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�2-Microglobulin (�2-m), a typical immunoglobulin do-
main made of seven �-strands, is a major component of
amyloid fibrils formed in dialysis-related amyloidosis.
To understand the mechanism of amyloid fibril forma-
tion in the context of full-length protein, we prepared
various mutants in which proline (Pro) was introduced
to each of the seven �-strands of �2-m. The mutations
affected the amyloidogenic potential of �2-m to various
degrees. In particular, the L23P, H51P, and V82P muta-
tions significantly retarded fibril extension at pH 2.5.
Among these, only L23P is included in the known “min-
imal” peptide sequence, which can form amyloid fibrils
when isolated as a short peptide. This indicates that the
residues in regions other than the minimal sequence,
such as H51P and V82P, determine the amyloidogenic
potential in the full-length protein. To further clarify
the mutational effects, we measured their stability
against guanidine hydrochloride of the native state at
pH 8.0 and the amyloid fibrils at pH 2.5. The amyloido-
genicity of mutants showed a significant correlation
with the stability of the amyloid fibrils, and little corre-
lation was observed with that of the native state. It has
been proposed that the stability of the native state and
the unfolding rate to the amyloidogenic precursor as
well as the conformational preference of the denatured
state determine the amyloidogenicity of the proteins.
The present results reveal that, in addition, stability of
the amyloid fibrils is a key factor determining the amy-
loidogenic potential of the proteins.

More than 20 diseases are related to the deposition of insol-
uble amyloid fibrils (1–3). In some cases, such as Alzheimer’s
disease, fibril components are the truncated relatively short
fragments of amyloid precursor proteins. In other types of
amyloidosis, such as familial amyloid polyneuropathy and di-
alysis-related amyloidosis, amyloid fibrils are made of the en-
tire part of the originally globular proteins. For these proteins,
it has been shown that short peptides, called minimal (or es-
sential) sequences, can also form amyloid fibrils (4–7). These

findings raise the question of whether regions other than the
minimal sequence affect the amyloid fibril formation.

For many amyloidogenic globular proteins, destabilization
of the native globular state by mutation or by introduction of
unstable conditions is highly correlated with the formation
of amyloid fibrils, suggesting that the denaturation or unfold-
ing of the native state is the critical event in triggering amyloid
formation (8–12). A study with a series of transthyretin mu-
tants revealed that the unfolding rate rather than the thermo-
dynamic stability is an important factor determining amyloi-
dogenicity (13). Alternatively, because the non-native state is
an intermediate or precursor of amyloid fibril formation, resi-
dues other than the minimal region can control amyloid fibril
formation by affecting the conformational properties of the
non-native state. Consistent with this, recent studies with var-
ious mutants of acylphosphatase demonstrated that the hydro-
phobicity and �-sheet propensity of the key regions, which are
distinct from those parts important for protein folding, as well
as the net charge of the protein are the critical factors for
aggregation (14, 15). Moreover, it is likely that mutations af-
fecting the stability of the amyloid fibrils also determine the
amyloidogenicity of proteins.

Dialysis-related amyloidosis is a common and serious com-
plication in patients receiving long term hemodialysis for more
than 10 years (16–18). In this disease, full-length �2-micro-
globulin (�2-m)1 is a major structural component of amyloid
fibrils (16). The straight needle-like amyloid fibrils can be
formed in vitro by the seed-dependent extension reaction at pH
2.5, in which monomeric �2-m is added to the end(s) of seed
fibrils (19). The similar amyloid fibrils are formed spontane-
ously with a lag phase at pH 2.5 and low ionic strength (20).
Kozhukh et al. (7) find that the isolated 22-residue K3 peptide,
Ser-20–Lys-41 (Fig. 1A), forms amyloid fibrils, suggesting that
this peptide includes the initiation and minimal region of amy-
loid fibrils. Recently, we identified that an 11-residue peptide,
Asn-21–His-31, in the K3 region also forms amyloid fibrils (21).
In addition, Jones et al. (5) identify another peptide, Asp-59–
Thr-71, forms amyloid fibrils.

In amyloid fibrils of �2-m, more than 50% of amide protons,
mostly located at the central regions of the protein, are highly
protected from hydrogen/deuterium exchange (Fig. 1A), which
is distinct from the protected amide protons of the native state* The costs of publication of this article were defrayed in part by the
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“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
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1 The abbreviations used are: �2-m, �2-microglobulin; Cm, mid-point
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ride; ThT, thioflavin T; Pro mutations, proline substitutions of V9P,
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mutants, mutants with a proline substitution; EM, electron microscopy.
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protein (Fig. 1) (22). The distribution of preferential proteolytic
sites confirmed the protected central regions and the exposed
N- and C-terminal regions (23). However, the reduced �2-m, in
which the disulfide bond between Cys-25 and Cys-80 (Fig. 1) is
reduced, cannot form straight needle-like amyloid fibrils (24),
although this molecule has both of these two minimal sequence
regions. Instead, the reduced �2-m forms flexible, thin fila-
ments, suggesting that the mature fibril is made of several
filaments (20, 25). The recovery of the fibril formation of the K3
peptide (Ser-20–Lys-41) upon removal of the nonessential re-
gions indicates that regions other than the minimal region
control fibril formation.

