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ABSTRACT: The conversion of the soluble, nontoxic amyloid-β (Aβ) peptide into an aggregated, toxic form rich
in β-sheets is considered a key step in the development of Alzheimer’s disease. Whereas growing evidence
indicates that the Aβ amyloid fibrils consist of in-register parallel β-sheets, little is known about the structure
of soluble oligomeric intermediates because of their transient nature. To understand the mechanism by which
amyloid fibrils form, especially the initial development of the “nucleus” oligomeric intermediates, we prepared
covalently linked dimeric Aβ peptides and analyzed the kinetics of the fibril-forming process. A covalent bond
introduced between two Aβmolecules dramatically facilitated the spontaneous formation of aggregates with
a β-sheet structure and affinity for thioflavin T. Transmission electron microscopy revealed, however, that
these aggregates differed in morphology from amyloid fibrils, more closely resembling protofibrils. The
protofibril-like aggregates were not the most thermodynamically stable state but were a kinetically trapped
state. The results emphasize the importance of the conformational flexibility of the Aβmolecule and a balance
in the association and dissociation rate for the formation of rigid amyloid fibrils.

Alzheimer’s disease (AD)1 is a progressive neurodegenerative
disorder. One of its pathological hallmarks is the extracellular
deposition of senile plaques in the brain. Themajor component of
these plaques is fibrillar aggregates (amyloid fibrils) of amyloid
β-protein (Aβ), which is generated from the proteolytic cleavage
of amyloid precursor protein (APP) by β- and γ-secretases (1, 2).
The conversion of soluble, nontoxic Aβ into an aggregated, toxic
form rich inβ-sheets is considered the key step in the development
of AD. It is essential to elucidate the mechanisms by which Aβ
aggregates to understand the pathogenesis of AD.

The most convincing model for the formation of amyloid
fibrils is the nucleation-dependent polymerization model (3-6),
which separates the fibrillization process into a nucleation phase
and an elongation phase. Nucleation requires the self-association
of soluble monomers, which is thermodynamically unfavorable
and so rarely occurs. Once the nucleus is formed, however, the
further addition of monomers is a much more favorable process
and proceeds rapidly. As a result, the kinetics of amyloid fibril
formation is well represented by a sigmoidal shapewith a long lag
phase followed by a rapid growth phase. Although the nucleation
is a critical step in the development of amyloid fibrils, the precise
mechanism involved is unknown because of its transient nature.

Extensive structural analyses of “mature” amyloid fibrils have
been performed and a variety of models for the molecular
organization of amyloid fibrils proposed (7, 8). The “cross-β”
structure is considered one of the most convincing models, where
each molecule assumes a predominantly β-sheet structure which
runs perpendicular to the fibril axis (9-11). In addition, recent
studies with solid-state NMR spectroscopy suggest that the
amyloid fibrils formed by partial or full-length Aβ-(1-40) and
Aβ-(1-42) peptides are predominantly composed of in-register,
parallel β-sheets although several variations in molecular orga-
nizations have been identified (12-18). These structural analyses
suggest that while the C-terminal part of the Aβ molecule
assumes a rigid structure in the fibrils, the N-terminal appears
to be relatively flexible. In particular, Petkova et al. (16, 17)
showed that Aβ-(1-40) adopts a strand-turn-strand confor-
mation and approximately the first 10 residues of the molecule
are structurally disordered in the fibrils. This is also supported
by analyses of H/D exchange detected with solution NMR
spectroscopy (19, 20).

To understand the mechanism by which amyloid fibrils form,
especially the initial development of the “nucleus” oligomeric
intermediates, we prepared covalently linked dimericAβ peptides
and analyzed the kinetics of the fibrillation process. A covalent
bond introduced between two Aβ molecules dramatically fac-
ilitated the spontaneous formation of ThT-active aggregates.
Transmission electron microscopy (TEM) revealed, however,
that these aggregates differed in morphology from amyloid
fibrils, more closely resembling protofibrils. The protofibril-like
aggregate was not the most thermodynamically stable state but
was a kinetically trapped state. The results emphasize the
importance of the dynamic flexibility of the Aβ molecule and a
balance in the association and dissociation rate for the formation
of rigid amyloid fibrils.

*Corresponding author. Phone: þ81-75-753-4531. Fax: þ81-75-753-
4529. E-mail: hoshi@pharm.kyoto-u.ac.jp.

1Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid-β peptide;
A2C-monomer, mutant Aβ(1-40) in which the second N-terminal Ala
is replaced by Cys; A2C-dimer, disulfide-bonded homodimeric form of
A2C-Aβ peptide; G3C-monomer, mutant Aβ(1-40) in which an extra
Cys residue is attached via a three-Gly linker; G3C-dimer, disulfide-
bonded homodimeric form of G3C-Aβ peptide; ThT, thioflavin T;
TEM, transmission electron microscopy; DTT, dithiothreitol; CD,
circular dichroism; NMR, nuclear magnetic resonance; YUH-1, yeast
ubiquitin hydrolase-1; SEC, size exclusion chromatography; ESI-MS,
electrospray ionization mass spectrometry; FITC, fluorescein isothio-
cyanate.



