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Abstract. Expansion of amino acid homo-sequences,
such as polyglutamines or polyalanines, in proteins has
been directly implicated in various degenerative diseases
through a mechanism of protein misfolding and aggrega-
tion. However, it is still unclear how the nature of the
expansion and the protein context influence the tendency
of a protein to aggregate. Here, we have addressed these
questions using spinocerebellar ataxia type-3 (ATX3)
protein, the best characterised of the polyglutamine pro-

teins, chosen as a model system. Using a transfected
mammalian cell line, we demonstrate that ATX3 aggrega-
tion is noticeably reduced by deletion or replacement of
regions other than the polyglutamine tract. The nature of
the amino acid homo-sequences also has a strong influ-
ence on aggregation. From our studies, we draw general
conclusions on the effect of the protein architecture and
of the amino acid homo-sequence on pathology.
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Introduction

An increasing number of human genetic diseases have
been shown to be associated with an anomalous expan-
sion of low complexity repeats of amino acid sequences
[1-3]. A unifying hallmark of these pathologies appears
to be the formation of nuclear protein inclusions, which
are highly cytotoxic and may cause pathology through a
loss of function mechanism, associated with gain of ab-
normal functions [1, 4]. It is now widely accepted that
there is a direct link between expansion and the aggrega-
tion properties of the corresponding proteins, although
the mechanism by which expansion leads to misfolding
and aggregation remains unclear. One of the best char-
acterised among these human diseases is probably the
family of diseases that involves expansion of polyglut-
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amine (polyQ) repeats: at least eight dominant spinocer-
ebellar ataxias (SCA) occur when the length of a polyQ
tract within the coding regions of the respective proteins
is above a given threshold [5]. Several other human pa-
thologies have more recently been linked to expansion of
polyalanine (polyA) repeats (reviewed in [1, 3]). Other
disease-linked homo-sequences may yet be identified
since long amino acid tracts of almost all types of homo-
sequences have been shown to have tendency to aggre-
gate [6].

Whether the repeat regions are involved in any specific
function in the corresponding non-pathological proteins
is still unknown. It has been suggested that long stretches
of homo-sequences are involved in processes that neces-
sitate the assembly of large multi-protein complexes,
such as transcription and signalling [7]. An important
point, which is still controversial, is the mechanism that
leads from expansion to pathology: whether homo-se-
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quences are all that is needed to induce toxic aggregation
and whether the rest of the protein sequence has any role
in aggregate formation. Various independent reports have
shown that some of the polyQ proteins tend to aggregate
even in their non-expanded form and that protein con-
text has a strong effect on the solubility and stability of
polyQ stretches [8—12]. At least two of the polyQ proteins
linked to pathologies have also been shown to contain
other regions, distinct from the polyQ tract, that are able
to aggregate and lead to amyloid formations similar to
those observed in other degenerative diseases also when
produced independently from the polyQ region or in
their non-expanded form [9—-11]. An apparently different
school of thought suggests instead that polyQ expansion
is sufficient to lead to pathology and that this may occur
as a consequence of a proteolytic event, which frees the
homo-sequence from the rest of the protein [13—17].

