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Protein misfolding and formation of structured aggre-
gates are considered to be the earliest events in the
development of neurodegenerative diseases, but the
mechanism of these biological phenomena remains to be
elucidated. Here, we report a study of heat- and pres-
sure-induced unfolding of human Q26 and murine Q6
ataxin-3 using spectroscopic methods. UV absorbance
and fluorescence revealed that heat and pressure in-
duced a structural transition of both proteins to a mol-
ten globule conformation. The unfolding pathway was
partly irreversible and led to a protein conformation
where tryptophans were more exposed to water. Fur-
thermore, the use of fluorescent probes (8-anilino-1-
naphthalenesulfonate and thioflavin T) allowed the
identification of different intermediates during the
process of pressure-induced unfolding. At high temper-
ature and pressure, human Q26, but not murine Q6,
underwent concentration-dependent aggregation. Fou-
rier transform infrared and circular dichroism spectros-
copy revealed that these aggregates are characterized
by an increased B-sheet content. As revealed by electron
microscopy, heat- and pressure-induced aggregates
were different; high temperature treatment led to fibril-
lar microaggregates (8-10-nm length), whereas high
pressure induced oligomeric structures of globular
shape (100 nm in diameter), which sometimes aligned to
higher order suprastructures. Several intermediate
structures were detected in this process. Two factors
appear to govern ataxin unfolding and aggregation, the
length of the polyglutamine tract and its protein
context.

Polyglutamine (polyGln)® diseases are autosomal-dominant
neurodegenerative disorders caused by aggregation of proteins
containing expanded polyGln sequences, with concomitant for-
mation of insoluble B-sheet-rich fibrils (1-3). In turn, expan-
sion of polyGln tract results from instability of the encoding
trinucleotide (CAG) repeats (1, 4, 5). Spinocerebellar ataxia
types 1, 2, 3, 6, and 7 and Huntington’s disease belong to this
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superfamily of polyglutamine-associated diseases. Among
these, an expanded polyGln tract located at the C-terminal part
of the 42-kDa ataxin-3 protein triggers spinocerebellar ataxia
type-3 (SCA3), also known as Machado-Joseph disease (MJD).
The repeat normally consists of 15-30 consecutive glutamines,
whereas up to 55-84 glutamines are found in pathological
variants (6). The expansion of the glutamine repeat destabi-
lizes the native «-helix-rich protein, which aggregates into
amyloid-like B-fibrils (7). This event is considered to play a
crucial role in early pathological steps leading to the disease
(8-10).

However, the normal, non-expanded form of ataxin-3 also
appears to be involved in aggregation processes. Indeed, recent
studies (11-13) showed intranuclear aggregation of ataxin-3 in
marinesco bodies in human and non-human primate substan-
tia nigra. It has also been hypothesized that the pathogenic
effects of marinesco bodies could be because of these aggregates
(14, 15). Chai et al. (16) found nuclear inclusions containing
normal ataxin-3. This led them to postulate that not only the
polyGln tract, but also other parts of the protein, are involved
in the aggregation mechanism. Moreover, an ill-folded confor-
mation of ataxin-3 where the glutamine domain is solvent-
exposed could represent the starting point of neuronal dysfunc-
tion in SCA3/MJD, as suggested by Perez et al. (17). These
observations prompted us to study and examine the role of the
polyGln chain length and its protein environment on structural
stability and aggregate formation of normal, non-pathologic
ataxin-3.

In the present study, we used as models a non-pathological
variant of human ataxin-3, which includes a tract of 26 consec-
utive glutamines (Q26), and its murine counterpart, which has
only six residues (Q6). These proteins display high sequence
homology (Fig. 1) with 99% identity in the N-terminal part,
called Josephin domain. The C-terminal region is more diver-
gent. A three-dimensional structural model of ataxin-3 has
been proposed recently (18), suggesting a common structure for
the two proteins. To study the mechanism of ataxin-3 struc-
tural changes and aggregation, we used heat and pressure as
thermodynamic perturbants. Whereas heat is widely used as a
structure perturbing agent, high pressure techniques are not
applied extensively. Nonetheless, hydrostatic pressure, in com-
bination with spectroscopic methods, is a powerful tool to study
protein structural changes, such as folding-unfolding, oligomer
dissociation equilibrium, and aggregation (19-31). This is be-
cause of its specific effects on non-covalent interactions. In-
deed, this property sometimes facilitates trapping of thermo-
dynamically stable intermediates. In contrast, application of
high temperature or treatment by chemical denaturants often
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Fic. 1. Sequence alignment of human Q26 and murine Q6 ataxin-3. The sequences of ataxin-3 proteins were aligned with Bioedit software.
The numbering of residues indicated is based on the numbering of the human Q26 ataxin-3. For the murine protein, the colon indicates conserved
residues. The tyrosine and tryptophan residues used as intrinsic probes of conformational change in absorbance and fluorescence experiments are
written in white on gray or black boxes, respectively. It should be noted that all tryptophans are located in the N-terminal Josephin domain.

Sequence consensus is also indicated below the alignment.

results in irreversible protein structural changes, which may
not be relevant to the physiological process.