Article Biochemistry, Vol. 49, No. 33, 2010 7101

MATERIALS AND METHODS

Construction of Expression Vectors. The expression vec-
tors for wild-type and mutant Aβ-(1-40) peptides were con-
structed as an ubiquitin extension (21). A plasmid encoding the
human ubiquitin gene was kindly provided by Dr. Gottfried
Otting (Australian National University). A DNA fragment
encoding ubiquitin was amplified by PCR to introduce an
N-terminal hexahistidine tag and recognition sites for restriction
enzymes with the primers 50-TTTTTTTTCATATGCATCAC-
CATCACCATCACGGCGGTGGCATGCAGATCTTCGTG-
AAGACTCTGAC-30 and 50-TTTGAATTCTTATCCACCT-
CTTAAGCGGAGTACCAGGTGCAGGG-30 (the restriction
sites for NdeI, EcoRI, and BspTI are underlined). The amplified
DNA fragment was digested byNdeI and EcoRI and cloned into
the vector pET28a (Novagen) to generate pET28a-H6Ub. Com-
plementary oligonucleotide pairs (fA1 þ rA1, fA2 þ rA2, fA3 þ
rA3), each of which was phosphorylated at the 50 end by T4
polynucleotide kinase, were annealed to produce three partially
overlapping double-stranded DNA fragments (fA1, 50-TTAA-
GAGGTGGAGATGCGGAATTTCGCCATGACAGCGGC-
30; rA1, 50-TGATGAACCTCATAGCCGCTGTCATGGCGA-
AATTCCGCATCTCCACCTC-30; fA2, 50-TATGAGGTTCAT-
CACCAGAAACTGGTGTTCTTTGCCGAAGATGTGGGT-
30; rA2, 50-TGCACCTTTATTCGAACCCACATCTTCGGCA-
AAGAACACCAGTTTCTGG-30; fA3, 50-TCGAATAAAGG-
TGCAATCATTGGGCTGATGGTCGGCGGCGTTGTGTA-
AG-30; rA3, 50-AATTCTTACACAACGCCGCCGACCATCA-
GCCCAATGAT-30). The annealed DNA fragments were ligated
by T4 DNA ligase to generate an entire Aβ gene with restriction
sites for BspTI and EcoRI at both termini. The Aβ gene was
inserted into a pET28a-H6Ub vector between BspTI and EcoRI
sites to construct pET28a-H6UbAβ-(1-40). The plasmids encod-
ing mutant Aβ peptides, in which Ala2 was replaced by Cys or an
extra Cys residue was added at the C-terminus via a three-Gly
linker, were constructed by theQuickChange (Stratagene) method
using pET28a-H6UbAβ-(1-40) as a template DNA.
Expression and Purification of Proteins. The expression

vectors encoding wild-type and mutant ubiquitin-Aβ-(1-40)
fusion protein were transformed into Escherichia coli strain
BL21(DE3)/pLysS (Novagen). Transformed bacteria were
grown at 37 �C in Lucia broth medium containing 25 μg/mL of
kanamycin. Isopropyl β-D-thiogalactopyranoside (IPTG) was
added to the medium when the absorbance at 600 nm reached
0.6. After 3 h, cells were harvested by centrifugation at 5000g for
15 min at 4 �C.Wild-type and mutant H6UbAβ-(1-40) proteins
were accumulated in inclusion bodies and purified as follows. The
bacterial cells were suspended into buffer A (300 mM NaCl,
50 mM sodium phosphate, pH 8.0) containing 1 mM phenyl-
methylsulfonyl fluoride and disrupted by sonication with inter-
mittent pulses for 1 min (pulse of 0.5 s, interval of 0.5 s, output
level of 7) by three times using an ultrasonic disruptor equipped
with a TP-012 standard tip (UD-201; Tomy, Tokyo). After
centrifugation at 10000g for 60 min at 4 �C, the pellet was
collected and washed twice with buffer A. The pellet was then
dissolved in buffer A containing 8 M urea and 20 mM imidazole
and loaded onto HisTrap FF (GEHealthcare). After the column
was washed with buffer A containing 20 mM imidazole, bound
protein was eluted with buffer A containing 500 mM imidazole.

The plasmid encoding hexahistidine-tagged yeast ubiquitin
hydrolase-1 (YUH-1) was kindly provided by Dr. Yutaka Ito
(Tokyo Metropolitan University). The vector was introduced

into E. coli BL21(DE3)/pLysS, and the protein was induced
to express by IPTG using the same procedure as for
H6UbAβ-(1-40). The protein was expressed as a soluble form
and purified from the supernatant of cell lysate prepared by
the same protocols of sonication and centrifugation as for
H6UbAβ-(1-40). The supernatant was collected and loaded
onto HisTrap FF. After the column was washed with buffer A
containing 20 mM imidazole, bound protein was eluted with
buffer A containing 500 mM imidazole. Purified protein was
dialyzed against 0.5 mM EDTA and 50 mM Tris-HCl, pH 7.5
(buffer B) and stored at -20 �C in buffer B containing 50%
glycerol.