In an attempt to clarify this controversy and to study
further the effect of poly-amino acid expansion in cell
aggregation, we have used a model system in which the
aggregation tendencies of different proteins and protein
domains were analysed in terms of their ability to form vis-
ible aggregates when overexpressed in mammalian cells.
Using this system, we have addressed two specific ques-
tions. First, we considered the relative role of the protein
context in the aggregation properties of ataxin 3 (ATX3),
chosen as a paradigmatic example. This is a small protein
responsible for Machado-Joseph disease/spinocerebellar
ataxia type 3 (MJD/SCA3) [18]. ATX3, which has been
shown to be involved in the ubiquitin/proteasome path-
way [19-23], contains an N-terminal Josephin domain,
which spans the first 182 residues and is the only con-
stitutively structured region of the protein, and a C-ter-
minal region that contains the polyQ tract [24-26]. The
Josephin domain was shown to be able to aggregate and
form amyloid fibres also in the absence of a polyQ tract
[9], thus strongly suggesting the presence of at least two
distinct amyloidogenic sequences. In the present study,
using different ATX3 constructs in which we have both
varied the length of the polyQ tract and changed the na-
ture of the protein context, we have assessed the relative
importance of Josephin over polyQ expansion in vivo.
As a corollary of this study, we have used the same mam-
malian cell system to compare the aggregation tendencies
of different amino acid homo-polymers. From our study, we
show that, while expansion of the polyQ tract is necessary
to trigger aggregation, the protein context has strong effects
in modulating the role of polyQ and that different amino
acid homo-repeats have different tendencies to aggregate.

Materials and methods

Expression constructs. ATX3 cDNA with 72 or 18 CAG
repeats was PCR amplified and cloned into pBudCE4.1
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vector (Invitrogen) using standard protocols to obtain V5
tagged mammalian expression constructs (ATX3_Q18
and ATX3_Q72). These were used as templates to in-
troduce frameshift mutations so that the glutamine en-
coding CAG codons were changed to AGC and GCA,
to code for serines (ATX3_S18 and ATX3_S72) and
alanines (ATX3_A18 and ATX3_A72), respectively.
The frameshifts were achieved by PCR taking advantage
of the non strand-displacing action of pfu Turbo DNA
polymerase (Stratagene) and employing 5” phosphory-
lated mutagenic primers incorporating the frameshift
that anneals to complementary sequences on opposite
strands of the plasmid. The following primers were
used:5’-GAGAAGCCTACTTTGAAAAAAGCAGCAA-
AAGCAGCAACAGC-3" and 5-GCTGTTGCTGCTTT-
TGCTGCTTTTTTCAAAGTAGGCTTCTC-3’ for serine
repeats, and 5’-GAGAAGCCTACTTTGAAAAAGCAG-
CAAAAGCAGCAACAGC-3and 5’-GCTGTTGCTGC-
TTTTGCTGCTTTTTCAAAGTAGGCTTCTC-3"  for
alanine repeats. After PCR (25 cycles with annealing
and extension temperatures of 55 °C and 72 °C each
and 6 min extension time), the template DNA was di-
gested with Dpnl and 5 puL of the PCR product was
directly transformed into XL-10 Gold competent cells
(Stratagene). Individual clones were selected and veri-
fied by DNA sequencing. The frameshifts resulted in
ATX3 constructs truncated 10 (alanine repeat) and 23
(serine repeat) residues downstream of the repeats. The
3" sequences were then corrected using a further round
of mutagenesis. The following sense primers, along
with their complementary antisense primers (not listed)
were used: 5-AGCAGCAGCCGGGACCTATCAGGA-
CAGAGTTCACATCC-3" for serine constructs and
5'-GGATGTGAACTCTGTCCTGATAGGTCCCGT-
GCTGCTGCTG-3’ for alanine constructs. ATX3 lack-
ing the Josephin domain was amplified by PCR using the
5’-AAGACTGGTACCATGAAAACAGACCTGGAAC-
GAATGTTAGAAGC-3" and 5-TAGATCCTCGAGTCT-
GTCAGATAAAGTGTGAAGGTAGCGAAC-3"primers.
These were cloned into pPBudCE4.1 vector using Kprl and
Xhol sites to generate Josephin-deleted ATX3 expression
vectors (ATX3_QI18-AJos and ATX3_Q72-AJos). The
AXH domain DNA sequence from HBP1 was amplified
by PCR and cloned in-frame into these constructs to cre-
ate HBP1 AXH replaced constructs (ATX3_Q18-HBP1
and ATX3_Q72-HBP1). Expression vectors encoding C-
terminal fragments of ATX3_Q72, corresponding to pu-
tative caspase cleavage products, were generated by clon-
ing ATX3_Q72 lacking the first 217 or first 225 amino
acids into pBudCE4.1 vector (ATX3_Q72-A1-217 and
ATX3_Q72-A1-225).

