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�2-Microglobulin (�2-m), a major component of dialy-
sis-related amyloid fibrils, has an intrachain disulfide
bond buried inside the native structure. We examined
the conformation of �2-m amyloid fibrils by analyzing
the reactivity of the disulfide bond to a reducing rea-
gent, dithiothreitol. Although the disulfide bond in the
native structure was highly protected from reduction,
the disulfide bonds in the amyloid fibrils prepared at pH
2.5 were progressively reduced at pH 8.5 by 50 mM dithi-
othreitol. Because �2-m amyloid fibrils prepared under
acidic conditions have been known to depolymerize at a
neutral pH, we examined the relation between depoly-
merization and reduction of the disulfide bond. The re-
sults indicate that the disulfide bonds in the amyloid
fibrils were protected from reduction, and the reduction
occurred during depolymerization. On the other hand,
the disulfide bonds of immature filaments, the thin and
flexible filaments prepared under conditions of high salt
at pH 2.5, were reduced at pH 8.5 more readily than
those of amyloid fibrils, suggesting that the disulfide
bonds are exposed to the solvent. Taken together, the
disulfide bond once exposed to the solvent upon acid
denaturation may be progressively buried in the inte-
rior of the amyloid fibrils during its formation.

�2-Microglobulin (�2-m)1 is a major component of amyloid
fibrils deposited in dialysis-related amyloidosis with clinical
manifestations such as carpal tunnel syndrome and destructive
arthropathy associated with cystic bone lesions (1–5). �2-m
consists of a polypeptide chain of 99 residues (molecular weight
of 11,800) and has a �-sandwich structure stabilized by a single
cross-sheet disulfide bond formed by Cys25 and Cys80 (Fig. 1A)
(6, 7). However, �2-m, existing on the surfaces of nearly all cells
as the constant portion of the light chain of the major histo-
compatibility complex class 1 antigen (6), is a normal constit-
uent of plasma, where its concentration in adults is 1.1–2.7
mg/liter. The daily production of �2-m is in the range of 150–
200 mg/day, of which 97% is excreted in the kidneys. The
concentration of �2-m, therefore, is significantly increased in
patients with renal failure. Blood dialysis therapy resulted in

the retention of a high concentration of �2-m in the plasma.
Although this retention of �2-m in the plasma appears to be a
prerequisite, other factors, such as the age of the patient, the
duration of dialysis, and the type of dialysis membrane used,
may also be involved in the deposition of amyloid fibrils, and
the mechanism of the �2-m amyloid fibril deposition is still
unknown.

For many proteins forming amyloid fibrils, the fibril forma-
tion is facilitated by amino acid mutations that destabilize the
native state. However, �2-m is amyloidogenic in the wild-type
form. Although chemical modifications such as glycation (8, 9),
oxidation (10), and limited proteolysis (11, 12) were reported,
no amyloidogenic mutation has been described. Bellotti and
co-workers (13, 14) showed that a proteolytic truncation of the
six amino-terminal residues occurs in �30% of the �2-m mol-
ecules extracted from ex vivo fibrils and that the truncated
species have a higher tendency of self-association than the
intact molecules. Most recently, Kad et al. (15) reported that a
variant form of �2-m, in which Asn17 is deamidated to Asp, was
less stable than wild-type protein at neutral pH. Despite the
decreased stability of the mutant protein, the acidification was
still necessary for amyloid fibril formation in vitro. On the
other hand, complete denaturation, such as is caused by reduc-
tion of the disulfide bond, prevented the formation of rigid
amyloid fibrils (17, 19).

The seed-dependent extension reaction of �2-m amyloid
fibrils, established by Naiki and co-workers (16, 17), is greatly
dependent on the pH with a maximum at around pH 2.5. It was
reported with recombinant �2-m that conditions of low pH and
high ionic strength are favorable for the formation of a flexible
filamentous structure or “immature fibril” (15, 18, 19). The
reduced �2-m, in which the intrachain disulfide bond was re-
duced, could not form typical amyloid fibrils and instead
formed similar immature fibrils in the pH range 4.0–1.5 (17,
19), indicating that the disulfide bond is important for amyloid
fibril formation. A single disulfide bond buried in the molecule
is highly conserved in the immunoglobulin superfamily, stabi-
lizing the native fold of these proteins (6, 7, 20). Accordingly, we
are interested in the location of the disulfide bond in amyloid
fibrils, whether it is buried or exposed.

