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Dissolution of β2-Microglobulin Amyloid Fibrils by Dimethylsulfoxide
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Increasing numbers of proteins have been found to aggregate into insoluble fibers,
collectively referred to as amyloid fibrils. To address the conformational stability of
amyloid fibrils, we studied the effects of dimethylsulfoxide (DMSO), 2,2,2-trifluor-
oethanol (TFE), and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) on β2-microglobulin
amyloid fibrils by circular dichroism, thioflavin T fluorescence, light scattering, and
electron microscopy. When measured by circular dichroism and thioflavin T fluores-
cence, HFIP, and TFE dissolved the fibrils, producing predominantly helical confor-
mations. However, these alcohols did not dissolve the amyloid fibrils completely as
monitored by light scattering and electron microscopy. On the other hand, DMSO
completely dissolved the amyloid fibrils although a high concentration [i.e., 80% (v/v)]
was required. These results are consistent with the important role of hydrogen bonds
in stabilizing amyloid fibrils.

Key words: amyloid fibrils, circular dichroism, dimethylsulfoxide, β2-microglobulin,
protein folding, β-structure, solvent effects.

Abbreviations: β2-m, β2-microglobulin; ThT, thioflavin T; CD, circular dichroism; EM, electron microscopy; EtOH,
ethanol; TFE, 2,2,2-trifluoroethanol; HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; DMSO, dimethylsulfoxide.

Many proteins and peptides form amyloid fibrils (1, 2).
Although most are related to diseases, it has been shown
that several proteins (3, 4), peptides (5) and, moreover,
polyamino acids (6) can also form amyloid fibrils. Amy-
loid fibril formation is now recognized as a phenomenon
common to many proteins and peptides. Understanding
the properties of such fibrils is essential to obtaining fur-
ther insight into the conformation and folding of proteins.

Among various amyloidogenic proteins, β2-microglobu-
lin (β2-m), a 99-residue protein with a molecular mass of
11.8 kDa, is a major target of intensive study because of
its clinical importance (7–9) and appropriate size for bio-
physical studies (10–16). We have been studying the
mechanism of amyloid fibril formation using the recom-
binant β2-m expressed in Pichia pastoris (17–21). In the
previous study using H/D exchange of amide protons fol-
lowed by the dissolution of fibrils and multidimensional
NMR analysis (20), we showed that most residues in the
middle region of the molecule, including the loop regions
in the native structure, form a rigid β-sheet core, explain-
ing the remarkable rigidity and stability of amyloid
fibrils. In the above study, we used dimethylsulfoxide
(DMSO) to dissolve amyloid fibrils.

In studying effects of alcohols on proteins (22–26), we
suggested three types of effects. First, alcohols can dena-
ture the native state of proteins by weakening hydropho-
bic interactions in the protein interior. Second, alcohols
can induce already unfolded proteins and peptides to
assume a helical structure of by strengthening hydrogen

weakening the hydrophobic interactions responsible for
associations among protein molecules. Because amyloid
fibrils can be considered to be a form of protein aggregate
but with ordered structures, we anticipated that alcohols,
as well as DMSO, can dissolve amyloid fibrils. However,
we did not know which would be more effective for disso-
lution (or depolymerization) of amyloid fibrils.

To address the conformational stability of amyloid
fibrils, we studied the effects of DMSO, ethanol (EtOH),
2,2,2-trifluoroethanol (TFE), and 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) on β2-m amyloid fibrils. These organic
solvents have all been used to dissolve amyloid fibrils
(27–30). We chose conditions in the presence of 20 mM
HCl at which amyloid fibrils of β2-m are stable (26, 31,
32) and alcohol-denaturation does not induce protein
aggregation (22). Our results show that, although HFIP
and TFE dissolve amyloid fibrils, the effects are not
complete with some remaining aggregates. On the other
hand, DMSO completely dissolves amyloid fibrils, al-
though high concentrations are required.

MATERIALS AND METHODS

β2-Microglobulin—Recombinant β2-m was prepared as
described previously (17, 18). Three species with differ-
ent extensions (Glu-Ala-Glu-Ala-Tyr-Val-, Glu-Ala-Tyr-
Val-, and Val-) added to the N-terminal Leu of intact β2-m
due to heterogeneous cleavage of the signal peptide were
expressed in methylotrophic yeast Pichia pastoris and
purified as described previously. In this study, we used β2-
m with one additional amino acid residue (Val).

