap(1—-40) aggregates isolated by SEC and analyzed by DLS
Our current study revealed several features ¢f @g- typically show averag®, values in the range of 20 nm¥),

gregation that have not been appreciated previously. After and theRy values continuously increase *d.00 nm during
the following brief summary of these features, we compare incubation of the aggregates at physiological ionic strength
our observations with previous biophysical studies of in vitro in the presence of monomericsX17, 59. When growing
Ap aggregation in subsequent sections. We found that theprotofibrils reach a meaR, of about 250 nm, we observed
lag time for in vitro A3(1—40) aggregation was increased some sedimentation at 18a§)Ghus defining the transition
at NaCl concentrations below the physiological concentra- to fibrils. A3 aggregates are classified as protofibrils not only
tion, and the yield of protofibrils was about an order of by size but also by their binding of thioflavin T, their high
magnitude higher at low ionic strength. Radiolabeling by content of$ structure by circular dichroismi{), and their
reductive methylation of primary amine groups at the N- morphology in EM and AFM 17, 22, 5. Our ratios of
terminus and Lys16 and Lys28 slowed the rate G{1A-40) thioflavin T fluorescence to A(1—40) concentration are the
aggregation but had little effect on protofibril structure. same for radiomethylated protofibrils and fibrils, suggesting
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that this fluorophore binds to similar secondary structures of laminated sheets, with four to six sheets typically proposed
in both aggregates. A similar previous observation was based(61, 63. Fibrils are composed of associated filaments. Cross-
on thioflavin T binding to unlabeled &1—40) protofibrils sectional analyses of electron microscope images of amyloid
and fibrils (7). fibrils formed by a number of proteing®?) as well as
Protofibril size and morphology may be determined in part AB(6—25) (23) show four to six close-packed filaments
by the method of preparation. In two studies in which running parallel to the fiber axis6@). NaCl thus could
AB(1-40) protofibrils were examined in detail by EM and increase fibril diameters by inducing a greater number of
AFM, the initial A3 stocks were dissolved in DMSO, diluted laminated sheets in the filament or by stabilizing close
into PBS, and incubated without continuous agitatid@,(  packing of more filaments in the fibril. Moreover, NaCl could
56). Under these conditions, pseudo-spherical aggregates (4romote lateral interaction of fibrils themselves.
nm by AFM, 10 nm by EM) and short protofibrils<60 nm A strong indication that the products of protofibril elonga-
in length) were seen within a few hours. Prolonged storage tion and association differ was obtained from size analysis
of AB(1—40) in DMSO prior to dilution and immediate by SEC-MALS.M,/L, values, denoting protofibril mass per
examination resulted in much larger pseudo-spherical struc-unit length, decreased during elongation and increased during
tures @2). When we conducted our typical aggregation association reactions. The ratio 8,/L, for associated
reactions of SEC-purified A(1—40) in NaCl without agita- protofibrils to M,/L, for elongated protofibrils was about 3
tion, lag times of several days were observed. Furthermore,(see Results). From these SEC-MALS data alone, we might
there was no significant accumulation of aggregates Rith ~ be tempted to propose that protofibrils correspond to a single
values less than 100 nm, even in the absence of NaCl (datahelical 5-sheet filament and that 150 mM NaCl promotes
not shown). We instituted vigorous agitation of the aggrega- lateral association of protofibrils into fibrils that contain
tion reactions to obtain the smaller3fL—40) protofibrils several parallel filaments. However, the entirety of our SEC-
that we describe here. Following Superdex 75 purification, MALS data does not support this propodl,/L, for both
these initial protofibril preparations hde}, values from 24 initial protofibrils and elongated protofibrils varied among
to 64 nm, and it was clear that the size was dependent onpreparations. The smallelgk,/L, values were observed after
aggregation conditions and modifications to the peptide. elongation of initial protofibrils that showed the loweds
Unlabeled A3(1—40) monomer formed larger protofibrils on  values by DLS. It is unlikely that the mass per length of a
