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ABSTRACT: The protein ataxin-3 is responsible for Machado-Joseph disease/spinocerebellar ataxia type
3, a neurodegenerative disorder caused by the presence of an expanded polyglutamine tract. A previous
investigation [Bevivino, A. E., and Loll, P. J. (2001)Proc. Natl. Acad. Sci. U.S.A. 98, 11955-11960]
showed that a nonexpanded ataxin-3 (Q27) was fully soluble, whereas an expanded form (Q78) gave rise
to amyloid fibrils. Here, we report investigations on three forms of ataxin-3 (i.e., human nonexpanded
(Q26), moderately expanded (Q36) ataxins-3, and the murine protein (Q6)). Far-UV circular dichroism
spectra at room temperature were substantially similar, with a relatively high helical content. On heating
to 96 °C, human Q26 and murine proteins did not display large structural changes, nor did they undergo
any precipitation, which highlights their amazing heat-resistance. In contrast, human Q36 ataxin-3 underwent
a progressive increase in theâ-sheet and a concomitant decrease in helical content when the temperature
was shifted from 37 to 80°C, followed by the irreversible formation of aggregates above 80°C. They
were shown to consist of amyloid fibrils, as supported by both electron microscopy images and the typical
spectral shift displayed by Congo red when it was added to the protein at growing temperatures. We also
found that protein precipitation could be prevented by mixing the dye with Q36 ataxin-3 prior to heating,
which also confirms that the precipitates do represent authentic amyloid fibrils. In contrast, other compounds
structurally related to Congo red did not exert significant effects. Our observations suggest that the
temperature of the observed transition is inversely related to the length of the expansion. Finally, we
suggest that antiamyloidogenic compounds might be selected on the basis of their ability to block or
retard human Q36 ataxin-3 precipitation on heat-treatment.

Polyglutamine1 (polyQ) diseases are late-onset inherited
neurodegenerative disorders caused by the presence of
glutamine repeats exceeding a critical size, typically 35-40
consecutive residues, in a number of proteins (1-3). No size
or sequence similarity is apparent among the proteins
responsible for these neurodegenerative disorders. However,
the striking similarities in genetic, clinical, neuropathological,
and molecular features among polyQ diseases suggest that
they share the fundamental mechanisms of pathogenesis,
based on a toxic gain of function at the protein level (1, 4).
Thus, glutamine expansions beyond the critical size are
thought to both induce conformational modifications in the
host protein and promote protein aggregation by acting as
polar zippers (5, 6). This results in the formation of insoluble

aggregates, mostly nuclear (1), which also recruit additional
proteins, among others, and transcription factors or other
regulatory nuclear proteins (7).

Despite the remarkable similarities among polyQ diseases,
significant differences at the clinical and cellular level are
also evident. In particular, selective neuronal loss strikes
different brain regions in different diseases (2, 8). This points
to mechanisms of pathogenesis that involve varying expres-
sion levels in different neurons and/or different molecular
partners recruited by the polyglutaminated proteins in dif-
ferent intracellular milieus.

Although the causal relationships among the individual
events that eventually lead to neurodegeneration are still
poorly understood, it seems likely that the appearance of
aggregates represents the primary event triggering the
downstream pathological manifestations (9-11), or at least,
that the aggregation process is linked to pathogenesis (8).
In keeping with this idea, it was observed that inhibition of
PolyQ oligomerization by CR in a transgenic mouse model
of Huntington disease preserved cellular functions and
exerted protective effects on survival, weight loss, and motor
function (12). Thus, considerable efforts are being directed
toward the development of screening assays aimed at
selecting polyglutamine aggregation inhibitors as drugs
capable to treat polyQ diseases (13).
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⊥ Universitàdi Milano.
1 Abbreviations: polyQ, polyglutamine; IPTG, isopropylâ-D-thio-

galactopyranoside; DTT, dithiothreitol; GST, glutathioneS-transferase;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; PVDF, polyvinylidene fluoride; CD, circular dichroism; CR
Congo red.

14626 Biochemistry2003,42, 14626-14632

10.1021/bi0352825 CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/19/2003



Relevant to therapeutic strategies devised to prevent or
reverse aggregation is the understanding of the structural
differences between nonexpanded and expanded polyQ
stretches. So far, most available structural data were obtained
either from investigations carried out on artificial constructs
(6, 14-16) or from a computer-generated model (5).