Wild-type and mutant Aβ-(1-40) peptides were obtained by
the proteolytic cleavage of H6UbAβ-(1-40) by YUH-1. Purified
proteins were incubated for 1 h at 37 �C at a molar ratio of
H6UbAβ-(1-40):YUH1= 10:1. The cleaved Aβ-(1-40) moiety
was purified by reversed-phase HPLC using a Protein-R packed
column (Nacalai Tesque, Kyoto) with a linear gradient of
acetonitrile. The fraction containing Aβ-(1-40) was collected
and lyophilized. Cys-containing Aβ-(1-40) mutants were dimer-
ized by thiol oxidation. To minimize the self-aggregation of
peptides during the reaction, oxidation was performed in
95% dimethyl sulfoxide and 2% acetic acid for 1 week at
25 �C (22, 23). Oxidized peptides were purified by reversed-phase
HPLC. The purity and identity of the peptides were confirmed by
analytical reversed-phase HPLC and electrospray ionization
mass spectrometry. The purity of the peptides was greater
than 95%.
Seed-Free Aβ Preparation. Purified Aβ peptides were

dissolved in 0.02% ammonia on ice, and any large aggregates
that could potentially induce amyloid fibrils to form were
removed by ultracentrifugation in 500 μL polyallomer tubes at
540000g, 4 �C, for 3 h. A supernatant fraction was collected, and
the concentration of peptide was determined in triplicate by
Micro BCA protein assay (Pierce, Rockford, IL). The concen-
trations of disulfide-linked dimers are described as those corres-
ponding to the monomer. The supernatant was stored as a stock
solution at -80 �C prior to use. Just before the experiment, the
stock solution of each Aβ was mixed with an equal volume of
double concentrated PBS (16.0 g/LNaCl, 0.40 g/LKCl, 2.30 g/L
Na2HPO4, and 0.40 g/L KH2PO4, pH 7.4). In the case of
disulfide-reduced monomeric peptides, 5 mM dithiothreitol
(DTT) was added to prevent the oxidation of sulfhydryl groups
during experiments.
Size Exclusion Chromatography (SEC). The oligomeric

state of Aβ peptides was analyzed by size exclusion chromato-
graphy using a column of Superdex 75 10/300 GL with an
exclusion limit of 42000 Da (GE Healthcare), which had been
pretreated with an excess of bovine serum albumin to block the
nonspecific binding of proteins. Fifty microliters of each sample
(15 μM) was injected into the column equilibrated with PBS, pH
7.4, at a flow rate of 0.5 mL/min and detected by the absorbance
at 220 nm. Molecular weight was estimated with FITC-dextrans
(MW 4400, 21200, and 42000) as standards (24).
Thioflavin T Fluorescence. The kinetics of the aggregation

of Aβ peptides was monitored as the increase in fluorescence of
thioflavin T (ThT) (6). The peptide stock solutions dissolved in
0.02% ammonia were mixed with the same volume of double
concentrated PBS on ice and further diluted by PBS to prepare a
15 μM sample solution. The sample temperature was raised to
37 �C to initiate the reaction. After various periods of time, an
aliquot of 66.7 μLwas added to 1.93 mL of 5 μMThT solution in



7102 Biochemistry, Vol. 49, No. 33, 2010 Yamaguchi et al.

50 mM glycine-NaOH buffer, pH 8.5. Fluorescence at 490 nm
was measured at an excitation wavelength of 446 nm on a
Shimadzu RF-5300 spectrofluorometer with a cuvette holder
thermostated at 25 �C. To prepare the seeds for the amyloid
fibrils, spontaneously formed aggregates were sonicated on ice
with 20 intermittent pulses (pulse of 0.6 s, interval of 0.4 s, output
level of 2) using an ultrasonic disruptor equipped with a TP-030
microtip (UD-201; Tomy, Tokyo). Sonicated seed fibrils at 5%
(w/w) were added to seed-free Aβ peptides.
Circular Dichroism (CD). CD spectra were measured at

37 �C on a Jasco J-820 spectropolarimeter with a 1 mm path
length quartz cell to minimize the absorbance due to buffer
components. The results are expressed as mean residue ellipticity
[θ]. Eight scans were averaged for each sample.
TEM. TEM experiments were carried out by the Ultrastruc-

ture Research Institute of Hanaichi Co. Ltd. (Okazaki, Japan).
Samples were spread on carbon-coated grids, negatively stained
with uranyl acetate, and examined under a JEOL JEM2000EX
electron microscope with an acceleration voltage of 100 kV.