ATX3_Q18-GFP and ATX3_Q72-GFP were made by am-
plifying sequences corresponding to the C-terminal polyQ
region and the nuclear localisation signal (NLS) from the
DNA of the ATX3_QI18 and ATX3_Q72 constructs and
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cloning them downstream of green fluorescent protein
(GFP) using primers 5-AACGTCAAGCTTCCTTCG-
GAAGAGACGAGAAGCCTACTTTG-3" and 5-ATC-
GACGGATCCCTATGGATGTGAACTCTGTCCT-
GATAG-3". Using oligonucleotide incorporating codons
for the repeats, 24 repeats of glutamines, serines or leu-
cines were cloned downstream of GFP. The complemen-
tary oligonucleotides with X%ol and EcoRI sticky ends
were annealed and cloned between the respective sites in
the pEGFPC2 vector (Clontech), resulting in the GFP_Q24,
GFP_S24 and GFP_L24 constructs. The oligonucleotide
sequences were as follows: 5-TCCAGG(CAG)*TAG-3’
and 5-AATTCTA(CTG)*CC-3" for glutamine repeats,
5’-TCCAGG(AGC)*TAG-3" and 5-AATTCTA (GCT)
24CC-3 for serine repeats, and 5-TCGAGG(CTG)*TAG-3’
and 5-AATTCTA (CAG) >*CC-3’ for leucine repeats.

Cells, transfection and confocal microscopy. COS cells
were grown in chamber slides. Transfection and confocal
microscopy were carried out as described earlier [27]. Af-
ter fixation and permeabilization, cells transfected with
constructs expressing ATX3 were incubated either with
anti-ATX3 N-terminal antibodies (a generous gift from
Prof. Erich Wanker) at 1:1000 dilution or with anti-V5
antibodies (Invitrogen, 1:500 dilution) and FITC-conju-
gated secondary antibodies. Cells were incubated with
primary and secondary antibodies for 1 h each. Nuclei
were counterstained with DAPI (10 min). Cells were
mounted as described earlier and labelled cells were vi-
sualised with a Leica laser scanning confocal microscope
(TCS-SP1). Detection of the fluorescence signals of cells
expressing GFP and GFP fusion proteins was achieved by
using appropriate filter sets (excitation 488 nm/emission
505-530 nm). Images were acquired as single transcel-
lular 0.2-um optical sections in the Z plane and averaged
over 16 scans/frame. Fluorescent aggregates are readily
identifiable by their size and intensity as well as compart-
mentalised appearance. Fluorescence was further con-
firmed as aggregate-associated and distinct from diffused
staining by the presence across several optical sections in
the Z plane. When necessary, images were merged using
the Image J program (NIH, Bethesda). All transfections
were carried out in duplicate and repeated at least three
times to check for consistency. For each construct, ~250
cells expressing the protein were examined and counted
in terms of aggregate formation. Results were shown as a
percentage of total cells examined.

Western blot analysis. COS cells were seeded in dupli-
cate in equal density on chamber slides and transfected
with the appropriate DNA constructs. For each pair of
chambers, cells from one chamber were processed for mi-
croscopy as described above 48 h after transfection, while
the cells in the duplicate chamber were lysed in sample
buffer. Aliquots of the cell lysates (20 L) were subjected
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to electrophoresis and Western blot analysis using anti-
V5 or anti-GFP antibodies. Western blot analysis against
a housekeeping gene, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), was carried out in parallel as a load-
ing control, using comparable amounts of cell lysates.