Only recently, the structure of an authentic polyglutami-
nated protein (i.e., human ataxin-3), both nonexpanded (Q27)
and expanded (Q78), was investigated using CD (17). This
is a widely expressed protein, which causes Machado-
Joseph disease/spinocerebellar ataxia type 3 via selective
damage, mainly of cerebellar dentate neurons, basal ganglia,
the brain stem, and the spinal cord (2). Its physiological
localization is cytoplasmic, but pathological variants give
rise to nuclear inclusions. Ataxin-3 has no obvious homology
to any other known protein, nor is its physiological role well-
understood, although recent findings suggest that it is a
histone-binding protein with two independent transcriptional
corepressor activities (18). The aforementioned authors (17)
found that human Q27 ataxin-3 is fully soluble and has a
relatively high helical content, whereas the Q78 variant is
only soluble when expressed with the maltose-binding protein
as a fusion partner. They also observed that, under these
conditions, the Q78 protein had a much lower helical content
than the Q27 form and that, upon proteolytic removal of the
fusion partner, it became insoluble, thus giving rise to fibrils
with a highâ-structure content.

To gain further insight into the role of polyQ tracts on
protein stability and solubility, we investigated three different
forms of ataxin-3 (i.e., murine (Q6), human nonexpanded
(Q26), and human moderately expanded (Q36)). Our interest
in a moderately expanded form is justified by the fact that
proteins carrying longer expansions can be hardly kept in
solution, which prevents thorough structural characterization.
Furthermore, investigations on proteins with relatively short
expansions may help better understand the role of the protein
context, which actually can significantly affect polyQ
solubility (15). Our findings show that, whereas Q6 and Q26
ataxins-3 are amazingly thermostable, the Q36 variant gives
rise to amyloid fibrils on increasing temperature above 40
°C.

EXPERIMENTAL PROCEDURES

Gene Cloning.A cDNA encoding murine ataxin-3 was
identified searching the EST database (dbEST) for entries
showing homology with human ataxin-3. The best alignment
(91% identity) was obtained with NCI CGAP Kid14 Mus
musculus cDNA (dbEST ID: 7279528). The corresponding
IMAGE clone (IMAGE:4234485) was obtained from the
RZPD Deutsches Resourcenzentrum fu¨r Genomforschung
GmbH. Murine ataxin-3 cDNA was isolated by PCR using
gene-specific oligonucleotide primers and subsequently
cloned into plasmid pGEX-6P-1 (Amersham Biosciences UK
Ltd., Little Chalfont, England). This plasmid allows cloning
of foreign genes under an IPTG-inducible tac promoter.
Recombinant proteins can be expressed as GST fusion
proteins and retrieved by means of a PreScission Protease
(Amersham Biosciences UK Ltd., Little Chalfont, England)
cleavage site located between the two coding sequences.
Automated sequencing was performed using vector- and
gene-specific oligonucleotide primers. The sequence deter-
mined was submitted to GeneBank (BankIt486589 AF537188).

cDNA coding for human ataxin-3 was constructed by
assembling the C-terminal coding sequence contained in
IMAGE clone 79914 and the N-terminal coding sequence
found in IMAGE clone number 4393766 (both purchased
from the RZPD Deutsches Resourcenzentrum fu¨r Genom-
forschung GmbH). The assembled sequence was then sub-
cloned into plasmid pGEX6P-1. Clones coding for Q26 and
Q36 proteins were obtained by growingEscherichia coli
cells, XL-1 blue strain, carrying the assembled gene inserted
in pGEX6P-1 on LB-Ampicillin medium plates. Colonies
were screened by PCR using gene-specific oligonucleotide
primers. The number of glutamines was determined by
automated sequencing using vector- and gene-specific oli-
gonucleotide primers.