RESULTS

Design and Characterization of Mutant Aβ Peptides.
The formation of amyloid fibrils generally requires the self-
association ofmonomeric proteins, and there is growing evidence
that the Aβ amyloid fibrils consist of in-register parallel β-sheets.
Based on kinetic and structural models, we speculated that fibril-
forming process would be facilitated by covalently linking two
Aβmolecules in a parallel orientation through disulfide bonds at
the N- or C-termini.We chose the secondN-terminal residue as a
site for substitution and produced an Ala2Cys mutant, because
replacement of the N-terminal Asp residue with Cys might
significantly affect physicochemical properties due to a change
in the net charge of the molecule. To evaluate the effect of
introducing the disulfide linker at a particular site, another
control peptide was prepared. In this mutant, an additional
Cys residue was introduced at the C-terminus with a preceding
three-Gly linker sequence to minimize the effect of mutation and
cross-linking because the C-terminal part of the Aβ molecule is
considered to be rigid in amyloid fibrils. Amino acid sequences of
the mutant Aβ peptides are summarized in Table 1.

Each Aβ peptide obtained as a fusion protein with ubiquitin
was digested by YUH-1 to cleave between ubiquitin and the Aβ
moiety and purified by reversed-phase HPLC. Cysteine-contain-
ing mutants were then oxidized to produce dimeric species linked
by disulfide bonds. A long incubation of Aβ peptides under
aqueous conditions often leads to the irreversible formation of

amyloid fibrils. Therefore, we performed the oxidization of the
cysteine side chain in the presence of a high concentration of
dimethyl sulfoxide. This mild organic solvent is known to act as
an oxidant (22) and, more importantly, effectively dissolves
amyloid fibrils into monomeric molecules (25). By performing
the oxidation reaction in dimethyl sulfoxide, we obtained oxi-
dized dimeric peptides in high yield. Reversed-phase HPLC
revealed that the retention time of the dimeric peptide was
significantly longer than that of the monomeric counterpart,
indicating that the hydrophobicity of the molecule increased
upon dimerization (Figure 1). It was confirmed by reversed-
phase HPLC and ESI-MS analyses that the expected monomeric
and dimeric species were obtained with a purity of more than
95% (Table 1).
Oligomeric State of Aβ Peptides. The oligomeric forms of

the wild-type and mutant Aβ peptides were examined under
aqueous conditions by size exclusion chromatography (Figure 2).
Seed-eliminated Aβ solutions were loaded onto a column of
Superdex 75 equilibrated with PBS. The wild-type and A2C-
dimer Aβ were eluted as a single peak at 26.5 and 23.3 min,
respectively. By using FITC-dextrans as a standard, the apparent
molecular weight of the wild type and A2C-dimer was estimated
to be 4870 and 8240, respectively. These values correspondedwell
to the monomeric and dimeric forms of Aβ, indicating that each
peptide dispersed well under near physiological conditions, and
no accumulation of higher oligomeric species was detected.
Similar results were also obtained for the other mutant peptides
(data not shown).
Spontaneous Aggregation of the A2C-Dimer. Sponta-

neous aggregation of the wild-type and mutant Aβ peptides
was monitored as increases in the fluorescence intensity of the
amyloid-specific dye ThT. As shown in Figure 3, no increase in
ThT fluorescence was observed for the wild type and A2C-
monomer for up to 6 h at 37 �C. Longer incubation for 7 days,
however, resulted in a significant increase in fluorescence as
typically observed for the spontaneous amyloid formation of
Aβ-(1-40) with a long lag phase. In contrast, a rapid increase in
fluorescence without any detectable lag phase was observedwhen
the A2C-dimer was incubated. It is evident that the aggregation
ofAβ peptide was significantly facilitated by disulfide bonds. The
disappearance of the lag phase suggests that the disulfide bond of
two separate molecules dramatically reduced high energetic
barrier that usually separates soluble monomers from sponta-
neously formed aggregates. The aggregation kinetics of the A2C-
dimer were fitted to a single exponential curve with an apparent
rate constant of 0.74( 0.06 (h-1). Although the aggregation was

Table 1: Amino Acid Sequences and Molecular Weights of Aβ Peptides

MW

abbreviation sequencea calcdb exptlc

wild type DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 4329.7 4329.9( 0.4

A2C-monomer DCEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 4361.8 4362.0( 0.4

A2C-dimer DCEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV 8721.5 8721.9( 0.8

|

DCEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

G3C-monomer DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVGGGC 4604.0 4604.0( 0.1

G3C-dimer DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVGGGC 9206.0 9205.9( 0.7

|

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVGGGC

aMutated residues are indicated by bold type and underlined. bBased on amino acid composition with isotope averaging. cDetermined by ESI-MS.
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decelerated by lowering either the peptide concentration or
temperature during the incubation period, all of the kinetics were
exhibited as single exponential curves, and no lag phase was
observed (data not shown).
Secondary Structural Analysis. To elucidate the secondary

structural change upon oligomerization detected using ThT, far-
UV CD spectra were measured before and after incubation at
37 �C (Figure 4). The spectrum of the wild-type peptide recorded
prior to the incubation showed a characteristic minimum at
200 nm, indicating that the peptide assumed a random-coil
conformation. After a long incubation, the spectrum changed
significantly to exhibit a broad minimum at 218 nm, confirming
the formation of amyloid fibrils rich in β-sheets. A similar
conformational change was observed for the A2C-dimer but on
amuch shorter time scale (Figure 4B). After an incubation period
of 1 day, the spectrum obtained was very similar to that of wild-
type peptides recorded after a long incubation. The results
indicate that a similar conformational change occurred in both
the wild-type and A2C-dimer peptides. However, the spectrum of
the mutant recorded without incubation was slightly different
from that of the wild type, indicating the presence of both

