
Title
Investigation of a Peptide Responsible for
Amyloid Fibril Formation of β2-Microglobulin by
Achromobacter Protease I

Author(s) Kozhukh, Gennady V.; Hagihara, Yoshihisa;
Kawakami, Toru et al.

Citation Journal of Biological Chemistry. 2002, 277(2),
p. 1310-1315

Version Type VoR

URL https://hdl.handle.net/11094/71304

rights

Note

Osaka University Knowledge Archive : OUKAOsaka University Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

Osaka University



Investigation of a Peptide Responsible for Amyloid Fibril Formation
of �2-Microglobulin by Achromobacter Protease I*

Received for publication, September 11, 2001, and in revised form, October 18, 2001
Published, JBC Papers in Press, October 30, 2001, DOI 10.1074/jbc.M108753200

Gennady V. Kozhukh‡§, Yoshihisa Hagihara‡¶, Toru Kawakami‡, Kazuhiro Hasegawa�,
Hironobu Naiki�, and Yuji Goto‡**

From the ‡Institute for Protein Research, Osaka University, Yamadaoka 3-2, Suita, Osaka 565-0871, Japan, ¶National
Institute of Advanced Industrial Science and Technology, Special Division for Human Life Technology, 1-8-31
Midorigaoka, Ikeda, Osaka 563-8577, Japan, and �Department of Pathology, Fukui Medical University,
Matsuoka, Fukui 910-1193, Japan

To obtain insight into the mechanism of amyloid fibril
formation from �2-microglobulin (�2-m), we prepared a
series of peptide fragments using a lysine-specific pro-
tease from Achromobacter lyticus and examined their
ability to form amyloid fibrils at pH 2.5. Among the nine
peptides prepared by the digestion, the peptide Ser20–
Lys41 (K3) spontaneously formed amyloid fibrils, con-
firmed by thioflavin T binding and electron microscopy.
The fibrils composed of K3 peptide induced fibril forma-
tion of intact �2-m with a lag phase, distinct from the
extension reaction without a lag phase observed for in-
tact �2-m seeds. Fibril formation of K3 peptide with
intact �2-m seeds also exhibited a lag phase. On the
other hand, the extension reaction of K3 peptide with
the K3 seeds occurred without a lag phase. At neutral
pH, the fibrils composed of either intact �2-m or K3
peptide spontaneously depolymerized. Intriguingly, the
depolymerization of K3 fibrils was faster than that of
intact �2-m fibrils. These results indicated that, al-
though K3 peptide can form fibrils by itself more readily
than intact �2-m, the K3 fibrils are less stable than the
intact �2-m fibrils, suggesting a close relation between
the free energy barrier of amyloid fibril formation and
its stability.

Many proteins and peptides form amyloid fibrils (1–3). Al-
though most are related to diseases, it has been shown that
several proteins (4, 5) and peptides (6, 7) that are not related to
disease can also form amyloid fibrils. Amyloid fibril formation
is now recognized as a phenomenon common to many proteins.
On the other hand, amyloid fibrils are homogeneous, and it is
rarely possible to form chimeric fibrils composed of distinct
amyloid proteins or peptides (8, 9). This high species barrier
suggests that the amyloid fibrils are stabilized by specific in-
teractions of amyloid proteins, which are governed by the char-
acteristic primary and higher order structures of each amyloid
protein. Thus, amyloid fibrils can be considered to be alterna-
tively folded conformations of globular proteins, and under-

standing of their properties is essential to obtain further in-
sight into the mechanism of protein folding.