�2-m, at neutral pH, assumes a typical immunoglobulin
domain-fold consisting of seven �-strands (Fig. 1B) (26–28). To
examine the role of each �-strand, we prepared mutants that
have a proline (Pro) substitution at the central hydrophobic
amino acid, except for the � D strand. Because the � D strand
forms the �-bulge, which separates this strand into two parts,
we prepared three mutants, V49P, H51P, and L54P. Because
Pro is the least favored amino acid at the center of the �-strand
(29, 30), each Pro substitution in �2-m (Pro mutation) should
affect the formation of amyloid fibrils to a different extent
depending on the role of each region. The seed-dependent ex-
tension reaction, performed at pH 2.5, is a reproducible and
quantitative experiment suitable for characterizing the amy-
loid fibril formation kinetics of �2-m. However, amyloid fibrils
formed at pH 2.5 are unstable at neutral pH, suggesting that

additional cellular components are involved in stabilization of
the amyloid fibrils in vivo. Therefore, nine mutants were ex-
amined for their ability to form amyloid fibrils at pH 2.5 by the
seed-dependent extension reaction. To further understand the
mechanism of the mutational effects, we measured the stability
against guanidine hydrochloride (Gdn-HCl) denaturation of
the amyloid fibrils at pH 2.5 and the native states at pH 8.
Because of the instability of the native state at pH 2.5 (24), the
experiments at pH 2.5, although not physiological, can directly
extract the effects of mutations on the fibril formation and the
stability of amyloid fibrils, separated from the effects on the
native state.

EXPERIMENTAL PROCEDURES

Construction of an Expression Plasmid for Wild-type �2-m—For the
production of recombinant �2-m, Pichia pastoris was used (7, 24).
However, this expression system was unsuitable for producing unstable
mutants, because the cellular quality control system disallows the
release of unstable protein from the secretory pathway (31–33). Be-
cause the Pro-mutation may destabilize the native structure of �2-m,
and thus, the proteins may not be secreted in the P. pastoris expression
system, an Escherichia coli expression system was selected for produc-
ing recombinant �2-m and its mutants. cDNA encoding �2-m was
amplified by PCR using Pfu Turbo DNA polymerase (Stratagene Clon-
ing Systems, La Jolla, CA). The amplified DNA fragment was cloned
into the E. coli expression vector pAED4 (34). A Met residue was always
present at the N-terminal position of the recombinant protein, which
was referred to as M0. Nine Pro mutants, V9P, L23P, L39P, V49P,
H51P, L54P, L65P, V82P, and V93P, were prepared using the
QuikChange site-directed mutagenesis kit (Stratagene). Fig. 1 shows
the distribution of these mutations on the sequence of �2-m.

Expression and Purification of Wild-type �2-m and Pro Mutants—
Prepared mutants were expressed in E. coli BL21 (DE3) pLysS (Nova-
gen, Inc., Madison, WI). Wild-type and all mutant �2-ms accumulated
in inclusion bodies. These inclusion bodies were dissolved in 20 mM

Tris-HCl (pH 8.0) containing 8 M urea and air-oxidized for 2–3 days at
4 °C. Formation of the intrachain disulfide bond was confirmed by
reverse-phase high performance liquid chromatography (35). After air
oxidation, the sample was dialyzed against 20 mM Tris-HCl (pH 8) to
refold the proteins. The refolded sample was then subjected to DEAE-
Sepharose CL-6B (Amersham Biosciences) equilibrated with 20 mM

Tris-HCl (pH 8.0), and the proteins were eluted with a linear concen-
tration gradient of NaCl (0–200 mM). The fraction containing the major
peak was dialyzed against deionized water and lyophilized. The lyoph-
ilized protein sample was dissolved in 20 mM sodium phosphate buffer
(pH 7.5) and applied to a HiPrep 26/60 Sephacryl S-100 high resolution
column (Amersham Biosciences) equilibrated with 20 mM sodium phos-
phate buffer (pH 7.5), and the fraction containing the major peak was
collected, dialyzed against deionized water, and lyophilized.

The molecular weight of the purified proteins was measured by
matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry (Applied Biosystems, Foster City, CA) and was correct in each
case (�0.025%). Monomer concentrations of wild-type and mutant
�2-ms were determined by measuring the UV absorption using a
U-3000 spectrophotometer (Hitachi, Tokyo, Japan), at 25 °C. The pro-
tein extinction coefficient (� � 19,300 M�1 cm�1) was calculated from
amino acid sequence data (36).

Fluorometric Analysis of Fibrillogenesis with Thioflavin T—Amyloid
fibril formation by wild-type and mutant �2-ms was carried out using
the seed-dependent fibril extension method (37–39) in which frag-
mented fibrils (seeds) are extended with the monomeric proteins at pH
2.5 and 37 °C. The reaction was monitored by fluorometric analysis
with thioflavin T (ThT). Native �2-m fibrils were originally purified
from Baker’s cyst wall excised from the popliteal fossa of a patient
suffering from dialysis-related amyloidosis (16). In this study the seed
fibrils were prepared by the repeated extension reaction of the seeds
previously generated with native �2-m fibrils, and �2-m expressed in
P. pastoris (7, 24) with monomeric wild-type �2-m that was expressed in
E. coli.

Briefly, the extension reaction was started by increasing the temper-
ature to 37 °C by placing the samples in an air incubator. 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), and the fluorescence
of ThT was measured using a fluorescence spectrophotometer, F-4500
(Hitachi), at 25 °C with excitation at 445 nm and emission at 485 nm.

