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Abstract
Transglutaminase type 2 (TG2) has recently been implicated in crosslinking of mutant huntingtin
protein into aggregates. Here we show that TG2 also crosslinks spinocerebellar ataxia-1 (SCA1) gene
product ataxin-1. HeLa cell lysates expressing GFP tagged ataxin-1 with 2, 30 or 82 glutamines
showed covalent crosslinking of ataxin-1 when incubated with exogenously added TG2. This
crosslinking was inhibited by TG2 inhibitor cystamine. SCA1 transgenic mice which overexpress
the mutant ataxin-1 in cerebellar Purkinje cells showed elevated nuclear TG2 in the absence of
ataxin-1 nuclear aggregates. The addition of purified TG2 to the nuclear extracts or addition of SCA1
nuclear TG2 to GFP-Q82 HeLa cell lysates resulted in the formation of insoluble aggregates. These
data indicate that ataxin-1 is a substrate of TG2. Further, in SCA1 TG2 may translocate to the nucleus
in response to nuclear accumulation of mutant ataxin-1 at early stages of the disease.
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Spinocerebellar ataxia 1 (SCA1) is one of a number of late-onset neurodegenerative diseases
that are caused by the expansion of a CAG repeat encoding an endogenous polyglutamine
(polyQ) tract within the respective disease protein [4]. The mutated protein, different in each
disease, confers a dominant gain of function ultimately leading to the disease state [4].
However, the given reasoning for the pathological sequence of events observed as a result of
aggregation of these mutated proteins is still debated. The formation of insoluble aggregates,
largely confined to inclusions in neuronal nuclei are the one feature that stand out starkly and
therefore, are the focal interest of most researchers. These inclusions contain a variety of
proteins in addition to the mutant protein, which is a major portion of the conglomerate [18,
19]. Such inclusions are and have been known to be intransigent to most solublization
techniques [6,9]. Two general mechanisms of stabilization of such protein aggregates have
been proposed [9] and much research has been focused on the highly aggregating nature of a
polyglutamine repeat in a β-sheet conformation [17,21]. The second theory involves
incorporation of non polyQ proteins into the aggregates by the formation of covalent bonds
catalyzed by transglutaminases (TGs) [5].

Transglutaminases are a family of calcium dependent enzymes which catalyze the post
translational modification of proteins through the exchange of primary amines for ammonia at
the γ-carboxamide group of glutamine residues [2]. The well characterized function of most
of the mammalian TGs involves stabilization of biological structure via cross linking of
proteins [1]. Tissue transglutaminase 2 is expressed in mammalian nervous system and human
brain, localizing mainly in the neurons [12,15], and is highly expressed in Purkinje cells of the
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cerebellum [16]. Though in vitro studies [5,10] have demonstrated the increased potential of
expanded polyQ repeat proteins as substrates for TGs, they have recently been implicated in
a number of polyglutamine neurodegenerative disorders [2,13]. Therefore, the aim of this study
was to determine if TG2 crosslinks ataxin-1 and thus has any role in SCA1 pathogenesis.

SCA1 transgenic mice (homozygous and heterozygous) were obtained from Drs. Harry Orr
and Huda Zoghbi [3] at the University of Minnesota. Wildtype FVB/N were obtained from
Jackson Labs. The use of animals was approved by the Institutional Animal Care and Use
Committee. Mouse anti-GFP was obtained from Roche (Roche Diagnostics Corp). Rabbit
polyclonal anti-transglutaminase 2 was obtained from Lab Vision Corp. Mouse anti-
polyglutamine (MAB1574) and rabbit anti-calbindin D-28K were obtained from CHEMICOM
Int. (Serologicals Corporation). Tissue Transglutaminase type 2 was obtained from Sigma
Chemical Co. (St. Louis, MO)

Three to four individual cerebella (whole cerebellum) from 4 and 6 weeks old SCA1
heterozygous transgenic and wild type (FVB/N background) mice were used for preparation
of cytosolic, nuclear and membrane fractions. The procedure described in the cytosol-nuclear
extract preparation kit of Bio-Vision Research Products, CA was followed. Fractions were
divided into different aliquots and stored at −80 °C.

HeLa cells from the American Type Culture Collection (ATCC) were cultured, transfected
with ataxin-1 (Q2, 30 or 82)-GFP constructs and processed as described [25]. Briefly, for
obtaining whole cell lysates, transfected cells were lysed in 50 mM Tris, pH 7.5, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA plus 1 tablet of complete
protease inhibitor cocktail (Roche, Mannheim, Germany) per 50 ml lysis solution. The lysates
were then repeatedly passed through a 25-gauge needle to shear DNA.