Using intrinsic probes, specific for the Josephin domain, and
extrinsic fluorescent probes, as well as FTIR and CD, we stud-
ied the role of the polyGln chain length and of other protein
structural features in both protein stability and aggregation.
Using electron microscopy, discrete aggregation steps could be
identified leading to the formation of fibrillar structures.

MATERIALS AND METHODS

Gene Cloning and Protein Production—cDNA encoding human and
murine ataxin-3 were obtained from the RZPD Deutsches Ressourcen-
zentrum fiir Genomforschung GmbH. The sequences were then cloned
into plasmid pGEX6P-1. Ataxin-3 proteins were expressed in Esche-
richia coli strain BL21 codon plus RIL as glutathione S-transferase
fusion proteins containing a PreScission Protease recognition site (Am-
ersham Biosciences). Mature proteins were obtained by cleavage of the
glutathione S-transferase affinity tail with the PreScission protease.
Details of the purification procedure will be published elsewhere.

UV Absorbance Spectroscopy—For all experiments, we used a ther-
mostated high pressure cell, equipped with sapphire windows, allowing
experiments from atmospheric pressure (0.1 MPa) to 650 MPa (32). The
cell was connected at 180° through focalized optical quartz fibers (200-
um-diameter) to a Jobin-Yvon-Spex 30W Deuterium lamp and to a
Jobin-Yvon-Spex 270M spectrograph coupled to a UV-coated back-
thinned Spectrum ONE™ 512/512 array detection CCD 3500 camera
(Jobin-Yvon-Spex Inc.) Another fiber served as a reference beam. The
upper part of the chip was used for the sample beam, and the lower part
was used for the reference beam. A grating of 1200 traits was used,
producing a dispersion from 266 to 303 nm. The pixels were fully binned

vertically (for intensity) and two by two horizontally (for dispersion).
The set up produced data points distant by 0.15 nm with a spectral
bandwidth of 0.6 nm. For each measurement, 50 transmission spectra
(1.5-s integration time each) were accumulated. The absorbance was
computed with the reference beam and corrected for the baseline (buff-
er). High pressure and temperature experiments were performed in 25
mM Tris-HCl and 25 mM phosphate buffer, pH 7, respectively. The
concentration of proteins was 1.5 mg'ml~!. Fourth derivative spectra
were computed as described (32, 33).

Fluorescence Spectroscopy and Light Scattering Measurements—The
fluorescence experiments and light scattering measurements were car-
ried out at 25 °C using an SLM Series 2 luminescence spectrometer
(Aminco Bowman) modified to accommodate a high pressure cell. For
intrinsic protein fluorescence, excitation at 280 and 295 nm gave sim-
ilar emission spectra. To obtain the greatest signal of protein fluores-
cence, the wavelength excitation was set to 280 nm (4-nm slit). Emis-
sion spectra (8 nm slit) were recorded, in triplicate accumulation, from
300 to 400 nm. Fluorescence spectral changes were quantified by de-
termining the center of spectral mass <v> (34, 35) using the equation,
(v,) = Z(v; X F)/SF,;, where F, is the intensity of fluorescence emitted at
Wavenumber v;. This parameter reflects the mean exposure of trypto-
phan residues to water (35, 36). 8-Anilino-1-naphthalenesulfonate
(ANS) and thioflavin T (ThT) binding was measured by excitating at
350 and 450 nm (4-nm slit), respectively, and emission spectra (8-nm
slit) were recorded from 400 to 600 nm and from 460 to 600 nm,
respectively. The concentrations were 0.35 mg protein ml™*, 700 um
ANS, and 80 um ThT. Pressure-induced aggregation was followed by
monitoring the light scattering intensity at 350 nm (0.5-nm excitation
and emission slits).

Determination of Thermodynamic Parameters—The thermodynamic
parameters of heat- and pressure-induced spectral changes were deter-
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Fic. 2. Effect of hydrostatic pressure on stability of ataxin-3
shown by UV spectroscopy at 25 °C. Upper graph, representative
view of fourth derivative UV spectra of human Q26 ataxin-3 as a
function of hydrostatic pressure between 0.1 and 650 MPa. Protein
concentration was 1.5 mgml ! in 25 mm Tris-HCl buffer, pH 7.0.
Pressure was raised in steps of 20 MPa from 0.1 to 650 MPa. Only
intervals of 60 MPa are shown. For a comparison, shown are the
original zero order spectra at 0.1 MPa of the human (dashed line) and
murine (dotted line) proteins (right hand scale). Middle and bottom
graphs, effects of salts on the fourth derivative amplitude in the tryp-
tophan region corresponding to pressure unfolding of the human and
murine proteins in the absence (o) and in the presence of 1 M NaCl (A).
Data were the average (S.D. = 5%) of three independent experiments.
Solid lines are the nonlinear least squares fit of experimental against a
two or multi-state model, as specified under “Results.”

mined by fitting spectral amplitudes at characteristic wavelengths to
two- or three-state transitions as described (22). This was possible,
because under each condition microreversibility was attained (the spec-
tra did not change further as a function of time). Nevertheless, the
pressure- and temperature-dependent spectral changes were not al-
ways fully reversible, and in some cases (as specified under “Results”) a
hysteresis phenomenon was observed. The deduced thermodynamic
parameters are therefore meaningful only within our experimental
conditions. They are used to compare the stability of murine and human
ataxin-3.