FIG. 1. Protected residues in the amyloid fibril and the native
state of �2-m and the position of Pro-mutations (A) and sche-
matic representation of the secondary structure of the native
state of �2-m (B). A, arrows show the position of Pro mutations. Filled
bars indicate the position of �-strands found in the native structure.
Open and striped boxes indicate the positions of isolated amyloidogenic
peptides, Ser-20–Lys-41 (7) and Asp-59–Thr-71 (5), respectively. The
broken line depicts the disulfide bond between Cys-25 and Cys-80. B,
secondary structures in the native state are indicated with amino acid
sequences, hydrogen bonds (broken line), and the numbering of
�-strands. The large circles show the position of the mutations. The
degree of protection against hydrogen/deuterium exchange in amyloid
fibril (22) and native state (25) in each residue was represented by
different colors.
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The amyloid extension reactions of mutant �2-m were carried out in a
similar manner.

Precipitation Assay for Amyloid Fibrils—After a 4-day incubation
with seeds at 37 °C the solutions were centrifuged (15,000 � g, 4 °C,
2 h) to precipitate amyloid fibrils. The concentration of proteins in
supernatant was determined by UV absorption, and the precipitated
fraction was calculated by subtracting this value from the initial con-
centration of monomeric proteins.

Electron Microscopy—Aliquots (5 �l) of each amyloid extension reac-
tion were diluted with distilled water (95 �l), which was kept at room
temperature. These diluted samples were spread on carbon-coated
grids, and the solution was allowed to stand for 2–3 min. The excess
solution was then removed with filter paper, and the residual solution
was allowed to air dry before the grids were negatively stained with 1%
phosphotungstic acid (pH 7.0). These samples were examined under
an H-7000 electron microscope (Hitachi) with an acceleration voltage of
75 kV.

Circular Dichroism—Circular dichroism (CD) measurements were
performed with a J-720 spectropolarimeter (Jasco, Tokyo, Japan). The
standard buffers for spectroscopic measurements were 20 mM Tris-HCl
(pH 8.0) and 10 mM glycine-HCl (pH 2.5). For far-UV measurement of
the amyloid fibrils, 50 mM citrate-NaOH buffer (pH 2.5) containing 100
mM NaCl at an amyloid fibril concentration of 8.5 �M was used. Amyloid
fibrils were prepared by the following method. After 4 days of incuba-
tion with seeds at 37 °C, protein solutions were centrifuged (15,000 � g,
4 °C, 2 h) to precipitate amyloid fibrils. The protein concentration in the
supernatant was measured by UV absorption to estimate the amount of
fibrils precipitated. Precipitated fibrils were then resuspended in 50 mM

citrate-NaOH buffer (pH 2.5) containing 100 mM NaCl, which was used
as a stock amyloid fibril solution. The amyloid fibrils for the unfolding
experiments were prepared using the same method as above.

Equilibrium Denaturation by Guanidine Hydrochloride—Gdn-HCl-
dependent unfolding of wild-type �2-m and Pro mutants in the mono-
meric and amyloid fibril states were measured using the change in the
intrinsic tryptophan fluorescence associated with conformational
change. Buffers used for the amyloid fibril and native states were 50 mM

citrate-NaOH (pH 2.5) with 100 mM NaCl and 20 mM Tris-HCl (pH 8.0),
respectively. Before the measurements, 25–30 samples containing var-
ious concentrations of Gdn-HCl were equilibrated at 25 °C for 24 h.
Fluorescence spectra were measured with a fluorescence spectropho-
tometer, F-4500 (Hitachi), at 25 °C with excitation at 295 nm monitored
in the range of 300–450 nm at a protein concentration of 0.05 mg�ml�1.

When the transition curves were constructed by plotting the trypto-
phan fluorescence intensity at a particular wavelength (e.g. 350 nm)
against the concentration of Gdn-HCl, scattering of the data points was
observed, particularly for amyloid fibrils. This scattering, which was
probably caused by the fluctuation of protein concentration, demon-
strates the difficulty of dealing with aggregation-prone amyloid fibrils.
Usually in these cases shift of the maximum emission wavelength or a
ratio of intensities at two different emission wavelengths has been used
to obtain a smooth transition curve. However, transition curves pro-
duced by either of these two methods do not represent the fraction of
each structural state. In other words, the midpoint of the transition
represented by these two methods does not agree with the true mid-
point of the unfolding transition. Instead, a mathematically exact tran-
sition curve can be obtained by performing deconvolution of the spectra.
Emission spectra were represented by a combination of the spectra of
the amyloid (or native) and unfolded states, so that fractions of the two
states were obtained at respective concentrations of Gdn-HCl. We used
the spectrum acquired without denaturant as the reference amyloid
fibril or native state. The spectrum in the presence of 6 M Gdn-HCl was
used as a reference spectrum for the unfolded state for each mutant. To
obtain the fraction of unfolded species (fU), the fluorescence spectra
from 310 to 450 nm were fitted to the equation F � �(fUF6 M � (1 �
fU)F0 M), where F is the spectrum for a sample with each concentration
of Gdn-HCl, F0 M and F6 M, for 0 M and 6 M Gdn-HCl, respectively, fU is
the fractional population of unfolded species, and � is a variable term
for fluorescence intensity. fU was plotted against Gdn-HCl concentra-
tion. In the analysis of the unfolding transition of the native state at pH
8, a standard linear relation was assumed between free energy of
unfolding (�GU) and denaturant concentration ([Gdn-HCl]); �GU �
�GU,H20 � m[Gdn-HCl], where �GU,H20 is a free energy of unfolding in
water and m is the dependence of �GU on Gdn-HCl concentration.