Amyloid Fibrils—β2-m amyloid fibrils were formed by
the fibril extension method established by Naiki and cow-
orkers (31, 32). Sonicated β2-m amyloid fibril seeds (final
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concentration: 5 µg/ml) were extended with 25 µM to 75
µM monomeric protein in 50 mM Na citrate buffer (pH
2.5) and 100 mM KCl. This solution was incubated over-
night at 37°C in a temperature-controlled incubator.

Dissolution (i.e., depolymerization) of β2-m amyloid
fibrils was carried out by adding fibrils to alcohol/water
solutions. Typically, 100 µl of fibril solution was mixed
into 390 µL of various concentrations of alcohols and 10
µl of 1.0 N HCl (final HCl concentration 20 mM) by pipet-
ting and vortexing. Light scattering was measured imme-
diately or other measurements such as ThT and CD were
performed 30 min after the start of the depolymerization
reaction.

CD—CD measurements were performed on a Jasco
spectropolarimeter, model J-720, using quartz cells with
a 1-mm path length. The temperature was controlled at
20°C with a Peltier thermostat (Jasco PTC-348WI). The
final protein concentrations were 0.1 and 1.0 mg/ml for
far-UV and near-UV CD measurements, respectively.

Fluorescence—Fluorescence spectra were measured
with a Hitachi fluorescence spectrophotometer, model F-
4500, at 20°C using a cell with a 10-mm light path. For
ThT analysis, typically, 7.5 µl of the solution to be meas-
ured was added into 1.5 ml of 5 µM ThT in 50 mM gly-
cine-NaOH (pH 8.5). The ThT fluorescence was measured
at excitation and emission wavelengths of 445 nm and
485 nm, respectively. The slit was set at 5.0 nm for excita-
tion and 10 nm for emission. Fluorescence was measured
immediately after the mixture was prepared and was
averaged for the initial 5 seconds.

Light Scattering—Light scattering measurements were
performed with a Hitachi fluorescence spectrophotome-
ter, model F-4500, at 20°C using a cell with a 10-mm light
path. The wavelengths for excitation and emission were
both set at 350 nm, and the slit length was 1.0 nm.

Electron Microscopy—For electron microscopy (EM),
reaction mixtures were spread on carbon-coated grids,
then negatively stained with 1% phosphotungstic acid
(pH 7.0). The samples were examined under a Hitachi H-
7000 electron microscope with an acceleration voltage of
7.5 W.

RESULTS

Solvent Effects Measured by CD—As the standard
experimental conditions, we chose 20 mM HCl (pH 2 in
the absence of alcohol) and 20°C where the amyloid
fibrils of β2-m are stable (17–19, 31, 32) and alcohol-dena-
turation does not tend to induce aggregation of the pro-
teins (22). First, we examined the effects of HFIP and
TFE on β2-m monomers in 20 mM HCl, where the protein
is acid-unfolded. Additionally, the effect of EtOH was
examined for comparison. We could not measure the
effects of DMSO by CD because of its strong absorption in
the far-UV region. At pH 2.0, the far-UV CD of β2-m mon-
omers showed a spectrum with a minimum at 205 nm,
consistent with substantial unfolding (Fig. 1a). Upon the
addition of HFIP, β2-m formed an α-helical structure as
shown by the spectrum with two minima at 208 nm
and 222 nm. The maximal ellipticity at 222 nm was about
–18,000 and the helical content was estimated to be
about 45% by the method of Chen et al. (33). Spectra in
the presence of EtOH, TFE, and HFIP all showed similar

spectra (data not shown), but the transition from the
unfolded structure to helical structure occurred at differ-
ent alcohol concentrations.

Transition curves were constructed by plotting the
intensity at 222 nm against alcohol concentration (Fig.
1b). The maximal ellipticities were similar among the
three alcohols at around –18,000. The effectiveness of
alcohols was HFIP > TFE > EtOH, consistent with the
order found for the alcohol effects on the native state of
proteins (e.g. β-lactoglobulin) and unfolded peptides (e.g.
melittin) (23–25).