�2-Microglobulin (�2-m)1-related amyloidosis is a common
and serious complication in patients on long term hemodialysis
(10–12). Carpal tunnel syndrome and destructive arthropathy
associated with cystic bone lesions are the major clinical man-
ifestations of �2-m-related amyloidosis (13). Although �2-m,
the light chain of the type I major histocompatibility complex
(14, 15), was identified as a major structural component of
amyloid fibrils deposited in the synovia of the carpal tunnel
(10), the mechanism of amyloid fibril formation by �2-m is still
unknown (16, 17, 25, 26). Naiki and co-workers (18–20) have
been studying the amyloid fibril formation of �2-m as well as
other amyloid fibrils (21–24). They established a kinetic exper-
imental system to analyze amyloid fibril formation in vitro, in
which the extension phase with the seed fibrils is quantita-
tively characterized by the fluorescence of thioflavin T (ThT)
(20, 23). They have proposed that a nucleation-dependent po-
lymerization model could explain the general mechanisms of
amyloid fibril formation in vitro, applicable to various types of
amyloidosis. This model consists of two phases, i.e. nucleation
and extension phases. Nucleus formation requires a series of
association steps of monomers, which are thermodynamically
unfavorable, representing the rate-limiting step in amyloid
fibril formation in vitro. Once the nucleus (n-mer) has been
formed, further addition of monomers becomes thermodynam-
ically favorable, resulting in rapid extension of amyloid fibrils
in vitro.

Many amyloidogenic proteins carry key regions that are spe-
cific to each amyloid protein (7, 27–30). For an example, a
10-residue peptide of transthyretin can make fibrils that ex-
hibit characteristics typical of the intact (127-amino acid resi-
dues) transthyretin (7). In the case of medin, responsible for
aortic medial amyloid, the most common human amyloid, the
C-terminal 8-residue peptide, can form the amyloid fibrils (27).
Identifying such a key region provides a clue to understanding
the mechanism of amyloid fibril formation.

In the present study, with the recombinant human �2-m
expressed, we investigated the possible key regions responsible
for the amyloid formation of �2-m. Using a series of peptides
obtained with Achromobacter protease I, we first showed that a
peptide of 37 amino acid residues linked by a disulfide bond, i.e.
Ser20–Cys25–Lys41 (K3) and Asp76–Cys80–Lys91 (K7), has the
potential to form amyloid fibrils. Among the two peptides pro-
duced by reduction of the disulfide bond, the N-terminal K3
peptide of 22 amino acid residues retained the potential to form
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amyloid fibrils, arguing that this peptide contains the minimal
sequence. Kinetics of amyloid fibril formation and depolymer-
ization suggested that, although the K3 peptide can form the
amyloid fibrils by itself, the fibrils made of K3 are less stable
than those of intact �2-m. The results can be interpreted in
terms of the change in free energy barriers of the nucleation
and extension processes.

EXPERIMENTAL PROCEDURES

Recombinant �2-m—cDNA encoding �2-m was amplified by PCR
using the primers 5�-aggtcgcgaatacgtaatccagcgtactcc and 5�-catac-
cgagcggccgccactgtgctg. The amplified DNA fragment was digested with
Eco105I and NotI and cloned into the Pichia pastoris expression vector
pPIC11 resulting in pPIC�2M. pPIC�2M was digested with AatI and
transformed into the P. pastoris GS115. The most efficient transfor-
mant was selected based on the expression efficiency in small scale test
tube culture. High cell density fermentation of the selected strain was
carried out in a 2-liter fermenter (31). The culture was continued for 2
days after the induction of protein expression by the addition of meth-
anol. The supernatant of medium containing secreted �2-m was first
desalted by passing through a Sephadex G-25 (Amersham Biosciences,
Inc.) column equilibrated with 10 mM sodium phosphate, pH 7.5. The
sample was added to a calcium tartrate column (32) and eluted with a
linear gradient of 40–300 mM sodium phosphate buffer. The �2-m
fraction was further purified by passing through a DEAE-Sepharose
CL-6B (Amersham Biosciences, Inc.) column equilibrated with 20 mM

Tris-HCl, pH 8.5, using a linear gradient of 0–200 mM NaCl. Three
peaks of �2-m species with different N termini were obtained. The three
species had 6 (Glu-Ala-Glu-Ala-Tyr-Val-), 4 (Glu-Ala-Tyr-Val-), and 1
(Val-) additional amino acid residues, respectively, added to the N-
terminal (Leu) of intact �2-m. The second peak with 4 additional amino
acid residues was the major peak, and this fraction was used in this
study.