Results

General strategy. A number of different protein con-
structs were designed (for a summary, see Table 1) and
their effect on the tendency to form cellular aggregates
tested in transiently transfected mammalian cell lines
(COS cells), using fluorescence microscopy experiments.
To confirm that the observed differences in visible ag-
gregate formation were not merely due to differences in
protein expression levels in the transfected cells express-
ing different DNA constructs, Western blot analysis of
all the cell lysates was carried out. Parallel transfections
were carried out in twin chamber slides: cells from one
chamber were processed for microscopy, while cells from
the duplicate chamber were lysed and subjected to West-
ern blot. Expression analysis of the housekeeping gene
product GAPDH, which was detected using specific an-
tibodies, confirmed equal loading of the cell lysates; the
results shown in Fig. 1 indicate that the reported differ-
ences in aggregate formation were not due to variations
in the expression of particular proteins.

The polyQ length determines different tendencies to
aggregate. First, we compared the expression pattern
of ATX3 in COS cells when they were transiently trans-
fected with ATX3 constructs carrying polyQ tracts with
18 (ATX3_Q18) and 72 (ATX3_Q72) glutamines. We ob-
served that when expressing ATX3 with a non-pathologi-
cal polyQ tract (ATX3_Q18), ~85% of the cells consis-
tently exhibited diffused nucleo-cytoplasmic formations,
which stained for ATX3 with occasional appearance of
small foci (Fig. 2a). Only a minority of the ATX3_Q18
cells (15%) exhibited larger aggregates (Fig. 2b). In con-
trast, ~60% of the cells that expressed ATX3_Q72 had
very large aggregates exceeding several micrometres in
size (Fig. 2¢). Very few cells exhibited a completely dif-
fused staining pattern and most of the remaining 40%
cells had several small aggregates (Fig. 2d). Large aggre-
gates were found in the cytoplasm and were mostly peri-
nuclear in both ATX3_Q18 and ATX3_Q72 transfected
cells, especially those of ATX3_Q72.

We conclude that, in our model system, polyQ expansion
consistently increases the cell tendency to form large in-
tracellular aggregates.

The effect of the protein context on the aggregation of
ATX3. We then probed the effect of deleting or replacing
the only globular region of ATX3, the Josephin domain,
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Table 1. Summary of the constructs used in this study and pattern of expression observed in%. Cartoon representations of the constructs
are given in the second column in which Josephin, the AXH of HBP1 and GFP are shown with a rectangle, circle and hexagon respectively.
The homopolymeric sequences are shown in grey where as the rest of the tail, when present, is shown in black.

None or little aggregation Aggregation
Construct Cartoon Diffused Diffused/small Small Large
expression aggregates aggregates aggregates
ATX3 QI8 [Cm = 85 15
ATX3 QI18-Alos = . 98 2
ATX3_Q18-HBP1 Cm m 98 2
ATX3_QI18-GFP Cm = 100
ATX3_Q72 s == 40 60
ATX3 Q72-Alos m 64 30 6(nuc)”
ATX3 Q72-A1-217 = m 66 28 6 (nuc)”
ATX3_Q72-A1-225  mm 64 31 5 (nuc)®
ATX3 Q72-HBPI1 Cm mm 78 22
ATX3_Q72-GFP Cm m 79 21 (nuc)*
ATX3_AT72 (s mmm 65 35
ATX3_S72 [ o mm 100
GFP O 100
GFP_Q24 < 100
GFP_A24 <Oma 100
GFP_S24 - 100
GFP_L24 »oe 100
2 Exclusively nuclear aggregates.
on cellular aggregate formation. We deleted the Josephin a 12 3 b 12345
domain from expanded and non-expanded ATX3 (ATX3_ e o
Q18-AJos and ATX3_Q72-AJos). Additionally, we made ‘ aE
two constructs in which the Josephin domain was replaced
with the AXH domain of HBP1 (ATX3_Q18-HBP1 and - -
ATX3_Q72-HBP1), a domain with no known tendency
to aggregate [11]. These constructs resulted in proteins
comparable in size to full-length ATX3. Finally, the ATX3 c 1 2 3 d 1 2 3 4

C terminus was fused to the GFP, which is well character-
ised, highly soluble and easy to detect (ATX3_Q18-GFP
and ATX3_Q72-GFP).