Protein Purification.The three ataxin-3 were expressed
in E. coli strain BL21 codon plus RIL as GST-fusion proteins
containing a PreScission Protease recognition site. Cells were
grown at 37°C in LB-ampicillin medium and induced with
50 µM IPTG at A600 ) 1.0 for 2 h. About 13 g of cells was
pelleted from 4 L of culture. To obtain crude extracts, cells
were frozen and thawed, then incubated for 1 h at 4°C in
100 mL of lysis buffer (10 mM sodium phosphate, pH 7.2,
150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, 10
mM DTT, 100 mM MgCl2, 0.5 mg/mL lysozyme) and again
frozen and thawed. 1% Triton-X-100 and DNase (0.2 mg/g
of cells) were then added, and the samples were further
incubated for 30 min at room temperature. Finally, they were
centrifuged for 30 min at 47 000g. The supernatants were
loaded onto a Glutathione Sepharose 4B affinity column (3
mL bed volume). The column was washed with three
volumes of 10 mM sodium phosphate, pH 7.2, 150 mM
NaCl, followed by three volumes of cleavage buffer (50 mM
Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT).
Removal of the GST affinity tail was achieved by incubating
overnight at 4°C the resin-bound proteins in the presence
of PreScission Protease (400 U/mL resin). Mature ataxins-3
were then eluted with cleavage buffer, while PreScission
Protease, being a GST fusion protein, remained bound to
the resin. Ataxins were subsequently concentrated in Cen-
tricon YM-30 microconcentrators (Millipore Corporation,
Bedford, MA) to final concentrations of 2-5 mg/mL.

SDS-PAGE and Western Blotting.SDS-PAGE was
carried out according to Laemmli (19), in a Mighty Small
apparatus (HoeferScientific Instruments, San Francisco, CA)
with a 12% running gel and a 4% stacking gel. Proteins were
revealed by Gel Code staining (Pierce Biotechnology,
Rockford, IL). Western blot was performed according to
Sambrook (20). Proteins were transblotted onto PVDF
membranes and incubated in blocking solution (5% milk in
PBS) for 60 min. Membranes were then probed for 60 min
at 37 °C with either anti-human Q26 ataxin-3 polyclonal
antibodies (Z46 antibodies) raised in rabbits using standard
methods at 1:5000 in blocking solution or monoclonal
antibody 1C2 purchased from Euromedex (Muindolsheim,
France) at 1:2000 in blocking solution. After incubation in
primary antibody, membranes were rinsed five times in 0.1%
Tween in PBS for 5 min each and subsequently incubated
for 30 min at 37°C in secondary antibody (1:3000 horse-
radish peroxidase-goat anti-rabbit antibodies for Z46 primary
antibody or 1:3000 horseradish-peroxidase-goat anti-mouse
antibodies for IC2 primary antibody). Membranes were then
rinsed as stated previously, and immunoreactive bands were
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revealed using ECL Western blotting reagent (Amersham
Biosciences UK Ltd., Little Chalfont, England).

Circular Dichroism.CD spectra were recorded on a Jasco
J500A spectropolarimeter interfaced to a personal computer
for data collection and manipulation and equipped with a
thermostatically controlled cell holder. The data were
analyzed by means of Jasco J700 software. The spectropo-
larimeter was calibrated with a d-10-camphorsulfonic acid
solution. Protein samples were dissolved in 25 mM sodium
phosphate, pH 7.0, 150 mM NaCl and analyzed in quartz
cuvettes with 0.1 cm path length. Protein concentration (0.1
mg/mL) was determined on the basis of tyrosine and
tryptophan absorbance at 280 nm. Spectra were recorded at
different temperatures, after the signal was kept constant for
at least 5 min. All protein spectra were baseline-corrected
by subtracting buffer spectra. Molar mean residue ellipticity
[θ] values were expressed for all wavelengths in deg cm2

dmol-1 and were calculated by the equation [θ] ) θMRW/
10dc, wereθ is the observed ellipticity in degrees, MRW
the mean residue molecular mass of the examined protein,
d is the optical path length in centimeters, andc is the protein
concentration expressed in g/mL. Fractional composition in
secondary structure for the three proteins was evaluated by
the Convex Constraint Analysis method (21). When record-
ing spectra at growing temperature, this was increased at a
rate of about 1°C/min. Before collection of each spectrum,
samples were preincubated for 5 min. A total of 12 min was
required to record an entire profile.