Protease Digestion—�2-m was digested with lysyl endopeptidase
from Achromobacter lyticus (Achromobacter protease I, Wako Pure
Chemical, Osaka, Japan) at a 1:50 enzyme to substrate ratio at pH 7.0
and 37 °C for 24 h. Digests were separated by reverse phase HPLC on
a Cosmosil C18 column (4.6 x 250 mm) (Nacalai Tesque, Kyoto, Japan).
The running conditions were a 65-min gradient from 0 to 80% acetoni-
trile in 0.05% trifluoroacetic acid at a flow rate of 0.5 ml min�1. Indi-
vidual peaks were collected and identified by matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) mass spectrometry
(PerSeptive Biosystems) and amino acid analysis.

CD—CD measurements were carried out with a Jasco spectropola-
rimeter, Model J-720, at 20 °C. The results are expressed as the mean
residue ellipticity [�]. Far-UV CD spectra were measured using a cell
with a light path of 1 mm at a protein concentration of 0.3 mg ml�1.

Polymerization Assay—Amyloid fibril formation of intact �2-m was
carried out by the fibril extension method established by Naiki et al. (19,
20, 23, 24), in which the seed fibrils were extended by the monomeric
�2-m at pH 2.5 and 37 °C, and the reaction was monitored by fluoro-
metric analysis with ThT. Hereafter, this extension reaction will be
referred to as the standard extension reaction. First, a solution of
monomeric �2-m at 35 �M in 50 mM citrate buffer, pH 2.5, and 100 mM

KCl at 4 °C was prepared. Then, �2-m seed fibrils originally taken from
patients were added to the monomeric solution to yield a final concen-
tration of 0.5 �M. It should be noted that the concentration of seeds is
expressed in terms of monomer concentration because the size of seeds
was difficult to define. The reaction was started by increasing the
temperature to 37 °C in a water bath. From each reaction tube, an
aliquot of 7.5 �l was taken and mixed with 1.5 ml of 5 �M ThT in 50 mM

glycine NaOH buffer (pH 8.5). The fluorescence of ThT was monitored
at 485 nm with excitation at 445 nm with a Hitachi fluorescence
spectrophotometer, F4500. The extension reaction of the recombinant
�2-m was the same as that obtained from patients, confirming that the
recombinant �2-m was indistinguishable from �2-m obtained from pa-
tients with respect to amyloid fibril formation.

Fibril formation of fragments of �2-m were examined under similar
solvent conditions at pH 2.5 and 37 °C. First, the spontaneous fibril
formation at various peptide concentrations was examined without
seeds. The lyophilized peptide fragments were dissolved in 50% (v/v)
acetonitrile, and the final concentration of acetonitrile was less than 5%
(v/v). We confirmed that 5% (v/v) acetonitrile did not affect the standard
extension reaction. The cross-reactions between the intact �2-m and K3
peptide were examined at the same protein concentrations used for the
standard extension reaction; i.e. the concentrations of seed and mono-
meric form were 0.5 and 35 �M, respectively.

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

RESULTS

Protease Digestion—Intact recombinant �2-m at pH 7 was
digested with Achromobacter protease I, producing nine pep-
tides: K1 (Glu4–Lys6), K2 (Ile7–Lys19), K3 (Ser20–Lys41), K4
(Asn42–Lys48), K5 (Val49–Lys58), K6 (Asp59–Lys75), K7 (Asp76–
Lys91), K8 (Ile92–Lys94), and K9 (Trp95–Met99), two of which,
K3 and K7, were linked by a disulfide bond between Cys25 and
Cys80 (Fig. 1). Eight peptides were separated by HPLC and
were identified by mass and amino acid analysis (Fig. 2).

