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ABSTRACT: We analyzed the interaction of two kinds of amyloidâ-peptides (Aâ), i.e., Aâ(1-42) and
Aâ(1-40), in the kinetics ofâ-amyloid fibril (fAâ) formation in vitro, based on a nucleation-dependent
polymerization model using fluorescence spectroscopy with thioflavin T. When 25µM Aâ(1-42) was
incubated with increasing concentrations of amyloidogenic Aâ(1-40), the time to proceed to equilibrium
was extended dose-dependently. A similar inhibitory effect was observed when 45µM Aâ(1-40) was
incubated with increasing concentrations of Aâ(1-42). On the other hand, when 50µM of non-
amyloidogenic Aâ(1-40) was incubated with Aâ(1-42) at a molar ratio of 10:1 or 5:1, Aâ(1-42) initiated
fAâ formation from Aâ(1-40). The lag time of the reaction shortened in a concentration-dependent manner,
with Aâ(1-42). We next examined the seeding effect of fAâ formed from Aâ(1-42) (fAâ(1-42)) on
nonamyloidogenic Aâ(1-40). When 50µM of nonamyloidogenic Aâ(1-40) was incubated with 10 or
20 µg/mL (2.2 or 4.4µM) of fA â(1-42), the fluorescence showed a sigmoidal increase. The lag time of
the reaction was shortened by fAâ(1-42) in a concentration-dependent manner. However, the time to
proceed to equilibrium was much longer than when an equal concentration of fAâ formed from
Aâ(1-40) (fAâ(1-40)) was added to Aâ(1-40). The fluorescence increased hyperbolically without a
lag phase when 25µM Aâ(1-42) was incubated with 10 or 20µg/mL (2.3 or 4.6µM) of fA â(1-40),
and proceeded to equilibrium more rapidly than without fAâ(1-40). An electron microscopic study
indicated that the morphology of fAâ formed is governed by the major component of fresh Aâ peptides
in the reaction mixture, not by the morphology of preexisting fibrils. These results may indicate the central
role of Aâ(1-42) for fAâ deposition in vivo, among the different coexisting Aâ species.

The intracerebral accumulation of the amyloidâ-peptides
(Aâ)1 as senile plaques or vascular amyloid is one of the
dominant characteristics in the pathogenesis of Alzheimer’s
disease (AD) (1). The apparent role of Aâ, especially
Aâ(1-42), is now considered as a unifying pathological
feature of genetically diverse forms of AD (2). Rumble et
al. (3) suggested that, in patients with Down’s syndrome
(trisomy 21) where the gene forâ-amyloid precursor protein
(âAPP) is present in triplicate, overexpression of this gene
may lead to increased levels ofâAPP and eventually cause
Aâ deposition. A mutantâAPP (Lys 670-Met 671 to Asn-
Leu) has been linked to a type of autosomal-dominant
familial Alzheimer’s disease (FAD) and suggested to cause

AD by altering its own processing such that increased
amounts of Aâ peptides are released (4, 5). In addition,
mutations that increase the Aâ(1-42) level also cause AD.
Mutant âAPPs (Val717 to Ile, Phe, or Gly) are linked to
certain types of autosomal-dominant FAD and have been
suggested to cause AD by altering the processing ofâAPP
in a way to release increased amounts of Aâ(1-42) (6).
Presenilin 1 and 2 are pathogenic genes linked to autosomal-
dominant FAD pedigrees. Mutations of the presenilin genes
have been reported to elevate the Aâ(1-42)/Aâ(1-40) ratio
both in vitro and in vivo as well as in the plasma of affected
members of presenilin-linked FAD pedigrees (7, 8).

Several groups proposed a nucleation-dependent polym-
erization model to explain the mechanisms ofâ-amyloid
fibril (fA â) formation in vitro (9-15). This model consists
of two phases, i.e., nucleation and extension phases. Nucleus
formation requires a series of association steps of monomers
that are thermodynamically unfavorable, representing the
rate-limiting step in amyloid fibril formation. Once the
nucleus (n-mer) has been formed, further addition of
monomers becomes thermodynamically favorable, resulting
in a rapid extension of amyloid fibrils. We and other groups
have independently developed a first-order kinetic model of
fAâ extension in vitro and confirmed that the extension of
fAâ proceeds via the consecutive association of Aâ onto the
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ends of existing fibrils (12, 15, 16). A characteristic sigmoidal
time-course curve of fAâ formation from Aâ at a physi-
ological pH is widely believed to represent the essence of a
nucleation-dependent polymerization model, i.e., an initial
lag phase represents the thermodynamically unfavorable
nucleus formation (11).

