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ABSTRACT: To examine the effects of aggregation-inducing motifs related to neurodegenerative diseases
on amyloid formation of host protein, we prepared several chimera myoglobins, in which various
aggregation-inducing motifs were inserted. The focused aggregation-inducing motifs included five (R5)
or two (R2) oligopeptide repeats in yeast Sup35p, five octapeptide repeats (OPR) in the human prion
protein, a nonamyloidâ component (NAC) inR-synuclein, and tandem repeats of 50 glutamines (Q50).
Circular dichroism and infrared spectroscopies suggested that the OPR, R5, and Q50 motifs formed an
antiparallelâ sheet as well as a random coil, whereas the R2 and NAC motifs mainly formed random
coils. The OPR, R5, and Q50 mutants, but not the R2 and NAC mutants, readily formed the SDS-resistant
aggregates under physiological condition, and electron microscopy revealed that the aggregates contained
amyloid fibrils. The destabilization and increase in gyration radius of the OPR, R5, and Q50 mutants
correlated with the tendency to form amyloid fibrils. A control mutant bearing a nonamyloidgenic sequence
was also moderately destabilized but did not form amyloid fibrils. Therefore, we concluded that the OPR,
R5, and Q50 motifs, even in a quite stable protein such as myoglobin, led the host protein to formation
of amyloid fibrils under physiological condition.

Proteins normally function in natively folded states but
continue to unfold and refold under certain conditions. When
unfolded proteins refold, they occasionally undergo misfold-
ing, which may generate stable insoluble aggregates. It has
recently been reported that the deposition of such insoluble
protein aggregates is associated with a range of human
diseases, including CAG repeat diseases, Creutzfeldt-Jakob
diseases, and Parkinson’s disease. Although it is still debat-
able whether protein deposition is itself the primary origin
of the pathological condition (1, 2), a wide variety of
experimental observations suggest that there is a strong causal
link between the formation of aggregates and the onset of
pathological symptoms (3). Interestingly, the causative
proteins that form aggregates have no common properties
with respect to function, amino acid sequence, or three-
dimensional structure. However, most of the causative
proteins include amino acid sequences that induce the
formation of protein aggregates.

One of the best-characterized proteins carrying an ag-
gregation-inducing motif is Sup35p in yeast. Sup35p is a
translation termination factor known as a yeast prion due to
its ability to convert normal phenotype of yeast to abnormal
one. Liu and Lindquist have recently revealed that the prion
conversion of Sup35p is modulated by the N-terminal five
oligopeptide repeats with one partial imperfect repeat,
PQGGYQQYN (4). In their study, a Sup35p mutant with
two additional repeats induced a prion conversion signifi-
cantly faster than the wild-type, whereas a Sup35p variant
with only one repeat formed aggregates and underwent a
prion conversion at a much slower rate than the wild-type.
Thus, the five oligopeptide repeats in Sup35p are crucial for
the formation of aggregates and prion conversion (4, 5). The
human prion protein (PrP)1 also contains N-terminal five
octapeptide (PHGGGWGQ) repeats similar to the five
oligopeptide repeats in the N terminus of Sup35p. Expansion
of the N-terminal repeats is found in certain families with
inherited Gerstmann-Sträussler-Scheinker syndrome (GSS)
and Creutzfeldt-Jakob disease, suggesting involvement of
the octapeptide repeats in neuronal cell death (6). In
transgenic mice expressing the repeat-truncated prion, prion
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titers, and levels of aggregated PrP have been shown to be
lower than those in wild-type mice (7). In addition, the
disease incubation time was increased, and there were no
histopathological signs of scrapie infection in the brains of
the transgenic mice, indicating that the octapeptide repeats
have some effects on the formation of protein aggregates
and propagation of prion (7). Apart from the oligopeptide
repeats in Sup35p and human PrP, a tandem repeat of
glutamine is also closely related to the formation of protein
aggregates. The expansion of glutamine repeats to more than
∼35-40 in causative proteins such as huntingtin induces
the formation of intranuclear inclusions, which is the
hallmark of polyglutamine diseases (8). The expanded
polyglutamine recruits molecular chaperons and transcription
factors to the protein aggregates, leading to the cellular
dysfunction (8). Some of the amino acid sequences that do
not include the repetitive sequences also facilitate the
formation of protein aggregates. One of the best known
sequences is the nonamyloidâ component (NAC), which is
composed of the amino acid residues from Glu61 to Val95
in R-synuclein. The NAC sequence has been reported to
promote the formation of amyloidâ aggregates (9) and form
a core ofR-synuclein aggregates that are major components
of Lewy bodies found in patients of Parkinson’s disease (10).
Thus, the NAC sequence inR-synuclein is closely related
to the protein deposition and neurodegeneration.