Spontaneous Amyloid Fibril Formation—The intact �2-m
did not form the amyloid fibrils spontaneously at least for
several days at pH 2.5 and 37 °C, although the rapid extension
reaction was observed with the seed fibrils, as established by
Naiki et al. (18) (see below). Under the same conditions, we
observed a significant increase in ThT fluorescence for K3-K7
peptide by incubation for 24 h at 67 �M (Fig. 3). We separated
K3 (22 residues) and K7 (16 residues) peptides by HPLC after
reduction of the disulfide bond by 10 mM dithiothreitol at pH
8.0 and examined their amyloidogenic potential under the
same conditions at pH 2.5. K3 peptide still exhibited ThT
binding, although the fluorescence intensity was less than that
of K3-K7 peptide.

FIG. 1. Amino acid sequence (A) and structure (B) of �2-m. A,
the locations of cleavage sites by Achromobacter protease I are indicated
by arrows. Secondary structures are indicated with hydrogen bonds and
the numbering of �-strands. B, the locations of peptide fragments (K1–
K9) are indicated by the number. The diagram was created by Molscript
(34) with the structure reported by Bjorkman et al. (14).

Amyloid Fibril Formation of �2-Microglobulin 1311
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The kinetics of the increase in ThT fluorescence in the pres-
ence of K3 peptide was dependent on the peptide concentration
(Fig. 3B). Although it showed a linear increase in fluorescence
at 300 �M, a lag phase was observed at 50 �M. The lag time was
about 2 h at 50 �M, and it extended to 6 h at 35 �M K3 (see Fig.
6C below). Although the final ThT fluorescence intensity was
dependent on the peptide concentration, ThT fluorescence di-
vided by the peptide concentration seemed to be independent of
peptide concentration, suggesting the formation of a similar
structure. ThT fluorescence of the K3 fibrils at the same molar
concentration was much less than that of the intact �2-m
fibrils. Whereas ThT fluorescence intensity for the intact �2-m
fibrils at 35 �M was about 400 under the experimental condi-
tions, that of the K3 fibrils was about 50. However, ThT fluo-
rescence normalized per weight was roughly similar among the
intact �2-m, K3-K7, and K3 fibrils. These results as well as the
CD results described below suggested that, in the intact �2-m
fibrils, the regions other than K3 assumed the amyloid fibril
conformation that can bind ThT.

Characterization of K3 Fibrils—CD spectra showed that
K3-K7 and K3 peptides were largely unfolded at pH 2.5 (Fig.
4B). Upon fibril formation detected by ThT fluorescence, the
CD spectra became that of the �-sheet conformation with a
minimum at around 218–220 nm. For comparison, the CD
spectra of intact �2-m in the native, acid-unfolded, and fibrillar
forms are shown (Fig. 4A). The CD spectrum of K3 fibrils was
similar to that of intact �2-m amyloid fibrils. As the CD signal
was expressed as mean residue ellipticity, this suggested that
regions other than K3 of the intact �2-m assume the �-sheet
conformation in the fibrils, consistent with the results of ThT
binding.

Formation of fibrils by K3–K7 and K3 peptides was con-
firmed by electron microscopy (Fig. 5, B and C). The newly
formed straight fibrils, with a diameter of about 10–15 nm and
a longitudinal periodicity, were similar to intact �2-m amyloid
fibrils (Fig. 5A). Polarized micrographs of fibrils after staining
with Congo red showed orange-green birefringence, typical of
amyloid fibrils (data not shown). These results confirmed that
the K3-K7 and K3 peptides formed amyloid fibrils.