Jarrett et al. (9) performed turbidimetric studies on the
kinetics of fAâ formation from Aâ using synthetic naturally
occurring Aâ variants [Aâ(1-39), Aâ(1-40), and Aâ(1-
42)] and four model peptides [Aâ(26-39), Aâ(26-40), Aâ-
(26-42), and Aâ(26-43)]. They suggested that fAâ for-
mation is a nucleation-dependent phenomenon, i.e., Aâ(1-
39) or Aâ(1-40) fibrillogenesis can be nucleated by peptides
with a longer C-terminal residue, for example, Aâ(1-42).
They demonstrated that preformed fAâ(1-42) can nucleate
the amyloidogenesis of Aâ(1-40) (seeding effect). However,
the ability of fresh Aâ with a longer C-terminal residue to
initiate fAâ formation from fresh Aâ with a shorter C-
terminal residue was demonstrated only with two nonnatu-
rally occurring shorter model peptides, i.e., Aâ(26-43) and
Aâ(26-40). Moreover, they did not consider the kinetic
interaction of different Aâ species [e.g., Aâ(1-42) and Aâ-
(1-40)] in the nucleation and extension processes.

In this paper, we characterized the interaction between Aâ-
(1-42) and Aâ(1-40) in the kinetics of fAâ formation in
vitro. Two kinetic assay systems were used, i.e., the fibril
extension assay and the fibril formation assay using fresh
Aâ. The former virtually represents the extension phase,
while the latter represents both the nucleation and extension
phases. In the fibril extension assay, we incubated fAâ
formed from Aâ(1-40) [fAâ(1-40)] with Aâ(1-42) or fAâ
formed from Aâ(1-42) [fAâ(1-42)] with Aâ(1-40). In the
fibril formation assay, we mixed Aâ(1-42) and Aâ(1-40).
We propose a model for the interaction between Aâ(1-42)
and Aâ(1-40) in fAâ formation in vitro.

EXPERIMENTAL PROCEDURES

Preparation of Aâ and fAâ Solutions.Aâ(1-42) (Lot No.
511908, Bachem AG, Bubendorf, Switzerland) was dissolved
by brief vortexing in ice-cold 0.02% ammonia solution at a
concentration of about 250µM (1.1 mg/mL) in a 4°C room.
Although the solution was clear, short fibrils were observed
by electron microscopy (data not shown). Significant thio-
flavin T (ThT) fluorescence was also detected by fluores-
cence spectroscopy. To remove these fibrils, the solution (0.8
mL) was applied to polycarbonate tubes (size 11× 34 mm,
Code No. 343778, Beckman, Palo Alto, CA) and ultracen-
trifuged at 105 g or 2× 105 g for 3 h at 4°C using a Beckman
Optima TLX tabletop ultracentrifuge and a Beckman TLA-
120.2 fixed angle rotor. The increased ultracentrifugation
force reduced the rate of fAâ(1-42) formation from fresh
Aâ(1-42). However, characteristic sigmoidal time-course
curves were observed in both cases (data not shown).
Although no visible pellets were formed after ultracentrifu-
gation, the ThT fluorescence was collected to the bottom
quarter fraction, and no significant fluorescence was detected
in the upper three-quarters fraction. By electron microscopy,
no fibrillar components were observed in the upper three-
quarters fraction. Therefore, the upper three-quarters fraction
was collected by careful aspiration and stored at-80 °C
before assaying [fresh Aâ(1-42) solution]. The protein

concentration of this fraction, as measured by the method
described below, was 90-93% of that of the whole solution
before ultracentrifugation. Aâ(1-40) (Lot Nos. 518765 and
519599, Bachem AG, Bubendorf, Switzerland) was dissolved
by brief vortexing in 0.02% ammonia solution at a concen-
tration of about 500µM (2.2 mg/mL) in a 4°C room and
stored at-80 °C before assaying [fresh Aâ(1-40) solution].
The solution was clear, and few fibrillar components were
observed by electron microscopy (data not shown). No
significant ThT fluorescence was detected by fluorescence
spectroscopy. Therefore, we did not perform the ultra-
centrifugation of Aâ(1-40) solution. Aâ(1-40) from a
different vendor (Lot No. 480511, Peptide Institute, Inc.,
Osaka, Japan) was also treated as described above.

fAâ(1-42) were formed from the above-described fresh
Aâ(1-42) solution ultracentrifuged at 105 g. The reaction
mixture in an Eppendorf tube was 950µL and contained 25
µM Aâ(1-42), 50 mM phosphate buffer, pH 7.5, and 100
mM NaCl. After briefly vortexed, the mixture was incubated
at 37°C for 6 h for polymerization reactions. The reaction
tubes were not agitated during the reaction. After incubation,
the mixture was centrifuged at 4°C for 3 h at 1.6× 104 g,
using a high-speed microrefrigerated centrifuge (MRX-150,
Tomy, Tokyo, Japan). More than 95% of fAâ(1-42) had
precipitated as measured by the fluorescence of ThT. The
pellet was resuspended in 50 mM phosphate buffer, pH 7.5,
100 mM NaCl, and 0.05% NaN3 in an Eppendorf tube;
sonicated on ice with 15 intermittent pulses (pulse, 0.6 s;
interval, 0.4 s; output level, 2) using an ultrasonic disruptor
(UD-201, Tomy, Tokyo, Japan) equipped with a microtip
(TP-030, Tomy, Tokyo, Japan); and stored at 4°C before
assaying. fAâ(1-40) were formed from the above-described
fresh Aâ(1-40) solution (Lot No. 519599, Bachem AG).
The reaction mixture was 600µL and contained 50µM Aâ-
(1-40), 50 mM phosphate buffer, pH 7.5, and 100 mM
NaCl. After incubation at 37°C for 24 h, the mixture was
centrifuged at 4°C for 3 h at 1.6× 104 g. fAâ(1-40) had
precipitated completely as measured by the fluorescence of
ThT. The pellet was resuspended in 50 mM phosphate buffer,
pH 7.5, 100 mM NaCl, and 0.05% NaN3; sonicated as
described above; and stored at 4°C before assaying.