Circular Dichroism Spectroscopy—CD spectra were performed on a
Jasco model 810 polarimeter. 0.1- and 0.5-cm optical path length quartz
cells were used, respectively, to record spectra in the far-UV (188-260
nm) and near-UV (250-300 nm) range. Baseline corrected spectra were
acquired in triplicate at a scan speed of 20 nm'min~!, using a band-
width of 1 nm with a response time of 1 s. For temperature experiments
in the far-UV and near-UV ranges, proteins were dissolved at concen-
trations of 0.24 and 1.2 mgml !, respectively, in 25 mm phosphate
buffer, pH 7. Spectra were recorded in steps of 5 °C from 25 to 90 °C. At
each temperature the solution was allowed to equilibrate for 15 min.

FTIR Spectroscopy—FTIR spectra were recorded with an IFS28 spec-
trometer equipped with a DTGS detector. The spectra resulted from an

Mechanism of Thermal and Pressure Aggregation of Ataxin-3

wavelength (nm)

300 320 340 360 380 400
250 f f t t

°
200 + £ 140 \s o

150 + T 100

Yy 3 NN\\C 200 400 600

wo L \\ wavelength (nm)

50 ¢ R

Fluorescence intensity (U.A)

29500 A

~ 295400

29300 -

<y>, cm’

29200 -

29100 A

I { 1 1 | !
T T T T T T

murine Q;

29600

29500 1

29400

<y>, cm

29300 -

29200 A

29100 T T T T T T
100 200 300 400 500 600

<

Fic. 3. Pressure effect on the intrinsic protein fluorescence of
ataxin-3 at pH 7 and 25 °C. Upper graph, representative view of
fluorescence emission spectra of murine Q6 upon excitation at 280 nm
as a function of hydrostatic pressure at 0.1 MPa (1), 300 MPa (2), and
650 MPa (3) and after decompression (dashed line). Inset, variation of
the maximal value of fluorescence intensity (I3, .,,,,) as a function of
increasing pressures. Middle and bottom graphs, effect of salts on the
pressure dependence of the center of spectral mass <v> for human Q26
and murine Q6 proteins in the absence (e) and in the presence of 1 M
NaCl (A). Data were the average (S.D. = 5%) of three independent
experiments. Solid lines are the nonlinear least squares fit of the data
on a two- or multi-state model, as stated under “Results.”

accumulation of 100 scans, which were collected at a resolution of 2
cm ™!, To compare soluble and aggregated proteins, spectra were re-
corded with dry samples. Aliquots were applied onto fluorine plates,
and the solvent was allowed to evaporate at room temperature. For
comparison, spectra were normalized using the program OPUS/IR2.

Electronic Microscopy—Aggregates were obtained by pressurization
(650 MPa) or heating (90 °C) of human Q26 ataxin-3 protein solution at
2 mg'ml . The aggregates were diluted to a protein concentration of 0.2
mgml~ ', deposited onto formwar-carbon-coated grids, and negatively
stained with 2% aqueous uranyl acetate. The grids were examined
using a JEOL 1200EX? electron microscope at an accelerating voltage of
80 kV.

RESULTS

Pressure-induced Unfolding Studies using UV Absorbance
and Intrinsic Protein Fluorescence Show a More Complex,
Multi-step Unfolding Mechanism for Q26 Ataxin-3, as Com-
pared with That of the Q6 Form—At atmospheric pressure,
human Q26 and murine Q6 ataxin-3 exhibited identical UV
absorption and fluorescence spectra at pH 7.4 and 25 °C (see
Figs. 2 and 3). To compare the conformational stability of the
two proteins, pressure-induced unfolding experiments were
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TABLE 1
Thermodynamic parameters calculated from pressure and temperature unfolding curves of ataxin-3 at 25 °C
Pressure Temperature
AV AGy Pijp Ty AGy*
mlmol ™1 kJ-mol ! MPa °C kJ-mol !
Human Q26
Absorbance —40.7 = 3.9,° 5.9 % 0.7,° 145,
—61.3 = 1.9, 25.0 + 0.8, 409,° 47.8 = 0.5 12.7
Absorbance + 1M NaCl -90.3 £ 5.0 35.5+1.9 393
Fluorescence —372*54,’° 46 = 05,° 123,
-50.5 = 3.2, 17.8 = 14,° 3525, 499 * 0.4 20.5
Fluorescence + 1M NaCl -69.9 + 34 24.7 1.2 353
Near-UV CD 49.2 + 0.1 20.9
Murine Q6
Absorbance -369 1.1 135+ 0.5 366 55.3 * 0.6 7.0
Absorbance + 1M NaCl -91.8 + 8.0 38.3 = 3.2 417
Fluorescence —471*22 19.6 £ 0.9 416 53.8 £ 0.3 10.5
Fluorescence + 1M NaCl —-104.9 = 6.9 48.2 = 3.1 459
Near-UV CD 53.1+0.5 8.3

“ Free energy of heat-induced unfolding determined at 25 °C.