a more rapid time scale than radiomethylatgt{1&-40), and single filament protofibril would vary as much as suggested
decreasing NaCl (150 mM to 0 mM) and Tris buffer by the range oMy/L, values, and AFM data confirmed that
concentrations (50 mM to 5 mM) resulted in smaller the initial protofibrils were more diverse than single filament
protofibrils. However, even the smallest protofibrils we structures. AFM analysis of our SEC-purified protofibril
observed were quite large. The smallest characterized bystocks revealed a mixture of small globular aggregates, rigid
SEC-MALS gave aV,, of 7 x 10° kDa corresponding to  rods (<1 um length), and globular aggregates with protruding
about 1600 monomer units. rods (Figure 8A). Graphical analysis of the particle height
When we observed a pronounced dependence of fibril distribution emphasized this heterogeneity (Figure 8D).
formation on salt concentration (Figure 2), we explored Elongation increased the percentage of rigid rods (Figure
whether manipulation of ionic strength would allow us to 8B) and slightly enriched the proportion of structures with
distinguish protofibril growth by elongation from growth by & height centered at 3.1 nm (Figure 8E). However, even the
association. An effect of NaCl in promotingfaggregation elongated protofibrils still exhibited height heterogeneity by
had been observed previously. The solubility gf(A—43) AFM, indicating that the lowestl,/L, values of 73 kDa/nm
in water was substantially decreased by addition of buffered for unlabeled and 38 kDa/nm for labeled elongated protofibrils
NaCl (60). AB(1—28) showed a remarkably greater rate of (Table 1) are higher than the trud./L, of the 3.1 nm
aggregation in physiological NaCl concentration than in 10 protofibrils. If the height distribution is assumed to reflect
mM phosphate buffer58), as monitored by DLS. The the actual distribution oM. and M,/L;, of the elongated
appearance of protofibrils by AFM and their growth rates protofibrils in solution, anvii/L; for the 3.1 nm protofibrils
were accelerated significantly when NaCl was added to can be determined from eqgs 9 and 10. From the height
monomeric A3(1—40) in 100 mM phosphate buffeR®). distribution for the elongated protofibrils in Figure 8E, we
However, our study appears to be the first in which small calculated arih?y, of 38.2 nn¥. Combining this value with
ApB(1—40) protofibrils were isolated free of residual mono- anMy = M./, of 73 kDa/nm, arMi/L; of 18 kDa/nm was
mer and directed along either elongation or association calculated for the 3.1 nm particles from eq 10. A somewhat
pathways by adjustment of the monomer and NaCl concen-larger Mi/L; would be calculated if the higher particles in
trations. Elongation rates were slowed somewhat at lower Figure 8E were assumed to form only on the mica surface
salt concentrations, but association reactions were virtually and were rejected. These data are in reasonable agreement
stopped. One possible way in which NaCl could promote with STEM studies by Goldsbury et al. of amyloid protofibrils
association is by increasing protofibril diameters. These and fibrils formed by 4(1—40) 22) and amylin(+-37) (66).
diameters are determined by at least three levels of structuralAfter calibration with a particle of known density like
features §1, 62. Fully extended peptide segments align to tobacco mosaic virus, STEM provides quantitative estimates
form -sheets with the peptide strands perpendicular to and of the mass-per-length (MPL) of a filament or fibril. An MPL
inter-strand H-bonds parallel to the fibril axis. Individual value of 19+ 2 kDa/nm was obtained for #1—40)
filaments, sometimes called protofilaments, are composed —
of laminates of these sheets which twist about the filament . AFM measurements of protofibril heights in air-dried samples may
. . . . . differ from those obtained with the same protofibrils in solutiéd,(
axis. The diameter of the filament, therefore, is determined gs) " and our height distribution analysis should be interpreted as
by the length of the aligned peptide segments and the numbeindicating only relative heights.
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protofibrils, whereas distributions were observed for fibrils dependent elongation, since the protofibrils did not increase
that were resolved into discrete MPLs of 21, 31, and 42 for in height 8). However, other interpretations of these data