Naiki et al. (16, 21, 22) proposed that the net rate of fibril
extension is equal to the sum of the rates of polymerization and
depolymerization. This indicates that the depolymerization of
amyloid fibrils could occur under certain conditions. However,
only a few studies concerning amyloid fibril depolymerization
have been reported. Recently, Garcı́a-Garcı́a et al. (23) reported
that �2-m in mono- and dimeric forms was solubilized in vitro
from prepurified �2-m amyloid fibrils and crude amyloid de-
posits by the action of phosphate-buffered saline alone, with no
need for proteases. Yamaguchi et al. (24) showed that �2-m
amyloid fibrils readily depolymerized into monomeric �2-m at a
neutral to basic pH. They also proposed that apolipoprotein E
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(apoE), a representative amyloid-associated protein, formed a
stable complex with �2-m amyloid fibrils and inhibited the
depolymerization of the fibrils, suggesting that apoE could
enhance the deposition of amyloid fibrils in vivo.

As described above, the deposition of �2-m amyloid fibrils is
determined by an intricate balance of the stability of the native
state and polymerization and depolymerization of amyloid
fibrils. To analyze these conformational features, the reactivity
of the disulfide bond, Cys25–Cys80, might be a useful probe. In
this study, we focused on the reduction of the disulfide bonds in
�2-m amyloid fibrils prepared at pH 2.5. We also used imma-
ture fibrils prepared under high salt conditions at pH 2.5. We
employed reversed-phased high pressure liquid chromatogra-
phy (HPLC) and thioflavin T (ThT) fluorescence to monitor the
reduction of disulfide bonds and the formation of amyloid
fibrils, respectively. Our results indicated that the disulfide
bonds of amyloid fibrils are highly protected from reduction as
in �2-m in the native state, but those of the immature fibrils
are not.

EXPERIMENTAL PROCEDURES

Recombinant �2-m—Recombinant �2-m with three signal peptides,
Glu-Ala-Glu-Ala-Tyr-Val-, Glu-Ala-Tyr-Val-, and Val-, added at the
amino-terminal Leu of intact �2-m was expressed in methylotrophic
yeast Pichia pastoris and then purified as described previously (17, 25).
In this study, we used �2-m with one additional amino acid residue. The
conformational and amyloidogenic properties of this species were indis-
tinguishable from the intact �2-m purified from patients.

Polymerization and Depolymerization—�2-m amyloid fibrils were
formed by the fibril extension method described by Yamaguchi et al.
(24). Seed fibrils were prepared by the extension reaction of original
fibrils with monomeric recombinant �2-m. The seeds used here were
6th generation from the original fibrils taken from patients. The seeds
were added to yield a final concentration of 5 ng/�l in a reaction mixture
containing 25 �M recombinant �2-m, 50 mM citrate buffer (pH 2.5), and
0.1 M KCl at 37 °C. Immature fibrils of �2-m were formed at 50 �M �2-m
in a high salt concentration without seeds at pH 2.5 as described (18).

Depolymerization of the fibrils was carried out at pH 8.5 according to
the optimal conditions reported by Yamaguchi et al. (24). The fibrils of
25 �M �2-m were centrifuged at 15,000 rpm for 30 min at 4 °C. After
removing the supernatant, the pellets were resuspended in 0.1 M Tris-
HCl buffer (pH 8.5) containing 0.1 M KCl. After mixing by pipetting and
vortex, the reaction tube was incubated at 25 °C. Incubation times
ranged between 1 min and 24 h. In the case of immature fibrils, the pH
was increased to 8.5 by the addition of 2 M Tris-HCl buffer (pH 8.5).

Polymerization and depolymerization were monitored by fluoromet-
ric analysis with ThT (16, 26). From the reaction tube, 7.5 �l was taken
and mixed with 1.5 ml of 5 �M ThT (Wako Pure Chemicals, Osaka,
Japan) in 50 mM glycine-NaOH buffer (pH 8.5), and the fluorescence of
ThT was measured at excitation and emission wavelengths of 455 and
485 nm, respectively, with a Hitachi fluorescence spectrometer, model
F-4500, at 25 °C. Fluorescence was measured immediately after the
mixture was made and was averaged for the initial 5 s. The mean of the
three measurements was presented.

HPLC Analyses of �2-m—Intact �2-m was allowed to react with
dithiothreitol (DTT) in 0.1 M Tris-HCl buffer (pH 8.5) containing 0.1 M

KCl, and 1 mM EDTA at 25 °C both in the absence and presence of 5 M

urea. We also carried out the reaction in the absence and presence of 4
M GdnHCl at 37 °C. Reduction of the disulfide bond was monitored by
reversed-phase HPLC performed on a GILSON series liquid chromato-
graph equipped with a C4 300-Å column (3.3 � 150 mm, Waters Asso-
ciates). Intact and reduced �2-m were eluted separately with a gradient
beginning with solvent A (0.05% trifluoroacetic acid) and an increasing
percentage of solvent B (0.05% trifluoroacetic acid/acetonitrile). The
flow rate was maintained at 0.5 ml/min.