It should be noted here that the aggregation-inducing
motifs are widely found in the proteins that cause neurode-
generative disorders but show a variety of amino acid
sequences. The absence of sequence homology among
aggregation-inducing motifs indicates that these motifs might
be closely involved in inherent characteristics of their host
proteins. Therefore, full characterization of the aggregation-
inducing motifs will be crucial for a better understanding of
the causative proteins and eventually the pathogenesis of the
diseases. Since three-dimensional structures and stabilities
of the host proteins that contain aggregation-inducing motifs
are totally different, we cannot directly compare and evaluate
the effects of the aggregation-inducing motifs on the structure
and stability of their host proteins. To make such investiga-
tion possible, it is necessary to insert the aggregation-
inducing motifs into the same protein. The chimera proteins
harboring various aggregation-inducing motifs will allow us
to examine and compare the effects of the aggregation-
inducing motifs on their host proteins. These effects cannot
be addressed by synthetic peptides of the aggregation-
inducing motifs. Furthermore, structural analysis of the
hybrid proteins will reveal structures of the aggregation-
inducing motifs in protein, some of which remain contro-
versial.

Since sperm whale myoglobin (SW Mb) shows remarkably
high stability and solubility in water, we recently established
the preparation of chimera Mbs with inserted glutamine
repeats at the corner between the C and D helices (11). The
previous study demonstrated that SW Mb is quite appropriate
for a carrier protein of an aggregation-inducing domain. In
the present study, we extended this strategy to other
aggregation-inducing motifs related to neurodegenerative
disorders. We focused on the five N-terminal octapeptide
repeats (OPR) from Pro51 to Gln91 in human PrP, the five
oligopeptide repeats (R5) from Pro41 to Asn93 in Sup35p,
the NAC sequence from Glu61 to Val95 inR-synuclein as

well as 50 glutamine repeats from the Machado-Joseph
disease (MJD) protein. The initial two oligopeptide repeats
from Pro41 to Asn64 in Sup35p (R2) were also introduced
into Mb for comparison with the R5 motif. We inserted these
aggregation-inducing motifs into the C-D corner of SW Mb
and expressed the chimera Mb mutants, OPR, R2, R5, NAC,
and Q50 Mbs inEscherichia coli, respectively. We also
prepared a chimera myoglobin (C-term), in which a non-
amyloidgenic sequence of the myoglobin C-terminal region
(Leu104-Gly153) was inserted into the C-D corner. In the
present study, we first examined the effects of these motifs
on aggregate formation of the chimera Mbs and biochemical
properties of the Mb aggregates. Next, we explored changes
in protein stability and structure induced by the inserted
motifs and investigated structural properties of the aggrega-
tion-inducing motifs, using various spectroscopies such as
circular dichroism (CD), infrared (IR), and NMR.

EXPERIMENTAL PROCEDURES

Plasmid construction and protein expression.We ampli-
fied the DNA fragments of the aggregation-inducing and
nonamyloidgenic sequences by PCR with human PrP,
Sup35p,R-synuclein, MJD, and SW Mb genes. The DNA
fragments of these motifs were ligated into the SpeI/PstI sites
of the pUC19-SW Mb expression vector (11). The amino
acid sequences of the inserted motifs are listed in Figure
1b. We added several amino acid residues from the original
protein (human PrP, Sup35p,R-synuclein, and MJD) to both
ends of the aggregation-inducing sequences as linkers in
order to assist correct folding of the chimera Mbs.

TB1 was selected as a hostEscherichia colistrain for
expression of the pUC19-SW Mb vector. Recombinant SW
Mb was expressed and purified as described previously (12).
The concentration of ferric wild-type and mutant Mbs was
determined by the extinction coefficient, 157 mM-1cm-1,
at the Soret band in UV-visible spectra.

Characterization of Mb aggregates.To examine the
formation of aggregates, we incubated 150µM Mbs in 50
mM potassium phosphate buffer at pH 7.0 at 37°C. At an
appropriate time, 2µL of the Mb solution was diluted to
100 µL of 50 mM potassium phosphate buffer at pH 7.0,
and UV-visible spectra of the Mb solution were measured
on a Shimadzu UV-2400 spectrophotometer. For the filter
retardation assay, 150µM Mb solution was first incubated
for 5 days at 37°C. A 1 µL sample of the Mb solution was
diluted to 200µL of 2% SDS solution and filtered on a BRL
dot-blot filtration unit through a cellulose acetate membrane
(0.2 µm pore size) that had been preequilibrated with 2%
SDS (13). Filters were washed twice with 200µL of 2%
SDS and then blocked with 5% skim milk, followed by
immunoblotting by polyclonal Mb antibody. For Congo red
binding, 5 µL of the 150 µM Mb solution after 10-days
incubation at 37°C was added to 10µM Congo red in 10
mM MOPS buffer (pH 7.0) and incubated at room temper-
ature for 30 min. UV-visible spectra of the samples were
measured using a Shimadzu 2400-PC. Congo red bound to
fibril was determined using the equation: Congo red (mol/
L) ) A540/25 295- A480/46 306 (14). For electron micros-
copy, 1 aliq. of 150µM Mb solution after incubation at 37
°C for about 1 week was adsorbed onto carbon-coated 400-
mesh copper grids and fixed by 2% paraformaldehyde-0.2%
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glutaraldehyde in 100 mM sodium phosphate buffer. The
sample was negatively stained with 2% sodium phospho-
tungstic acid. Images were recorded on a LEO 912AB
electron microscope (LEO, Cambridge, U.K.) at a magnifica-
tion of 63 000×.