® The parameters were deduced from nonlinear regression of pressure-induced unfolding (Figs. 2 and 3) according to a bisigmoid model.
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Fic. 4. Pressure-induced effects on secondary and tertiary
structures of human Q26 ataxin-3. Upper graph, fluorescence emis-
sion spectra before (solid line) and after (dotted line) pressure treat-
ment. Inset, corresponding near-UV CD analysis. Bottom graph, far-UV
CD and infrared (inset) spectra of intact and pressurized protein (solid
and dotted lines, respectively). Similar effects were observed for the
murine Q6 protein (not shown for clarity).

performed under the same conditions. Using fourth derivative
UV absorbance spectroscopy, significant spectral changes were
observed for human Q26 and murine Q6 ataxin-3. As shown in
Fig. 2, increasing pressure up to 650 MPa induced a red shift
from 290.5 to 291.7 nm in the area corresponding to tryptophan
residues. Taking the spectral amplitude at 290.3 nm as the
signal of the transition, the change of the fourth derivative
value with pressure exhibited a sigmoid profile for the murine

protein (Fig. 2). This conformational destabilization was char-
acterized by a free energy of unfolding, AG, = 13.5 kJ/mol, and
a standard volume change of AV = —36.9 ml/mol with a half-
transition pressure, Py,, of 366 MPa (Table I). The analysis of
the corresponding profile for the human Q26 ataxin-3 was more
complicated; the presence of an intermediate was required to
accurately fit the experimental data (Fig. 2) as suggested by the
residuals of the global fit (data not shown). This yielded values
of AGy; 0f 5.9 and 25 kd/mol and AV of —40.7 and —61.3 ml/mol,
with P, values of 145 and 409 MPa (Table I). Although revers-
ibility was attained at each pressure (no further spectral evo-
lution as a function of time), for both proteins the spectral
change attained at 650 MPa was not fully reversible. After
pressure release, their spectra did not return to their initial
levels, as indicated by the incomplete recovery of the pressure-
induced red shift of the tryptophan band from 291.7 (650 MPa)
to 291 nm (10 MPa).

The effect of hydrostatic pressure on ataxin-3 fluorescence
spectra is shown in Fig. 3. For the murine Q6, the protein
fluorescence is affected in two phases in the pressure range
from 10 to 650 MPa (Fig. 3, inset). From 10 to 300 MPa, a
gradual decrease in fluorescence intensity at 329 nm was
observed upon compression. At higher pressure, the fluores-
cence intensity increased. Concomitantly with the fluores-
cence intensity increase, a red shift of the maximum emission
wavelength was observed, indicative of a pressure-dependent
exposure of tryptophan residues to water. These spectral
changes were not fully reversible. In the case of human Q26,
the fluorescence intensity changed in a similar way as that of
murine Q6. However, the pressure-dependent red shift was
observed already in the low pressure range. Again, these
spectral changes were only partly reversible; as illustrated in
Fig. 4, the maximum of fluorescence intensity after pressure
release was red-shifted. This indicates that the tryptophan
residues became more exposed to water. The partly irrevers-
ible character of the unfolding process was confirmed by a
significant decrease of the near-UV CD signal (Fig. 4). How-
ever, far-UV CD and infrared spectra were identical before
and after compression (Fig. 4). Altogether, these results in-
dicate that the pressure-induced unfolding process did not
change irreversibly the protein secondary structure but mod-
ified their tertiary structure. For the murine Q6, the transi-
tion can be ascribed to a two-state model, whereas at least
three states are involved in the pressure-dependent unfold-
ing of the human Q26 protein (Fig. 3). The calculated ther-
modynamic parameters are listed in Table I.
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Fic. 5. Binding of ANS (left) and thioflavin T (right) on pressure-unfolded ataxin-3 proteins at pH 7 and 25 °C. Left, upper graph,
fluorescence emission spectra reflecting ANS binding to ataxin-3 (case of human Q26) as a function of pressure between 0.1 and 650 MPa. The
arrows indicate the change in fluorescence intensity of the probes with increasing pressure from 10 to 650 MPa. Middle and bottom graphs,
pressure dependence of fluorescence intensity for the binding of ANS in the absence (e) and in the presence of 1 M NaCl (A) for the human and
murine proteins. Right, upper graph, fluorescence emission spectra reflecting ThT binding to ataxin-3 (case of human Q26) as a function of pressure
between 0.1 and 650 MPa. Middle and bottom graphs, effect of salt on the binding of ThT for the human Q26 or murine Q6 ataxin-3 protein in the
absence (o) and in the presence of 1 M NaCl (A). Data were the average (S.D. = 5%) of three independent experiments.

TaBLE II
Thermodynamic parameters calculated from pressure-induced
ThT binding curves for ataxin-3 at 25 °C and 0.1 MPa

AV AGy Py
mlmol ™! kJ-mol ! MPa
Human Q26 —-53.3 £3.9 239 *+1.5 447
Human Q26 + 1 m NaCl —=71.7 £5.2 279 £ 2.0 390
Murine Q6 —452 *4.9,° 7.6 0.9, 168,
—80.5 £ 6.9, 36.2 * 3.2, 505"
Murine Q6 + 1m NaCl —67.0 £4.6 28.6 £ 1.8

“ The parameters were deduced from nonlinear regression of Fig. 4
experimental data, according to a bisigmoid model.