RESULTS

Amyloid Fibril Formation Monitored by ThT Fluores-
cence—To analyze the effects of Pro mutations on the amyloi-

dogenic potential, the seed-dependent amyloid fibril extensions
of wild-type and mutant �2-ms were examined with wild-type
seeds. When monitored by ThT fluorescence, the extension
reactions of wild-type �2-m at pH 2.5, completed in 2 h, were
consistent with previous reports (19, 24) (Fig. 2A). The kinetics
of fibril extension was affected to varying degrees by the mu-
tations, and significant retardation of the extension reaction
was observed for several mutants (i.e. L23P, L39P, H51P,
L65P, and V82P). Comparison of all the mutants and wild-type
�2-ms is summarized in Figs. 2B and 3A. In addition, after 4
days of incubation, all samples were centrifuged at 15,000 � g,
and the amounts of precipitated fibrils were estimated (Figs.
2C and 3B). With the exception of L65P, the data from the two
different assays were qualitatively consistent (compare Figs.
2B and 2C or Figs. 3, A and B).

These experiments revealed that the introduction of Pro into
the different native �-strands affected amyloid fibril formation
to various extents. After 4 days of incubation, L23P and V82P
showed less than 30% of the ThT fluorescence and precipitated
fractions in comparison with those of wild-type �2-m, indicat-
ing decreased tendencies toward amyloid fibril formation.
These two mutations were introduced into the � B and F
strands, which are connected by the intrachain S-S bond (Fig.
1). Among the mutants with a substitution in the � D strand,
H51P also exhibited about 40% of amyloid fibril formation at 4
days compared with wild type. However, we did not observe the
marked decreases in ThT fluorescence and precipitated frac-
tion for V49P and L54P, which are also in the � D strand. The
intensity of ThT fluorescence for V49P was about twice that of
wild-type �2-m. This could be explained by the increased sen-
sitivity of ThT to the fibrils of V49P mutant (see below).

For V9P and V93P, ThT fluorescence and the amount of
precipitated proteins were almost identical to those of the wild-
type protein, indicating little effect of these mutations on fibril
formation. Although L65P showed very little ThT fluorescence,
more than 90% of protein was precipitated by the centrifuga-
tion at 15,000 � g. The precipitated fraction of this mutant
exhibited a far-UV spectrum typical of amyloid fibrils and
similar to amyloid fibrils of the wild-type protein (see below). In
addition, the stability of fibrils formed by this mutant was
identical to that of wild-type �2-m (see below). Thus, we believe
that a considerable amount of fibrils was formed with L65P.
L65P may alter the interactions between fibrils and ThT, re-
sulting in a large decrease in fluorescence intensity.

These results imply that, when compared with different pro-
teins, the intensity of ThT fluorescence is not always propor-
tional to the amount of amyloid fibrils. In our previous paper
(7) we proposed that the ThT fluorescence can change depend-
ing on the morphology of amyloid fibrils. Although the fresh
amyloid fibrils without lateral aggregation between fibrils
show a high fluorescence intensity, further incubation de-
creases ThT fluorescence, probably due to the lateral aggrega-
tion expelling ThT bound between fibrils. We noticed that there
were more lateral aggregates in fibrils of L65P and H51P, as
determined by electron microscopy (EM), than in fibrils of other
mutants and wild-type protein (see below). H51P also showed a
smaller ThT fluorescence than that expected from the precipi-
tated fraction. On the other hand EM images of fibrils made of
V49P showed no distinct feature responsible for the marked
ThT fluorescence (see below). Although the exact mechanism is
not clear, it is likely that the difference in high order structure
of amyloid fibrils results in the observed difference in ThT
fluorescence.

Amyloid Fibrils Observed by Electron Microscopy and Circu-
lar Dichroism—The EM images of the mutants were measured
after a few days of the fibril extension reaction (Fig. 4). Inter-
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estingly, we observed straight needle-like amyloid fibrils for all
the samples examined. For all mutant �2-ms, the newly formed
straight fibrils, with a diameter of about 10–15 nm and a

longitudinal periodicity, were similar to the wild-type �2-m
amyloid fibrils (19, 24). However, we observed the lateral ag-
gregates of fibrils more frequently in H51P and L65P than in
the others. Because L23P, H51P, and V82P showed very small
ThT fluorescence, we first expected that ThT fluorescence and
precipitates of these mutants arise from the amorphous aggre-
gates. In fact even these mutants formed straight and rigid
fibrils. The amount of fibrils of these mutants seemed to be less
than that of wild-type �2-m, although EM is only a qualitative
method to estimate the amounts.