We then measured the effects of these alcohols on the
far-UV CD of β2-m amyloid fibrils (Fig. 2a). The far-UV
CD spectrum of β2-m fibrils has a maximum at 218 nm,
characteristic of a β-sheet structure. With increasing
HFIP concentration, the negative intensity at 218–220
nm became larger and another peak at 208 nm devel-
oped, showing the conversion from β-sheet to α-helix. The
spectra of β2-m fibrils at HFIP concentrations over 18%
(v/v) were the same. Moreover, the spectra of β2-m fibrils
at HFIP concentrations over 18% (v/v) had the same
shape and intensity as those of monomeric β2-m in the
corresponding HFIP concentrations (Fig. 1). This con-

Fig. 1. Alcohol-induced transition of acid-denatured β2-m
monomers as measured by CD. (a) Far-UV CD spectra of acid-
denatured β2-m monomers in the presence of various concentrations
of HFIP at 20 mM HCl and 20°C. HFIP concentrations from top to
bottom at 222 nm: 0, 2, 4, 6, 8, 10, and,12% (v/v). (b) Conformational
transition of acid-denatured β2-m monomers induced by various
alcohols measured by the ellipticity at 222 nm in 20 mM HCl at
20°C. HFIP (circles), TFE (squares), EtOH (inverted triangles).
J. Biochem.
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firms that the conformation at high concentrations of
HFIP is almost independent of the original state, as far
as the CD spectrum is concerned.

The effects of TFE and EtOH on β2-m fibrils were also
examined by CD (Fig. 2b). CD spectra in the presence of
TFE concentrations up to 50% (v/v) showed a gradual
increase in negative intensity at 218 nm with increasing
TFE concentration. CD spectra of β2-m fibrils in TFE con-
centrations over 50% (v/v) showed two minima at 208 and
218 nm with the latter being the larger (data not shown).
In other words, the spectrum was different from the CD
spectra of β2-m at high concentrations of HFIP as shown
in Fig. 1a and 2a, where the magnitude at 208 nm is
larger than that at 222 nm. Moreover, CD spectra of β2-m
fibrils at high concentrations of TFE were unstable and
often non-reproducible. The ability of EtOH to unfold the
amyloid fibrils measured as by CD was negligible (Fig. 2b).

It would be informative to examine the effects of both
alcohols and DMSO on the native state of β2-m using a
common measurement method. The native state of β2-m
is stable at neutral pH. However, the addition of alcohol
to protein solutions at neutral pH frequently leads to
unwanted aggregation, rendering conventional spectro-

scopic measurements difficult (22). Therefore, instead of
β2-m, we used bovine β-lactoglobulin (isomer A purchased
from Sigma) as a model protein to examine the effect of
alcohols and DMSO. β-Lactoglobulin assumes its native
state at pH 2.0 and no aggregation is observed upon the
addition of alcohols (22–24) or DMSO. We used near-UV
CD instead of far-UV CD since DMSO does not adsorb in
the near-UV wavelength region. HFIP, TFE, EtOH, and
DMSO were added at various concentrations and CD at
293 nm was monitored (Fig. 3). Cooperative denaturation
curves were observed for all solvents used. The transition
curves in Figure 3 show that the order of effectiveness for
denaturing the native state of β-lactoglobulin at pH 2.0 is
HFIP > TFE > EtOH > DMSO. We do not know the exact
conformation of the DMSO denatured state, however,
heteronuclear NMR analysis (Masaru Hoshino and Y.
Goto, unpublished results) suggests that the conforma-
tional state is close to random coil rather than the α-helix
common for the alcohol-denatured state.

Solvent Effects Measured by Thioflavin T Assay—ThT
assay using the large increase in fluorescence intensity
upon binding to amyloid fibrils is commonly used to ana-
lyze amyloid fibrils (31, 34). Figure 4 shows the ThT fluo-

Fig. 2. Alcohol-induced transition of β2-m amyloid fibrils as
measured by CD. (a) Far-UV CD spectra of β2-m amyloid fibrils in
the presence of various concentrations of HFIP at 20 mM HCl and
20°C. HFIP concentrations from top to bottom at 208 nm: 0, 9, 10.5,
and 83% (v/v). (b) Conformational transition of β2-m amyloid fibrils
induced by various alcohols measured by the ellipticity at 208 nm in
20 mM HCl at 20°C. HFIP (circles), TFE (squares), EtOH (inverted
triangles).