Fluorescence Spectroscopy.All studies were performed
essentially as described elsewhere (12) on a Hitachi F-3010
fluorescence spectrophotometer. Optimum fluorescence mea-
surements of fAâ were obtained at the excitation and
emission wavelengths of 446 and 490 nm, respectively, with
the reaction mixture containing 5µM ThT (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) and 50 mM
glycine-NaOH buffer, pH 8.5. Fluorescence was measured
immediately after making the mixture and was averaged for
the initial 5 s.

Polymerization Assay.Reaction mixtures were prepared
on ice at 4°C, with neither polymerization nor depolymer-
ization of fAâ being observed by fluorometric analysis.
Distilled water was put into a tube. Then 500 mM phosphate
buffer, pH 7.5, was added to yield a final buffer concentration
of 50 mM, and 5 M NaCl was added to a final concentration
of 100 mM. Fresh Aâ solutions were added to yield a final
Aâ concentration of 5-35 µM [A â(1-42)] or 5-60 µM
[Aâ(1-40)]. Unless otherwise noted, Aâ(1-42) ultracen-
trifuged at 105 g was used. Finally, the fAâ solution was
added to yield a final fAâ concentration of 10 or 20µg/mL
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[fA â(1-42), equivalent to 2.2 or 4.4µM Aâ(1-42); fAâ-
(1-40), equivalent to 2.3 or 4.6µM Aâ(1-40)]. After briefly
being vortexed, 30-µL aliquots of the mixture were put into
oil-free PCR tubes (size 0.5 mL, Code No. 9046, Takara
Shuzo Co. Ltd., Otsu, Japan). The reaction tubes were then
transferred into a DNA thermal cycler (PJ480, Perkin-Elmer
Cetus, Emeryville, CA). Starting at 4°C, the plate temper-
ature was elevated at maximal speed to 37°C. Incubation
times ranged between 0 and 21 days (as indicated in each
figure), and the reaction was stopped by placing the tubes
on ice. The reaction tubes were not agitated during the
reaction. Three 5-µL aliquots from each reaction tube were
subjected to fluorescence spectroscopy, and the mean of each
triplicate was determined.

Electron Microscopy.Reaction mixtures were spread on
carbon-coated grids, negatively stained with 1% phospho-
tungstic acid, pH 7.0, and examined under a Hitachi H-7000
electron microscope with an acceleration voltage of 75 kV.

Mass Spectrometry.The Aâ(1-40) solution was lyophi-
lized. The Aâ(1-42) solution was dialyzed against 0.5%
acetic acid at 4°C with Spectra/Por CE DispoDialyzer
(molecular weight cutoff of 1000, Spectrum Laboratories,
Inc., Laguna Hills, CA). Acetic acid and acetonitrile were
then added to each Aâ preparation to obtain final concentra-
tions of 0.5 M and 50% (v/v), respectively. Samples were
analyzed by TSQ-7000 mass spectrometer (Finnigan Cor-
poration, San Jose, CA) with electrospray ionization (ESI/
MS).

Secondary Structure Analysis.Secondary structure of Aâ
peptides were analyzed by circular dichroism (CD). The Aâ
solutions were diluted to 25µM with 50 mM phosphate
buffer, pH 7.5. The CD spectra were recorded at 8°C using
a 1.0-mm path length cell on a Jasco 725W spectropolarim-
eter (Jasco Corporation, Hachioji, Japan). Five accumulative
readings at 1 nm bandwidth, resolution at 0.2 nm, sensitivity
at 20 mdeg, response time of 2 s, and scan speed at 50 nm/
min were taken from each sample, averaged, and baseline
subtracted. Results were expressed in terms of mean residue
ellipticity and ranged from 240 to 190 nm. The content of
secondary structure was estimated by the least-squares curve-
fitting method using reference spectra by Reed and Reed
(17).

Other Analytical Procedures.Protein concentrations of the
Aâ and fAâ solutions were determined by the method of
Bradford (18), using a protein assay kit (500-0001, Bio-Rad
Laboratories, Inc., Hercules, CA). Throughout this study, the
Aâ(1-40) solution quantified by amino acid analysis was
used as the standard. Equal amounts of Aâ(1-42) and Aâ-
(1-40) quantified by amino acid analysis gave similar
absorbance.