random-coil and β-sheet conformations. This is probably due
to the rapid formation of aggregates during theCDmeasurements
(∼30 min) as evidenced by the results of the ThT fluorescence
analysis (Figure 3).
TEM Observation. To further characterize the aggregates

formed by the wild-type and mutant Aβ peptides, their morpho-
logy was examined by TEM. The wild-type aggregates were found
to have a long, nonbranched, straight filament structure with a
diameter of 7-8 nm, demonstrating the formation of typical

FIGURE 1: Reversed-phase HPLC profiles of the A2C-monomer
(upper) and A2C-dimer (lower). Ten micrograms of the A2C-mono-
mer and A2C-dimer was loaded onto a Protein-R packed column.
Each peptide was eluted with a linear gradient of acetonitrile
(25-50% acetonitrile for 30 min). The retention time of the A2C-
monomer and A2C-dimer was 13.6 and 17.7 min, respectively.

FIGURE 2: Elution profiles of size exclusion chromatography of the
wild type (upper) and A2C-dimer (lower). Fifty microliters of 15 μM
wild-type and A2C-dimer peptides dissolved in PBS (pH 7.4) was
loaded onto a Superdex 75 10/300 GL column. The elution positions
of FITC-dextrans used as molecular weight standards are indicated
by arrows. Themolecularweight of thewild type andA2C-dimerwas
estimated to be 4870 and 8240, respectively.

FIGURE 3: Spontaneous aggregation by N-terminal mutant Aβ pep-
tides monitored using ThT fluorescence. Each peptide solution
(15 μM) in PBS (pH 7.4) prepared on ice was incubated at 37 �C.
After various periods of time, an aliquot of 66.7 μL was added to
1.93 mL of 5 μMThT solution in 50 mM glycine-NaOH buffer, pH
8.5. Fluorescence at 490 nm was measured at an excitation wave-
length of 446 nm at 25 �C. Key: open circle, wild type; open triangle,
A2C-monomer; closed triangle, A2C-dimer.

FIGURE 4: CD spectra of the wild-type (A) and A2C-dimer mutant
(B) Aβ peptides at 37 �C in PBS (pH 7.4). Each peptide solution
prepared on ice was measured immediately after its preparation or
measured after the incubation period indicated at 37 �C. The results
are expressed as mean residue ellipticity [θ]. Eight scans were
averaged for each sample.
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amyloid fibrils (Figure 5A). On the other hand, the aggregate
formed by the A2C-dimer had a very different morphology
(Figure 5B). These aggregates had a short, curved structure, and
their morphology closely resembled that of protofibrils, which
were proposed to be a precursor for the amyloid fibril (26-29).
Although it is not clear whether the protofibril-like aggregates
formed by the A2C-dimer are the on-pathway intermediates in the
formation of amyloid fibrils, they did not change into the amyloid
fibrils at least under the conditions examined.
Cross-Seeding Assay. The A2C-dimer peptide rapidly

formed aggregates with characteristics of amyloid fibrils such
as the specific binding of ThT and a predominantly β-sheet
conformation, and therefore themolecular organization could be
similar. On the other hand, TEM revealed that their overall
morphology was strikingly different from that of typical amyloid
fibrils. As a stringent test of the identity of the molecular
assemblies formed by different molecular species, we performed
cross-seeding assays (Figure 6). The aggregates spontaneously
formed by the wild-type, A2C-monomer, and A2C-dimer pep-
tides were sonicated and added to a seed-eliminated solution of
the wild-type peptide. The addition of a small amount of
preformed amyloid fibrils formed by the wild-type peptide
dramatically increased the rate of fibrillation, resulting in the
disappearance of the lag phase. The same result was obtained
when the sonicated aggregate formed by the A2C-monomer was
added to the seed-eliminated wild-type peptide solution. These
results indicate that the aggregate formed by the A2C-monomer
acts as a seed for amyloid fibrils of the wild-type peptide and that
the replacement of Ala with Cys at position 2 did not affect the

structure or formation of amyloid fibrils. In contrast, no increase
in ThT fluorescence was observed for up to 6 h when the
preformed aggregate of the A2C-dimer was added to the solu-
tion. This indicates that the protofibril-like aggregate formed by
the A2C-dimer does not act as a seed for the wild-type peptide,
reflecting the difference in molecular organization from the
amyloid fibrils formed by the wild-type peptide and A2C-
monomer.
Reversible Dissociation from Protofibril-like Aggre-

gates. While the aggregate formed by the A2C-monomer could
act as a seed for extension of the wild-type peptide, the disulfide-
linked A2C-dimer was found to form aggregates with a proto-
fibril-like morphology but no seeding activity for wild-type
peptides. To elucidate whether it is possible to convert the
protofibril-like aggregate of the A2C-dimer into that of the
A2C-monomer with seeding activity and whether the N-terminal
region is accessible to solvent, the reactivity of preformed
aggregates against a reducing reagent was examined. Surpris-
ingly, the incubation of A2C-dimer aggregates in the presence of
5 mM DTT resulted in the disappearance of the void fraction in
the SEC profile and concomitantly eluted as a single peak at