Cross-reactions between �2-m and K3 Peptide—To gain in-
sight into the mechanism of fibril formation, we examined
cross-reactions between K3 peptide and �2-m. Although intact
�2-m at 35 �M does not form amyloid fibrils at least for several
days at pH 2.5 and 37 °C, the addition of seeds composed of
intact �2-m fibrils at 0.5 �M induces amyloid fibril formation,
which follows first-order kinetics (Fig. 6B). Intriguingly, the
addition of monomeric K3 peptide at 10 �M to the monomeric
�2-m at 35 �M caused fibril formation with a lag time of about
40 h (Fig. 6A, curve 2). The fluorescence intensity at maximum
(about 700) was evidently higher than that (about 400) of the
standard extension reaction but slowly decreased with time to
the value of the standard reaction. The lag time was signifi-

FIG. 2. Elution profiles by reverse-phase HPLC of the peptide
fragments obtained by Achromobacter protease I digestion of
�2-m. The peptide fragments are assigned according to the numbering
indicated in Fig. 1.

FIG. 3. Spontaneous amyloid fibril formation of the peptide
fragments measured by ThT fluorescence. A, fluorescence spectra
of ThT after incubation of 67 �M K3–K7, K3, and K7 peptides for 24 h.
B, kinetics of fibril formation of K3 peptide at various peptide concen-
trations: 50 (●), 150 (f), or 300 �M (Œ). ThT fluorescence intensity of
intact �2-m fibrils at 67 �M was calculated to be about 800, much higher
than those of the peptide fragments at the same molar concentration.

FIG. 4. The far-UV CD spectra of intact �2-m (A) and its peptide
fragments (B). A, native state at pH 7.0 (1), acid-unfolded state at pH
2.5 (2), and intact �2-m fibrils at pH 2.5 (3). B, acid-unfolded state at pH
2.5 of K3–K7 (1), K3 (2), and K7 (3) and the fibril forms of K3–K7 (4) and
K3 (5).
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cantly shortened by increasing the concentration of K3 peptide
to 35 �M (Fig. 6A, curve 3).

As spontaneous fibril formation of the K3 peptide at 35 �M

was observed after incubation for several hours (Fig. 3B), it is
likely that the fibril formation of �2-m was triggered by the
spontaneous formation of K3 fibrils. In accordance with this,
when preformed K3 fibrils were added instead of monomeric
K3 peptide, the lag phase was further shortened. However, the
lag phase was seen even in the presence of K3 fibrils and was
similar between the two peptide concentrations (Fig. 6A, curves
4 and 5). Here, the maximal ThT fluorescence intensity was
still about 700 and slowly decreased to the value for the stand-
ard reaction (about 400). The fibrils of intact �2-m formed with
K3 fibrils as seeds were indistinguishable from those prepared
by the standard extension reaction with �2-m with respect to
the subsequent extension reaction with intact monomeric �2-m
(Fig. 6B).

We then examined the extension reaction of K3 peptide with
different seeds (Fig. 6C). K3 peptide at 35 �M exhibited spon-
taneous fibril formation with a lag phase of several hours (see
also Fig. 3B). The intensity of ThT fluorescence (about 50) was
lower than that of intact �2-m fibrils (about 400) at the same
molar concentration, as expected from the small size of the K3
peptide. The addition of intact �2-m fibrils at 0.5 �M reduced
the lag time, although it was still present. The maximal fluo-
rescence intensity was slightly higher than that in the absence
of seed fibrils. In contrast, upon addition of K3 fibrils at 0.5 �M,

the ThT fluorescence increased smoothly without a lag phase,
and the final intensity was slightly higher than that in the
absence of seed fibrils. These results indicated that K3 fibrils,
but not intact �2-m fibrils, worked directly as seeds in the
extension reaction of the K3 peptide.

Stability of Amyloid Fibrils—Amyloid fibrils of �2-m pre-
pared at pH 2.5 were unstable at neutral pH and depolymer-
ized spontaneously with a few hours at pH 8.5 (Fig. 7; see also
Ref. 33). Intriguingly, the depolymerization of K3 fibrils oc-
curred much faster than that of intact �2-m fibrils, completing
in several minutes. These results indicated that K3 fibrils are
less stable than those of intact �2-m fibrils.