NaCl Abolishes the Biphasic Denaturation Profile of Hu-
man Q26 Ataxin-3—To determine whether salts affect the
stability of proteins as described previously (37) for murine
prion protein, UV absorbance and fluorescence experiments
were carried out in the pressure range from 0.1 to 650 MPa in
the presence of 1 M NaCl. For human Q26, the former double-
sigmoid UV absorbance and fluorescence profiles became
two-state transitions, preceded and followed by near-linear
slopes (see Figs. 2 and 3). The thermodynamic parameters
(Table I) indicate that NaCl did not affect the unfolding
process at high pressure (300—650 MPa). These results sug-

gest a destabilization by NaCl of one region of the protein at
low pressure. In contrast, a pronounced increase in stability
of the murine Q6 protein was observed under pressure; the
presence of 1 M NaCl induced an increase of P, by about 50
MPa for both absorbance and fluorescence pressure-depend-
ent profiles (Table I).

8-Anilino-1-naphthalenesulfonate and Thioflavin T Binding
Fluorescence—The environment-sensitive fluorescent dye ANS
was used to characterize the pressure-induced unfolding of
ataxin-3. ANS binds to water-exposed hydrophobic domains of
native or molten globule protein structures (25, 31, 38, 39).
ANS binding is accompanied by an increase in its fluorescence
quantum yield. We used this probe to follow pressure-induced
exposure of hydrophobic regions of ataxin-3 proteins. As shown
in Fig. 5, ANS fluorescence intensity increased with hydro-
static pressure for both proteins. In the experimentally avail-
able pressure range, no plateau was attained, indicating that
the pressure-induced structural changes were incomplete even
at 650 MPa. Again, this process was only partially reversible.
Comparing the two proteins, ANS bound to human Q26 at
lower pressure than to murine Q6 (100 and 250 MPa, respec-
tively) indicating that the human protein is less resistant to
pressure treatment.
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Fic. 6. Far- (fop) and near-UV (bottom) CD analysis as a func-
tion of temperature for the murine Q6 ataxin-3. For the far-UV
CD, only the spectra at extreme temperatures (solid line, 25 °C; dotted

line, 90 °C) and the spectrum recorded after cooling to 25 °C (dashed
line) are shown.

For a further characterization of the pressure-induced con-
formational states, the ability of ataxin-3 to bind ThT was
studied. This fluorophore is frequently used to detect amyloid
(40) or oligomeric protein structures (41). Under our conditions,
its binding was characterized by a fluorescence increase at 483
nm (Fig. 5). For the human Q26 protein, a plot of the emission
amplitude at 483 nm versus pressure was best fitted by a
two-state transition model, whereas a multi-step process de-
scribed the profile obtained for the murine counterpart (Fig. 5).
This process was completely reversible with hysteresis in the
pressure range from 400 to 200 MPa. The thermodynamic
parameters deduced from these profiles are listed in Table II.
ThT binding was also observed in the presence of 1 M NaCl. The
observed sigmoid profiles were characterized by similar values
of AGy;, AV, and P, for both proteins (see Fig. 5 and Table II).

Thermal Unfolding of Ataxin-3—In contrast to pressure-
induced unfolding, human Q26 and murine Q6 showed similar
behavior against temperature. Fourth derivative spectra of the
tryptophan bands and protein fluorescence showed irreversible
red shifts at high temperature (data not shown). To obtain a
more detailed picture of their thermal unfolding, we analyzed
their CD spectra in the far- and near-UV range. (Fig. 6). In the
188-260-nm range, limited spectral changes were observed
when temperature was increased from 25 to 90 °C (Fig. 6A).
Again, the process was reversible after cooling to 25 °C. In
contrast, the CD signal at 282 nm decreased until complete
disappearance at 75 °C for the murine Q6 (Fig. 6B) and human
Q26 protein (data not shown). The temperature dependence of
the molar ellipticity at 282 nm exhibited a sigmoidal profile
superimposable to that obtained by absorbance and fluores-
cence experiments for both proteins (Fig. 7). The temperature-
induced unfolding parameters are reported in Table I.

Temperature- and Pressure-dependent Aggregation of Hu-

31559

1.0 4 human Q26
0.8 -
0.6 |
0.4
0.2
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1 1 | | 1
T T T T T

1.0 41 murine Q6

degree of transition

0.8 A

0.6

0.4

0.2 A

0.0 4

20 30 40 50 60 70 80
Temperature (°C)

Fic. 7. Temperature-induced unfolding as measured by ab-
sorption, fluorescence, and near-UV circular dichroism. The de-
gree of the transition was calculated from the fourth derivative ampli-
tude at 290.3 nm (e), the shift of the center of spectral mass (A), and
near-UV CD signal at 282 nm (O) as a function of temperature for the
human Q26 and murine Q6 ataxin-3. For absorbance and fluorescence
experiments, experimental conditions were identical to those used for
pressure treatment, except that the buffer was 25 mm phosphate, pH
7.0. For near-UV CD analysis, the spectra were recorded by increments
of 5 °C from 25 to 70 or 75 °C for the human and murine proteins (for
further information, see “Results”). The solid lines represent the fitting
of data using nonlinear regression against a two-state transition model.

man Ataxin-3—Human Q26, but not murine Q6, was prone to
aggregation at high pressure and temperature when its con-
centration was raised to 2 mg-ml~! (Fig. 8). Interestingly, the
aggregation process occurred in the same pressure range as the
second transition of the pressure-induced unfolding in fluores-
cence experiments. The corresponding profile could be fitted by
a two-state model with a similar half-transition value, P, like
that determined from fluorescence data (352 and 371 MPa,
respectively). The aggregates persisted during depressuriza-
tion to atmospheric pressure. Irreversible protein aggregation
was also observed at high temperature. In the case of murine
Q6, no aggregation was observed at protein concentrations up
to 3 mg'ml ! by pressure and temperature treatments.