To follow the reaction of �2-m amyloid fibrils with DTT, amyloid
fibrils recovered by the method described above were resuspended in
0.1 M Tris-HCl buffer (pH 8.5) containing 50 mM DTT at 25 °C. From the
reaction tube, 5 �l was taken and mixed with 5 �l of 2 M HCl to lower
the pH and consequently to quench the reaction, and then the remain-
ing fibrils were dissolved completely by adding 90 �l of dimethyl sulf-
oxide. After a 30-min incubation, the sample was subjected to reversed-
phase HPLC.

Electron Microscopy—Reaction mixtures (2.5 �l) were diluted with
25 �l of distilled water. These diluted samples were spread on carbon-

coated grids, and the solution allowed to stand for 1–2 min before excess
solution was removed with filter paper. After the residual solution had
dried up, these grids were negatively stained with 1% phosphotungstic
acid (pH 7.0). Again, the solution on the grids was removed with filter
paper and dried. These samples were examined under a Hitachi H-7000
electron microscope with an acceleration voltage of 75 kV.

CD Measurements—CD measurements were performed with a Jasco
spectropolarimeter, model J-720, using quartz cells with a 1-mm path
length. The temperature was controlled with a water-circulating cell
holder at 20 °C. The data were expressed as molar residue ellipticity (�)
as described (17).

RESULTS

Conformational States of �2-m

We first summarized the different conformational states of
�2-m (Figs. 1 and 2) as follows.

Native State—Various spectroscopic results including the
far-UV CD (Fig. 2) and NMR data (7, 17) are consistent with a
typical 7-stranded immunoglobulin fold as shown by x-ray crys-
tallography (Fig. 1A).

Acid-denatured State—The protein is substantially dena-
tured at pH 2.5, as measured by far- and near-UV CD (15–19,
Fig. 2) and NMR (17) spectra, although marginal residual

FIG. 1. Different conformational states of �2-m. A, x-ray crystal
structure drawn by Molscript (27) with the Protein Data Bank code
3HLA (6). The disulfide bond connecting Cys25 and Cys80 is shown. B
and C, electron micrographs of �2-m amyloid fibrils extended by seeds;
D, immature fibrils formed in 0.2 M NaCl solution. These pictures were
acquired from samples incubated at 37 °C for 1 day (B) and 1 week
(C and D). The bar length is 500 nm.
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 at O
SA

K
A

 U
N

IV
E

R
SIT

Y
 on February 21, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


structures were detected as indicated by the ability to bind
1-anilino-8-naphthalenesulfonate (18).

Amyloid Fibrils—Under the same conditions of acid dena-
turation (at pH 2.5 and 0.1 M KCl), amyloid fibrils were formed
by the extension reaction with seed fibrils. With the prepara-
tion of fresh amyloid fibrils, extended fibrils, with a diameter of
about 12–15 nm and a longitudinal periodicity, were mainly
observed (Fig. 1B). The far-UV CD spectrum had a marked
negative peak at �220 nm, suggesting an increased amount of
the �-sheet content. Recent analysis of amyloid fibrils with
H/2H exchange monitored by heteronuclear NMR suggested
that the loop regions in the native structure were transformed
to a �-sheet structure.2

Aggregated Fibrils—One week after the preparation of the
fibrils, we could see by EM large fibrillar clusters, which were
not dispersed by dilution or mild sonication (Fig. 1C). We did
not see notable changes in the CD spectrum on the aggregation
of fibrils (data not shown).

Immature Fibrils—Another type of �2-m fibrillar structure
was formed at high ionic strength and low pH (15, 18–19).
These filaments, often called immature fibrils, were thin (2–5
nm) and very flexible as observed by EM (Fig. 1D) in compar-
ison with the above amyloid fibrils. The immature fibrils were
dispersed, and no aggregation of filaments was observed even
after several weeks. The far-UV spectrum of the immature
fibrils was different from that of the amyloid fibrils, with the
negative peak shifted to a lower wavelength of around �215
nm. However, this is still consistent with a predominantly
�-sheet structure. Because CD is an averaging technique, it
was difficult to clarify whether the immature fibrils have a
conformation intermediate between the acid-denatured state
and amyloid fibrils.