To further confirm the formation of amyloid fibrils for the
Pro mutants, we measured the CD spectra of the precipitated
fractions by centrifugation (15,000 � g) after 4 days of incuba-
tion with wild-type seeds at pH 2.5 (Fig. 5A). As a control we
measured the CD spectra of the monomeric states of the mu-
tants at pH 2.5 (Fig. 5B). Resuspended amyloid fibrils in the
acidic buffer showed a far-UV CD spectra similar to that of

FIG. 2. Formation of amyloid fibrils detected by ThT fluores-
cence (A and B) and the quantification of precipitated proteins
after 4 days of incubation (C). The mutants and wild-type (WT)
�2-ms (25 �M) were incubated with seeds of wild-type �2-m (5 �M) at pH
2.5 and 37 °C in the buffer of 50 mM citrate-NaOH and 100 mM NaCl. d,
day. A, as a representative example, kinetics of amyloid fibril formation
of wild-type (E: broken line), V9P (●), L23P (�), and L39P (f) were
shown in this panel. B, ThT fluorescence at starting point (open bar),
after 1 day (dotted bar), after 2 days (striped), after 3 days (gray), and
after 4 days (filled) of incubation with seed. For all mutant and wild-
type proteins, the measurements were carried out twice. C, the amount
of precipitated protein was estimated after 4 days of incubation with
seed. For V49P and L54P, the experiments were repeated twice. For
other mutants and wild-type �2-m, the measurements were repeated
four times.

FIG. 3. The effects of Pro mutations on the amyloidogenicity
and folding of �2-m mapped on its native structure. The fibril
formations after 4 days of incubation detected by ThT fluorescence (A)
and precipitation assay (B). The stabilities of amyloid fibrils (C) and the
native state (D) probed by the Gdn-HCl-induced unfolding are shown.
The three-dimensional structure of �2-m (PDB entry 1QQD) was drawn
using MOLSCRIPT (47).
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wild-type �2-m fibrils (Fig. 5A). The intensity of the negative
varied slightly, partly due to the difficulty in achieving a ho-
mogeneous suspension. Except for L23P and V82P, spectra of
all mutants had a minimum around 220 nm, which is typical
for �2-m amyloid fibrils, confirming the formation of amyloid
fibrils with these mutants. Spectra of L23P and V82P fibrils
showed a slight shift in the minimum to a shorter wavelength
(i.e. 218 nm) compared with other mutants and wild-type �2-
ms. These results suggest that amyloid fibrils of L23P and
V82P assume a slightly different structure from that of wild-
type �2-m amyloid fibrils.

It is intriguing that the monomeric acid-denatured states of
L23P and V82P showed CD spectra different from other mu-
tants and wild-type �2-ms (Fig. 5B). The negative intensity at

222 nm of these two mutants was larger than for other species,
suggesting a small but notable amount of �-helical content in
the acid-denatured L23P and V82P. Other mutants gave al-
most identical spectra to that of the wild-type protein, indicat-
ing these mutants shared a substantially unfolded structure
similar to wild-type protein in the acid-denatured state. There-
fore, it is likely that the higher �-helical preference of the
acid-denatured states of L23P and V82P is related to the sup-
pressed fibril formation of these mutants.

Stabilities of the Amyloid Fibrils and Native States—We
measured the stability of amyloid fibrils and native states of
the Pro mutants to identify the origin of the distinctive effects
of each mutation on fibril formation. Amyloid fibrils of mutants
were prepared by a 4 days of incubation with seeds. The fibrils
were separated from the monomers by centrifugation and sub-
sequently resuspended homogeneously into the pH 2.5 buffer.
Gdn-HCl-induced unfolding transitions of these samples at pH
2.5 were measured using tryptophan fluorescence, which illus-
trates the difference between fibril and monomeric unfolded
states (Fig. 6). The tryptophan fluorescence of amyloid fibrils
for the wild-type �2-m showed a maximum at 340 nm (data not
shown). The addition of Gdn-HCl resulted in a red shift of the
maximal wavelength to 350 nm, with an accompanying de-
crease in the maximal intensity, showing that the amyloid
fibrils were depolymerized into the unfolded monomers. The
amyloid fibrils of the Pro mutants also showed similar spectral
changes, although the spectra of the fibrils varied slightly
depending on the mutants. The fraction of the monomeric un-
folded state was calculated by fitting the spectrum at a given
denaturant concentration to a combined spectrum of fibril and
unfolded states. The midpoint concentrations of Gdn-HCl-in-
duced unfolding (Cm) are summarized in Table I. Because the
exact mechanism for the unfolding of amyloid fibrils by Gdn-
HCl is unknown, we did not carry out any further analysis in
this study.

The Gdn-HCl-dependent transitions between the native and

FIG. 4. Electron micrographs of amyloid fibrils of Pro mutants.
Amyloid fibrils were formed by incubation with wild-type seeds at 37 °C
in a buffer of 50 mM citrate-NaOH and 100 mM NaCl (pH 2.5). Wild-
type, V9P, and V93P �2-ms were incubated for 4 h before measurement.
L23P, H51P, and V82P were incubated for 5 days before measurement.
L39P, V49P, L54P, and L65P were incubated for 2 days before meas-
urement. A, wild-type (WT); B, V9P; C, L23P; D, L39P; E, V49P; F,
H51P; G, L54P; H, L65P; I, V82P; J, V93P. The bars indicate a length
of 200 nm.