Congo Red Shift Assay.Amyloid fibril formation was
detected as reported (22), with minor modifications. To elicit
amyloidogenesis, human Q36 ataxin-3 (1 mg/mL) was heated
at the same rate as in CD experiments. When the temperature
attained 45, 55, and 75°C, 60µg samples were withdrawn,
10-fold diluted in 25 mM sodium phosphate, pH 7.0, 150
mM NaCl, 2.5µM CR, and mixed thoroughly. After another
30 min incubation at room temperature, spectra were then
recorded using a Jasco-550 spectrophotometer.

Electron Microscopy.Drops of the suspensions collected
on collodion-carbon-coated grids were negatively stained
with 4% sodium phosphotungstate, pH 4.0 and examined at
a Zeiss 902 transmission electron microscope using 80 kV,
10 µA of beam current, 60µm objective aperture, and an
anticontamination device. Spectrometer facilities were rou-
tinelychecked to improve resolution and contrast. Magnifica-
tion checks were routinely performed using a catalase
standard. Specimen measurements were taken on negative
films or on enlarged print using a lens with a micrometer.

RESULTS

Soluble Q6 Murine, Human Q26, and Q36 Ataxin-3 Are
Obtained as Fusion Proteins with GST and in Mature Form
After Proteolytic RemoVal of the Fusion Partner.The three
mature ataxins-3 were subjected to SDS-PAGE to check
their purity (Figure 1A), whereas their identity was confirmed
by Western blotting, using either polyclonal antibodies
against nonexpanded human ataxin-3 or 1C2 monoclonal
antibodies, which are reported to preferentially recognize
expanded, pathogenic polyQ stretches (23) (Figure 1B). As
expected, murine ataxin-3 was not reactive toward 1C2. In
contrast, the antibody recognized both human ataxins-3, Q26,
and Q36, the latter being significantly more reactive than
the former.

Ataxin-3 Is Endowed with a Remarkable Thermostability,
Not Related to the Presence of polyQ.Far-UV CD spectra
of murine (Q6) and human nonexpanded (Q26) and human
moderately expanded (Q36) ataxins-3 were recorded at
growing temperatures, up to 96°C (Figure 2). At the lowest
temperature, Q26 ataxin-3 displayed a relatively high helical
content, in good agreement with the Q27 ataxin-3 spectrum
previously reported (17). Spectra of the three proteins were
similar but not identical to each other, the most evident
difference being the weaker negative band at 222 nm in the
murine form as compared to both human ataxins-3, which
points to a lower helical content for the former protein.
Furthermore, murine and human (Q26) ataxins-3 retained
much of their secondary structure even at the highest
temperature, the murine protein being slightly more tem-
perature-sensitive than the human one (Figure 2, upper and
middle panels). This highlights the unusual heat-resistance
of the two proteinssat least as far as the secondary structure
is concernedsand shows, at the same time, that it cannot be
accounted for by the presence of the polyQ stretch. It should
be also stressed, however, that in a previous work we
observed a breakdown of the tertiary structure above 53 and
49 °C for murine and Q26 human proteins, respectively (24).
This is reflected, to some extent, in their far-UV CD spectra
(Figure 2), whose shapes undergo detectable changes starting
from 50°C, suggestive of a significant amount of non-native-
like secondary structure above this temperature.

Human Q36 Ataxin-3 Undergoes a Temperature-Depend-
ent, Conformational Transition, Followed by IrreVersible
Protein Precipitation.The CD spectrum of human, Q36
ataxin-3 underwent progressive changes starting from 40°C.
In particular, an assessment of secondary structure content
(see Experimental Procedures) indicated an about 10%
increase inâ-structure and a comparable decrease in helical
content when shifting the temperature from 37 to 80°C
(Figure 2, lower panel). However, above 80°C, the protein
underwent aggregation, which resulted in the formation of
a visible precipitate. This prevented us from further collecting
reliable spectra. We could not resolubilize the protein and

FIGURE 1: SDS-PAGE (12% gel) (A) and Western blot (B) of
purified murine Q6, human Q26, and Q36 ataxins-3. Four micro-
grams of each protein was run in SDS-PAGE and revealed by
Gel Code staining. Marker proteins with the respective molecular
masses (× 10-3) are also shown. For Western blot analysis, 100
ng of each protein was run and subsequently blotted onto PVDF.
Proteins were immunodecorated either with 1C2 antibodies, or with
Z46 antibodies, raised against human Q26 ataxin-3. The migration
of marker proteins and their molecular masses are also indicated.
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reverse the conformational transition, even though the
preparation was slowly cooled (data not shown). In contrast,
human Q26 and murine ataxins-3 did not undergo any visible
precipitation, even after an overnight incubation at 80°C.