Fig. 3. Conformational transition of β-lactoglobulin induced
by various alcohols and DMSO. Transitions were measured by
the ellipticity at 293 nm in 20 mM HCl at 20°C. HFIP (circles), TFE
(squares), EtOH (inverted triangles), and DMSO (diamonds).

Fig. 4. β2-m amyloid fibril dissolution by various alcohols and
DMSO as measured by ThT fluorescence. The reaction mix-
tures were incubated in 20 mM HCl at 20°C for 30 min. HFIP (cir-
cles), TFE (squares), EtOH (inverted triangles), and DMSO (dia-
monds).
Vol. 134, No. 1, 2003
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rescence values for β2-m fibrils in the presence of various
concentrations of HFIP, TFE, EtOH, and DMSO meas-
ured 30 min after the addition of the alcohols or DMSO.
The fluorescence intensity of monomeric β2-m was
around 7.0, as low as the fluorescence intensity of ThT
without proteins. The ThT fluorescence value of β2-m
fibrils in the absence of organic solvents was around 40.
A slight increase in fluorescence intensity was observed
upon the addition of a low concentration of HFIP. Then,
ThT fluorescence decreased at 10% (v/v) HFIP and the
transition ended at 20% (v/v) HFIP. The ThT value after

the transition (10) was close to that (7) of monomeric β2-
m, although not the same.

For TFE, after a slight increase at low concentrations,
ThT values decreased at above 20% (v/v) TFE and the
transition ended at 50% (v/v) TFE. However, the values
above 50% (v/v) TFE were around 20, apparently higher
than that of monomeric β2-m. The effects of EtOH moni-
tored by ThT fluorescence was negligible except for a
slight increase in ThT fluorescence below 10% (v/v)
EtOH.

The ThT fluorescence of β2-m fibrils in the presence of
various concentrations of DMSO is shown in Fig. 4. At
concentrations up to 40% (v/v), DMSO produced no
notable effects. At DMSO concentrations higher than
50% (v/v), the ThT values gradually decreased. At 80%
(v/v) DMSO, the ThT value was similar to that of mono-
meric β2-m, confirming that the dissolution was complete.

Light Scattering—Light scattering was used to moni-
tor the time course of the dissolution reaction (Fig. 5).
Since the size of monomers is very small relative to
fibrils, a large decrease in light scattering intensity upon
dissolution should be observed. The solutions were pre-
pared carefully to prevent contamination by dust or other
particles that could cause spike noise. Nevertheless, the
noise level was higher than that of monomeric solutions.
It is likely that the spike noise came from larger fibrils or
clustered fibrils since it is difficult to prepare fibrils that
are homogeneous in terms of size.

Light scattering in 80% (v/v) DMSO (line 4) decreased
rapidly within the dead time of manual mixing to the
level of the monomeric protein, indicating that high con-
centrations of DMSO dissolve amyloid fibrils completely.
Light scattering in 80% (v/v) HFIP (line 3) also showed a

Fig. 5. β2-m amyloid fibril dissolution by alcohols and DMSO
as monitored by light scattering. Amyloid fibrils were added to
20 mM HCl (1), 40% (v/v) TFE and 20 mM HCl (2), 80% (v/v) HFIP
and 20 mM HCl (3), and 80% (v/v) DMSO and 20 mM HCl (4). Line
(5) shows light scattering of β2-m monomer in water. The fibril dis-
solution reaction was carried out at 20°C.

Fig. 6. Electron micrographs of
β2-m amyloid fibrils. Amyloid
fibrils were added to 20 mM HCl
(a), 80% (v/v) DMSO and 20 mM
HCl (b), 80% (v/v) HFIP and 20
mM HCl (c), and 80% (v/v) TFE
and 20 mM HCl (d). The bars indi-
cate 200 nm.
J. Biochem.
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rapid decrease, followed by a slow decrease in intensity.
However, it did not reach the level of monomeric proteins.
The addition of 40% (v/v) TFE decreased the fluorescence
value only by 20% compared to the original light scatter-
ing of the fibrils. Since 40% TFE is close to the concentra-
tion at which the transitions measured by ThT fluores-
cence or CD end, the results of light scattering indicate
that the transition does not result in the complete depo-
lymerization of amyloid fibrils, as suggested by the rela-
tively high ThT value or intermediate CD intensity.