FIGURE 5: TEM images of spontaneously formed aggregates by
wild-type (A) and A2C-dimer mutant (B) Aβ peptides. Each peptide
solution (15 μM) incubated at 37 �C was spread on carbon-coated
grids, negatively stained with uranyl acetate, and examined under a
JEOL JEM2000EX electronmicroscopewith an acceleration voltage
of 100 kV. Scale bar: 100 nm.

FIGURE 6: Analysis of cross-seeding activity of N-terminal Aβ mu-
tants. Seeds were prepared by sonicating spontaneously formed
aggregates of each peptide and were added at 5% (w/w) to seed-free
wild-type Aβ solution. After various incubation periods at 37 �C, an
aliquot of samplewas analyzedusingThT fluorescence.Key: open circle,
wild type; open triangle, A2C-monomer; closed triangle, A2C-dimer.

FIGURE 7: Reversible dissociation from protofibril-like aggregates
into the A2C-monomer. Elution profiles of size exclusion chromato-
graphy of A2C-dimer aggregates immediately (upper) and 1.5 h
(lower) after treatment with 5 mM DTT. Fifty microliters of the
solution was loaded onto a Superdex 75 10/300 GL column equili-
brated with PBS, pH 7.4, at a flow rate of 0.5 mL/min, and the
proteins were detected by absorbance at 220 nm.
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27.0 min, corresponding to the A2C-monomer (Figure 7, com-
pared with Figure 2). In addition, NMR measurements in
solution confirmed that the aggregates preformed by the A2C-
dimer dissociated reversibly into a soluble monomeric form
judging from the fine line width of resonances (Supporting
Information Figure S1). These results demonstrated that while
the A2C-dimer changed rapidly into a protofibril-like aggregate,
it reversibly dissociated into the soluble monomeric form upon
disulfide reduction. This indicates that the disulfide bond located
at the N-terminus is readily accessible to solvent and, more
importantly, stabilizes the protofibril-like aggregates sponta-
neously formed by the A2C-dimer.
G3C-Dimer. The results indicated that while substitution of

the N-terminal Ala with Cys did not affect the formation of
amyloid fibrils, dimerization via disulfide linkage prevented
amyloid fibril formation by themselves as well as interaction
with the wild-type peptide. To elucidate whether the effect of
disulfide bonds on amyloid fibrils is site-specific, we examined the
ability of theC-terminal-linked dimer to form fibrils.Whereas the
N-terminal region is indicated to be flexible and exposed to
solvent in amyloid fibrils, modification at the C-terminal could
severely affect the aggregating property as exemplified by the
difference between Aβ-(1-40) and Aβ-(1-42) (30, 31). There-
fore, we added an extra Cys residue at the C-terminus via a three-
Gly linker sequence to minimize the effect of the mutation.

As shown in Supporting Information Figure S2, no increase in
ThT fluorescence was detected for up to 6 h when the G3C-
monomer was incubated at 37 �C, indicating that spontaneous
aggregation did not occur similar to the case for the wild-type
peptide and A2C-monomer. In contrast, the disulfide-linked
dimeric form, the G3C-dimer, exhibited a rapid increase in ThT
fluorescence. Similar to the N-terminal-linked dimer, the process
was well represented by a single exponential curve with an
apparent rate constant of 2.92( 0.40 (h-1). The G3C-dimer also
formed aggregates rich in β-sheets as determined by CD spec-
troscopy (data not shown). In addition, the morphology of the
aggregates formed by G3C-dimer was very similar to those
formed by A2C-dimer peptides (Supporting Information Figure
S3). These results suggest that a covalent bond at either terminus
facilitates aggregation regardless of its position.

Next, we examined whether these G3C aggregates have seed-
ing activity for amyloid fibrils of the wild-type Aβ peptide
(Supporting Information Figure S4). As was the case for the
A2C-species, while the aggregate formed by the G3C-monomer
acted as a seed for amyloid fibrils of the wild-type peptide,
eliminating a lag phase in the kinetics, no activity was evident in
the case of the G3C-dimer.

DISCUSSION

In this study, we prepared disulfide-linkedAβ dimeric peptides
and analyzed the kinetics of their aggregation and their structural
properties. Spontaneous aggregation was clearly facilitated in the
Aβ dimers, resulting in a rapid increase in ThT fluorescence
without a lag period. These results support the nucleation-
dependent polymerization model for the formation of amyloid
fibrils. According to thismodel, the lag phase is caused by a series
of association events involving Aβ molecules. Disulfide-linking
between two separate molecules significantly increased the
effective concentration, resulting in rapid aggregation. Indeed,
it was shown that the length of the lag period depends on the
protein concentration (3).