FIG. 5. Far-UV CD spectra of amyloid fibril (A) and acid-dena-
tured (B) states of Pro mutants at pH 2.5. CD spectra were meas-
ured using a 1-mm cell at the protein concentration of 8.5 �M as a
monomer in the buffer of 50 mM citrate-NaOH and 100 mM NaCl (pH
2.5) at 25 °C. Amyloid fibrils were collected by centrifugation (15,000 �
g, 4 °C, 2 h) and resuspended in buffer.
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unfolded states at pH 8 were also measured using the differ-
ence of tryptophan fluorescence spectra between these two
states (Fig. 6, B, D, and F). The native state of wild-type �2-m
had a maximum at 338 nm, slightly shorter than that of the
amyloid fibrils (data not shown). Both of the tryptophan resi-
dues of �2-m in the native state (Trp-60 on the �-turn connect-
ing �-strand D and E and Trp-95 on the C-terminal end of
�-strand D) are largely exposed to the solvent (Fig. 1B). Com-

parison of the maximal wavelength for the native state (338
nm) and the amyloid fibrils (340 nm) suggests that the trypto-
phan residues of the amyloid fibrils are more exposed than
those of the native state. The unfolding of the native state of
wild-type �2-m was accompanied by a red shift of the maximal
wavelength to 350 nm and a decrease in the fluorescence in-
tensity. The mutants showed similar changes in spectra. For
the unfolding of the native states, we estimated the free energy
change of unfolding in the absence of denaturant based on a
two-state folding mechanism and linear relation between free
energy and denaturant concentration (Table I).

Because the data were obtained at different pH values (i.e.
pH 2.5 for amyloid fibril and pH 8 for native state), it is
important to consider the effects of the difference in pH. More-
over, we used two different buffer systems, i.e. citrate-NaOH at
pH 2.5 for amyloid fibrils and Tris-HCl at pH 8.0 for the native
state. In our case Pro was substituted for hydrophobic amino
acids, except for H51P. Substitution of Pro for the hydrophobic
amino acids would change the hydrogen-bond, hydrophobic
interactions, and the conformational entropy. In general, these
interactions are relatively insensitive to the pH change and
buffer components. Therefore, we assumed that the pH effects
(i.e. superimposing acid-unfolding effects) contribute to the sta-
bility of all the mutants, except H51P, to a similar extent. For
the H51P mutant, the mutation loses one positive charge at pH
2.5, whereas the net charge does not change at pH 8.0. Con-
trary to the expectation that the decrease in net charge stabi-
lizes the amyloid fibrils of �2-m at pH 2.5, the H51P mutation
caused destabilization of the amyloid fibrils. This indicates that
change in the net charge does not explain the variation in
stability of amyloid fibrils among �2-m mutants.

Comparison of the unfolding transition curves of the native
and amyloid states showed that the mutations can be classified
into three types in terms of their effects. The first type of
mutation shows significant destabilization of both the native
and amyloid states. L23P and V82P with mutations in the
�-strands connected by an intrachain disulfide bond had the
lowest tendencies to form amyloid fibrils. The stability of amy-
loid fibrils and native states of these two mutants was lower
than those of the wild-type protein (Fig. 6, A and B, and Table
I). Entirely different unfolding curves with decreased m values
were observed for the native states of L23P and V82P (Fig. 6B
and Table I). The m value correlates strongly with the change
of accessible surface area between the native and unfolded
states (40), and thus, the native structures of L23P and V82P
at pH 8 are likely to be more disordered than those of other
mutants and wild-type proteins. Far-UV CD spectra of these
mutants in the native state were distinct from wild-type �2-m,
although other mutants displayed almost identical spectra to
that of the wild-type (data not shown). These indicate that the
native structures of L23P and V82P were partly destroyed
before the addition of Gdn-HCl. In addition, L39P showed a
marked decrease in stability of both the amyloid fibrils and
native states. However, the unfolding transition from the na-
tive state of this mutant showed an m value close to that of the
wild-type protein (Fig. 6B and Table I).

The mutations in the � D strand (V49P, H51P, and L54P)
again exhibited a destabilizing effect on both the native and
amyloid fibril states. The mutations that constitute this group
destabilized amyloid fibrils significantly, although slightly less
than the first type of mutations. On the other hand, the de-
creases in stability of the native states were minimal among
the mutants (Fig. 6, C and D, and Table I). Previous NMR
studies (22, 25, 41) reported that in the native state residues in
the �-strands, except the � D strand, were strongly protected
from hydrogen/deuterium exchange, indicating the presence of

FIG. 6. Gdn-HCl-induced unfolding transitions of amyloid
fibrils at pH 2.5 (A, C, and E) and the native structures at pH 8.0
(B, D, and F) of Pro mutants. Amyloid fibrils were collected by
centrifugation (15,000 � g, 4 °C, 2 h) and resuspended to the buffer.
Unfolding was monitored by following the changes in tryptophan fluo-
rescence spectra. As a reference, the transition curves of the fibril (A, C,
and E) and native states (B, D, and F) of wild-type �2-m were shown as
a broken line in each panel. A and B, the unfolding transition of L23P
(E), L39P (�), and V82P (●) are shown. C and D, the unfolding tran-
sition of V49P (f), H51P (‚), and L54P (Œ) are shown. E and F, the
unfolding transition of V9P (�), L65P (�), and V93P (ƒ) are shown.