Transfection of cells with non-expanded ATX3_Q18-
AJos and ATX3_Q18-HBP1 constructs showed that de-
letion or replacement of Josephin resulted in diffused
expression and absence of aggregates in 98% of the cells
examined. Only 2% or less of these cells showed some
aggregates (Fig. 3a, b). These were smaller in size than
those observed in a minority (15%) of the ATX3_18Q-
expressing cells (Fig. 2b), and bore more resemblance
to the small-foci-forming majority of cells expressing
ATX3_Q18. Likewise, replacement of Josephin with
GFP had a similar effect: ATX3_Q18-GFP had an ap-
pearance similar to that of GFP alone which, in the same
cells, showed a diffused expression pattern both in the
nucleus and in the cytoplasm (Fig. 4a). This behaviour
should be compared with the pattern observed in the

Figure 1. Protein expression analysis of cells transfected with
ATX3 and GFP constructs. Lysates of COS cells that were seeded
at similar density, and transfected and grown under the same condi-
tions as those processed for microscopy, were subjected to Western
blot analysis using appropriate antibodies recognising the overex-
pressed proteins (upper sections in a—d) or GAPDH, which was
used as a loading control (lower sections of the panels). The panels
represent the following transfections: a: lane 1, ATX_3 Q18; lane 2,
ATX3_QI18-AJos; lane 3, ATX3_Q18-HBPI. b: lane 1, ATX3_Q72;
lane 2, ATX3_A72; lane 3, ATX3_S72; lane 4, ATX3_Q72-Alos;
lane 5, ATX3_Q72-HBP1. ¢: lane 1, GFP; lane 2, ATX3_Q18-GFP;
lane 3, ATX3_Q72-GFP. d: lane 1, GFP_24Q); lane 2, GFP_24L,;
lane 3, GFP_24S; lane 4, GFP.
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ATX3_ Q18

ATX3_Q72

15% 40%

Figure 2. Expression pattern of ATX3 in transfected COS cells.
COS cells were transiently transfected with expanded (ATX3_Q72)
or non-expanded (ATX3_Q18) ATX3. After staining, the cells were
subjected to confocal immunofluorescence microscopy. Majority
of ATX3_QI18 (a) cells exhibit a mostly diffused staining for the
protein, while about 15% appear to have large aggregates (b). In
contrast, 60% of cells transfected with ATX3_Q72 have large, of-
ten perinuclear, aggregates (c) whereas the remainder of cells have
smaller aggregates (d).

ATX3_Q18 cells in which a minor, yet significant por-
tion of the cells displayed large cytoplasmic aggregates
(cf. Figs 2, 4b).

When the effect of expanded constructs was analysed,
the staining of most cells expressing ATX3_Q72-AJos

ATX3_Q18-AJos
a

2%

ATX3_Q72-AJos
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or ATX3_Q72-HBP1 appeared diffused with no visible
aggregates (data not shown). This is at strong variance
with what observed for ATX3_Q72 (Fig. 2¢, d). Where
the cells appeared to have aggregates (i.e. 30% of cells
for ATX3_Q72-AJos and 22% of cells for ATX3_Q72-
HBP1), these were much smaller than those observed in
the majority of ATX3_Q72-expressing cells (¢f Fig. 3e, d
and Fig. 2¢). In ~6% of the cells expressing ATX3_Q72-
Alos, the aggregates were exclusively nuclear (data not
shown) at variance with what we had observed for the
full-length expanded or non-expanded ATX3. This is in-
teresting in light of the recent proposal that proteolytic
cleavage of ATX3 could precipitate nuclear aggregation
and cytotoxicity of the protein [16, 17, 28]. To mimic
the effect of this proteolysis, which is thought to oc-
cur at caspase sites of ATX3, we made two more con-
structs with N-terminal deletions (ATX3_Q72-A1-217
and ATX3_Q72-A1-225). They correspond to the two
C-terminal caspase cleavage products of ATX3. Once
again, in most of the cells the staining was diffused and
without visible aggregates. In both cases, ca. 30% of
the cells appeared to have small cytoplasmic aggregates
(Fig. 3e, g), whereas 5-6% of the cells had larger ex-
clusively nuclear formations (Fig. 3f, h). Cells express-
ing ATX3_Q72-GFP were comparatively less prone to
aggregation than ATX3_Q72 cells (only 21%, of the
cells contained aggregates) (Fig. 4c). All the aggregates
observed in ATX3_Q72-GFP experiments were exclu-
sively nuclear.