We also subjected to SDS-PAGE the precipitated Q36
ataxin-3. Staining did not evidence any band in the running
gel. This was instead detected in the stacking gel (data not
shown), suggestive of the appearance of SDS-resistant
aggregates.

When Heated, Human Q36 Ataxin-3 ProgressiVely Shifts
Congo Red Spectrum.It is well-known that CR is able to
specifically interact with amyloid fibrils, which results in a
characteristic red shift and intensity increase of its visible
spectrum (22). Thus, we probed human Q36 ataxin-3 for its
ability to produce such spectral changes. After a 30 min
preincubation at 45, 55, and 75°C, the protein was mixed
with the dye and incubated another 30 min at room
temperature (Figure 3). Spectra recorded at 55 and 75°C
displayed the expected spectral shift, which was more
pronounced at 75°C. In contrast, the protein did not cause
any spectral shift of CR after a 2 hpreincubation at room
temperature (data not shown).

Precipitated Human Q36 Ataxin-3 Molecules Pack To-
gether to Yield Filaments of Different Sizes.Electron
micrographs of negatively stained precipitates of Q36
ataxin-3 showed protofilaments of different lengths and a 2
( 1.2 nm diameter (Figure 4A). They were apparently
formed by individual globular entities, or protofibrils, with
a slightly elongated shape and major and minor axes of
approximately 2.7 and 2 nm, respectively. Protofilaments also
showed the ability to pack together, mostly in an almost
parallel fashion (Figure 4B) and to give rise to mature fibrils
and bundles of larger size, not permeated by the negative
stain (Figure 4C). Only occasionally amorphous aggregates
were found, which shows that the aggregation did not result
from protein thermal denaturation but is rather related to the
amyloidogenic properties of the polyQ expansion.

Congo Red Retards the Heat-Induced Precipitation of
Human Q36 Ataxin-3.Along with its well-known ability to
specifically interact with amyloid fibrilsswhich results in a
characteristic spectral shift (Figure 3 and ref22)sCR is also
capable to prevent or retard their formation, so it is regarded
as the prototypical antiamyloid agent (12, 22). Thus, we
probed its capacity to delay the heat-induced precipitation
of Q36 ataxin-3. To do so, we incubated the protein at 85
°C in the presence of two different concentrations of the dye
(i.e., 36 and 100µM). It should be stressed that this
experimental design is substantially different from that
depicted in Figure 3, when the protein was preincubated at

FIGURE 2: Far UV-CD spectra of ataxins-3 recorded at different
temperatures of murine Q6, human Q26, and human Q36 ataxins-
3. Protein samples (0.1 mg/mL) were dissolved in 25 mM sodium
phosphate, pH 7.0, 150 mM NaCl. Optical path length was 0.1
cm.

FIGURE 3: Congo red shift assay. Samples of human Q36 ataxin-3
preheated at the indicated temperatures were mixed with the dye
(2.5µM final concentration) in 25 mM sodium phosphate, pH 7.0,
150 mM NaCl. Spectra were recorded after another 30-min
incubation at room temperature. A spectrum of the dye in the
absence of the protein is also shown (solid line, CR). In the inset,
difference spectra are shown: CR/proteins(CR alone+ protein
alone). For other details, see Experimental Procedures.
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different temperatures prior to addition of this compound.
We thus observed a pronounced retardation of protein
precipitation effected by CR and an almost complete preven-
tion at the highest dye concentration (Figure 5A,B). Also,
the effect was unquestionably specific, as different com-
pounds structurally related to CR were either completely
ineffective, or as in the case of tropaeolin, considerably less
effective (Figure 6).