TABLE I
The stability of the amyloid fibril and the native state of wild-type

and nine Pro-mutants of �2-m

Protein Amyloid fibril at pH 2.5
(Cm)

Native State at pH 8.0

�G in H2O m

M kJ�mol�1 kJ�mol�1
M

�1

Wild type 4.1 22.0 � 1.1 10.0 � 0.5
V9P 3.9 6.4 � 0.3 9.4 � 0.8
L23P 3.0 6.1 � 0.3 2.8 � 0.1
L39P 3.3 5.3 � 0.6 9.9 � 1.2
V49P 3.4 15.8 � 1.0 9.6 � 0.6
H51P 3.2 13.7 � 0.9 9.3 � 0.6
L54P 3.3 19.7 � 2.0 10.7 � 1.1
L65P 4.4 5.2 � 0.6 10.8 � 1.1
V82P 2.9 4.5 � 0.1 2.8 � 0.1
V93P 3.8 4.7 � 0.5 10.5 � 1.2
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an extensive stable core consisting of all the �-strands, except
� D (Fig. 1). � D connects the two �-sheet layers and is not
involved in the core of the native structure. On the other hand
the � D strand constitutes the core of amyloid fibrils (Fig. 1A).
Thus, mutations in the � D strand did not significantly affect
the stability of the native state of �2-m, whereas they notably
destabilized the amyloid fibrils (Fig. 3, C and D).

The third type of mutation, V9P, L65P, and V93P, signifi-
cantly destabilized only the native state. In contrast to the
mutations in � D strand, these mutations showed a marked
decrease in the stability of the native state (Fig. 6F). Intrigu-
ingly, there was little effect on the stability of amyloid fibrils
(Fig. 6E). Val-9 and Val-93 are included in the terminal � A and
� G strands, which do not participate in the amyloid fibrils
(Fig. 1A) (22, 23), and thus, the mutations in these strands do
not affect the stability of the amyloid fibrils. Leu-65 was
thought to be buried inside of the amyloid fibrils. Therefore, it
is unclear why amyloid fibrils of L65P exhibited a stability
similar to that of the wild-type �2-m.

DISCUSSION

Correlation between Amyloidogenicity and Stability of Amy-
loid Fibrils—A large decrease in amyloidogenicity was ob-
served in L23P, H51P, and V82P, which exist in different
native �-strands. To identify the origin of the effects of each
mutation on fibril formation, we measured the stability of
amyloid fibrils and native states of Pro mutants. The effects of
these mutations were distinct between the native states and
amyloid fibrils. To clarify the effects of the altered stability of
the native and amyloid states, we plotted the stability param-
eters against amyloidogenicity represented by the fraction of
fibrils precipitated (Fig. 7). The correlation coefficient and

probability of the stability of amyloid and the amyloidogenicity
were 0.80 and 0.0053, respectively (Fig. 7A), indicating that the
stability of amyloid fibrils significantly correlates with the
amyloidogenic potential. The correlation coefficient and proba-
bility of the native state and amyloidogenicity were 0.24 and
0.51, respectively (Fig. 7B). These values indicate that the
correlation between the stability of the native states and amy-
loidogenic potential is very weak or negligible. In other words,
the destabilization of the amyloid fibrils is one of the key
factors responsible for the reduction of amyloidogenic potential.
The results indicate that the regions including � B, � D, and
� F strands directly determine the amyloidogenic potential of
�2-m by controlling the stability of amyloid fibrils.

The Role of the Nonessential Regions—The �2-m molecule is
assumed to consist of two regions, minimal (or essential) and
nonessential regions for amyloid fibril formation (7). The min-
imal region even after isolation can form fibrils by itself and
may constitute the core of the amyloid fibrils. Amyloidogenic
peptides (Ser-20–Lys-41 and Asp-59–Thr-71, see boxes in Fig.
1A) accommodate such regions (5, 7). One of these minimal
peptides (Ser-20–Lys-41) includes Leu-23, and substitution of
this amino acid with Pro predominantly decreased amyloido-
genicity. However, we also found that mutations such as H51P
and V82P, belonging to the nonessential region, significantly
decreased the amyloidogenic potential. This demonstrates the
important role of nonessential regions in controlling the amy-
loidogenicity of proteins. The nonessential regions not only
participate in fibrillogenesis but also determine the amyloido-
genic potential of the full-length protein. One mechanism
raised in this study is that the nonessential regions contribute
to increasing the overall stability of amyloid fibrils, conse-
quently increasing the amyloidogenicity.

Leu-23 and Val-82 are on the � B and � F strands, respec-
tively, in the native structure of �2-m. � B and � F strands are
connected by an intrachain disulfide bond between Cys-25 and
Cys-80, which is critical for the formation of amyloid fibrils (24,
35). Helical propensity located at Lys-58–Thr-68 was sug-
gested to play an inhibitory role in fibril formation of �2-m (25).
Interestingly, the monomeric acid-denatured state of reduced
�2-m exhibited a far-UV spectrum with slightly larger negative
ellipticity around 222 nm than that of oxidized protein (24),
suggesting an increase of helical content in reduced �2-m. In
the far-UV spectra of the acid-denatured state of L23P and
V82P, negative ellipticities larger than that of wild-type were
also observed (Fig. 5B). Therefore, in addition to the effects on
the stability of amyloid fibrils, it is possible that mutations
around the disulfide bond increase the helical propensity of the
acid-unfolded state, an amyloidogenic intermediate, thus de-
creasing the amyloidogenic potential.