RESULTS

Characterization of Aâ Peptides.We first characterized
the molecular weight of Aâs with ESI/MS. When
Aâ(1-42) ultracentrifuged at 105 g was analyzed, a major
peak was detected at 4513 [the theoretical value of intact
Aâ(1-42) was 4514.16]. When three lots of Aâ(1-40)s used
in this study were analyzed, a major peak was detected at
4329 in all cases [the theoretical value of intact Aâ(1-40)
was 4329.9]. The peaks corresponding to methionine oxi-
dization and deamidation were not observed in all Aâ

preparations. We then analyzed the secondary structure of
Aâs by CD. Theâ-sheet contents of Aâ(1-42) ultracentri-
fuged at 105 and 2 × 105 g were 31.7 and 29.2%,
respectively. Theâ-sheet contents of amyloidogenic (Lot No.
519599) and nonamyloidogenic (Lot No. 518765)
Aâ(1-40) were 25.2 and 24.5%, respectively. All of these
Aâs did not containR-helix.

Interaction between Aâ(1-42) and Aâ(1-40) in the
Kinetics of fAâ Formation from Fresh Aâ. As shown in
Figure 1A,B, when fresh amyloidogenic Aâ(1-42) or
Aâ(1-40) (Lot No. 519599, Bachem AG) was incubated at
37 °C, the fluorescence of ThT followed a sigmoidal curve
with a point of inflection. The final equilibrium level
increased in a concentration-dependent manner with Aâ
peptides. The time to proceed to equilibrium level of
fluorescence was unchanged by the initial Aâ concentrations
examined.

The interaction between Aâ(1-42) and Aâ(1-40), both
of which form amyloid fibrils spontaneously, was examined.
When 25 µM Aâ(1-42) was incubated with increasing
concentrations of Aâ(1-40) (Lot No. 519599, Bachem AG),
the time to proceed to equilibrium was concentration
dependently extended (Figure 2A). Similarly, when 45µM

FIGURE 1: Effect of Aâ concentrations on the kinetics of fAâ
formation. (A) Time course of the fluorescence after the initiation
of fAâ(1-42) formation from fresh Aâ(1-42). The reaction
mixture contained 50 mM phosphate buffer, pH 7.5, 100 mM NaCl,
and 5 (2), 10 (0), 15 (9), 25 (O), or 35µΜ (b) Aâ(1-42). The
reaction was initiated by shifting the temperature to 37°C as
described under Experimental Procedures. At each incubation time,
the reaction was stopped and analyzed by fluorescence spectroscopy
as described under Experimental Procedures. (B) Time course of
the fluorescence after the initiation of fAâ(1-40) formation from
fresh Aâ(1-40). The reaction mixture contained 50 mM phosphate
buffer, pH 7.5, 100 mM NaCl, and 45 (0), 50 (9), 55 (O), or 60
µΜ (b) Aâ(1-40) (Lot No. 519599, Bachem AG).
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Aâ(1-40) was incubated with increasing concentrations of
Aâ(1-42), the time to proceed to equilibrium was concen-
tration dependently extended (Figure 2B). In the former case,
the final equilibrium level was independent of the
Aâ(1-40) concentration added, while in the latter case, it
decreased in a concentration-dependent manner with
Aâ(1-42).

Then we examined the interaction between fresh
Aâ(1-42) and nonamyloidogenic Aâ(1-40)s (Lot No.
518765, Bachem AG, and Lot No. 480511, Peptide Institute,
Inc.), which do not form amyloid fibrils spontaneously but
readily polymerize onto the ends of existing fibrils (see
Figure 4B). The Aâ(1-40)/Aâ(1-42) ratio in cerebrospinal
fluid is reported to be 16.5( 8.6 and 6.8( 3.3 for the AD
group and age-matched normal group, respectively (19).
Therefore, we added 5 or 10µM Aâ(1-42) to 50 µM
Aâ(1-40). As shown in Figure 3, the fluorescence showed
a sigmoidal increase when 50µM Aâ(1-40) was incubated
with Aâ(1-42) at a molar ratio of 10:1 or 5:1 but not without
Aâ(1-42). The lag time of the reaction was shortened with
Aâ(1-42) in a concentration-dependent manner. Although
the time to proceed to equilibrium was much longer than

when an equal concentration of Aâ(1-42) (5-10 µM) was
incubated without Aâ(1-40), the final equilibrium levels
were much higher than those in the latter case (compare
Figure 3 with Figure 1A). These results may indicate that
Aâ(1-42) can initiate fAâ(1-40) formation from non-
amyloidogenic Aâ(1-40).

Interaction between Aâ(1-42) and Aâ(1-40) in the
Kinetics of fAâ Extension.When 25µM fresh Aâ(1-42)
(ultracentrifuged at 2× 105 g) was incubated with 10 or 20
µg/mL (2.2 or 4.4 µM) of fA â(1-42) at 37 °C, the
fluorescence increased hyperbolically without a lag phase
and proceeded to equilibrium much more rapidly than the
case without fAâ(1-42) (Figure 4A). The initial rate of
extension increased in a concentration-dependent manner
with fAâ(1-42). Similar data were obtained when 50µM
fresh nonamyloidogenic Aâ(1-40) (Lot No. 518765, Bachem
AG) was incubated with 10 or 20µg/mL (2.3 or 4.6µM) of
fAâ(1-40) (Figure 4B).