DISCUSSION

This work was undertaken to provide further insights into
the mechanisms by which polyQ repeats affect the structure
and behavior of polyglutaminated proteins. To this end, we
characterized some variants of ataxin-3. Besides investigating
human nonexpanded (Q26) and murine (Q6) ataxins-3, we
focused in particular on a human form, whose polyQ tract
is 36 residues long. This is the longest normal repeat reported
so far for this protein. Unlike an expanded variant (Q78)

(17), all three forms here described were proven to be fully
soluble at the physiological temperature.

As regards the murine protein, this is almost identical to
the human form in the 291-residue long stretch upstream
from the polyQ repeat, whereas it significantly diverges in
the much shorter stretch downstream. Since several prediction

FIGURE 4: Electron micrographs of negatively stained Q36 ataxin
3 fibrils. Images were obtained using the spectrometer with∆E )
0-10 eV. In the encircled zones, the globular substructure of the
filaments is more evident. (A) Network of filaments. 680 000x (bar
) 10 nm). (B) Parallel arrangement of single or associated
filaments. 370 000x (bar) 10 nm). (C) Isolated large fibers. 75 000x
(bar ) 100 nm). The inset shows the detail of fiber surface
composed of tightly packed globular filaments. 264 000x (bar )
10 nm).

FIGURE 5: Time-dependent precipitation of Q36 ataxin-3 at 85°C
in the absence and the presence of CR. The protein (0.6 mg/mL)
was incubated in 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT. At the indicated times, samples were withdrawn
and centrifuged at 16 000g for 10 min. The supernatants were either
subjected to determinations of the residual soluble protein content
(A) or to SDS-PAGE and Gel Code staining (B). In panel B, the
CR concentration is 36µM.

FIGURE 6: Effect of compounds structurally related to CR at a 100
µM concentration on the time-dependent precipitation of Q36
ataxin-3 at 85°C. (2) CR; (4) tropaeolin; (O) Orange G; (9)
azobenzene; and (b) no addition. Proteins (0.6 mg/mL) were
incubated in 50 mM Tris-HCl, pH 7.0, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT. At the indicated times, samples were withdrawn
and centrifuged at 16 000g for 10 min, and the supernatants were
subjected to determinations of the residual soluble protein content.
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methods assign to this latter tract a disordered structure in
both proteins, the ataxins-3 from either source plausibly
possess a similar overall fold, except for the perturbing
effects possibly brought about by the polyQ repeats. Thus,
comparative investigations on these proteins should provide
hints as to how the length of the repeats affects their structure
and behavior.

Far-UV CD spectra did not evidence major differences
among the three forms at room temperature. Furthermore,
both murine and human Q26 ataxins-3 underwent marginal
and reversible spectral changes up to about 90°C, which
highlights their remarkable heat resistance, at least as far as
the secondary structure is concerned. On the other hand, in
a previous work, we observed that the tertiary structure of
the two proteins collapsed above 53 and 49°C, respectively,
as shown by several criteria (i.e., fourth derivative amplitude)
near-UV CD and shift of the center of spectral mass (24).
This points to a molten-globule-like structure for these
proteins at temperatures higher than 50-55 °C. Whatever
may be the reason of the heat resistance of the secondary
structure, it cannot be related to the occurrence of the polyQ
stretch, as the murine Q6 protein was almost as thermostable
as the human Q26 form.

The major finding of the present work is, however, the
heat-induced structural change of the human Q36 ataxin-3
and the subsequent protein precipitation. Actually, several
lines of evidence indicate that the precipitates consist of
amyloids, i.e., (a) the increase inâ-structure (about 10%)
and the concomitant decrease in helical content, shown by
far-UV CD spectroscopy, in keeping with previous reports
(16, 17, 25); (b) the ultramicroscopic observations; (c) the
typical spectral shift of Cong red when added to the protein
at growing temperatures; and (d) the ability of the dye to
selectively prevent the heat-induced precipitation of this
protein, when added prior to heating.

Thus, our results clearly show that the precipitates resulting
from protein heating do represent authentic amyloid fibrils,
although we cannot rule out, in principle, that the collapse
of the tertiary structure, which takes place above 50-55 °C,
may also favor amyloid formation.