Urea-induced unfolding experiments.To unfold Mb, we
dissolved 2µM Mb in 10 mM MOPS buffer containing 2
µM hemin and 80µM KCN at 25.0 °C with various
concentrations of urea (0-10 M). The reaction mixture was
incubated at 25.0°C for more than 1 h toreach equilibrium
before acquiring CD or UV-visible spectra. Then we
measured CD and UV-visible spectra of wild-type and
mutant Mbs including various concentrations of urea and
recorded the molar ellipticities at 222 nm and absorbances
at 419 nm. The free energy of denaturation,∆G, was
calculated by the equation:∆G ) -RTln(fD/(1 - fD)), where
fD is the fractional denatured population. When∆G varies
linearly with urea concentration, [urea],∆GH2O, extrapolated
∆G at [urea] ) 0, can be estimated by the following
equation: ∆G ) ∆GH2O - murea[urea], wheremurea is the
slope of the linear relation between∆G and [urea].

Spectroscopies.UV-visible spectra of ferric Mbs in 50
mM potassium phosphate buffer at pH 7.0 were recorded
by a Shimadzu UV-2400 PC spectrophotometer (Shimadzu,
Kyoto, Japan). The CD spectra of ferric Mbs (4.5µM) in

50 mM potassium phosphate buffer, pH 7.0, were measured
using a JASCO J-720 (Jasco Co., Tokyo, Japan) at 25°C.
The spectra were taken as the average of 16 scans recorded
at a speed of 100 nm/min and a resolution of 0.2 nm.1H
NMR spectra were acquired using a BRUKER Avance
DRX600 spectrometer at 25.0°C (Bruker, Rheinstetten,
Germany). A LOSAT pulse sequence was employed with
64 000 data transformations of 180 kHz and a 14µs 90°
pulse (15). The concentrations of ferric and cyanide-ligated
Mbs were approximately 400 and 200µM, respectively, on
the heme basis in 50 mM potassium phosphate buffer, pH
7.0, containing 90%H2O/10%2H2O. Fourier-transferred in-
frared (FT-IR) spectra were measured on a TravelIR spec-
trophotometer (ST science, Tokyo, Japan). Approximately
1 mM solutions of ferric Mbs were prepared in 50 mM
potassium phosphate buffer at pD 7.0. Deuterium oxide was
used as the medium to improve the signal-to-noise ratio
around 2100 cm-1. FT-IR spectra of the ferric Mbs were
taken as the average of 2048 or 4096 scans recorded at a
speed of 30 scans/min and a resolution of 2 cm-1. Spectral
analysis by self-deconvolution was performed with Win-IR
(Ver. 4.14J, BioRad).

Small-angle X-ray scattering (SAXS).SAXS experiments
were carried out at RIKEN structural biology beamline
BL45XU, SPring-8 in Harima, Japan (16). The sample-to-
detector distance was about 2.2 m, which was calibrated with
meridional diffraction of dried chicken collagen. Using an
X-ray image intensifier and cooled CCD detector (XR-II+
CCD) (17), each scattering profile was collected at room
temperature for 1 s, during which no radiation damage was
detected. The data were normalized to the intensity of the
incident beam, and the buffer was subtracted. Protein
concentration was varied from 1.2 to 2.2 mg/mL. The radius
of gyration,Rg, was estimated by the Guinier approximation,
I(S) ) I(0) exp(-4π2Rg2S2/3), whereS and I(0) are the
momentum transfer and intensity at the zero scattering angle,
respectively, with fitting ranges ofS2 (Å-2) from 5 × 10-6

to 25× 10-6 (18). S is defined asS ) 2 sin θ/λ, where 2θ
and λ are the scattering angle and the X-ray wavelength,
respectively. The distance distribution function,P(r), was
calculated by an indirect Fourier transform method of GNOM
(19). The maximum dimension,Dmax, was determined from
the first zero cross-point of theP(r) function (18).

RESULTS

Design and preparation of sperm whale myoglobin
mutants.We prepared SW Mb mutants in which OPR, R2,
R5, NAC, Q50, and C-term motifs were inserted at the C-D
corner (Figure 1a). To facilitate the correct folding of the
chimera Mbs and the formation of intrinsic structures of the
inserted motifs, we added several residues from their original
proteins as a linker to both ends of the inserted sequences,
as illustrated in Figure 1b. Both mutant and wild-type Mbs
were expressed inEscherichia coliand purified successfully.
Isolation of the mutant Mbs was confirmed by immuno-
blotting with polyclonal antibodies for myoglobin, human
PrP, and Sup35p NM domain (20) and with monoclonal
antibodies for NAC (EQV-1) (21) and expanded poly-
glutamine (1C2) (22) (data not shown).

Formation and properties of aggregates in mutant Mbs.
We examined the aggregate formation of the mutant Mbs