The fact that ANS fluorescence and far-UV CD data suggest
a partially folded conformational state of human Q26 at high
pressure and temperature led us to examine the nature and the
morphology of these aggregates. The secondary structures of
soluble and aggregated proteins were determined by Fourier
transform infrared spectroscopy. As shown in Fig. 8B, soluble
protein before or after pressurization and pressure-induced
aggregates have similar infrared spectra in the amide I band
with an absorbance maximum at 1,654 cm 1. No significant
conformational changes in secondary structure were observed,
thus suggesting unlikely any effect of drying samples on FTIR
spectra. The only difference was the appearance of a minor
shoulder at 1,640 cm ! for the aggregated protein. In contrast,
a new peak showed up at 1,629 cm ™! for the heat-aggregated
protein, indicating that heat-induced aggregated Q26 contains
more B-secondary structure than the pressure-induced aggre-
gated protein.

Electron micrographs of negatively stained proteins re-
vealed a strong difference in the morphology of pressure- and
temperature-induced aggregates (Fig. 9). Surveying the en-

870z 'Sz AInc uo 1s8nb Aq /B10°0g ' mmawy/:dny woly pspeojumoq


http://www.jbc.org/

31560
30100 600 »
A et
L ta
~ 30000 A 500
5
o -400 &
229900 - =
\ =
L 300 °§
® 29800 &
A 200 &
AAA-‘AA'A'A"” i
29700 - wo &
T T T T T T 2

0 100 200 300 400 500 600

Pressure (MPa)

Normalized absorbance

T T T T

T
1800 1750 1700 1650 1600 1550 1500

wavenumber (cm’)

Fic. 8. Evidence of distinct structural and morphological in-
termediates of human Q26 ataxin-3 aggregates. A, pressure-in-
duced aggregation of proteins monitored by light scattering at 350 nm
and at 25 °C (A, compression; A, decompression). For comparison, the
profile corresponding to the change in the center of spectral mass <v>
as a function of pressure has been included in the graph. The protein
concentration was 2 mg:ml~! in 50 mm Tris-HCI buffer, pH 7.0, for both
experiments. Data were the average (S.D. = 5%) of three independent
experiments. The solid and dotted lines are the nonlinear least squares
fit of the data to a two- or multi-state model. B, infrared spectra of intact
protein (solid line), after pressure (dotted line) or temperature treat-
ment (dashed line).

tire electron micrograph grid, pressure-induced aggregation
exhibited distinct structural conformers of human Q26 pro-
tein (Fig. 9A). Pressure treatment resulted into the simulta-
neous presence of unstructured aggregates, of spheroid struc-
tures (100 nm in diameter; left), and of superstructures of
these spheroids to protofibrils of various length and order
(right). In some cases, these short fibrils associated (bottom).
In contrast, the picture was different for the temperature-
induced aggregates. As shown in Fig. 9B, only small isolated
filaments with a length of 8—10 nm were detected, without
any higher order structure. In both cases, the aggregates did
not exhibit birefringence in polarized microscopy after stain-
ing by Congo red, suggesting that no amyloid fibril formation
took place during aggregation.

DISCUSSION

It is well known that an expansion of the polyGln stretch
from 27 to 78 residues destabilizes ataxin-3 and leads to the
formation of amyloid B-fibrils (7). However, little information is
available concerning the stability and possible aggregation
mechanism(s) of normal ataxin-3, whose polyGln length ranges
from 12 to 40 (42). By using human and murine ataxin-3, which
contain a sequence of 26 and six consecutive glutamines, re-
spectively, we were able to compare directly the behavior of
these orthologous proteins under pressure and temperature to
determine the role of the polyglutamine sequence and its pro-
tein environment on the conformational stability and aggrega-
tion of ataxin-3.

Mechanism of Thermal and Pressure Aggregation of Ataxin-3

e

Fic. 9. Evidence for distinct morphological and structural in-
termediates in human Q26 ataxin-3 aggregation induced by
pressure (A) or temperature (B). Aggregates were obtained after
compression at 650 MPa or heating to 90 °C of the protein at a concen-
tration of 2 mg-ml . A 10-fold dilution was applied on formvar-carbon-
coated grids, and aggregates were imaged using a JEOL 1200EX?>
electron microscope. A, X50,000 (bar, 200 nm); B, X50,000 (left) and
%80,000 (right) (bar, 200 nm).