Role of Immature Fibrils

We examined the role of the immature fibrils in the forma-
tion of typical amyloid fibrils. The immature fibrils were pre-
pared at pH 2.5 under various salt concentrations as reported
by McParland et al. (18). The immature fibrils were formed
spontaneously without a lag time at 50 �M �2-m, and the
amount of immature fibrils measured by ThT fluorescence was
sensitively dependent on the salt concentration as reported
(18). The kinetics of the immature fibril formation in 0.2 M

NaCl was compared with the extension reaction of the amyloid
fibrils (Fig. 3A). We found that freshly prepared monomer
�2-m, even at concentrations as high as 100 �M, did not bind
ThT, whereas both amyloid fibrils and immature fibrils did,
even at a concentration as low as 5 �M (data not shown). It is
noted that the ThT fluorescence intensity of amyloid fibrils
prepared by the extension reaction at 25 �M �2-m and 0.1 M KCl

reached a value of 200, more than several times higher than that
of immature fibrils at the same concentration. This suggested
that the tinctorial property of the immature fibrils is different
from that of the amyloid fibrils. Another distinct feature of the
immature fibrils was that the rate of formation was slower than
that of the extension reaction (Fig. 3A). While the extension
reaction with recombinant �2-m was completed in 2 h, the spon-
taneous formation of immature fibrils took 60 h to complete.

To confirm whether the immature fibrils function as seeds,
they were added to the monomeric �2-m solution in 0.2 M NaCl.
We observed no acceleration of the fibril formation (Fig. 3A),
indicating that the immature fibrils did not act as a seed. We
also examined whether the immature fibrils can be converted
to mature fibrils by adding the seed amyloid fibrils (Fig. 3B).
There was no change in the ThT fluorescence even after incu-
bation for up to 1 month. On the basis of these observations, we
may conclude that the immature fibrils are not the intermedi-
ate of �2-m amyloid fibril formation but an off-pathway or
dead-end product. Even so, the conformation of immature
fibrils will be important because it might provide valuable
information as to the productive intermediate, as is often ad-
dressed for the equilibrium molten globule intermediate of
protein folding.

Depolymerization of Amyloid Fibrils

Yamaguchi et al. (24) studied the effect of pH on the depoly-
merization of amyloid fibrils monitored by ThT fluorescence,
and showed that most or all of the initial fluorescence was lost
at a pH above 6.0, indicating a pH-induced depolymerization.
We examined the depolymerization of amyloid fibrils at pH 8.5
(Fig. 4). We noticed an interesting feature of the depolymeriza-
tion reaction; the reaction was dependent upon the incubation
time at pH 2.5. The fibrils long after their formation were
difficult to depolymerize completely at neutral pH. One possi-
ble reason for this is an aggregation of the fibrils as shown by
the electron micrographs; aggregated or clustered fibrils were
predominant for the samples older than 1 week (Fig. 1C). The

2 Hoshino, M., Katou, H., Hagihara, Y., Hasegawa, K., Naiki, H., and
Goto, Y. (2002) Nat. Struct. Biol. 9, 332–336.

FIG. 2. Far-UV CD spectra for different conformational states
of �2-m. Curve 1, native state at pH 7.5; curve 2, acid-denatured state
at pH 2.5; curve 3, immature fibrils at pH 2.5; and curve 4, amyloid
fibrils at pH 2.5.

FIG. 3. Formation of the immature fibrils and amyloid fibrils.
A, time courses of �2-m amyloid fibril and immature fibril formation. ●,
amyloid fibril was formed by the extension reaction with monomeric
�2-m (25 �M) and seed fibril (5 �g/ml) at pH 2.5 and 37 °C. Immature
fibrils were formed with the monomeric �2-m (50 �M) by incubating in
0.2 M NaCl at pH 2.5 and 37 °C in the presence (E) and absence (‚) the
immature fibril (15 �g/ml). B, seeding effects on the immature fibril
formation. The seed amyloid fibrils (10 �g/ml) were added to the solu-
tion of immature fibrils (50 �M, pH 2.5), and then the solution was
incubated at 37 °C.
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electron micrographs for fresh preparations of the amyloid
fibrils did not show such aggregates (Fig. 1B) as reported
previously (16, 17).