FIGURE 1: SW Mb mutants tethering inserted aggregation-inducing
motifs as a model protein for neurodegenerative diseases. (a) X-ray
crystal structure of SW Mb. The arrow indicates the C-D corner,
into which various aggregation-inducing motifs were inserted; the
stick model shows a heme prosthetic group. (b) Amino acid
sequences inserted into the C-D corner of SW Mb.
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under physiological condition. The mutant Mb solutions at
pH 7.0 were incubated at 37°C, and the formation of protein
aggregates was estimated by the absorbance at 700 nm as
the turbidity of the sample solutions (Figure 2a). Wild-type
Mb was so stable that it formed no aggregates during the
incubation. On the other hand, the R5 and Q50 mutants
rapidly formed aggregates, while the OPR and C-term
mutants also yielded aggregates, but at a more moderate rate.
In contrast to these mutant Mbs, the R2 and NAC mutants
formed aggregates very slowly, at a rate close to that for the
wild-type Mb2. We found that the sample solutions of the
aged R5 and Q50 mutants formed viscous gels and that the
aged OPR sample also slightly exhibited the viscosity.
However, we could not detect viscous gels in the sample
solutions of the aged R2, NAC, and C-term mutants. To

clarify biochemical properties of the aggregates, we first
explored SDS resistance of the Mb aggregates by a filter
retardation assay, using a polyclonal Mb antibody. The OPR,
R5, and Q50 aggregates clearly showed a dot blot on the
cellulose-acetate membrane, indicating that the aggregates
of the OPR, R5, and Q50 mutants were resistant to SDS
(Figure 2b). These aggregates were still resistant to SDS after
boiling for 5 min. The intensity of the dot blot revealed that
the Q50 aggregates showed the highest resistance to SDS,
while the SDS resistance of the OPR aggregates was
relatively mild. In contrast, we could not detect any positive
dots for the aggregates of the R2, NAC, and C-term mutants,
suggesting that these aggregates were susceptible to SDS.
Next, we examined the binding of the Mb aggregates to
Congo red, which is one of the standard tests to demonstrate
the formation of amyloid fibrils. In this assay, we used the
aggregates after 10-days incubation at 37°C. The aggregates
of the OPR, R5, and Q50 mutants showed high affinity for
Congo red, whereas those of the R2, NAC, and C-term
mutants did not (Figure 2c).

To confirm the formation of amyloid fibrils in the
aggregates, we stained the aggregates of the mutant Mbs with
2% sodium phosphotungstic acid and observed them by
electron microscopy (Figure 3). The Q50 mutant clearly
formed amyloid fibrils with a diameter of 10-20 nm and
length of 200-1000 nm, as reported previously (11). The
R5 aggregates also contained fibrils similar to the Q50 fibrils,
though the amount of R5 fibers was smaller than that of Q50
ones. Some of the amyloid filaments of the R5 and Q50
mutants twisted around each other to form helical structures,
as shown in Figure 3. The OPR aggregates also contained
fibrils, but the fibrils were thinner and shorter than those of
the R5 and Q50 mutants. For the R2 and NAC aggregates,
we observed a definite structure with a diameter of 10-20
nm and length of 50-100 nm. This morphology seemed to
be quite different from the filamentous structure observed
in the OPR, R5, and Q50 aggregates. The C-term mutant
yielded only amorphous aggregates, which were clearly
distinguished from those of the other mutant Mbs.

Effects of the aggregation-inducing motifs on protein
stability.We carried out urea-induced denaturing experiments
to investigate whether the aggregation-inducing motifs had
any effect on the protein stability. The molar ellipticity at
222 nm and the absorbance at 419 nm (Soret maximum)
correspond to the amount ofR-helices and the extent of
packing around the heme cofactor, respectively. Thus, we
estimated the stabilities ofR-helices and heme environmental
structure in mutant Mbs by monitoring the molar ellipticity
at 222 nm and the absorbance at 419 nm during unfolding
of the wild-type and mutant Mbs, respectively. To follow
the unfolding process precisely, we utilized the cyano forms
of Mb, which avoid oligomerization of separated heme
groups (23). In addition, we employed urea as a denaturant
instead of guanidine hydrochloride, since guanidine hydro-
chloride was so strong that all mutant Mbs were severely
destabilized even in a low concentration (data not shown).

2 Addition of Q50 aggregates to the R2 and NAC mutant solutions
(5% v/v) did not increase aggregate formation of the mutant Mbs.
Seeding of R5 aggregates to the R2 sample (5% v/v) slightly accelerated
aggregation of the mutant, whereas it did not have any effects on the
NAC mutant.

FIGURE 2: Properties of mutant Mb aggregates. 150µM wild-type
and mutant Mbs in 50 mM potassium phosphate buffer at pH 7.0
were incubated at 37°C to estimate the formation rate and properties
of aggregates. (a) Time-dependent aggregate formation. The turbid-
ity of the Mb solution was monitored by an absorbance at 700 nm
in UV-visible spectra. (b) SDS-resistant property of the Mb
aggregates was examined by filter retardation assay. (c) The amount
of Congo red (µmol/L) bound to amyloid fibrils. The values are
the mean( SEM.
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The urea-induced unfolding curves of the wild-type and
mutant cyanoMbs were monitored by molar ellipticity at 222
nm and absorbance at 419 nm. The unfolding curves showed
the two-state transition under the present condition. From
the sigmoidal curves, we calculated the concentration of urea
at the midpoint of the unfolding transition (Cm) and the free
energy of unfolding (∆GH2O), both of which are the index
of protein stability (23). These values were summarized in
Table 1.Cm and∆GH2O values calculated with both CD and
UV-visible spectra were decreased in all mutant Mbs,
indicating that all inserted motifs destabilized both of the
R-helical packing and the heme environmental structure. We
found that the R5 and Q50 mutants were most seriously
destabilized and that the R2 and NAC mutants were relatively
stable among mutant Mbs. The OPR and C-term mutants
were also destabilized mildly, but the destabilization of these
mutants was unambiguously small compared with that of
the R5 and Q50 mutants.