We next examined the seeding effect of fAâ(1-42) on
nonamyloidogenic Aâ(1-40). As shown in Figure 5A, when
50 µM Aâ(1-40) (Lot No. 518765, Bachem AG) was
incubated with 10 or 20µg/mL (2.2 or 4.4 µM) of
fAâ(1-42), the fluorescence showed a sigmoidal increase.
The lag time of the reaction was shortened by fAâ(1-42)
in a concentration-dependent manner. The time to proceed

FIGURE 2: Interaction between Aâ(1-42) and Aâ(1-40) in the
kinetics of fAâ formation. (A) Effect of fresh Aâ(1-40) in the
kinetics of fAâ(1-42) formation from fresh Aâ(1-42). The
reaction mixture contained 50 mM phosphate buffer, pH 7.5, 100
mM NaCl, 25µΜ Aâ(1-42) and 0 (b), 5 (O), 10 (9), or 15µΜ
(0) Aâ(1-40) (Lot No. 519599, Bachem AG). The reaction was
initiated by shifting the temperature to 37°C as described under
Experimental Procedures. At each incubation time, the reaction was
stopped and analyzed by fluorescence spectroscopy as described
under Experimental Procedures. (B) Effect of fresh Aâ(1-42) on
the kinetics of fAâ(1-40) formation from fresh Aâ(1-40). The
reaction mixture contained 50 mM phosphate buffer, pH 7.5, 100
mM NaCl, 45µΜ Aâ(1-40) (Lot No. 519599, Bachem AG), and
0 (b), 5 (O), 10 (9), or 15 µΜ (0) Aâ(1-42).

FIGURE 3: Interaction between Aâ(1-42) and nonamyloidogenic
Aâ(1-40) in the kinetics of fAâ(1-40) formation. The reaction
mixture contained 50 mM phosphate buffer, pH 7.5, 100 mM NaCl,
0.05% NaN3, 50µΜ Aâ(1-40) (A, Lot No. 518765, Bachem AG;
B, Lot No. 480511, Peptide Institute, Inc.), and 0 (b), 5 (O), or 10
µΜ (9) Aâ(1-42). The reaction was initiated by shifting the
temperature to 37°C as described under Experimental Procedures.
At each incubation time, the reaction was stopped and analyzed
by fluorescence spectroscopy as described under Experimental
Procedures.
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to equilibrium was much longer than when an equal
concentration of fAâ(1-40) was added to Aâ(1-40) (com-
pare Figure 5A with Figure 4B). The final equilibrium level
of fluorescence increase was independent of the concentration
of fAâ(1-42). We also examined the seeding effect of
fAâ(1-40) on fresh Aâ(1-42) (ultracentrifuged at 2× 105

g), which forms amyloid fibrils spontaneously but proceeds
to equilibrium much more slowly than those ultracentrifuged
at 105 g (compare Figure 5B with Figure 1A). As shown in
Figure 5B, when 25µM Aâ(1-42) was incubated with 10
or 20µg/mL (2.3 or 4.6µM) of fA â(1-40), the fluorescence
increased hyperbolically without a lag phase and proceeded
to equilibrium more rapidly than without fAâ(1-40). The
initial rate of the reaction increased in a concentration-
dependent manner with fAâ(1-40). The final equilibrium
level of fluorescence increase was independent of the
concentration of fAâ(1-40).

Then we examined the interaction between Aâ(1-42) and
Aâ(1-40) in the kinetics of fAâ extension. As shown in
Figure 6A, when 10µg/mL (2.2µM) of fA â(1-42) and 15
µM Aâ(1-42) (ultracentrifuged at 2× 105 g) were incubated
with increasing concentrations of fresh Aâ(1-40) (Lot No.

519599, Bachem AG), the final equilibrium level was
increased in a concentration-dependent manner. However,
the initial rate of extension as well as the time to proceed to
equilibrium were independent of the concentration of
Aâ(1-40). As shown in Figure 6B, when 10µg/mL (2.3
µM) of fA â(1-40) and 40µM Aâ(1-40) (Lot No. 519599,
Bachem AG) were incubated with increasing concentrations
of Aâ(1-42), the time to proceed to equilibrium as well as
the final equilibrium level were independent of the concen-
tration of Aâ(1-42) examined.

Electron Microscopic ObserVation of fAâ. As shown in
Figure 7A, two types of amyloid fibrils were formed from
the fresh Aâ(1-42) solution as described previously (13).
Type A fibrils assumed the nonbranched filament structure
of approximately 8 nm width. Although the helical structure
was observed in some type A fibrils, it was not as distinct
as that in the fAâ(1-40). Type B fibrils assumed the
nonbranched filament structure of approximately 12 nm
width and exhibited no helical structure. Seilheimer et al.
(20) observed similar heterogeneity in the structure of
fAâ(1-42) formed in vitro. As shown in Figure 7B,
fAâ(1-40) formed from fresh Aâ(1-40) solution assumed