Reduction of a Disulfide Bond in the Native State

The disulfide bond of �2-m could not be reduced notably with
10 mM DTT at pH 8.5 and 25 °C in the absence of denaturant as
monitored by reversed-phase HPLC, indicating that the bond
in the intact �2-m was buried in the interior of the protein
molecule, as observed for the constant domain of the immuno-
globulin light chain (28, 29). The reduction of a disulfide bond
of �2-m was then carried out with 10 mM DTT in 5 M urea at pH
8.5 and 25 °C, where the protein is partly destabilized (Fig. 5A).
The HPLC analysis of the reaction product in 5 M urea revealed
a clear separation of the intact and reduced molecules with two
sharp peaks appearing at distinct elution times, indicating that
HPLC analysis is useful for the quantitative evaluation of the
disulfide bond reduction. The fraction of reduced �2-m calcu-
lated from its peak area increased exponentially with incuba-
tion time, and most of the molecules were reduced after several
hours (Fig. 6A). When the reduction by 2 mM DTT was carried
out in the presence of 4 M GdnHCl at pH 8.5 and 37 °C, where
the protein was completely unfolded, the reduction was com-
pleted rapidly in 1 h (Fig. 6B). This result confirmed that the
intrinsic reduction rate of the exposed disulfide bond by DTT is
very rapid under the conditions used. To estimate the extent of
protection in the native state in the absence of denaturant, the
reduction of the disulfide bond was carried out in the presence
of 200 mM DTT at 37 °C (Fig. 6C). At this high concentration of
DTT and elevated temperature, we could observe the complete
reduction of the disulfide bond in several hours.

We assumed first-order kinetics with the apparent rate con-
stant kapp, fre � exp(�kapp � t), where fre is the fraction of
reduced species, t is the reaction time, and the observed kinet-
ics were analyzed by the least squares curve-fitting procedure
to obtain kapp. The kapp value at 2 mM DTT in 4 M GdnHCl, pH
8.5, and 37 °C was 2.7 min�1, and the value increased linearly
with increase in the concentration of DTT,3 suggesting that the
disulfide bond is completely exposed to the solvent. In contrast,
the reaction in the absence of denaturant was still very slow
with kapp � 0.010 min�1 in the presence of 200 mM DTT.
Taking into account the difference in DTT concentration, the
protection factor of the disulfide bond of �2-m in the native
state was calculated to be 2.7 � 104. The protection factor in 5
M urea at pH 8.5 and 25 °C was at least 3 � 103, although the
exact calculation could not be done because of the difference in
experimental temperatures.

Reduction of a Disulfide Bond in the Amyloid Fibrils

Ohhashi et al. (17) have examined the conformation and
stability of the reduced �2-m in comparison with the intact
form. They showed by CD and fluorescence measurements that
at pH 8.5 the global conformation of the reduced �2-m is sim-
ilar to that of the intact �2-m, although the stability is de-
creased significantly. They also showed that reduction of the
disulfide bond completely abolishes the ability of �2-m to form
mature amyloid fibrils, suggesting a critical role of the disulfide
bond in the amyloid fibril formation of �2-m. If so, would the
disulfide bonds in amyloid fibrils be protected?

Because the fibrils are prepared and stable under acidic
conditions and the fibrils depolymerize at neutral pH, it would
be preferable to examine the reduction of the disulfide bond at
acidic pH. However, no available disulfide-reducing reagent
was reactive at pH 2.5. Therefore, we carried out the reduction
of the disulfide bonds with DTT at pH 8.5, although we antic-
ipated that the competition between reduction and depolymer-
ization complicates the interpretation (Fig. 5B). In the absence
of the denaturant, the disulfide bond of monomeric native �2-m
proteins was only slightly reduced even after the incubation
with 50 mM DTT for 30 min at pH 8.5. The fraction of the
reduced protein was about 5%. By the same reducing pulse at
pH 8.5 (i.e. 50 mM DTT, 30 min), the amyloid fibrils originally
prepared at pH 2.5 were reduced more significantly. The frac-
tion of the reduced species was about 50% of the total. Inter-
estingly, the immature fibrils prepared at pH 2.5 under condi-
tions of high salt were most accessible to the reduction; about
85% of the molecules were reduced by the same reducing pulse.
To understand the reactivity of the disulfide bond in amyloid
fibrils or immature fibrils, we have to consider the contribution
of the depolymerization reaction to the reducing reaction.

Depolymerization and Reduction of the Disulfide Bond

The kinetics of the disulfide reduction and depolymerization
were carefully compared (Fig. 7A). In this experiment, to pre-

3 D.-P. Hong, M. Gozu, K. Hasegawa, H. Naiki, and Y. Goto, unpub-
lished data.

FIG. 4. Depolymerization of �2-m amyloid fibrils at neutral pH.
The reaction mixture contained 0.1 M Tris-HCl buffer (pH 8.5), 0.1 M

KCl, and 25 �M amyloid fibrils, which were incubated for 1 day (‚), 2
weeks (E), and 4 weeks (�) at pH 2.5 before depolymerization. Each
point represents the average of three determinations and the standard
deviation was less than 10% of each average value.