Electron Microscopy—The effects of alcohols and
DMSO were examined by EM (Fig. 6). β2-m amyloid
fibrils prepared by the seed-dependent extension reac-
tion were straight with a diameter of about 15 nm (Fig.
6a). After dissolution in 80% (v/v) DMSO, virtually no
fibrils were observed, confirming that the dissolution
process is complete (Fig. 6b). In the presence of 80% (v/v)
HFIP, although no rigid fibrillar structure was observed,
a variety of aggregates was often observed suggesting
amorphous aggregates were induced by HFIP (Fig. 6c). In
80% (v/v) TFE, various amounts of fibrillar structures
were observed, indicating that the dissolution by TFE is
not complete (Fig. 6d). Amorphous aggregates were also
observed in TFE.

DISCUSSION

Understanding the effects of DMSO on amyloid fibrils is
important for various reasons. First, DMSO is used in
clinical treatment (35, 36). Treatment by ingestion, direct
application to the skin or intravenous administration
improves several clinical outcomes of amyloidosis, such
as AL amyloidosis nephrosis, carpal tunnel syndrome,
dermal amyloidosis and gastrointestinal symptoms. The
mechanisms of the effects of DMSO in clinical treatment
are not clear and any information concerning the mecha-
nism may lead to better therapeutic methods. Second, as
shown in our previous study (20), DMSO, (CH3)2S=O,
without any exchangeable protons is a useful solvent for
quenching the H/D exchange of amyloid fibrils with con-
comitant dissolution of the fibrils. This enables us to
learn more about the elusive structure of amyloid fibrils.
Studying amyloid fibrils is difficult owing their low solu-
bility. Various solvents, including alcohols and DMSO,
have been used to dissolve amyloid fibrils for further
experiments. This study is unique in that it compares the
effects of alcohols and DMSO on amyloid fibrils to eluci-
date the mechanism of dissolution.

The present study shows that, although the effect of
DMSO is not so strong with respect to the concentration
required for dissolution, it has the ability to completely
dissolve β2-m amyloid fibrils. In fact, we first expected
that HFIP would be more effective than DMSO for disso-
lution because its ability to denature the native state and
induce the helical conformation is much higher than that
of DMSO. In accordance with this expectation, we
observed the substantial dissolution of fibrils by HFIP
when monitored by CD and ThT fluorescence. Neverthe-
less, light scattering indicated some remaining aggre-
gates even at high concentrations of HFIP and EM
showed some amorphous aggregates remaining in the
mixtures. TFE, a commonly used solvent in studies of

amyloid fibril and protein folding, was less effective in
dissolving fibrils than HFIP. The CD transition sug-
gested the formation of additional aggregates at high
TFE concentrations. The ThT fluorescence value did not
decrease to the level of monomers and light scattering at
40% (v/v) TFE decreased only slightly. EM showed
remaining fibrils and unknown aggregates. It is likely
that HFIP and TFE cannot completely dissolve very rigid
fibrils and, moreover. may induce the formation of addi-
tional aggregates.

The difference between the effects of alcohols and
DMSO might be interpreted in terms of their solvent
properties. The perfluoroalcohols used here are consid-
ered to be non-polar solvents. The effects of these alcohols
can be explained by their nonpolarity or hydrophobicity.
By disrupting hydrophobic interactions, these alcohols
denature the native state of proteins or dissociate protein
aggregates and amyloid fibrils into smaller particles, or
ultimately, into separate protein molecules. However, the
strong nonpolarity of these solvents concomitantly
strengthens hydrogen bonds, as revealed by helix forma-
tion in the presence of alcohol. The failure of these alco-
hols to completely dissolve amyloid fibrils might be the
result of a strengthening of the hydrogen bond network
in the fibrils. Moreover, it is known that this occasionally
results in the formation of intermolecular hydrogen
bonds, causing aggregation or amyloid fibril formation.
The TFE-induced formation of amyloid fibrils has been
reported by other groups (5, 37).