DISCUSSION

Human �2-m consists of 99 amino acid residues (14, 15). It is
likely that even short peptides including key residues can form
amyloid fibrils. In accordance with this expectation, we found
that K3 peptide made of 22 amino acid residues retained the
potential to form amyloid fibrils. We could not distinguish the

FIG. 5. Electron micrographs of amyloid fibrils of �2-m and its
peptide fragments. A, recombinant intact �2-m; B, K3–K7 peptide; C,
K3 peptide. Amyloid fibrils of intact �2-m were prepared by the exten-
sion reaction with seed fibrils whereas those of the peptide fragments
were prepared by the spontaneous reactions. The scale bars indicate a
length of 200 nm.

FIG. 6. Cross-reactions of amyloid fibril formation between
intact �2-m and its peptide fragments. A, effects of K3 peptide on
the spontaneous fibril formation of 35 �M �2-m. 1, in the absence of K3
peptide; 2, 10 �M freshly prepared K3 peptide; 3, 35 �M freshly prepared
K3 peptide; 4, 10 �M K3 fibrils; 5, 35 �M K3 fibrils. The data points at
240 h for the reactions in the presence of K3 peptide (2–4) were clus-
tered at the y-value of 400. B, effects of 0.5 �M �2-m fibrils prepared in
A on the fibril extension reaction with 35 �M intact �2-m. �, in the
absence of seed fibrils; Œ, standard intact �2-m fibrils; ‚, �2-m fibrils
prepared with 10 �M freshly prepared K3 peptide; �, �2-m fibrils
prepared with 10 �M K3 fibrils. C, effects of various seed fibrils at 0.5
�M on the fibril formation of 35 �M K3 peptide. �, in the absence of seed
fibrils; ●, intact �2-m fibrils; Œ, K3 fibrils. The concentration of seed
fibrils was expressed in terms of monomer. The reaction was monitored
by fluorometric analysis with ThT.
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fibrils of K3 and intact �2-m on CD (Fig. 4) or electron micros-
copy (Fig. 5), although we believe that they probably differ in
structural details. On the other hand, there were clear differ-
ences between K3 peptide and intact �2-m in their kinetics of
fibril formation (Figs. 3 and 6) and depolymerization (Fig. 7).
These differences as well as the results of cross-reactions be-
tween K3 peptide and intact �2-m (Fig. 6) can be explained
satisfactorily on the basis of the schematic mechanisms as
described below (Fig. 8).

The �2-m molecule is assumed to consist of two regions: i.e.
essential (or minimal) and non-essential regions. The essential
region even after isolation can form fibrils by itself. We consid-
ered the K3 peptide to accommodate such a region. We started
experiments with various synthetic peptides to narrow the
minimal sequence. Preliminary results indicated that a shorter
peptide within the K3 region still retains the amyloidogenic
potential (data not shown), suggesting that even a limited
sequence in K3 peptide can form the amyloid fibrils. Although
the non-essential region cannot form the amyloid fibrils by
itself, it can participate in fibril formation passively once it is
associated with the essential region. In other words, the core
�-sheet formed in the essential region can propagate by itself to
the rest of the molecule. However, because of its larger size, the
nucleation process of �2-m may require more extensive and
cooperative conformational changes than that of K3 peptide,
i.e. there is a high free energy barrier. This high energy barrier
of intact �2-m may explain the difficulty of spontaneous fibril
formation of �2-m but not of the K3 peptide. On the other hand,
because �2-m has interaction sites more than the K3 peptide,
fibrils of �2-m, once formed, would be stabilized to a greater
extent than those of K3 peptide, as demonstrated by depo-
lymerization reactions at neutral pH (Fig. 7).