ATX3 Q18-HBP1 ATX3_Q72-A1-217 ATX3_Q72-A1-225

ATX3_Q72-HBP1 ATX3_Q72-A1-217 ATX3_Q72-A1-225

Figure 3. The effect of N-terminal deletion of ATX3 or of swapping the Josephin domain with a non-aggregation-prone domain on aggre-
gate-forming tendency in transfected cells. The panels correspond to cells overexpressing the following constructs: ATX3_Q18-AJos (a),
ATX3_QI8-HBPI (b), ATX3_Q72-AJos (c), ATX3_Q72-HBP1 (d), ATX3_Q72-A1-217 (e, /') and ATX3_Q72-A1-225 (g, h). In all cases,
deletion or replacement of Josephin with a domain that was not prone to aggregation appears to prevent aggregate formation in most of the
cells (¢f. Fig. 2). The aggregates appear to be consistently smaller in size in the case of truncated ATX3_Q72-expressing cells compared
with that observed for the cells expressing the equivalent full-length constructs shown in Figure 2. Exclusively nuclear aggregate forma-
tion was observed in a small number of cells expressing N-terminal deletions of ATX3 (ATX3_Q72-A1-217 and ATX3_Q72-A1-225). In
(f) and (&) cells were counterstained with DAPI and images were overlaid to appreciate nuclear (blue) as well as ATX3-associated (green)

fluorescence.
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ATX3_Q18-GFP

GFP
a b
100% 100%

Figure 4. Effect of fusing the expanded and non-expanded ATX3
C terminus to GFP. The expression pattern of cells transfected with
constructs in which GFP was fused upstream to the C terminus of
ATX3_Q18 or ATX3_Q72 was compared with that of GFP alone.
GFP (a) and ATX3_Q18-GFP (b) both appear diffused in both the
nucleus and the cytoplasm in all cells examined. While most cells ex-
pressing ATX3_Q72-GFP show a similar appearance, ~21% of these
cells have large, exclusively nuclear aggregates (c).

ATX3_Q72-GFP

These results clearly indicate that protein regions outside
the expanded amino acid tracts contribute and modulate
the behaviour of polyQ expansion. Their roles appear to
become increasingly more important upon expanding the
length of the polyQ tract.

Testing the effect of different homo-polymer expan-
sions in ATX3. We then probed the effects of expansion
of different poly-amino acid homo-sequences on aggre-
gation. We introduced frameshift mutations in expanded
ATX3 to change the polyQ repeats into polyS and polyA.
The frameshift was corrected immediately after the poly-
amino acid tract, going back to the ATX3 frame.

COS cells were transiently transfected with these con-
structs. Compared to cells transfected with ATX3_Q72,
there was a marked difference in the aggregate forming
tendency displayed by ATX3_A72. The vast majority of
these cells (~65%) displayed a diffused staining pattern
with occasional small foci (not shown), while the rest of
the cells had aggregates which, although exceeding sev-
eral micrometres in size, were generally smaller compared
with the large aggregates of ATX3_Q72 cells (Fig. 5a, b).
Examination of the cells expressing ATX3_S72 revealed
a very different phenotype: all the cells overexpressing
ATX3_S72 had very large mostly perinuclear aggregates,
indicating that the tendency of ATX3 to form aggregates
varies with the nature of the poly-amino acid (Fig. 5¢).