On the other hand, DMSO is a polar solvent with a
strong potential to become a proton acceptor (38). Its
denaturing effect is mainly the result of the destruction
of the hydrogen bond network, which is important for
maintaining the native state of proteins as well as the
suprastructure of amyloid fibrils. Thus, although high
concentrations are required, DMSO does not stabilize or
produce protein aggregates. Our previous study (20) indi-
cates that the hydrogen bond network of the β-structure
in fibrils is more extensive than that in the native globu-
lar state, conferring rigidity to amyloid fibrils. The obser-
vation that amyloid fibrils are completely dissolved by
DMSO also reveals the importance of hydrogen bonds for
the stability of amyloid fibrils.

In conclusion, HFIP or TFE can dissolve amyloid
fibrils by weakening hydrophobic interactions. However,
this effect is not sufficient to dissolve rigid fibrils. Moreo-
ver, depending on protein species and conditions, it is
probable that the non-polar environment introduced by
alcohols works adversely by strengthening the intermo-
lecular hydrogen bonds, thus stabilizing amyloid fibrils
or causing them to form amorphous aggregates. In con-
trast, DMSO, although the high concentration needed is
a disadvantage, dissolves amyloid fibrils completely
without such adverse effects.
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tific Research from the Japanese Ministry of Education, Sci-
ence, Culture, Sports, Science and Technology.
Vol. 134, No. 1, 2003

http://jb.oxfordjournals.org/


164 N. Hirota-Nakaoka et al.

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

REFERENCES

1. Kelly, J.W. (1998) The alternative conformations of amyloidog-
enic proteins and their multi-step assembly pathways. Curr.
Opin. Struct. Biol. 8, 101–106

2. Rochet, J.C. and Lansbury, P.T.Jr. (2000) Amyloid fibrillogene-
sis: Themes and variations. Curr. Opin. Struct. Biol. 10, 60–68

3. Chiti, F., Webster, P., Taddei, N., Clark, A., Stefani, M., Ram-
poni, G., and Dobson, C.M. (1999) Designing conditions for in
vitro formation of amyloid protofilaments and fibrils. Proc.
Natl Acad. Sci. USA 96, 3590–3594

4. Guijarro, J.I., Sunde, M., Jones, J.A., Campbell, I.D., and Dob-
son, C.M. (1998) Amyloid fibril formation by an SH3 domain.
Proc. Natl Acad. Sci. USA 95, 4224–4228

5. Ohnishi, S., Koide, A., and Koide, S. (2000) Solution conforma-
tion and amyloid-like fibril formation of a polar peptide
derived from a β-hairpin in the OspA single-layer β-sheet. J.
Mol. Biol. 301, 477–489

6. Fändrich, M. and Dobson, C.M. (2002) The behaviour of
polyamino acids reveals an inverse side chain effect in amyloid
structure formation. EMBO J. 21, 5682–5690

7. Gejyo, F., Yamada, T., Odani, S., Nakagawa, Y., Arakawa, M.,
Kunitomo, T., Kataoka, H., Suzuki, M., Hirasawa, Y., Shira-
hama, T., Cohen, A.S., and Schmid, K. (1985) A new form of
amyloid protein associated with chronic hemodialysis was
identified as β2-microglobulin. Biochem. Biophys. Res. Com-
mun. 129, 701–706

8. Gejyo, F. and Arakawa, M. (1990) Dialysis amyloidosis: Cur-
rent disease concepts and new perspectives for its treatment.
Contrib. Nephrol. 78, 47–60

9. Koch, K.M. (1992) Dialysis-related amyloidosis. Kidney Int. 41,
1416–1429

10. McParland, V.J., Kad, N.M., Kalverda, A.P., Brown, A., Kirwin-
Jones, P., Hunter, M.G., Sunde, M., and Radford, S.E. (2000)
Partially unfolded states of β2-microglobulin and amyloid for-
mation in vitro. Biochemistry 39, 8735–8746

11. McParland, V.J., Kalverda, A.P., Homans, S.W., and Radford,
S.E. (2002) Structural properties of an amyloid precursor of β2-
microglobulin. Nat. Struct. Biol. 9, 326–331