These findings also raise the issue of what structure both
normal and pathological expansions do possess. Structural
modeling carried out recently (26) led to the proposal that
nonexpanded polyQ tracts have a helical structure. However,
in our opinion, the most plausible hypothesis is that they
are disordered. Actually, this condition might allow non-
expanded variants of polyglutaminated proteins to accom-
modate expansions differing in length of over 20 residues
(27) without undergoing major structural changes, as sug-
gested by their lack of any pathogenicity, either related to
loss or to gain of function. This idea is also supported by
CD analysis of artificial peptides (14), as well as by NMR
studies on a fusion protein GST-Q22 (15).

Concerning expanded stretches, a recent model maintains
that they consist of cylindricalâ-sheets helically wound
around the fiber axis and enclosing a central cylindrical cavity
(16). According to the model, these structures have exactly
20 residues per turn, and two turns (i.e., 40 residues) is the
minimum required to give rise a nucleation center for the
formation of helical fibers. Residues in neighboring turns
would be stabilized by hydrogen bonds between both their
main chain and their side chain amides (16). Furthermore,

the formation of the cylindrical sheet from a random coil
state would be entropically favored despite the loss in
conformational entropy. This is because the formation of
intramolecular hydrogen bonds among the amides, which is
associated to the transition, would result in release of bound
water molecules (16). No suggestion is made in the afore-
mentioned paper as regards the role of the enthalpic
contribution. If, however, one assumes that the latter is
negligible, an increase in temperature might substantially shift
the equilibrium toward fiber formation by amplifying the
entropic contribution. An additional, but not necessarily
alternative, interpretation of the observed effect of the
temperature is that it might favor the transition kinetically.

According to the model previously depicted, the 36-residue
long polyQ stretch in our variant of ataxin-3 might be too
short to give rise to amyloid fibrils. It should be stressed,
however, that this protein has three more glutamines im-
mediately upstream from the longer polyQ tract and a lysine
between, which on the whole yields a 40-residue long
expansion. Thus, it is conceivable that the lysine residue
would accommodate in the two-turns-â-sheet resulting from
the transition.

It should be also stressed that Q36 ataxin-3 is very close
to the solubility threshold, as substantiated by the fact that
we could not purify in significant amounts two other forms
of human ataxin-3 carrying 40 and 52 consecutive glutamines,
respectively. Actually, they were mostly found in pellets from
E. coli cell extracts (data not shown), suggestive of extremely
low solubility and/or propensity to tightly interact with other
molecular partners. In particular, the former variant was
obtained by replacing Lys295 by glutamine, which changed
the polyQ sequence from Q3KQ36 to Q40. Thus, the replace-
ment of just one amino acid was sufficient to dramatically
drop protein solubility. The Q36 ataxin-3 variant, unlike those
carrying longer polyQ stretches, represents therefore a
suitable model for in vitro investigations on amyloid fiber
formation. Furthermore, two advantages are associated with
its handling: first, the process can be controlled by just
increasing the temperature and second, this molecule is an
authentic polyglutaminated protein and not an artificial
construct, which involves that its behavior should be more
representative of processes occurring in vivo.

On the whole, our observations and previous ones also
suggest that the transition temperature should be inversely
related to the length of the expansion, in keeping with the
aforementioned insolubility at room temperature of human
Q78 ataxin-3 (17) and the full solubility of Q26 at any
temperature.

Another issue raised by the present paper is the interpreta-
tion of the electron micrographs of Q36 ataxin-3 preheated
preparations. We observed filaments, apparently formed by
individual, elongated globular entities, suggestive of a
nucleation process by which the subunits assemble linearly
to yield protofilaments. These can further pack together in a
roughly parallel fashion and also may give rise to mature
fibrils and bundles of larger size. These observations do not
allow us to understand howâ-sheets accommodate in the
overall structure of the protein, nor how they would be able
to interact with each other to produce linear assemblies of
Q36 ataxin-3 molecules. Interestingly, very similar images
have been reported for the amyloid-â40 protein (28).
Whatever may be the interpretation of our results, they clearly
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show, nevertheless, that no amorphous aggregate arose on
heating the protein preparation.

Finally, our findings also pave the way to a fast and simple
screening assay aimed at selecting antiamyloidogenic com-
pounds. In fact, they should prevent or decrease the ag-
gregation and the resulting clouding of Q36 ataxin-3 solutions
on heat treatment, a process that can be easily monitored
photometrically.
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