Structural properties of the aggregation-inducing motifs
in the mutant Mbs.We next investigated structural features
of the inserted motifs related to neurodegenerative disorders.
Secondary structures of the aggregation-inducing motifs in
the mutant Mbs were first examined by circular dichroism
(CD) spectroscopy. Figure 4a shows the CD spectra of the
ferric wild-type and mutant Mbs in the far-UV region. The
spectrum of the wild-type Mb, in which most of the amino
acid residues constitute eightR-helices, was typical of an

R-helical structure with two negative peaks at 208 and 220
nm (24). Although the spectral shapes of the mutant Mbs
were similar to that of the wild-type Mb, negative molar
ellipticities at 208 and 222 nm were enhanced in the OPR,
R5, and Q50 mutants. Subtraction of the wild-type spectrum
from the spectra of the Mb mutants delineated the CD spectra
of the individual motifs introduced into Mb (Figure 4b). It
is noticeable that all mutant Mbs showed a prominent
decrease in the molar ellipticity at∼200 nm. The difference
spectra also indicated that insertion of the OPR, R5, and Q50
motifs diminished the molar ellipticities from 210 to 230
nm. Contrary to the OPR, R5, and Q50 motifs, the molar
ellipticities in this region were not affected by insertion of
the R2 and NAC motifs.

To examine the secondary structures of the aggregation-
inducing motifs in more detail, we employed Fourier-
transferred infrared (FT-IR) spectroscopy. The FT-IR spectra
in the amide I region of wild-type and mutant Mbs are shown
in Figure 5a. The major peak at 1650 cm-1 has been assigned
to the amide I band of theR-helix (25), which is consistent
with the fact that most of the amino acid residues constitute
R-helices in SW Mb. Although the IR spectra of mutant Mbs
closely resembled that of the wild-type, slight but significant
differences were detected between wild-type and mutant
Mbs. To clarify the spectral difference, we analyzed the IR
spectra of wild-type and the mutant Mbs by self-deconvo-
lution. The IR spectra were deconvoluted into the spectra
with peaks at 1619 (turn or antiparallelâ-sheet), 1625-30
(â-sheet), 1637 (solvatedR-helix), 1643-46 (random coil),
1650-54 (R-helix), 1664 (turn), 1674 (turn), 1678 (turn),
and/or 1685 (antiparallelâ-sheet) cm-1 (25-27). However,
this analysis was so sensitive to the number and peak
positions of these components that we could not separate
the spectra reproducibly and determine relative ratios of
secondary structures exactly, probably due to presence of
various states of secondary structures in the mutant Mbs.
Instead, we could clearly extract the spectral differences by
subtracting the spectrum of the wild-type from those of the
mutant Mbs (Figure 5c, solid line). In the difference spectra,
we observed two positive peaks at 1630 and∼1675 cm-1,

FIGURE 3: Morphology of the mutant Mb aggregates. Negative staining was performed with 2% sodium phosphotungstic acid and morphology
of the aggregates was observed by electron microscopy. Scale bar, 100 nm.

Table 1: Stability Parameters Obtained by Urea-Induced Unfoldinga

CD (222 nm) UV-visible (419 nm)

Mbs Cm (M)
∆GH2O

(kcal/mol) Cm (M)
∆GH2O

(kcal/mol)

wild-type 8.7( 0.2 7.9( 0.3 8.4( 0.2 7.7( 0.3
OPR 4.5( 0.2 5.2( 0.3 4.7( 0.2 5.5( 0.2
R2 4.6( 0.1 6.7( 0.3 4.9( 0.1 6.0( 0.5
R5 4.2( 0.2 3.6( 0.4 4.1( 0.2 3.5( 0.4
NAC 4.6( 0.2 6.3( 0.3 4.8( 0.2 6.1( 0.2
Q50 4.2( 0.1 3.5( 0.4 4.3( 0.1 3.4( 0.4
C-term 4.5( 0.1 5.3( 0.4 4.7( 0.1 5.6( 0.3

a The values are the mean( SEM.
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and one negative peak at 1652 cm-1. The positive peak at
1630 cm-1 is likely to include another peak at 1640 cm-1 as
a shoulder. We also measured the IR spectra of the mutant
Mbs that were incubated overnight at 37°C (Figure 5b).
We found some aggregates in the samples of the aged OPR,
R5, and Q50 mutants. The difference IR spectra of the aged
Mbs are shown by the dotted line in Figure 5c. A positive
peak at 1630 cm-1 shifted to 1620 cm-1 in the difference
spectra of the aged OPR, R5, and Q50 mutant Mbs. At the
same time, a peak at∼1683 cm-1 was slightly but signifi-
cantly enhanced in the difference spectra of these aged
mutants. On the other hand, neither of the peaks at 1630
and 1683 cm-1 was observed in the aged R2 and NAC
mutants (Figure 5c).