FIG. 5. Reversed-phase HPLC patterns of the intact and re-
duced �2-m. A, reductions of the disulfide bonds in monomeric �2-m.
The reduction reaction of monomeric �2-m was carried out in Tris-HCl
buffer (pH 8.5) containing 5 M urea and 10 mM DTT. B, reductions of the
disulfide bonds were performed at pH 8.5 in the presence of 50 mM DTT
without urea for native �2-m (curve 1), amyloid fibrils incubated 1 day
for at pH 2.5 (curve 2), and immature fibrils incubated for 3 days at pH
2.5 (curve 3). The concentration of NaCl for the immature fibril was 0.2
M. Each sample was incubated with DTT at 25 °C for 30 min.
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vent the complexity arising from fibril aggregation, we used
fresh preparations of the amyloid fibrils incubated 1 day at pH
2.5. With amyloid fibrils, there was no notable difference be-
tween the depolymerization rates in the presence and absence
of 50 mM DTT at pH 8.5, indicating that the reduction of the
disulfide bond did not notably change the depolymerization
rate. In the case of the amyloid fibrils, the reduction of the
disulfide bond followed an exponential curve with kapp � 0.045
min�1. This value is very small in comparison with the rate of
completely unfolded form (Fig. 6B), but larger than that of
intact form (Fig. 6C). On the other hand, the depolymerization
followed an exponential curve with kapp � 0.05 min�1, similar
to the rate for the reduction of the disulfide bond. The agree-
ment of the kinetics of depolymerization and reduction sug-
gested that the disulfide bonds of �2-m amyloid fibrils were
highly protected from reduction and they became accessible to
DTT at a certain stage during depolymerization and refolding
to the native state. There are two possible conformational
states accessible to the attack of DTT. One is the monomeric
�2-m accumulated after depolymerization before refolding to
the native state. The other is the destabilized fibrillar form, in
which non-native conformation of �2-m and probably loss of
tight packing expose the disulfide bonds. We further address
these two possibilities by the refolding kinetic experiments (see
below).

The immature fibrils gave a different result (Fig. 7B). The
reduction of the disulfide bond occurred much faster than the
depolymerization, and the depolymerization was independent
of the presence or absence of DTT. These results suggested that
the disulfide bonds of the immature fibrils are accessible to

DTT even in the fibrillar forms and that the stability of imma-
ture fibrils with the disulfide bond reduced is similar to that
with the disulfide bond intact.

Disulfide Bond Reduction of the Kinetic Intermediates

Chiti et al. (30) showed that the unfolded �2-m refolds to the
native state through two major intermediates (I1 and I2). It has
been proposed that the highly structured I2 intermediate is
similar to the amyloidogenic form of �2-m (31). To address the
conformational state accessible to DTT during depolymeriza-
tion, we examined the reactivity of the disulfide bond of �2-m
during refolding reactions in a monomeric form (Fig. 8). The
disulfide bond was reduced with a reducing pulse of 50 mM DTT
at pH 8.5 for 5 min at various refolding times initiated from the
acid-unfolded state at pH 2.5 or the unfolded state by 5.0 M

GdnHCl at pH 8.5. The shortest refolding time of 0 min repre-
sents the direct dilution of denatured proteins with the reduc-
ing buffer. Irrespective of the initial unfolding conditions,
about 30% of the molecules was reduced at time 0, and the
fraction of the reduced molecule decreased with increasing
refolding time. Independence of the refolding kinetics on the
initial conditions is as expected for the normal folding reac-
tions, proposing that the kinetic intermediates observed by
Chiti et al. (30) also accumulate during refolding from the
acid-denatured state. In fact, the kinetics of protection of the
disulfide bond reduction against the refolding time was similar
to the kinetics of the I2 to native state conversion during
refolding (30). With the same reducing pulse, but in the pres-
ence of 5.0 M GdnHCl, the disulfide bond was reduced com-
pletely (data not shown). This indicated that I2 is less protected
from the reduction than the native state and that both I1 to I2

intermediates are more protected than the highly denatured
state in 5.0 M GdnHCl.

In the reduction of the disulfide bond coupled with depoly-
merization, the kinetics of depolymerization and reduction
were similar to each other (Fig. 7A), suggesting the following
two conformational states accessible to DTT: the monomeric

FIG. 6. Reduction of disulfide bonds of monomeric �2-m by
DTT at pH 8.5. The solvent conditions were 10 mM DTT and 5 M urea
at 25 °C (A), 2 mM DTT and 4 M GdnHCl at 37 °C (B), and 200 mM DTT
in the absence of denaturant at 37 °C (C). The lines show the first-order
kinetics with kapp � 0.0047 min�1 (A), kapp � 2.7 min�1 (B), and kapp �
0.01 min�1 (C), obtained by curve-fitting analysis using the non-linear
least squares procedure.