12. Esposito, G, Michelutti, R., Verdone, G., Viglino, P., Hernán-
dez, H., Robinson, C.V., Amoresano, A., Dal Piaz, F., Monti, M.,
Pucci, P., Mangione, P., Stoppini, M., Merlini, G., Ferri, G., and
Bellotti, V. (2000) Removal of the N-terminal hexapeptide from
human β2-microglobulin facilitates protein aggregation and
fibril formation. Protein Sci. 9, 831–845

13. Chiti, F., Mongione, P., Andreola, A., Giorgetti, S., Stefani, M.,
Dobson, C.M., Bellotti, V., and Taddei, N. (2001) Detection of
two partially structured species in the folding process of the
amyloidogenic protein β2-microglobulin. J. Mol. Biol. 307, 379–
391

14. Heegaard, N.H.H., Sen, J.W., Kaarsholm, N.C., and Nissen,
M.H. (2001) Conformational intermediate of the amyloidogenic
protein β2-microglobulin at neutral pH. J. Biol. Chem. 276,
32657–32662

15. Kad, N.M., Thomson, N.H., Smith, D.P., Smith, D.A., and Rad-
ford, S.E. (2001) β2-Microglobulin and its deamidated variant,
N17D form amyloid fibrils with a range of morphologies in
vitro. J. Mol. Biol. 313, 559–571

16. Morgan, C.J., Gelfand, M., Atreya, C., and Miranker, A.D.
(2001) Kidney dialysis-associated amyloidosis: a molecular
role of copper in fiber formation. J. Mol. Biol. 309, 339–345

17. Ohhashi, Y., Hagihara, Y., Kozhukh, G., Hoshino, M., Haseg-
awa, K., Yamaguchi, I., Naiki, H., and Goto, Y. (2002) The
intrachain disulfide bond of β2-microglobulin is not essential
for the immunoglobulin fold at neutral pH, but is essential for
amyloid fibril formation at acidic pH. J. Biochem. 131, 45–52

18. Kozhukh, G.V., Hagihara, Y., Kawakami, T., Hasegawa, K.,
Naiki, H., and Goto, Y. (2002) Investigation of a peptide
responsible for amyloid fibril formation of β2-microglobulin by
acromobacter protease I. J. Biol. Chem. 277, 1310–1315

19. Hong, D.-P., Gozu, M., Hasegawa, K., Naiki, H., and Goto, Y.
(2002) Conformation of β2-microglobulin amyloid fibrils ana-

lyzed by reduction of the disulfide bond. J. Biol. Chem. 277,
21554–21560

20. Hoshino, M., Katou, H., Hagihara, Y., Hasegawa, K., Naiki, H.,
and Goto, Y. (2002) Mapping the core of the β2-microglobulin
amyloid fibrils by H/D exchange. Nat. Struct. Biol. 9, 332–336

21. Katou, H., Kanno, T., Hoshino, M., Hagihara, Y., Tanaka, H.,
Kawai, T. Hasegawa, K., Naiki, H., and Goto, Y. (2002) The role
of disulfide bond in the amyloidogenic state of β2-microglobu-
lin studied by heteronuclear NMR. Protein Sci. 11, 2218–2229.

22. Shiraki, K., Nishikawa, K., and Goto, Y. (1995) Trifluoroetha-
nol-induced stabilization of the α-helical structure of β-lac-
toglobulin: Implication for non-hierarchical protein folding. J.
Mol. Biol. 245, 180–194

23. Hirota, N., Mizuno, K., and Goto, Y. (1997) Cooperative α-helix
formation of β-lactoglobulin and melittin induced by hexafluor-
oisopropanol. Protein Sci. 6, 416–421

24. Hirota, N., Mizuno, K., and Goto, Y. (1998) Group additive con-
tribution to the alcohol-induced α-helix formation of melittin:
Implication for the mechanism of the alcohol effects on pro-
teins. J. Mol. Biol. 275, 365–378

25. Hirota-Nakaoka, N. and Goto, Y. (1999) Alcohol-induced dena-
turation of β-lactoglobulin: A close correlation to the alcohol-
induced α-helix formation of melittin. Bioorg. Med. Chem. 7,
67–73