Structural effects of the aggregation-inducing motifs on
the other regions of Mb.The preparation of the chimera Mbs
prompted us to examine the structural effects of the inserted
motifs on the host protein, Mb. We focused on conforma-
tional changes in the heme surroundings, which are buried

into the Mb protein and distant from the insertion site on
the protein surface. Since paramagnetic electrons of the
heme-iron in Mb are very amenable to the electronic states
of the heme and heme environmental structure (28), para-
magnetic1H NMR spectra of the wild-type and mutant Mbs
were used to clarify structural effects of the aggregation-
inducing motifs on the heme and heme surroundings in the
vicinity of the protein core. The resonances for heme
peripheral methyl groups (8-, 5-, 3-, and 1-methyl group)
and for NδH of the proximal His (His93) were observed at
90, 84, 72, 53, and 103 ppm, respectively, in the spectrum
of ferric wild-type Mb, as reported previously (29). We
measured paramagnetic1H NMR spectra of ferric mutant
Mbs and found that the resonance positions in the low field
did not change significantly by the insertions of the aggrega-
tion-inducing sequences, as shown in Figure 6a. This result
was supported by UV-visible spectra of wild-type and
mutant Mbs. The UV-visible spectra of all ferric mutant
Mbs showed a strong peak at 408 nm (Soret band) and two
minor peaks at 501 and 632 nm, which were almost identical
to that of wild-type Mb (408, 502, and 633 nm) (data not
shown).

To further explore heme environmental structures of the
mutant Mbs, we measured1H NMR spectra of cyanide-
ligated Mbs, in which several amino acid protons surrounding
the heme group as well as heme peripheral protons have
already been assigned in the low-field region. In the present
study, the amino acid protons of His93 NδH, Phe43 CúH,
and His93 NpH were observed at 21.3, 17.2, and 13.8 ppm
in the spectrum of the cyanide-ligated wild-type Mb,
respectively (Figure 6b) (30). 5-, 1-, and 8-methyl protons
of the heme group were also detected at 27.3, 18.7, and 12.9
ppm, respectively (30). We found that spectral profiles in
the low field were not greatly affected by the aggregation-
inducing domains, though the resonance position of 5-methyl
protons of the heme showed a slight downfield shift by 1.7
ppm. In the high-field region, a broad signal at-9.9 ppm,
which is assigned to Ile99 CγH, was also unaffected by the
various insertions (data not shown) (30).

To gain further insights into structural effects of the
aggregation-inducing motifs on the host protein, we exam-
ined the size of protein molecule by small-angle X-ray
scattering using the beamline BL45XU at SPring-8 (16). The
radius of gyration (Rg) and maximum dimension (Dmax) of
the wild-type and mutant Mbs3 are summarized in Table 2.
For purpose of comparison, theRg and Dmax values of the
trichloroacetate-induced molten globule and urea-induced
unfolded state are also listed (31). The Rg andDmax values
of wild-type Mb were almost identical to those of a previous
report (31). We found that theRg and Dmax of the mutant
Mbs were augmented relative to those of wild-type Mb. Since
the volumes of the mutant Mbs differed from that of the
wild-type Mb due to insertion of the aggregation-inducing
motifs, we calculated the expectedRg values of the mutant
Mbs under the assumption that the volume was simply
proportional to molecular weight (Table 2). The R5 and Q50
mutants showed largerRg values than the expected ones. The

3 An experiment by size exclusion chromatography revealed that
OPR, R2, NAC, and Q50 mutant Mbs form only a monomer. However,
the R5 mutant contained a small amount of oligomer, which would
slightly increase the radius of gyration and the maximum dimension.

FIGURE 4: Secondary structure of mutant Mbs harboring the inserted
aggregation-inducing motifs investigated by CD spectroscopy. (a)
CD spectra of wild-type and mutant Mbs in the far-UV region. (b)
Difference CD spectra obtained by subtracting the spectrum of wild-
type from those of mutant Mbs.
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Rg value of the OPR mutant was smaller than those of the
R5 and Q50 mutants but was apparently higher than the
expected value. In contrast to the OPR, R5, and Q50 mutants,
the increase inRg was relatively small in the R2 and NAC
mutants.

DISCUSSION

Secondary structures of the aggregation-inducing motifs
in the mutant Mbs.We investigated the secondary structures
of the aggregation-inducing motifs inserted in the chimera
Mbs by comparing the spectra of the mutant Mbs with that
of wild-type Mb. The presence of a random coil structure in
all inserted aggregation-inducing motifs was indicated by the
negative peak at 200-210 nm in the difference CD spectra
and a positive peak at 1640 cm-1 as a shoulder in the
difference IR spectra (32, 33). In particular, the prominent
negative peak at 200-210 nm in the difference CD spectra
and the obvious shoulder peak at 1640 cm-1 in difference
IR spectra of the R2 and NAC mutants indicated that random

coils were more abundant in the R2 and NAC motifs. It has
been reported that the NAC peptide in aqueous buffer forms
a â-sheet structure, whereas its host protein,R-synuclein,
forms a random coil (34). This fact together with our results
suggested that the NAC motif introduced into a protein
preferred a random coil to aâ-sheet structure. In contrast to
the R2 and NAC mutants, the molar ellipticities at 210-
230 cm-1 in the difference CD spectra of the OPR, R5, and
Q50 mutants suggested presence of a secondary structure in
the OPR, R5, and Q50 motifs, though the secondary structure
was obscure in the difference CD spectra. The strong positive
peak at 1630 cm-1 in the difference IR spectra of the OPR,
R5, and Q50 mutants revealed that an intramolecularâ-sheet
was formed in the OPR, R5, and Q50 motifs (25, 26, 32).
The presence of a turn in the inserted motifs of the mutant
Mbs was also indicated by the positive peak at∼1675 cm-1