This two-region model (essential and non-essential regions)
can explain most of the cross-extension reactions between �2-m
and K3 peptide (Fig. 6). In the extension reaction with seeds,
we can focus only on the extension process by removing the
nucleation process. Extension of �2-m with the �2-m fibril
seeds is rapid without a lag phase. The same is likely to be true
for the homogeneous extension of K3 with the K3 seeds (Fig.
8B). On the other hand, the heterogeneous reactions between
intact �2-m and K3 peptide exhibited a lag phase. The confor-
mations of fibrils are probably different between them, and the
heterogeneous association of monomers onto the end(s) of the
seed fibrils would be thermodynamically unfavorable. After a
certain number of the heterogeneous monomers have polymer-
ized onto the ends of seeds, the ends would become similar to
those of fibrils of the monomers so that the extension becomes
favorable in terms of free energy and rate. In the heterogeneous
extension reaction of �2-m with K3 seeds, we observed a max-
imum in ThT fluorescence intensity, the value higher than that
of typical �2-m fibrils (Fig. 6A). The two-region model does not

explain this complicated behavior, suggesting that the exact
mechanism for the heterogeneous extension includes several
fibril conformations different in their affinity to ThT. It is clear
that, once the fibrils of intact �2-m are formed with K3 seeds,
they are indistinguishable from �2-m fibrils made with intact
�2-m seeds. We do not need to assume different fibril confor-
mations depending on the type of seeds as observed for yeast
prions (8, 9).

The results observed here are very similar to the cross-
reactions between A�-(1–42) and A�-(1–40) in Alzheimer’s
�-amyloid fibril formation in vitro reported by Hasegawa et al.
(22). They examined homogeneous and heterogeneous exten-
sions with A�-(1–42) and A�-(1–40). When the species used for
seeds was the same as the species of monomers, no lag phase
was observed. In contrast, when the two species were different,
the lag phase was observed. They argued the importance of a
conformational change in order to start the heterogeneous ex-
tension reaction between different A� peptides. The morphol-
ogy of the fibrils formed was governed by the major component
in the reaction mixture, not by the morphology of preexisting
fibrils. This was also the case for �2-m. Therefore, when the

FIG. 7. Time course of depolymerization of amyloid fibrils. 50
�M �2-m fibrils (�) and 200 �M K3 fibrils (E) were incubated in 50 mM

glycine NaOH buffer, pH 8.5, at 37 °C. The reaction was monitored by
fluorometric analysis with ThT.

FIG. 8. Schematic representation of the mechanisms of spon-
taneous amyloid fibril formation of intact �2-m (A) and K3 pep-
tide (B) and heterogeneous extension reactions between their
fibrillar and monomeric forms (C). The free energy profiles for the
reactions except the heterologous reaction between the K3 seeds and
intact �2-m monomers are indicated. N‡, E‡, and HE‡ represent the
transition states for the nucleation reaction, homologous extension
reaction, and heterologous extension reactions, respectively. Shaded
and open regions correspond to the essential and non-essential regions,
respectively. The different shapes indicate the different conformations.
Spontaneous fibril formation (A and B) consists of the nucleation and
extension processes. The nucleation process of n-mers is represented by
the association of two monomers. Only two extension processes are
shown. In the heterogeneous extensions (C), after a certain number of
the heterogeneous monomers have polymerized onto the ends of seeds,
the ends would become similar to those of fibrils consisting of the
monomers so that the free energy barrier decreases.

Amyloid Fibril Formation of �2-Microglobulin1314
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different species cross-react, the requirement of the conforma-
tional change at the extending end(s) of the seeds will be
common to various cases of amyloid fibril formation.

In conclusion, we showed that K3 peptide (Ser21–Lys41) con-
stitutes the essential region of �2-m-related amyloid fibril for-
mation. Although K3 peptide of �2-m formed amyloid fibrils
more readily than intact �2-m, the stability of K3 fibrils was
less than that of intact �2-m fibrils, implying that the high free
energy barrier of the nucleation event is important for the high
stability of amyloid fibrils. Amyloid fibril formation of globular
proteins is considered to be an intriguing example of the com-
plex landscape of protein folding. Because of its moderately
small size as a globular protein, we may be able to clarify the
topological and topographical relationships between the native,
unfolded (monomeric), and fibrillar conformations of �2-m
more convincingly than in the cases of other amyloidogenic
proteins.
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