FIGURE 4: Extension of fAâ with homogeneous Aâ. (A) Kinetics
of fAâ(1-42) extension with fresh Aâ(1-42). The reaction mixture
contained 50 mM phosphate buffer, pH 7.5, 100 mM NaCl, 25
µΜ Aâ(1-42) (ultracentrifuged at 2× 105 g), and 0 (b), 10 (O),
or 20µg/mL (9) (0, 2.2, or 4.4µM) fA â(1-42). The reaction was
initiated by shifting the temperature to 37°C as described under
Experimental Procedures. At each incubation time, the reaction was
stopped and analyzed by fluorescence spectroscopy as described
under Experimental Procedures. (B) Kinetics of fAâ(1-40) exten-
sion with fresh Aâ(1-40). The reaction mixture contained 50 mM
phosphate buffer, pH 7.5, 100 mM NaCl, 50µΜ Aâ(1-40) (Lot
No. 518765, Bachem AG), and 0 (b), 10 (O), or 20µg/mL (9) (0,
2.3, or 4.6µM) fA â(1-40).

FIGURE 5: Extension of fAâ with heterogeneous Aâ. (A) Kinetics
of fAâ(1-42) extension with fresh Aâ(1-40). The reaction mixture
contained 50 mM phosphate buffer, pH 7.5, 100 mM NaCl, 50
µΜ Aâ(1-40) (Lot No. 518765, Bachem AG), and 0 (b), 10 (O),
or 20µg/mL (9) (0, 2.2, or 4.4µM) fA â(1-42). The reaction was
initiated by shifting the temperature to 37°C as described under
Experimental Procedures. At each incubation time, the reaction was
stopped and analyzed by fluorescence spectroscopy as described
under Experimental Procedures. (B) Kinetics of fAâ(1-40) exten-
sion with fresh Aâ(1-42). The reaction mixture contained 50 mM
phosphate buffer, pH 7.5, 100 mM NaCl, 25µΜ Aâ(1-42)
(ultracentrifuged at 2× 105 g), and 0 (b), 10 (O), or 20 µg/mL
(9) (0, 2.3, or 4.6µM) fA â(1-40).
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the nonbranched, helical filament structure of approximately
7 nm width and exhibited a helical periodicity of ap-
proximately 220 nm, as described previously (12).

When 25µM fresh Aâ(1-42) was incubated with 10µM
amyloidogenic Aâ(1-40) (see Figure 2A), the major type
of fibrils observed was fAâ(1-42) (Figure 7C). When 45
µM fresh amyloidogenic Aâ(1-40) was incubated with 10
µM Aâ(1-42) (see Figure 2B), the major type of fibrils
observed was fAâ(1-40) (Figure 7D). When 50µM fresh
nonamyloidogenic Aâ(1-40) was incubated with 10µM
Aâ(1-42) (see Figure 3A), the major type of fibrils observed
was fAâ(1-40) (data not shown). Although no increase in
fluorescence was observed in the reaction mixture containing
fresh Aâ(1-40) alone, small numbers of fAâ(1-40) were
formed (data not shown).

When sonicated fAâ(1-42) or fAâ(1-40) was incubated
with their constituents [i.e., Aâ(1-42) or Aâ(1-40)] (see
Figure 4), no change was observed in their typical fibrillar
structure (data not shown). When 20µg/mL (4.4 µM) of
sonicated fAâ(1-42) was incubated with 50µM fresh

Aâ(1-40) (see Figure 5A), the major type of fibrils observed
was fAâ(1-40) (Figure 7E). Conversely, when 20µg/mL
(4.6 µM) of sonicated fAâ(1-40) was incubated with 25
µM fresh Aâ(1-42) (see Figure 5B), the major type of fibrils
observed was fAâ(1-42) (Figure 7F).

These findings indicate that the morphology of fAâ formed
is governed by the major component of fresh Aâ peptides
in the reaction mixture and not by the morphology of
preexisting fibrils.

DISCUSSION

Amyloidogenicity of Aâ Peptides.We observed different
amyloidogenicity between Aâ(1-42)s ultracentrifuged at 105

and 2× 105 g as well as between two lots of Aâ(1-40)s
(Lot No. 519599 vs Lot No. 518765). Although Soto et al.
(21) reported thatâ-sheet content of Aâ(1-40)s correlates
with their amyloidogenicity, CD spectrum analysis showed
only a slight difference in theâ-sheet content between
Aâ(1-42)s ultracentrifuged at 105 and 2× 105 g as well as
between two lots of Aâ(1-40)s. As described in Experi-
mental Procedures, no fibrillar components were observed
in ultracentrifuged supernatant of Aâ(1-42) by electron
microscopy. Therefore, it is not likely that contaminated
fibrils would affect the amyloidogenicity of Aâ preparations.
These results suggest that fresh Aâ preparations used in this
study may contain immature Aâ complexes, which are
invisible, nonfibrillar, and slowly sedimentable by ultracen-