The reaction was performed at 37 °C for various time intervals in a buffer containing 125 mM
Tris (pH 8.5), 2.5 mM CaCl2, 10 mM DTT, plus an appropriate amount of nuclear extracts or
HeLa cell lysate. TG2 was added to a final concentration of 0.01 U/mg protein. In some
reactions 1 mM EGTA or 10–40 mM cystamine was used to inhibit TG2 activity.

SCA1 heterozygous and wildtype animals were sacrificed, brains removed and stored or
processed for immunoblot analysis as described [23]. The cerebellar cytosolic and nuclear
fractions prepared from animals in various groups were subjected to SDS–PAGE (4–20% or
15% acrylamide gels). For each post-natal age equal amounts of proteins from animals in the
various groups were used. Protein estimations were carried out in the nuclear and cytosolic
fractions, and the HeLa cell extracts using protein assay kit (Bio-Rad). Proteins were
transferred to PVDF membrane (Bio-Rad), blocked for 1 h with blocking solution (Western
Breeze, Invitrogen) and incubated for 1 h or overnight with appropriate concentration of
primary antibodies (monoclonal anti-polyglutamine; 1:5000 and monoclonal or polyclonal
calbindin D28k; 1:5000). Immunoreactive proteins were visualized by incubation (for 1 h) with
the goat anti-mouse alkaline phosphatase-labeled secondary antibody followed by reaction
with the luminescent substrates (Western Breeze, Invitrogen). The blots were then exposed to
hyperfilm-ECL (Amersham). Some blots were stripped and reprobed with appropriate
antibodies. Images were processed using Adobe Photoshop CS (version 8.0; San Jose, CA).

To determine if ataxin-1 is a substrate for TG2, we studied the effects of exogenous TG2 on
HeLa cell lysates expressing GFP and GFP tagged ataxin-1 with normal and expanded
polyglutamine repeats (Q2, Q30 and Q82) (Fig. 1). Fixed amount of enzyme was added to the
HeLa cell lysates. Non-transfected HeLa cell lysates did not show any endogenous TG2 activity
(data not shown). The control samples were incubated for 90 min in the absence of guinea pig
TG2 (Fig. 1A). The reaction produced large multimers, which stayed on top of the gel (Fig.
1A). Time dependent progressive increase in aggregation was seen in Q2, Q30 through Q82
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ataxin-1 (Fig. 1B). Control samples, however, did not show any aggregates. To determine if
the crosslinking of ataxin-1 by exogenous TG2 is specific, gels were silver stained after 0 and
30 min incubation with TG2 (Fig. 1C). The silver staining revealed that not all proteins are
cross-linked in vitro. Furthermore, HeLa cells lysates transfected with GFP with no extra Q
tract, when probed with anti-GFP antibody showed no crosslinking as compared to polyQ
transfected lysates (Fig. 1D). The ataxin-1 aggregate formation was inhibited by TG2 inhibitor
cystamine (Fig. 1E) in a concentration dependent manner (Fig. 1E).

To understand the plausible role of TG2 in mutant ataxin-1 aggregation in SCA1 we determined
the levels of TG2 in the nuclear fractions prepared from the cerebella of 4 and 6 weeks old
SCA1 and wildtype mice. Nuclear extracts from 4 and 6 weeks old SCA1 mice showed
increased levels of TG2 as compared to wild type animals (Fig. 2A and B). Calcium binding
protein calbindin D28k, which is down regulated in SCA1 ([23], H.Y. Zoghbi personal
communication) was used as an internal control (Fig. 2A and B). In addition, the distribution
of TG2 in cerebellar cytosolic and membrane fractions was assessed in 4 weeks old wildtype
and SCA1 mice (Fig. 2A). We observed a decrease in cytosolic TG2 as compared to higher
TG2 levels seen in the nuclear fractions suggesting altered TG2 distribution in SCA1 as
compared to age-matched wildtype mice. However, no changes were seen in the membrane
fractions. The guinea pig TG2 also crosslinked nuclear proteins in the nuclear extracts from 4
weeks old SCA1 and wildtype mice (Fig. 2C). However, the intensity of immunoreactive
insoluble aggregates that remained on top the gel was higher in SCA1 mice as compared to
wildtype animals. Aggregate formation was inhibited by the addition of 40 mM cystamine
(Fig. 2C). We used anti-polyglutamine antibody (MAB1574, Chemicon) to detect ataxin-1
and/or polyglutamine containing proteins in insoluble aggregates. In addition, we measured
endogenous TG2 activity in the nuclear fractions of SCA1 and wildtype mice as a measure of
crosslinking of Hela Q82-GFP, and found that in SCA1 mice the intensity of GFP
immunoreactive aggregates was markedly higher than the age-matched wildtype animals (Fig.
2D). These nuclear fractions were prepared from the cerebella of 5 weeks old SCA1
homozygous and wildtype mice. Equal amounts of proteins were used in all reactions.