ATX3 Q72

ATX3_ST72

ATX3_AT72

Figure 5. Effect of replacing the polyQ repeats in ATX3_Q72 with
polyA and polyS repeats. While ~60% cells expressing ATX3_Q72
have large aggregates (a), fewer ATX3_A72 cells (b) have large
aggregates, and their sizes are appreciably reduced. In contrast, all
cells expressing ATX3_S72 (c) have large aggregates.

Protein aggregation and amino acid homo-polymers

..
..

Figure 6. Effect of fusing different amino acid homo-polymers
to GFP. Fluorescence analysis of cells transfected with GFP (a),
GFP_24Q (b), GFP_24S (c¢) or GFP_24L (e—g) was carried out.
Neither GFP_24Q nor GFP_24S show any significant difference
to GFP-expressing cells and the green fluorescence appears as dif-
fused and nucleo-cytoplasmic in all cells examined. Perinuclear
aggregate formation and distortion of the nucleus (arrow in ) are
observed instead in GFP_24L-expressing cells.

As a further step to compare the effect of different amino
acid homo-polymers, we made GFP fusion constructs
having 24 poly-leucine (polyL), poly-alanine (polyA),
polyglutamine (polyQ) or poly-serine (polyS) sequences.
GFP_Q24- and GFP_S24-expressing cells appeared no
different from GFP-expressing cells, exhibiting diffused
nucleo-cytoplasmic fluorescence (Fig. 6a—c). A fluores-
cence pattern similar to that observed in GFP-express-
ing cells was also observed for GFP_A24 cells (data not
shown). In contrast, the morphology of GFP_L24 cells
appeared completely different. In these cells, green fluo-
rescence appeared as a single large perinuclear aggregate
agglomerated against the nucleus and distorting its ap-
pearance (Fig. 6e—g). Collectively, these data indicate
that poly-amino acids of the same length have differ-
ent aggregation properties and that polyL repeats have
a stronger effect than the other poly-amino acids tested,
not only regarding aggregate formation tendency but also
with respect to their ability to cause microscopically vis-
ible cellular architecture defects.

Discussion
Repeats of amino acid homo-polymers have been im-

plicated in an increasing number of human pathologies
caused by protein misfolding and aggregation. To clarify
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their role in neurodegeneration, we have addressed here
two questions: first, we have evaluated the importance of
the protein context in polyQ aggregation using ATX3 as a
model system; second, we have compared the aggregation
tendencies of different poly-amino acid sequences using
both ATX3 and GFP as carriers. To address the first ques-
tion, we assessed the effect of fusing polyQ sequences
below and above the pathological range (which for SCA3
is around 50-60 repeats) to different protein carriers by
comparing the percentage of cells that contained aggre-
gates. Interestingly, we did not observe any case in which
expansion was associated exclusively with nuclear ag-
gregates, such as those reported in SCA3-affected neu-
rons [29]. In our system, expanded ATX3 tended to form
predominantly cytoplasmic aggregates. One possibility
that would explain this discrepancy is that, in addition
to the NLS [30], ATX3 contains an as-yet-unidentified
cytoplasmic retention signal, the effect of which may be
more pronounced in an overexpression system. Another
possible explanation is that the aggregation kinetics of
expanded ATX3 are so fast that, in overexpressing cells,
aggregation takes place before the protein has had any
chance of getting transported across the nuclear mem-
brane. This hypothesis may also explain the mostly peri-
nuclear appearance of the aggregates, which are similar
to those observed in ATX3 staining of affected brain tis-
sues where, in addition to ATX3 nuclear aggregates, there
is some ‘perinuclear granular staining’ [31]. Although
likely, it is not known whether the perinuclear aggregates
can affect nuclear transport. In a Drosophila model of
Huntington’s disease, cytoplasmic aggregates were shown
to trap proteins and block axonal transport, suggesting
that non-nuclear events brought about by cytoplasmic
aggregation play a role in neurodegeneration [32]. More-
over, recent studies on Huntington, the polyQ expanded
protein responsible for the Huntington’s pathology, have
attributed a critical role to both nuclear and extranuclear
polyQ tracts into disease progression [33]. Considering
that ATX3 also is a predominantly cytoplasmic protein, it
is possible that similar events occur in SCA3.