Comparison of Fluorescence and Absorbance Results—At
high temperature and high pressure, both proteins unfold. This
is evidenced by the red shift of intrinsic fluorescence (indicating
an increased water exposure of tryptophans), as well as by the
increase of extrinsic ANS fluorescence, by the decrease of the
near-UV CD signal, and by the blue shift of the tyrosine band
at 278 nm of the fourth derivative UV absorbance spectra (Fig.
2). In contrast, the tryptophan band in the fourth derivative
UV spectra (290.3 nm) shifts to the red. Commonly, such a red
shift is ascribed to a less polar environment (19, 33). However,
ataxin-3 may be an exception for this general rule (43). First,
the absorbance profiles match the fluorescence profiles. Sec-
ond, we have shown in tryptophan model studies that, unlike
tyrosines, there is no linear relationship between the position
of the absorbance band of tryptophan and the dielectric con-
stant of the solvent. In contrast, the intensity of the tryptophan
fourth derivative band has been shown to relate directly to the
solvent polarity (32, 33). Indeed, on increasing temperature
and pressure, the amplitude of the 290.3-nm band decreases,
thus providing evidence for the increased water exposure of the
tryptophans. A hypothesis to explain this result could be the
enhancement of nonspecific interactions between water and
one or more of the three tryptophans with increasing pressure,
depending on their degree of solvent exposure (44). At 600 MPa
the water density is 15% higher than at 0.1 MPa and, as a
consequence, could favor the stabilization of the excited state of
tryptophan(s). This would also explain the increase of trypto-
phan fluorescence intensity at high pressure (Fig. 3, inset).

Distinct Effects of Heat and Pressure upon Unfolding and
Aggregation—As already observed with other proteins (31, 45,
46), heat and pressure induced different ataxin-3 unfolding
processes. As to heat, the unfolding profiles of human Q26 and
murine Q6 were similar; they reflected a two-state unfolding
mechanism, irrespective of whether they were monitored by
UV absorbance, intrinsic fluorescence, or near-UV CD signal
(Fig. 6). Therefore, the heat-induced unfolding process appears
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to be the same for both proteins despite a lower thermal sta-
bility of the murine Q6 as judged by the difference of AGy,
compared with that of human Q26 (Table I). Furthermore, the
possibility to follow the heat-induced unfolding reaction by CD
spectroscopy, which is not feasible for technical reasons under
pressure (47), provided evidence for the formation of a molten
globule-like structure at high temperature; the secondary
structure was indeed largely preserved, but the tertiary struc-
ture (detected by near-UV CD) collapsed. This is an important
observation, as it may provide information about the structural
basis of the mechanism of ataxin-3 unfolding (see below). Un-
like heat-induced denaturation, pressure-induced unfolding of
ataxin-3 was characterized by a complex mechanism, implying
several steps and distinct unfolding intermediates within the
experimental pressure range. In addition, heat and pressure
led to different aggregation mechanisms. Ordered structures
were obtained at high pressure, and rather isolated filaments
were obtained at high temperature (Fig. 9).

The Glutamine Chain Length as a Negative Determinant of
Ataxin-3 Stability—Although human Q26 and murine Q6
ataxin-3 display high sequence homology (Fig. 1) and the same
putative three-dimensional folding (18), our spectroscopic data
showed significant differences in pressure stability for ataxin-3
orthologues. As shown by fourth derivative spectroscopy and
intrinsic fluorescence experiments, the human Q26 started to
unfold in a multi-step process at relatively low pressure,
whereas the murine Q6 unfolded at pressures higher than 300
MPa. The lower stability of human Q26 was also confirmed by
ANS binding experiments. ANS bound to the human protein
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unfolding process for human Q26 and murine Q6 ataxin-3.

above 150 MPa, a pressure similar to the P, value of 145 MPa
for the first transition observed by UV absorbance and fluores-
cence (Table I). A similar result was obtained in the presence of
1 m NaCl. Altogether, the results strongly suggest that the
lower stability versus pressure of human Q26 can be mainly
attributed to its longer glutamine chain. Furthermore, human
Q26, but not murine Q6, has the propensity to form higher
order aggregates by pressure treatment. This process is con-
centration-dependent and likely follows a nucleation-depend-
ent pathway under pressure as indicated by the observation of
aggregates of different structural complexity (Fig. 9). Our re-
sult is consistent with the hypothesis that the length of the
polyglutamine sequence determines the tendency of ataxin-3 to
aggregate, as proposed by Perutz and Windle (10).

Is the Polyglutamine Chain the Only Factor Determining
Ataxin-3 Stability and Aggregation?—Several arguments sup-
port an additional role of the protein context. Indeed, ataxin-3
can be considered as a two-domain protein: the Josephin do-
main (18), which contains all three tryptophans and six of eight
tyrosines, and the C-terminal, polyGln domain. Therefore,
far-UV CD spectroscopy and ANS and ThT binding data are
representative of the overall protein structure (comprising the
polyglutamine chain), whereas intrinsic fluorescence, UV ab-
sorbance, and near-UV CD data reflect the conformational
stability of the Josephin domain. For the latter, temperature-
and pressure-induced unfolding transitions suggest that the
two proteins undergo a similar unfolding process. Actually,
similar values of AGy; (17.8 versus 19.6 kJ-mol ') and AV (50.5
versus 47.1 ml'mol ') were obtained from fluorescence data for
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the human Q26 and Q6, respectively (Table I). Also, the ther-
mostabilities of human and murine proteins are comparable as
indicated by the mid-point temperature values, t.., of 49.9 and
53.8 °C, respectively. Finally, the most prominent result is that
protein aggregation is concomitant with conformational and/or
structural changes at high pressure or temperature. Only con-
formers of human ataxin-3 with solvent exposure of the
polyGln domain and partial unfolding of the Josephin domain
have the propensity to aggregate. This suggests that the pro-
tein environment of the polyGln domain does also play a dis-
tinguishing role in the aggregation process of ataxin-3.