FIGURE 6: Interaction between Aâ(1-42) and Aâ(1-40) in the
kinetics of fAâ extension. (A) Effect of fresh Aâ(1-40) on the
kinetics of fAâ(1-42) extension with fresh Aâ(1-42). The reaction
mixture contained 50 mM phosphate buffer, pH 7.5, 100 mM NaCl,
15 µΜ Aâ(1-42) (ultracentrifuged at 2× 105 g), 10µg/mL (2.2
µM) fA â(1-42), and 0 (b), 7.5 (O), or 15µΜ (9) Aâ(1-40) (Lot
No. 519599, Bachem AG). The reaction was initiated by shifting
the temperature to 37°C as described under Experimental Proce-
dures. At each incubation time, the reaction was stopped and
analyzed by fluorescence spectroscopy as described under Experi-
mental Procedures. (B) Effect of fresh Aâ(1-42) on the kinetics
of fAâ(1-40) extension with fresh Aâ(1-40). The reaction mixture
contained 50 mM phosphate buffer, pH 7.5, 100 mM NaCl, 40
µΜ Aâ(1-40) (Lot No. 518765, Bachem AG), 10µg/mL (2.3µM)
fAâ(1-40), and 0 (b), 5 (O), or 10 µΜ (9) Aâ(1-42).

FIGURE 7: Electron micrographs of fAâs. The reaction mixtures
containing 50 mM phosphate buffer, pH 7.5, 100 mM NaCl, and
25 µM Aâ(1-42) (A), 50 µM Aâ(1-40) (B), 25µM Aâ(1-42)
and 10µM Aâ(1-40) (C), 45µM Aâ(1-40) and 10µM Aâ(1-
42) (D), 20µg/mL (4.4µM) of fA â(1-42) and 50µM Aâ(1-40)
(E), or 20µg/mL (4.6 µM) of fA â(1-40) and 25µM Aâ(1-42)
(F) were incubated and prepared for electron microscopy as
described under Experimental Procedures. The bar indicates a length
of 100 nm.
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trifugation. The difference in the amount of these complexes
may affect the amyloidogenicity of Aâ preparations. Further
studies are essential to clarify the factors that affect the
amyloidogenicity of Aâ preparations.

Interaction between Aâ(1-42) and Aâ(1-40) in the
Kinetics of fAâ Extension.We previously reported that the
extension of fAâ with their constituent Aâ follows a first-
order kinetic model, where the fluorescence of ThT increases
without a lag phase and proceeds to equilibrium hyperboli-
cally (12, 13) (Figure 8A). On the basis of this model, we
propose a model of the extension of fAâ with their
nonconstituent Aâ. As shown in Figure 5A, fAâ(1-42) was
able to nucleate fAâ(1-40) formation from nonamyloidogen-
ic Aâ(1-40). However, the fluorescence increased sigmoi-
dally with a lag phase. Jarrett et al. (9) observed a similar

time-course curve. These time-course curves clearly indicate
that the extension of fAâ(1-42) with Aâ(1-40) does not
follow a first-order kinetics. Moreover, fAâ(1-40)-type
fibrils were observed instead of fAâ(1-42)-type by electron
microscopy (see Figure 7E). This heterogeneous extension
of fAâ(1-42) with Aâ(1-40) could be explained as follows
(see Figure 8B). First, fAâ(1-42) may initiate the polym-
erization of Aâ(1-40) onto the ends of fAâ(1-42). How-
ever, the complementarity between Aâ(1-40) and the ends
of fAâ(1-42) may not be complete. Therefore, the associa-
tion of Aâ(1-40) onto the ends of fAâ(1-42) would be
thermodynamically unfavorable. After a sufficient number
of Aâ(1-40) had polymerized onto the ends of fAâ(1-42),
fAâ(1-40)-type ends would be formed, and further addition
of Aâ(1-40) would be thermodynamically favorable.

When Aâ(1-42) was incubated with fAâ(1-40), the
fluorescence increased hyperbolically without a lag phase
and proceeded to equilibrium more rapidly than without
fAâ(1-40) (Figure 5B). The electron microscopic observa-
tion also revealed that fAâ(1-42)-type fibrils were formed
in the mixture (Figure 7F). The addition of fAâ(1-40) to
Aâ(1-42) may also accelerate the formation of fAâ(1-42)
by the association of Aâ(1-42) onto the ends of
fAâ(1-40).

Interaction between Aâ(1-42) and Aâ(1-40) in the
Kinetics of fAâ Formation from Fresh Aâ. As shown in
Figure 2, the formation of fAâ from their fresh constituent
was inhibited in a concentration-dependent manner with the
nonconstituent Aâ. Electron microscopic observation re-
vealed that the morphology of fAâ formed is governed by
the major component of fresh Aâ in the reaction mixture
(see Figure 7C,D). On the other hand, the extension of fAâ
with their constituent Aâ was not inhibited by the noncon-
stituent Aâ (see Figure 6). These results may indicate that
the inhibitory interaction of Aâ(1-42) and Aâ(1-40) would
mainly take place in the nucleation process. Minimal nuclei
would be formed by the association of n-meric Aâ(1-42)
(see Figure 8C). The Aâ(1-40) added would interact with
Aâ(1-42) and interrupt the conformational change of
n-meric Aâ(1-42) into the minimal nuclei (see Figure 8D).