TEM revealed that the aggregates formed by the A2C-dimer,
however, differed inmorphology from amyloid fibrils. They were
similar to protofibrils in morphology as well as several physico-
chemical properties (28, 29). (1) The aggregates formed by Aβ
dimers showed significantly lower values of ThT fluorescence
than did the amyloid fibrils formed by Aβ monomers (Figure3).
(2) They were not precipitated by centrifugation at 10000g for
10 min but were under more rigorous conditions, e.g., 200000g
for 3 h (data not shown). In contrast, the protofibril-like aggregates
found in this study did not act as a seed for the development of
amyloid fibrils by the wild-type peptide. This suggests that the
aggregates formed by Aβ dimers differ from amyloid fibrils in
terms of their structural organization, although they share several
physicochemical characteristics including CD spectra and ThT
binding. It is, however, not clear whether the aggregates formed
by Aβ dimers are the same as protofibrils, whose structural
properties still remain to be elucidated. In addition, to our
knowledge, there is no direct evidence demonstrating that proto-
fibrils are the on-pathway intermediates in the formation of
amyloid fibrils. An increasing number of molecular assemblies
with a variety of size and shape have also been identified (32, 33).
Although the detailed structure of the protofibrillar-like aggre-
gates found in this study is unknown, they did not change into the
amyloid fibrils at least under the conditions examined.

We speculated that the cross-linking at the N-terminus of
Aβ-(1-40) did not affect the amyloidogenic property based on
evidence that N-terminal residues are highly flexible and exposed
to solvent (16, 17, 19). One of the most straightforward explana-
tions for the failure of the dimeric Aβ-(1-40) to form fibrils is
steric hindrance introduced by the disulfide cross-link. Several
reports indicate the possible role of the N-terminal part of the Aβ
molecule in the development of amyloid fibrils. For example, Lim
showed that the N-terminal region of Aβ-(1-40) was partially
structured at low temperature and suggested that an increase in
flexibility of the N-terminus triggers aggregation (34). It is
possible that the N-terminal region of the A2C-dimer is structu-
rally restricted by the introduction of disulfide linking, resulting
in a failure of amyloid fibril formation. On the other hand, Zhang
et al. (35) analyzed the amyloid fibrils of Aβ-(1-42) by cryo-EM
and reconstructed a 3D model in which one protofilament
interacts with another filament through the N-terminal residues.
Therefore, any modification even at the N-terminus of the
molecule could affect significantly the morphology of fibrils. It
should also be mentioned that there are two negatively charged
residues (Asp1 and Glu3) in the proximal to the N-termini, and
the cross-linking at this site would not be compatible to the
amyloid fibrils with in-resister parallel packing. Therefore, it
might result in the different type of molecular organization from
amyloid fibrils. However, it should be noted that another dimeric
peptide, the G3C-dimer, was found to have almost identical
kinetic and structural properties to the N-terminally cross-linked
dimer (Figures 3 and 6). In addition, the monomeric counterpart
of each mutant peptide (A2C-monomer and G3C-monomer)
formed amyloid fibrils with seeding activity, and it has been
shown that the fibrillation process is quite tolerant of the amino
acid substitution (36-38).

Schmechel et al. (39) prepared disulfide-linked dimers of
Aβ-(1-40) and Aβ-(1-42) by substituting lysine 28 with a
cysteine residue. They reported that the K28C homodimers also
formed fibrils with a significantly increased β-sheet content
compared to the corresponding monomers. Considering that
K28 is thought to form a salt bridge with D23 in the amyloid
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fibrils (17, 40), it is surprising that the K28C mutants could form
a fibrillar structure although its length and thickness differed
from that of the wild-type peptide. It is unknown whether these
fibrils could act as a seed for amyloid fibrils of the wild-type
peptide. Considering the difference inmorphology, however, these
fibrils might be formed through different pathways from those of
wild-type peptides. Although their results are apparently incon-
sistent with the present study, direct comparison is difficult
because even wild-type Aβ-(1-40) peptide did not form amyloid
fibrils but formed protofibrils under their experimental conditions.

Since oligomeric intermediate species form only temporarily,
their structural details and mechanisms of formation remain
to be elucidated. Chimon et al. (41) revealed that a spherical
Aβ-(1-40) oligomeric intermediate (Iβ), which consists of a
parallel β-sheet similar to amyloid fibrils, was formed after a
relatively long lag period. While they report Iβ as an on-pathway
intermediate, they also suggest that another intermediate lacking
an ordered β-sheet arrangement (non-β intermediate: INβ) is
accumulated during the lag period preceding the formation of Iβ,
and that these two intermediates are in equilibrium. On the other
hand, intermediate species with antiparallel β-sheet structures are
also suggested. Hoyer et al. (42) revealed that monomeric
Aβ-(1-40) complexed with affibody protein ZAβ3 adopted an
antiparallel β-hairpin conformation and suggested that a struc-
tural reorganization of the plane of the strands by 90� would be
required for conversion of the oligomer into fibrils. In addition,
recent FTIR analyses revealed that whereas the fibrillar form of
Aβwas represented by aparallelβ-sheet conformation, aminor but
significant amide I band at 1693-1695 cm-1, which is attributed to
an antiparallel β-sheet structure, was present in the oligomeric form
of Aβ (43, 44). Although further studies are needed to obtain a
detailed molecular picture, dynamic rearrangements in each mole-
culemight be necessary for the formation ofmature amyloid fibrils.
Disulfide linkage would interfere with such a conformation
adopted temporally in the early stage of Aβ aggregation.