Ap(1—-40) and 22, 30, 41, and 51 for amylin. Detailed fibril
height distributions from AFM have not been reported for
Ap(1—-40) previously, but up to three populations corre-
sponding to 23, 4—6, and 8-12 nm have been note8§,
56). Therefore, it is plausible that the 3.1 nm protofibrils
that we observe by AFM correspond to the 19 kDa/nm
protofibrils reported by Goldsbury et al. As these authors
point out, an MPL of 19 kDa/nm is consistent with a model
(67) in which 48 A3 monomers, each with an antiparallel

are possible. For example, the decrease in protofibril number
may be due to adsorption loss (we find that protofibrils are
progressively adsorbed to vessel walls, especially at physi-
ological ionic strength), and the length increase then can be
attributed to continued monomer deposition.

While we are as yet unable to directly monitor reactions
leading to the formation of nuclei and their transition to
protofibrils, we can make some inferences about these
reactions because they are thought to be rate limiting in the

p-sheet hairpin, form four laminated sheets and extend for initial aggregation of & monomers. In buffers at physi-

one helical turn ofs-sheet of length 11 nm.
The increase iM,/L, andM, obtained from SEC-MALS

ological ionic strength, growth by elongation and association
is likely to occur simultaneously, and such growth may lead

following protofibril association suggested a lateral associa- to a structure with more lateral order than we see following
tion, induced by the introduction of a physiological NaCl association of protofibrils in the absence of monomer in
concentration, that increased the diameter of the associatedrigure 9B. The lag time for aggregate formation was
protofibrils. However, the SEC-MALS data did not indicate decreased by a physiological NaCl concentration (Figure 2),
the extent to which the lateral alignment was ordered. Both the same condition that promotes protofibril association,
our AFM and EM images (Figures 8C and 9B) indicated suggesting that the formation of nuclei or their growth
that the alignment was not well ordered and that aggregatesinvolves association reactions of the sam@ Peptide
consisting of clumps of the short initial protofibrils were surfaces involved in protofibril association. Radiomethylation
generated. These bundled aggregates bore some resemblanoéAB(1—40) increased the lag time for aggregate formation,

to AB(1—40) fibrils formed in one report at pH 5.8§) and
in another at pH 7.4 following vigorous agitatio2?j. Our
radiomethylated &(1—40) fibrils obtained after aggregation

and rates of both elongation and association of the radio-
methylated protofibrils were slower than those of unlabeled
protofibrils. The decreased reactivity of radiomethylated

for 144 h with agitation (Figure 9A) also appear similar to  Af(1—40) may arise from unfavorable steric interactions
the associated protofibrils. Thus, it seems clear that 150 mM caused by the addition of two methyl groups on Lys16 and
NaCl promotes lateral association of@—40) fibrils, but Lys28. A recent report indicates that Lys28 is partially
it is less clear whether NaCl alters the structure of the fibril inaccessible to radiomethylation in31—40) fibrils (68),
itself. When more ordered fibrils generated by elongation and Lys16 is located near thgsAbeptide central hydrophobic
with monomer in the presence and absence of 150 mM NacClregion believed to be important for self-assemb6g)(
over 20-60 h periods were compared, wider strands were Methylation of these Lys residues thus may be viewed as
measured by EM in the presence of NaCl (see Figure 9C,analogous to site-specific mutations that alter the ability of
D). Whether this observation reflects differences in the AS(1—40) to aggregate (e.gLs, 70, 7). Identification of
number of filaments or laminated sheets in the fibrils remains the surfaces involved in protofibril elongation and association
to be determined. may reveal distinct hydrophobic and electrostatic interactions
An important conclusion in our studies was that neither that can be targeted by inhibitors. For example, inhibitors
protofibril elongation nor association caps protofibrils or that cap protofibril ends by specific high-affinity binding
otherwise decreases the number of ends available forWould inhibit elongation at low, substoichiometric concentra-
elongation. This feature was confirmed when we compared tions. Compounds that disrupt lateral association also may
the monomer deposition rates of elongated protofibrils and be effective inhibitors of fibril formation. To cite one related
associated protofibrils with that of the initial protofibril pool. ~0bservation, Lynn and co-workers were able to prevent the
All three deposition rates were the same (Figure 10). lateral association of A(10—35) filaments into full-width
Elongation by monomer deposition at protofibril ends is fibrils by C-terminal modification of this & peptide with
consistent with previous conclusions about monomer addition (POly)ethylene glycol 72).
to Aﬁ fibrils (25, 33,53. Rate con_ste_mts for addition inthese  ACKNOWLEDGMENT
studies were first order in both fibril and monomer concen- ) .
trations. We also have observed elongation rate constants_ Ve are grateful to Amanda Singleton (Mayo Clinic) and
that are first order in both protofibril and monomer concen- Ganesh Kamath (Mayo Clinic) for technical assistance in
tration, although some experiments revealed a second-ordef® €arly phases of this work, to Dr. Michael McKinney
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