His51 is located on the � D strand, which is important for
amyloid fibril formation (27). The � D strand is the edge strand
that does not have a partner to form a hydrogen bond (Fig. 1C)
and could be inherently aggregation prone (42). It is assumed
that conformational change of the side chain of His-51 removes
its protective feature of charge repulsion in the monomeric
�2-m against aggregation, thus allowing amyloid fibril forma-
tion (27). Because Pro is supposed to inhibit the interaction
between edge strands, our result showing that H51P was less
amyloidogenic than wild-type is consistent with the proposed
role of His-51. However, V49P and L54P exhibited only minor
effects on amyloid formation. Therefore, the overall role of the
� D strand for fibrillogenesis remains unclear.

Determinants of Amyloidogenicity—The conclusion that
amyloidogenicity is correlated with stability of the amyloid
fibrils rather than that of the native state is partly explained by
our unique experimental system for amyloid fibril extension at

FIG. 7. The correlation of the stability of amyloid fibril (A) and
native state (B) with amyloidogenic potential. The data from the
precipitation assay for this plot represents the amyloidogenic potential.
The values of r and p indicate linear correlation coefficient and proba-
bility, respectively. WT, wild type.
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pH 2.5. There is no doubt that the stability and unfolding rate
of the native state are the most important factors determining
amyloidogenicity of proteins under the physiological condi-
tions, as clearly evidenced with various proteins (8–13). In our
experiments performed at pH 2.5, most of the �2-m molecules
were acid-denatured, and the effects of Pro-mutations on the
native structure could be ignored. This unique experimental
system can focus on the role of the denatured state by exam-
ining the conformational preference, as shown previously by
NMR (25). The present study indicated that the stability of the
amyloid fibrils is an additional factor determining the amyloi-
dogenicity of �2-m. Moreover, the small but notable helical
preference of L23P and V82P in the acid-denatured state was
suggested to play a suppressive role on amyloid fibril
formation.

However, there was a deviation from the linear relation
between the stability of amyloid fibrils and amyloidogenic po-
tential in L39P, V49P, and L54P. Although these mutants
showed decreased stability of the amyloid fibrils (Fig. 6 and
Table I), they exhibited a higher propensity to form amyloid
fibrils similar to the wild-type protein (Fig. 2). This suggests
the participation of additional factors in the formation of amy-
loid fibrils. Some Pro mutations not only shift the equilibrium
but may also alter the kinetics of amyloid fibril formation.
Indeed, we observed deceleration of fibril formation in L39P
and L54P with a lag phase (Fig. 2, A and B), although they
finally formed similar amounts of amyloid fibrils to the wild-
type protein after 4 days of incubation. These mutants showed
a decreased stability of the amyloid fibrils compared with that
of the wild type. Further experiments were required to clarify
the effects of the Pro-mutation on the detailed kinetics of fibril
formation.

Mutational analysis of amyloidogenic or aggregation-prone
proteins revealed various factors responsible for the formation
of amyloid fibrils and aggregation. Chiti et al. (14, 15) studied
the effects of many mutations of acylphosphatase on the aggre-
gation of this protein. They identified three factors important
for the aggregation: hydrophobicity, �-sheet propensity, and
net charge of the sequence. Although these factors were found
with the aggregates but not with distinct amyloid fibrils, it is
likely that these factors also contribute to the amyloid fibril
formation of �2-m mutants. Amino acid substitution with Pro
critically decreases the �-sheet propensity (29, 30); thus, the
small amyloidogenic potentials of L23P, H51P, and V82P were
consistent with the reduction of �-sheet propensity.

Implication for the Role of Proline Mutants on Familial Am-
yloidosis—Several mutations with Pro substituted by other
amino acids or mutations in which Pro is newly introduced are
found in several types of familial amyloidosis (11, 43–46). The
substitution of a certain amino acid (Xaa) with Pro is assumed
to cause serious perturbation of the structure of native and/or
intermediate states and increases the amyloidogenicity of these
mutants (11). However, little is known about the mechanism
for the pathogenesis of amyloidosis caused by replacing Pro
(from Pro to Xaa). In the present study we found that muta-
tions to Pro, such as L23P, H51P, and V82P, largely decrease
the stability of fibrils and consequently their amyloidogenic
potential. This suggests that replacing Pro with other amino
acids might recover the otherwise suppressed amyloidogenic-
ity. In proteins that are essentially non-amyloidogenic with
wild-type sequences, some Pro residues may inhibit the forma-
tion of amyloid fibrils by reducing their stability. Thus, remov-
ing these Pro residues could increase the stability of fibrils,
resulting in familial amyloidosis.

Conclusion—Amyloidogenicity of proteins is determined by a
combination of factors. Because the structure of amyloid fibrils

is substantially different from those of the native state of the
precursor proteins, destabilization or unfolding of the native
state is required for amyloid fibrils to form. Therefore, muta-
tions or change of solvent conditions (e.g. decrease of pH),
destabilizing the native states or increasing the unfolding rate,
often trigger the formation of amyloid fibrils. Although detailed
structures of the amyloidogenic intermediates are unknown,
there is no doubt that the conformational preferences of the
denatured state (e.g. net charge, hydrophobicity, �-sheet pro-
pensity) are important for determining the amyloidogenicity of
the proteins. The present study, focusing on the process of fibril
formation from the acid-unfolded state with a variety of Pro
mutants, revealed that the stability of amyloid fibrils is an
additional important factor determining the amyloidogenic po-
tential of the proteins.
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