Another important factor which could affect the overall path-
way is the kinetic control of each association event. The similarity
between amyloid fibrils and crystals in structural regularity, the
high energy barrier between different molecules, and the nucleus-
dependent growth process is often emphasized (9). It is also
known that too rapid a growth can result inmany small crystals or
amorphous aggregates, and the growth of “high-quality” crystals
usually requires a slow, quasi-equilibrium process (45). The
presence of a similar slow kinetic phase during the formation of
amyloid fibrils is also predicted by the “dock-lock” mechanism,
where a significant conformational change of monomeric mole-
cules is necessary before being rigidly incorporated into preexist-
ing fibrils (46). These observations emphasize the importance of
the dynamic flexibility of Aβ molecules and a balance in the
association and dissociation rate for the formation ofmature long
(large) fibrils (crystals). Multiple rounds of association and
dissociation must occur during a long lag period observed in
the kinetics of spontaneous fibrillation, and this process would be
necessary to forma “seed” oligomerwith awell-ordered structure.
If, on the other hand, the molecule has too strong a tendency for
self-association, it would fail to form a large, homogeneous
organization, and instead form a nonspecific amorphous aggre-
gate. We observed here that the dimeric form of Aβ-(1-40) did
not produce typical amyloid fibrils with a long, straight morpho-
logy but spontaneously formed much shorter, protofibril-like
curvy aggregates without any detectable lag period. Intriguingly,
theirmonomeric counterparts formedmature amyloid fibrils with

seeding activity for wild-type peptides. Although the amino acid
composition of monomeric and dimeric peptides was identical,
doubling the total number of amino acids in the polypeptide chain
increased considerably the hydrophobicity as evidenced by the
difference in retention time in reversed-phase chromatography
(Figure1). Therefore, the dimeric peptides are expected to have a
stronger tendency for self-association under the same conditions.
Most importantly, the aggregates formed by the dimeric peptides
were not thermodynamically stable, as demonstrated by the
reversible dissociation of the molecules from preformed aggre-
gates when theywere incubatedwith a high concentration ofDTT
(Figure 7). Therefore, the aggregates formed by dimeric mutants
represent a kinetically trapped state probably due to too strong a
tendency for self-association. Our results suggests that greater
hydrophobicity in the dimeric form may result in a loss of the
appropriate balance of association and dissociation that is
necessary for the growth of mature amyloid fibrils with structural
regularity and homogeneity.

A similar mechanism has been proposed by Hong et al. (47),
who showed that an amyloidogenic protein, β2-micloglobulin,
spontaneously formed “immature fibrils” under conditions fa-
voring self-association, such as in the presence of a high
concentration of salt at acidic pH. While the morphology of
immature fibrils resembled that of protofibrils, these fibrillar
aggregates did not have seeding activity for amyloid fibrils but
showed less β-sheet content and ThT activity than “mature”
amyloid fibrils. They suggested that the greater tendency for self-
association under the conditions would result in the failure to
form rigid amyloid fibrils. Similarly, Ohhashi et al. (48) showed
that a disulfide cross-linked dimer of the amyloidogenic peptide
K3, corresponding to residues Ser20-Lys41 of β2-microglobu-
lin, aggregated spontaneously without a lag phase to form
amyloid fibrils under physiological conditions. The fibrils formed
by the K3 dimer were, however, shorter than the monomeric
fibrils. The authors considered the shorter fibrils produced by the
K3 dimer to be related to the too strong potential to form fibrils.

In summary, we prepared a dimeric form of the Aβ-(1-40)
peptide in which two molecules were cross-linked by N- or
C-terminally introduced cysteine residues. While the monomeric
formof bothmutant peptides formed amyloid fibrils with seeding
activity for the elongation of the wild-type peptide, the dimeric
form of the peptides spontaneously associated to form thinner,
curvy aggregates that resemble protofibrils. These protofibrillar
aggregates did not act as a seed for amyloid fibril extension of the
wild-type peptide, indicating a conformational difference from
amyloid fibrils. Higher hydrophobicity and concomitant aggre-
gation may kinetically control the reaction and alter the overall
pathway, emphasizing the importance of a suitable balance of
association and dissociation for the growth of amyloid fibrils
with structural regularity and homogeneity.

SUPPORTING INFORMATION AVAILABLE

The aggregates formed by C-terminal mutant Aβ character-
ized by kinetic measurement by ThT fluorescence, AFM images,
and cross-seeding assay. This material is available free of charge
via the Internet at http://pubs.acs.org.
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