In the present study we were able to demonstrate that TG2 crosslinks full length ataxin-1 with
normal and pathogenic polyQ domains. Recently, Zainelli et al. [26] reported that mutant
huntingtin protein is also a substrate for TG2, and others transglutaminases. Further, in another
report it was shown that TG2 crosslinked both normal and mutant huntingtin protein fragments.
In addition, the degree of TG catalyzed aggregation was a function of the size of huntingtin
fragments outside the polyQ domain [11].

We also observed elevated levels of TG2 in the SCA1 mouse cerebellar nuclei. These data are
in agreement with the studies of Karpuj et al. [11], who saw increased TG activity in the nuclei
isolated from the brains of patients with Huntington’s disease. Transglutaminases have a
nuclear translocalization signal [22], and nuclear TG has been described in neuroblastoma cells
in vitro [14]. However, their function in the nucleus is not fully understood. Using a live-cell
nucleocytoplasmic transport assay, it was shown that wildtype, but not polyglutamine
expanded mutant ataxin-1, has the ability to export from the nucleus [7,8]. Therefore, it is
possible that in SCA1 mice TG2 is translocated to the nucleus due to retention of mutant
ataxin-1 within Purkinje cell nuclei. Furthermore, increased calcium levels in cell culture
medium have been shown to cause an increase in TG activity [10]. Moreover, in maitotoxin
activated SH-SY5Y cells, tissue TG translocates to the nucleus in response to the elevation of
intracellular calcium concentration [14]. Since calcium binding and signaling proteins are
down regulated in SCA1 Purkinje cells [20,24], we speculate that elevated calcium levels due
to alterations in calcium buffering could trigger activation of TG2 in SCA1 Purkinje cells.
Recently, using Affymetrix gene arrays we performed expression profiling of 2 weeks old
SCA1 and wild-type mouse cerebella, the data also shows significant increase in the expression
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of TG2 in SCA1 mice (unpublished observations) further supporting the role of TG2 in the
etiology of SCA1.

In sum, these data indicate that both normal and mutant ataxin-1 may be substrates of TG2.
The increased levels of nuclear TG2 in SCA1 suggests that TG2 may be translocating to the
nucleus in response to nuclear accumulation of the mutant ataxin-1. Whether cerebellar TG2
is associated with normal ataxin-1 in vivo awaits further investigation.
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Fig. 1.
Western blots of HeLa cell lysates expressing ataxin-1 (Q2, 30 or 82)-GFP. (A and B) Time
course crosslinking of ataxin -1-GFP by TG2. Immunoreactive bands were detected with anti-
polyglutamine (A) and anti-GFP (B) antibodies. When indicated, 10 μl aliquots were removed
and electrophoresed on a reducing 4–20% polyacrylamide gel. In controls (A) TG2 was omitted
except ‘Enz’ (enzyme) lane. The reaction produced large multimers, which stayed on top of
the gel. (C) Silver stained gel after 0 and 30 min incubations with TG2. (D and E) GFP
immunoblots showing inhibition of ataxin-1 aggregate formation in the presence of various
concentrations of TG2 inhibitor cystamine. In ‘E’ the reaction mixtures were incubated for 10
min with guinea pig TG2. Lysate prepared from HeLa cells transfected with GFP without extra
Q tract (D) shows no crosslinking.
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Fig. 2.
Immunodetection of tissue transglutaminase type 2 (TG2) in cerebellar fractions in SCA1
transgenic and wildtype mice. (A and B) Western blots showing TG2 and calbindin D28k in
cerebellar fractions in 4 (n = 4) and 6 (n = 3) weeks old wildtype and SCA1 heterozygous mice.
Since calbindin D28k is expressed only in Purkinje cells of the cerebellum we used calbindin
as an internal control. As reported previously [17], lower nuclear calbindin levels were
observed in SCA1 mice as compared to wildtype animals. On the other hand, elevated levels
of nuclear TG2 were seen in SCA1 mice. Figure A also shows altered nuclear and cytosolic
distribution of TG2 in 4 weeks old SCA1 mice. TG2 appeared as a single band of about 75
kDa. (C) Immunoblot showing TG2 crosslinked nuclear proteins of 4 weeks old SCA1 and
wildtype mice. The insoluble aggregates stayed on top of the gel. The crosslinked proteins
were detected with anti-polyglutamine antibody. The reaction was catalyzed by exogenous
guinea pig TG2 in the presence and absence of cystamine. (D) Endogenous TG2 in the nuclear
fractions crosslinked Hela Q82-GFP (detected with anti-GFP antibody). The nuclear fractions
were prepared from the cerebella of 5 weeks old SCA1 homozygous and wildtype mice. Equal
amounts of proteins were used in all reactions. In SCA1 mice the intensity of immunoreactive
aggregates was markedly higher than the age-matched wildtypes.
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