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Abstract
Spinocerebellar ataxia-1 (SCA1) is caused by the expansion of a polyglutamine repeats within the
disease protein, ataxin-1. The mutant ataxin-1 precipitates as large intranuclear aggregates in the
affected neurons. These aggregates may protect neurons from mutant protein and/or trigger neuronal
degeneration by encouraging recruitment of other essential proteins. Our previous studies have shown
that calcium binding protein calbindin-D28k (CaB) associated with SCA1 pathogenesis is recruited
to ataxin-1 aggregates in Purkinje cells of SCA1 mice. Since our recent findings suggest that tissue
transglutaminase 2 (TG2) may be involved in cross-linking and aggregation of ataxin-1, the present
study was initiated to determine if TG2 has any role in CaB-ataxin-1 interaction. The guinea pig TG2
covalently cross-linked purified rat brain CaB. Time dependent progressive increase in aggregation
produced large multimers, which stayed on top of the gel. CaB interaction with ataxin-1 was studied
using HeLa cell lysates expressing GFP and GFP tagged ataxin-1 with normal and expanded
polyglutamine repeats (Q2, Q30 and Q82). The reaction products were analyzed by Western blots
using anti- polyglutamine, CaB or GFP antibodies. CaB interacted with ataxin-1 independent of TG2
as the protein-protein cross-linker DSS stabilized CaB-ataxin-1 complex. TG2 cross-linked CaB
preferentially with Q82 ataxin-1. The cross-linking was inhibited with EGTA or TG2 inhibitor
cystamine. The present data indicate that CaB may be a TG2 substrate. In addition, aggregates of
mutant ataxin-1 may recruit CaB via TG2 mediated covalent cross-linking, further supporting the
argument that ataxin-1 aggregates may be toxic to neurons.
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Introduction
Spinocerebellar ataxia type 1(SCA1), an autosomal dominant neurodegenerative disorder is
caused by the expansion of unstable CAG repeats which encodes for the polyglutamine (polyQ)
tract within the disease protein, ataxin-1 [1]. SCA1 is characterized by -progressive
degeneration of selective neurons within the cerebellum, spinal tracts, and brainstem [1]. In
normal neuronal tissues, ataxin-1 localizes to the nucleus in a diffuse fashion. Whereas, in the
affected neurons of humans as well as the Purkinje cells of SCA1 transgenic mice, ataxin-1
precipitates as larger intranuclear aggregates [2]. These aggregates may protect neurons from
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mutant protein and/or trigger neuronal degeneration by encouraging recruitment of other
essential proteins [3,4]. However, the given reasoning for the pathological sequence of events
observed because of aggregation of these mutated proteins is still debated. Two widely believed
mechanisms of aggregate formation are either via β-pleated sheets [4,5] or by transglutaminase
(TG) dependent covalent incorporation of polyQ proteins into the aggregates [6,7].

Transglutaminases belong to 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 [7]. In addition, mammalian TGs are known
to stabilize biological structures via cross linking of proteins [8]. Tissue transglutaminase 2
(TG2) is expressed in mammalian nervous system and human brain, localizing mainly in the
neurons[9,10] and is highly expressed in Purkinje cells of the cerebellum [11]. TG2 also plays
a role in pathogenesis of polyglutamine neurodegenerative disorders [7,12]. Recently, we have
demonstrated that SCA1 gene product ataxin-1 is a substrate of TG2 [13]. Further, our previous
studies have shown that calcium binding protein calbindin D28k (CaB) associated with SCA1
pathogenesis is recruited to ataxin-1 aggregates in Purkinje cells of SCA1 mice [14,15].
Therefore, the present study was initiated to assess the role of TG2 in CaB-ataxin-1 interaction.

Materials and Methods
Materials

Mouse anti-GFP was obtained from Roche (Roche Diagnostics Corp). Mouse anti-calbindin
D-28K and tissue transglutaminase type 2 were obtained from Sigma Chemical Co. (St. Louis,
MO).

Methods
HeLa cell culture, transfection and preparation of cell extracts—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 [13,16]. 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.

In vitro crosslinking by TG2 or disuccinimidyl suberate (DSS)—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 CaB protein or HeLa cell lysates. TG2
was added to a final concentration of 0.01U/mg protein. In some reactions 1mM EGTA or 10–
40 mM cystamine was used to inhibit TG2 activity. The crosslinking of CaB with GFP-ataxin-1
using protein crosslinker DSS was performed as described previously [17]. In addition to CaB
and HeLa cell lysates, the above reaction mixture contained 0.1mM DSS in the final volume
of 5μl and no TG2.