FIG. 7. Comparison between depolymerization and reduction
of disulfide bonds. A, amyloid fibrils incubated 1 day at pH 2.5; B,
immature fibrils incubated 3 days at pH 2.5. The concentrations of
amyloid fibrils and immature fibrils were 25 and 50 �M, respectively.
The reactions were carried out with (‚) and without (E) 50 mM DTT (pH
8.5). The fractions of the reduced �2-m (●) were calculated by analyzing
HPLC profiles. The solid line indicates the first-order decay kinetics
obtained by curve-fitting analysis using the nonlinear least squares
procedure. The dotted line in A indicates an inversed curve of the solid
line.
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refolding intermediate and the destabilized fibrillar form.
From the low reactivity of the monomeric refolding intermedi-
ates, we conclude that the destabilized fibrillar form is likely to
be a target of DTT attack.

DISCUSSION

Mature and Immature Amyloid Fibrils—�2-m assumes dif-
ferent conformational states, the relations of which are sum-
marized in Scheme I,

N-|0 UA^ AF-|0 AFn

(
IF

SCHEME I

where IF is immature fibrils, AF is amyloid fibrils, UA is
acid-unfolded state, and N is native state. Typical amyloid
fibrils were formed by the extension reaction at pH 2.5 and 0.1
M KCl. The fibrils transformed into fibrillar clusters (AFn) by
self-association at pH 2.5. Although the physiological role of
this fibrillar-fibrillar interaction is unknown, it is clear that the
self-stabilization resulted in the constraint of their depolymer-
ization at neutral pH.

Under high salt conditions at pH 2.5, �2-m formed immature
fibrils, which exhibited a distinct morphology from the amyloid
fibrils. Smith and Radford (19) showed that the reduced �2-m
in 0.4 M NaCl at acidic pH also forms a filamentous structure
similar to these immature fibrils. These results suggest that
the immature fibrils were formed more easily than the mature
fibrils. These immature fibrils did not transform into amyloid
fibrils even in the presence of amyloid fibril seeds, and more-
over, the immature fibrils had no seed function (Fig. 3, A and
B). These results argue that the immature fibrils might be an
off-pathway product as shown in Scheme I. Kad et al. (15) also
proposed from their kinetic experiments that the immature
fibrils did not represent the intermediate in the assembly of
fully mature amyloid. It is likely that the immature fibrils
accumulated because unknown factors prevented the coopera-
tive formation of the amyloid fibrils from a certain intermedi-
ate, resulting in the formation of a dead-end product. Never-
theless, clarifying the structure and stability of the immature
fibrils is important because it might provide valuable informa-
tion as to the productive intermediate and therefore the mech-
anism of amyloid fibril formation.

Reactivity of the Disulfide Bond—We examined the reactiv-
ity of the disulfide bond of different conformational states as
shown in Scheme I. Because we had no reducing reagent active
at pH 2.5, we had to jump the pH from 2.5 to 8.5 to examine the
reactivity of the disulfide bond in different conformational
states stable at pH 2.5. Conformations of both monomeric and

polymeric states change drastically upon increasing the pH.
Although this complicated the interpretation, we carefully ob-
tained several pieces of information addressing the reactivity of
the disulfide bond in amyloid fibrils. First, the disulfide bond in
the native state was highly protected from reduction as ex-
pected from the buried disulfide bond of the immunoglobulin
domain (28, 29). Second, the refolding intermediates, either
from the acid-unfolded state at pH 2.5 or the unfolded state by
5 M GdnHCl, were somewhat protected from the reducing pulse
of 50 mM DTT for 5 min in comparison with the fully unfolded
state in 5 M GdnHCl. However, the extent of protection was less
than that of the native state, as indicated by the time-depend-
ent increase in the protected molecules (Fig. 8). Third, when
coupled with the depolymerization, the reduction of the disul-
fide bond by 50 mM DTT proceeded almost completely (Fig. 7A).
Taken together, whereas disulfide bonds are highly protected
from reduction in the amyloid fibrils, they experience a state
accessible to DTT attack during depolymerization and refold-
ing to the native state. The low reactivity to DTT of the mono-
meric refolding intermediate suggests that each �2-m exposes
the disulfide bond even in the fibrillar form during depolymer-
ization, which is the target of DTT attack.