in the difference IR spectra (25, 26, 32). Since SW Mb does
not contain anyâ-sheets, the simultaneous presence of a
â-sheet and a turn suggested that the inserted OPR, R5, and
Q50 motifs formed an antiparallelâ-sheet. The pair of the
peaks observed at 1620 and 1683 cm-1 in the difference IR
spectra of the aged OPR, R5, and Q50 samples have been
previously assigned to intermolecular antiparallelâ-pleated
sheets (32, 35, 36), supporting the presence of an intramo-
lecularâ-sheet in the OPR, R5, and Q50 motifs. While the
â-sheet formation by an expanded polyglutamine was
proposed previously (37, 38), a solution structure of the R5
motif in Sup35p had not been solved. Theâ-sheet formation
by the R5 motif in this study was supported by the recent
X-ray crystal structure of the GNNQQNY peptide similar
to the repetitive unit of the R5 motif (39). For the OPR motif,
a synthetic peptide of OPR has been reported to adopt a
â-turn structure, or a nonrandom and extended conformation

FIGURE 5: Secondary structure of mutant Mbs with inserted aggregation-inducing motifs investigated by IR spectroscopy. IR spectra of (a)
soluble wild-type and mutant Mbs (b) wild-type and mutant Mbs after aging at 37°C overnight in the amide I region. (c) Difference IR
spectra were obtained by subtracting the IR spectrum of wild-type Mb from those of soluble (solid line) and aged (dotted line) samples of
the mutant Mbs.

Table 2: Structural Parameters Obtained by SAXS for Wild-Type
and Mutant Mbsa

myoglobins
(molecular mass/Da) Rg (Å)

expected
Rg (Å) Dmax (Å)

wild-type (17 298) 17.4( 0.1 - 47.5( 2.5
OPR (21 165) 24.5( 0.5 18.6 82.5( 5.0
R2 (19 991) 20.9( 0.4 18.3 67.5( 2.5
R5 (23 339) 35.2( 1.1 19.2 100( 5.0
NAC (20 613) 21.9( 0.5 18.4 72.5( 2.5
Q50 (25 124) 27.2( 0.5 19.7 95.0( 5.0
molten globuleb 23.1 - 72.5
unfolded statec 34.2 - 120
a The values are the mean( SEM. b Trichloroacetate-induced molten

globule (31). c Urea-induced unfolded state (31).
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similar to a poly-L-proline type II left-handed helix (40, 41).
The former report agreed with our finding that OPR motif
forms an antiparallelâ-sheet as well as a random coil.
Although the OPR, R5, and Q50 motifs formed an anti-
parallel â-sheet and a random coil, the variety of the
difference CD and IR spectra of the OPR, R5, and Q50
mutants indicated that the relative ratios of theâ-sheet, turn,
and random coil structures are different between the OPR,
R5, and Q50 motifs.

Properties of protein aggregates in the mutant Mbs.We
also examined the effects of the aggregation-inducing motifs
on protein aggregates. IR spectroscopy was applied to explore
structures of the aggregates of the mutant Mbs. Since the
pair of peaks at 1620 and 1683 cm-1 has been assigned to
intermolecular antiparallelâ-sheet aggregates (32, 36), we
revealed that the sample solutions of the aged OPR, R5, and
Q50 mutants comprised amyloid fibrils composed of inter-
molecular antiparallelâ-sheets. Although the C-term mutant
harboring a nonamyloidgenic sequence also formed ag-
gregates at a moderate rate, they were not amyloid fibrils
but amorphous aggregates (Figures 2c and 3). The formation
of amorphous aggregates in the C-term mutant was in
accordance with their susceptibility to SDS (Figure 2b).
These results suggested that the intramolecularâ-sheet of
the inserted OPR, R5, and Q50 motifs facilitated inter-
molecular interactions, resulting in formation of the amyloid
fibrils constituted by antiparallelâ-sheets.

We revealed that the aggregates of chimera Mbs showed
different characteristic properties. The readily formation of

SDS-resistant protein aggregates containing amyloid fibrils
in the Q50 mutant was very similar to that seen in the GST-
huntingtin fusion protein with a 51 glutamine repeat (13).
The formation of SDS-resistant aggregates, including amy-
loid fibrils in the R5 mutant, also coincided with that
observed in Sup35p (42). The SDS-resistance, number of
amyloid fibrils, and viscosity of the solution indicated that
the Q50 aggregates had properties more strongly indicative
of amyloid fibrils than did the R5 aggregates. The relatively
weak resistance to SDS and the fewer amyloid filaments in
the R5 aggregates, compared with the Q50 aggregates, might
be attributed to the absence of the Q/N-rich region of Sup35p
in the inserted R5 motif. A previous study indicated that both
of the Q/N-rich region and the R5 motif in the N terminus
of Sup35p contribute to the formation of amyloid fibrils (43).
The OPR mutant also yielded SDS-resistant aggregates
containing amyloid fibrils, though amyloidogenic properties
of the OPR aggregates were weaker than those of the Q50
and R5 aggregates (Figure 2b,c). The OPR motif, however,
might not induce the aggregation of PrP in vivo because the
octapeptide repeats in PrP are structurally fixed by their
binding to copper ions (44). Nevertheless, the present results
implied that the OPR motif facilitates the amyloid formation
of PrP in GSS patients who have expanded octapeptide
repeats in PrP, since the PrP in those patients contains free
octapeptide repeats, as does the OPR mutant Mb. In fact,
amyloid fibrils are observed in brain sections of the GSS
patients having extra octapeptide repeats in PrP (45).