26. Hong, D.-P., Hoshino, M., Kuboi, R., and Goto, Y. (1999) Clus-
tering of fluorine-substituted alcohols as a factor responsible
for their marked effects on proteins and peptides. J. Amer.
Chem. Soc. 121, 8427–8433

27. Zhang, H., Kaneko, K., Nguyen, J.T., Livshits, T.L., Baldwin,
M.A., Cohen, F.E., James, T.L., and Prusiner, S.B. (1995) Con-
formational transitions in peptides containing two putative α-
helices of the prion protein. J. Mol. Biol. 250, 514–526

28. Wood, S.J., Maleeff, B., Hart, T., and Wetzel, R. (1996) Physical,
morphological and functional differences between pH 5.8 and
7.4 aggregates of the Alzheimer’s amyloid peptide Aβ. J. Mol.
Biol. 256, 870–877

29. MacPhee, C.E. and Dobson, C.M. (2000) Chemical dissection
and reassembly of amyloid fibrils formed by a peptide frag-
ment of transthyretin. J. Mol. Biol. 297, 1203–1215

30. Chen, S. and Wetzel, R. (2001) Solubilization and disaggrega-
tion of polyglutamine peptides. Protein Sci. 10, 887–891

31. Naiki, H., Hashimoto, N., Suzuki, S., Kimura, H., Nakakuki,
K., and Gejyo, F. (1997) Establishment of a kinetic model of
dialysis-related amyloid fibril extension in vitro. Amyloid 4,
223–232

32. Yamaguchi, I., Hasegawa, K., Takahashi, N., Gejyo, F., and
Naiki, H. (2001) Apolipoprotein E inhibits the depolymeriza-
tion of β2-microglobulin related amyloid fibrils at a neutral pH.
Biochemistry 40, 8499–8507

33. Chen, Y.-H., Yang, J.T., and Martinez, H.M. (1972) Determina-
tion of the secondary structures of proteins by circular dichr-
oism and optical rotatory dispersion. Biochemistry 11, 4120–
4131

34. Naiki, H., Higuchi, K., Hosokawa, M., and Takeda, T. (1989)
Fluorometric determination of amyliod fibrils in vitro using
the fluorescent dye, thioflavine T. Anal. Biochem. 177, 244–249

35. Gillmore, J.D., Hawkins, P.N., and Pepys, M.B. (1997) Amy-
loidosis: A review of recent diagnostic and therapeutic develop-
ments. Br. J. Haematol. 99, 245–256

36. Nurmi, M.J., Ekfors, T.O., Rajala, P.O., and Puntala, P.V.
(1990) Intravesical dimethyl sulfoxide instillations in the
treatment of secondary amyloidosis of the bladder. J. Urol.
143, 808–810

37. Li, H.-T., Du, H.-N., Tang, L., Hu, J., and Hu, H.-Yu. (2002)
Structural transformation and aggregation of human α-synu-
clein in trifluoroethanol. Biopolymers 64, 221–226

38. Kosower, E.M. (1958) The effect of solvent on spectra. I. A new
empirical measure of solvent polarity: Z-values. J. Amer. Chem.
Soc. 80, 3253–3260
J. Biochem.

http://jb.oxfordjournals.org/

	Dissolution of b2-Microglobulin Amyloid Fibrils by Dimethylsulfoxide
	Nami Hirota-Nakaoka1, Kazuhiro Hasegawa2, Hironobu Naiki2 and Yuji Goto,1
	1Institute for Protein Research, Osaka University and CREST, Japan Science and Technology Corpora...
	Received February 28, 2003; accepted May 14, 2003

	Increasing numbers of proteins have been found to aggregate into insoluble fibers, collectively r...
	Key words: amyloid fibrils, circular dichroism, dimethylsulfoxide, b2-microglobulin, protein fold...
	Abbreviations: b2-m, b2-microglobulin; ThT, thioflavin T; CD, circular dichroism; EM, electron mi...
	MATERIALS AND METHODS
	b2-Microglobulin
	Amyloid Fibrils
	CD
	Fluorescence
	Light Scattering
	Electron Microscopy

	RESULTS
	Solvent Effects Measured by CD
	Solvent Effects Measured by Thioflavin T Assay
	Light Scattering
	Electron Microscopy

	DISCUSSION
	REFERENCES