The results for immature fibrils contrasted with those for
mature fibrils. The disulfide bonds of the immature fibrils were
reduced very rapidly before their depolymerization as moni-
tored from ThT fluorescence. It is clear that the disulfide bonds
of the immature fibrils are accessible to DTT. Moreover, the
depolymerization measured by ThT assay was independent of
DTT, suggesting that the stability of immature fibrils is inde-
pendent of the presence or absence of the disulfide bond. This is
consistent with the fact that the reduced �2-m formed imma-
ture fibrils (17, 19).

Although we know that a cross-�-sheet is the major struc-
tural component of �2-m amyloid fibrils, details as to the con-
formation, in particular the topology of how each molecule is
folded in the amyloid fibrils, are unknown. Our results propose
that the disulfide bonds are buried in the interior of the amy-
loid fibrils. This does not mean they are buried in each �2-m
molecule intramolecularly in the amyloid fibrils. The disulfide
bond may be buried by the intermolecular interactions between
adjacent molecules. On the other hand, in the case of immature
fibrils, the disulfide bond is either located on the surface or is
accessible to DTT even if it exists inside the fibrils. Although
we do not consider the immature fibrils to be a direct interme-
diate of amyloid fibril formation or depolymerization, one pos-
sibility raised from the high reactivity of the immature fibril
disulfide bond is that a conformation similar to the immature
fibril exists during the formation and depolymerization of the
mature fibrils.

Intrinsic Potential of Fibril Aggregation—Our results
showed that the amyloid fibrils have an intrinsic potential to
aggregate (Fig. 4). The formation of such aggregated fibrils
evidently retarded the depolymerization at neutral pH. Walsh
et al. (32, 33) suggested that the protofibrils are in equilibrium
with low molecular weight A� and mature amyloid fibrils. They
also showed that the amyloid fibrils are stabilized by fibrillar
aggregation by themselves.

In vivo, however, the aggregation of amyloid fibrils has been
considered to be promoted by other components including sev-
eral proteins and hydrophobic molecules. In fact, the amyloid
deposits in patient tissue contain various other proteins (34–
37). ApoE, which is a cholesterol transport protein that serves
as a ligand for low density lipoprotein receptors (38), is co-
localized to amyloid deposits in all types of systemic and local-
ized amyloidosis, i.e. Alzheimer’s �-amyloidosis, prion amyloid
disease, amyloid A protein amyloidosis, immunoglobulin light

FIG. 8. Reduction of the disulfide bond during the refolding
reaction. E, the refolding reactions at pH 8.5 initiated from the acid-
unfolded state at pH 2.5. ‚, the refolding reactions at pH 8.5 in 0.2 M

GdnHCl initiated from the unfolded state in 5 M GdnHCl at pH 8.5. A
reducing pulse with 50 mM DTT for 5 min was applied at the indicated
time, and the extent of the reduction was analyzed by HPLC.
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chain-related amyloidosis, transthyretin-related amyloidosis,
and �2-m amyloidosis (33–36). Yamaguchi et al. (24, 39)
showed that ex vivo �2-m amyloid fibrils are associated with
serum amyloid P component and apoE, resulting in the inhibi-
tion of depolymerization of the fibrils at neutral pH. Although
it is not clear whether these proteins are “promoters,” also
called “pathological molecular chaperones,” of amyloid fibril
formation from various precursor proteins, it is clear that they
play a role in stabilizing the fibrils.

In addition to these factors, we assume that intrinsic poten-
tial of fibril aggregation is important to stabilize amyloid fibrils
at neutral pH. Extensively aggregated fibrils prepared at pH
2.5 are also stable at neutral pH. Considering this pH inde-
pendence, the intermolecular hydrophobic interaction between
the exposed hydrophobic residues may be the driving force of
fibril aggregation.

Conclusion—We examined the reactivity of the disulfide
bonds of various conformational states of �2-m. In the native
state, the disulfide bond, buried in the core of the molecule, was
highly protected from reduction by DTT. In the acid-unfolded
state, i.e. the amyloidogenic intermediate of the in vitro exten-
sion reaction, the disulfide bond is exposed to the solvent judg-
ing from the conformation measured by CD or NMR. In the
amyloid fibrils, it was buried inside of the fibril, although the
exact location with respect to the intermolecular or intramo-
lecular relation is unknown. In the immature fibrils, the disul-
fide bonds were reactive. Taken together, the disulfide bond
completely buried in the native structure of �2-m experiences
exposure and subsequent burial during the transformation to
rigid amyloid fibrils.
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