Quite inconsistent with the above-described inhibitory
effect, when fresh Aâ(1-42) was incubated with non-
amyloidogenic Aâ(1-40), fAâ(1-40) formation from non-
amyloidogenic Aâ(1-40) was stimulated in a concentration-
dependent manner with Aâ(1-42) (see Figure 3). This
phenomenon could be explained as follows. Initially, the
nucleation process of Aâ(1-42) would be interfered by
Aâ(1-40). After a long lag time, a sufficient amount of
nuclei could be accumulated, then the fibril extension would
proceed by the consecutive association of Aâ(1-40) onto
the ends of nuclei and existing fibrils. This scenario is based
on the following results. First, when 10µM Aâ(1-42) was
incubated with nonamyloidogenic Aâ(1-40), the fluores-
cence of ThT proceeded to equilibrium much more slowly
than when an equal concentration of Aâ(1-42) was incu-
bated alone (compare Figure 1A and Figure 3). When fresh
Aâ are incubated at 37°C, the time to proceed to equilibrium
is governed by the potential of spontaneous nucleus forma-
tion from fresh Aâ (13). Second, when 10µM Aâ(1-42)
was incubated with nonamyloidogenic Aâ(1-40),
fAâ(1-40)-type fibrils were observed in the reaction mixture
(data not shown).

FIGURE 8: Hypothetical models of the interaction between Aâ(1-
42) and Aâ(1-40) in the extension and nucleation reaction. (A)
Kinetic model of the homogeneous extension (12). The extension
of fAâ(1-42) proceeds via the consecutive association of Aâ(1-
42) onto the ends of fAâ(1-42). This reaction is thermodynamically
favorable. The extension of fAâ(1-40) can be explained by the
same model. (B) Kinetic model of the heterogeneous extension.
The association of Aâ(1-40) onto the ends of fAâ(1-42) would
be thermodynamically unfavorable. After a certain number of Aâ-
(1-40) has polymerized onto the ends of fAâ(1-42), fAâ(1-40)-
type ends would be formed, and then the association of Aâ(1-40)
onto the ends would become thermodynamically favorable. (C)
Kinetic model of the nucleation (13). Minimal nuclei would be
formed by the cooperative association of n-meric Aâ(1-42). This
reaction is thermodynamically unfavorable. (D) Inhibitory interac-
tion between Aâ(1-42) and Aâ(1-40) in the nucleation reaction.
Aâ(1-40) would interact with Aâ(1-42) and interrupt the con-
formational change of n-meric Aâ(1-42) into the minimal nucleus.
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Jarrett et al. (9) examined the ability of Aâ(26-43) to
stimulate fAâ formation from Aâ(26-40). When 200µM
Aâ(26-40) or 20µM Aâ(26-43) was incubated indepen-
dently, no increase in turbidity was observed throughout the
experiment. However, when 200µM Aâ(26-40) was
incubated with 20µM Aâ(26-43), the turbidity was
increased hyperbolically with no lag time. While we have
no clear explanation for the difference in the time-course
curves (sigmoidal vs hyperbolic), the amino-terminal trunca-
tion of Aâs [i.e., Aâ(1-42) vs Aâ(26-43) and Aâ(1-40)
vs Aâ(26-40)] would have a critical effect on the interaction
of Aâs with different C-terminal residues in the nucleation
process.

The molecular mechanisms of the interaction between
Aâ(1-42) and Aâ(1-40) need to be considered. The
hydrophobic core of Aâ, i.e., residues 17-21, is reported to
play an important role for the formation and stabilization of
amyloid fibrils (22-24). This hydrophobic core would
contribute to the association and binding of Aâ(1-42) and
Aâ(1-40). The difference in the C-terminal residue is
important for the conformation of Aâ, the potential of Aâ
to form fAâ, and the morphology of fAâ formed (25).
Therefore, the inhibitory interaction between Aâ(1-42) and
Aâ(1-40) in the nucleation phase would be due to a minor
difference in the conformation between Aâ(1-42) and
Aâ(1-40) (see Figure 8D).

Biological Significance.It has been reported that Aâs,
Aâ(1-42), Aâ(1-40), and other variants are produced
simultaneously in vivo (25). Therefore, fAâ deposition in
vivo would occur through the complex interaction among
various Aâ species and other components [e.g., apolipo-
protein E (apoE)]. The dose-dependent stimulatory effect of
Aâ(1-42) to form fAâ(1-40) from nonamyloidogenic
Aâ(1-40) (Figure 3) would be compatible with the increased
production of Aâ(1-42) in the brain of various forms of
FAD pedigrees (2). We and other groups have reported the
inhibitory interaction of apoE with Aâ in the formation of
fAâ in vitro (13, 26-28). Very recently, this observation
was supported by the evidence that expression of human
apoE in the brain of a mouse model of AD reduces fAâ
deposition in vivo (29).

In this paper, we demonstrated the interaction of different
Aâ species on fAâ formation in vitro. This interaction is
consistent with a nucleation-dependent polymerization model
and may indicate the central role of Aâ(1-42) for fAâ
deposition in vivo among the different coexisting Aâ species.
We believe that the experimental system described in this
paper may prove useful for the better understanding of fAâ
deposition in vivo.
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