Mechanistic Model of Ataxin-3 Unfolding—Our characteriza-
tion of human Q26 clearly shows that the protein unfolds
non-cooperatively (i.e. in several steps) under pressure. In the
light of the distinct structural changes described above, pres-
sure-induced unfolding of human Q26 can be described as
illustrated in Fig. 9. First, applying pressure weakens the
interactions between the Josephin and polyGln domains by
promoting the entry of water molecules at the interface (tran-
sition I). The hydrogen-bonding potential of polar side chain
amide groups of glutamine residues favors interactions with
water, which reduces protein stabilization through hydrogen-
bonded self-interactions (2). The pressure-destabilizing effect
induces a partial unfolding of the protein (conformer 1) in
which tryptophan residues and hydrophobic regions become
more exposed to solvent. Subsequent conformational changes
reflect the unfolding process of the Josephin domain (transition
II). This transition is mainly characterized by an increased
solvent exposure of tryptophan residues. However, the high
pressure unfolded state (conformer 2) retains some degree of
structure as suggested by ANS binding experiments. This sug-
gests that conformer 2, similar to the heat-induced unfolded
protein, resembles a molten globule-like structure, as already
observed for several proteins at high pressure (24, 38, 48-51).
This conformer binds thioflavin T at high pressure, suggesting
that the partly unfolded state of ataxin-3 may form soluble
metastable structures, as, for example, pressure-dependent
multimers (31, 41). Our hypothesis is reinforced by data ob-
tained in the presence of NaCl. Indeed, salts favor the binding
of thioflavin T but not of the ANS probe (Fig. 5). Our interpre-
tation is that NaCl could favor the formation of oligomeric
structures at high pressure because of a stabilizing effect of
salts, which shields electrostatic interactions at the surface of
the protein against pressure unfolding. This effect has also
been observed in other systems (52, 53).

In the case of murine protein, the picture is simpler (Fig. 10).
The pressure-induced unfolding process is more cooperative.
The most likely explanation for the greater stability of murine
Q6 under hydrostatic pressure could originate from differences
in residue composition of the polyGln domain, most likely the
length of the glutamine sequence. Nevertheless, its high pres-
sure unfolded state showed characteristics that were similar to
that of conformer 2 of human Q26. This leads to the conclusion
of a common unfolding process for both proteins. The critical
point that governs the aggregation pathway would be the
length of the glutamine expansion.

Biological Relevance—We have shown the greater structural
instability of human Q26 relative to murine Q6 and its possible
aggregation to higher order structures. A key issue that needs
to be addressed is whether the conformational changes leading
to aggregation of human Q26 ataxin-3 reflect the early events
of SCA3/MJD disease. Perez et al. demonstrated that human
Q27 ataxin-3 adopts an altered conformation with exposed
polyGln domain in the nucleus and binds to the nuclear matrix,
a property that has been reported also for the expanded Q78
form (17). Thus, a specific role of the nuclear environment and

Mechanism of Thermal and Pressure Aggregation of Ataxin-3

more precisely the interactions with nuclear proteins could be
the cause of this partial unfolding. Taking into account the
preferential recruitment of the protein in the nucleus (12) and
its ability to bind transcriptional components (16, 54, 55) one
may assume that non-expanded polyGln ataxin-3 could play an
important role in aggregation, as already suggested by its
presence within neuronal intranuclear inclusions in normal
and SCA3/MDJ brains (11). The consequence is that a high
concentration of abnormally folded ataxin-3 in specific sub-
nuclear domains likely disrupts the biological functions of the
nucleus by initiating the oligomerization of proteins and by
evolving to aggregates as shown recently (56) for the Q79-
hungtintin mutant.

Our results may thus help to understand the early steps of
the development of SCA3/MJD. Indeed, we have shown that
both exposure of the polyGln domain and partial unfolding of
Josephin domain are required for aggregation. In agreement
with our observation, Ross et al. (57) addressed this issue and
proposed a hypothetical pathway in which the polyglutamine
fibrillogenesis was preceded by an unfolded state of polyglu-
tamine proteins. Furthermore, our data argue for a dependence
of the aggregation process and of the morphology of higher
order structured aggregates on the length of the polyGln se-
quence. This idea is reinforced by the recent work of Tortora
and co-workers (19) who showed that non-pathological human
ataxin-3 carrying 36 glutamines could form B-fibrils at high
temperature.? Perez et al. (17) have also observed that the
non-pathological ataxin-3 adopts an altered conformation in
the nucleus where the polyGln domain is exposed. Our results
may well explain these observations, in that they suggest that
the protein has a rigid and virtually undenaturable scaffold
consisting of secondary structure elements, along with a flexi-
ble, overall tertiary structure. Thus, these properties might
represent the structural prerequisites that explain the capabil-
ity of human ataxin-3 to modify its conformation without un-
dergoing denaturation as a result of interactions with well
defined molecular partners found in the nucleus.
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