An important finding of our study is that, while polyQ
expansion is essential to observe appreciable aggregation
in our model system, the presence and the nature of the
protein context strongly modulates the amount, the size
and the morphology of the aggregates. We have observed
a qualitatively similar effect by deleting the Josephin do-
main, by replacing it, or by adding to the construct an-
other highly soluble domain. These findings are fully in
agreement with results reported for ataxin 1 [11], the pro-
tein responsible for SCA1 ataxia, and set a clear hierar-
chical relationship between polyQ and other fibrillogenic
regions of polyQ proteins. Accepting that aggregation is
primarily governed by poly-amino acid expansion but
modulated by the protein context is crucially important
for understanding the mechanism of polyQ aggregation.
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We also believe that our findings are not in conflict with
the suggestion that proteolytic cleavage could be the ba-
sis of a common mechanism of aggregation and toxicity
[16, 17, 28]. Our results clearly indicate that C-terminal
products of ATX3 with expanded polyQ tracts are capable
of forming exclusively nuclear aggregates. It is therefore
possible that truncated C-terminal products of ATX3
having expanded polyQ may have a role in initiating the
formation of nuclear aggregation. Once this process is
initiated, other components may get involved and be se-
questered together, including the more aggregation-prone
full-length expanded ATX3.

Support, albeit indirect, to this hypothesis is given by stud-
ies in yeast models, which have shown that efficient cy-
toplasmic aggregation and toxicity of polyQ proteins can
be detected only in yeast strains containing an endogenous
glutamine/asparagine (Q/N)-rich protein, Rnqlp, in its
prion form [34]. In this system, the aggregation initiated
by Rnqlp seems to lead to heterologous ‘seeding’, which
promotes aggregation of polyQ proteins. Rnqlp is one of
several known yeast proteins, including Newlp, Sup35p
and Ure2p, which contain Q/N-rich prion domains [35-37].
Studies on Sup35p and New 1p have revealed that, while the
Q/N tract mediates sequence-specific aggregation, the ad-
jacent oligo peptide motif is required for the replication and
stable inheritance of the aggregates [38, 39]. Interestingly,
the Q/N rich domains of Newlp and Rnqlp in their prion
forms have been shown to facilitate aggregation of a polyQ
construct from the mutant ATX3 [40].

To compare the tendency of aggregation of different poly-
amino acid sequences, we have also studied their behav-
iour when linked both to ATX3 and to the non-fibrillogenic
GFP. We observed clear differences amongst the different
homo-polymers both when they were in the context of the
ATX3 protein and when they were directly linked to GFP.
Expanded polyA sequences seem overall to be less toxic
than polyQ tracts. PolyS and polyL have comparatively
stronger phenotypes. Since there are not yet reports about
the involvement of polyS or polyL tract expansions in
human diseases, it is tempting to suggest that serine and
leucine repeats may be too toxic and that any such expan-
sion is not tolerated beyond the embryonic stage, unlike
some of the polyQ and polyA expansions. Consistently, a
search through the database of human proteins shows that
proteins with glutamine or alanine repeats are far more
abundant than those with serine repeats or repeats of hy-
drophobic amino acids such as leucines [6].

In conclusion, our results not only shed light on the dif-
ferent aggregation tendencies of different amino acid
homo-polymers but also provide new evidence in favour
of a role of the Josephin domain in the aggregation of
ATX3 in vivo.
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