FIGURE 6: Small structural changes in the protein core by the aggregation-inducing motifs inserted into mutant Mbs. Paramagnetic1H
NMR spectra of (a) ferric- and (b) cyanide-ligated forms of wild-type and mutant Mbs in 50 mM potassium phosphate buffer (pH 7.0)
containing 90%H2O/10%2H2O at 25.0°C.
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Although the amino acid sequence of the OPR motif is
similar to that of the R5 motif, the OPR and R5 mutant Mbs
yielded the protein aggregates with different properties. This
study demonstrated that the subtle variance in amino acid
sequence between OPR and R5 motifs induced the different
properties of protein aggregates. The slow formation of
aggregates and inability to form amyloid fibrils in the R2
mutant indicated that the whole repetitive sequence in the
R5 motif is necessary to the rapid formation of aggregates
containing amyloid fibrils. Our results using chimera Mbs
agreed well with the previous report that the modulating
repeat number in Sup35p alters the rate of protein aggregates
(4). As observed for the R2 mutant, the NAC mutant also
formed aggregates very slowly, suggesting that the NAC
motif does not significantly induce the aggregate formation
of its host protein. However, a recent study revealed that
R-synuclein definitely forms amyloid filaments in vitro (36).
While R-synuclein is abundant in random coils (34), the NAC
mutant is rich inR-helices, and the protein molecule was
relatively compact irrespective of the insertion of the NAC
motif (Table 2). Therefore, the enhanced flexibility of the
NAC motif in R-synuclein would accelerate the formation
of amyloid fibers, compared with the NAC motif inserted
into Mb. In other words, the originally partial unfolding
would be an important factor to the amyloid formation in
R-synuclein.

Effects of the aggregation-inducing motifs on host protein.
It might be possible that the inserted motifs induced sufficient
structural changes in the host protein for unfolding the protein
and resulted in the formation of aggregates. Thus, we
examined the effects of the aggregation-inducing motifs on
the host protein, myoglobin. The insertion of the various
aggregation-inducing motifs did not induce substantial
changes in the profile of paramagnetic1H NMR spectra.
Since paramagnetic1H NMR spectra are very amenable to
subtle conformation of the heme group and heme surround-
ings that are buried in the protein (28), we concluded that
structural changes in the vicinity of protein core, by insertion
of the aggregation-inducing motifs, would be rather small.
The slight negative peak at 1652 cm-1 in the difference IR
spectra of the OPR, R5, and Q50 mutants suggested that
most ofR-helices in the mutant Mbs were formed as in the
wild-type Mb. The SAXS experiments revealed an increase
in gyration radius, especially in the OPR, R5, and Q50
mutants, relative to their expected radii (Table 2). These
results implied thatR-helices were not tightly packed in the
OPR, R5, and Q50 mutants. This property-that secondary
structures were formed but were partially packed-is typical
of the molten globule state, which is observed as a folding
intermediate. Therefore, the OPR, R5, and Q50 mutants
might form a structure similar to the molten globule state.
The largerRg andDmax values of these mutant Mbs than those
of the trichloroacetate-induced molten globule (Table 2)
would be due to increase in the volume of the mutant Mbs
by the large insert. The partial unfolding of the OPR, R5,
and Q50 mutants correlated with the relatively large desta-
bilization revealed by the urea-induced unfolding experiment
(Table 1). The partial unfolding of the chimera Mbs would
allow the aggregation-inducing motifs to fluctuate more
freely, which facilitates the intermolecular interactions
between aggregation-inducing motifs. Furthermore, hydro-
phobic residues exposed on protein surface upon partially

unfolding might also participate in the intermolecular
interactions because a partially unfolding apo-myoglobin
from horse skeletal-muscle in pH 9.0 buffer at 65°C has
recently been shown to form amyloid fibrils (46). It is
noticeable here that the C-term mutant, in which a nonamy-
loidgenic sequence was inserted, was moderately destabilized
but did not form amyloid fibrils. These results revealed that
an aggregation-inducing motif rather than partial unfolding
plays major roles in the amyloid formation of the OPR, R5,
and Q50 mutant Mbs.

In summary, we prepared and characterized chimera Mbs
that contain various aggregation-inducing motifs. The OPR,
R5, and Q50 mutants formed amyloid fibrils under physi-
ological condition, whereas the R2 and NAC mutants did
not. The partial destabilization and increase in gyration radius
of protein molecule correlated with the aggregate formation
in the OPR, R5, and Q50 mutants. The C-term mutant
bearing a nonamyloidgenic sequence was also moderately
destabilized but did not form amyloid fibrils. Therefore, we
concluded that the OPR, R5, and Q50 motifs, even in a quite
stable protein, led the host protein to formation of amyloid
fibrils under physiological condition.
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