Western blots—At different time intervals, the above reactions were subjected to SDS-
PAGE (4–20% or 15% acrylamide gels) as desribed previously [13]. Equal amounts of proteins
were used. Protein estimations were carried out in the HeLa cell extracts using protein assay
kit (Bio-Rad). Proteins were transferred to PVDF membrane (Bio-Rad), blocked for 1 hr with
blocking solution (Western Breeze, Invitrogen) and incubated for 1 hr or overnight with
appropriate concentration of primary antibodies (monoclonal anti-GFP, 1:1000 and
monoclonal calbindin D28k, 1:5000). Immunoreactive proteins were visualized by incubation
(for 1 hr) in the goat anti- mouse alkaline phosphatase-labeled secondary antibody followed
by reaction with the luminescent substrates (Western Breeze, Invitrogen). The blots were then
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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).

Filter retardation assay—To isolate the aggregates of ataxin-1 from nuclear fractions the
procedure described by Nagao et al [18] was used. Briefly, the aliquots of nuclear fraction were
centrifuged at 10,000 x g for 10 min. The pellet was washed with PBS once and then suspended
in suspension buffer (100mM NaCl, 10mM Tris-HCl pH 7.8, 1mM EDTA). This suspension
was then sonicated thoroughly and centrifuged at 15,000 x g for 5 min. The pellet, which
contained the insoluble material, was resuspended in 100μl DNAse buffer (10 mM Tris-HCl,
pH 7.5, and 10 mM MgCl2) and the protein concentration was determined using Bio-Rad
protein assay kit. DNAse I was added to a final concentration of 1mg/ml followed by incubation
at 37°C for 1h. After DNAse treatment, a sample containing 2μg protein was diluted into
10μl of 1% SDS and 8% beta-mercaptoethanol in PBS, boiled for 5 min and filtered through
a cellulose acetate membrane (Schleicher and Schuell, 0.2μm pore size) using a Bio-Rad dot-
blot filtration unit. After filtration, two washes were performed with 20μl of 0.1% SDS. The
cellulose acetate membrane was processed for immunodetection in the same way as regular
immunoblotting as described above.

Results
To determine if calcium binding protein CaB is a substrate of TG2, we studied the effects of
exogenous TG2 on purified rat brain CaB. The guinea pig TG2 covalently cross-linked CaB
(Fig. 1). Time dependent progressive increase in aggregation produced large multimers, which
stayed on top of the gel (Fig. 1). The cross-linking was inhibited by 1mM EGTA or 10 mM
TG2 inhibitor cystamine (Fig. 1).

To evaluate if ataxin-1 nuclear aggregates co-localize CaB in vivo a filter retardation assay
was performed. Figure 2 shows a strong CaB immunoreactivity in insoluble aggregates
prepared from 6 wks old SCA1 homozygous mice. In contrast, a weak immunoreaction was
detected in age-matched wildtype animals (Fig. 2).

CaB interaction with ataxin-1 was studied (Fig. 3) using HeLa cell lysates expressing GFP or
GFP tagged ataxin-1 with expanded polyglutamine repeats (Q82). Reactions containing HeLa
cell lysates did not show any insoluble CaB aggregates. In contrast, lysates of Q82 expressing
cells showed insoluble CaB deposits on top of the stacking gel. The aggregate formation was
inhibited by 10 mM cystamine (Fig. 3).

Further, to investigate if CaB interacted with ataxin-1 independent of TG2, we incubated CaB
with lysates of nontransfected HeLa cells as controls and cells expressing GFP-ataxin-1 with
Q2, Q30 or Q82 repeats. These interactions were stabilized with protein-protein cross-linker
DSS. Figure 4A shows cross-linking of Q2, Q30 or Q82 ataxin-1-GFP to form large multimers.
CaB preferentially interacted with Q30 and Q82 ataxin-1 as indicated by decreased intensity
of CaB immunoreactive bands in Q30 and Q82 lanes (Fig. 4B). In contrast, another calcium
binding protein S100B did not cross-link to Q2-Q82 ataxin-1-GFP (not shown).

Incubation of Q82 ataxin-1-GFP with increasing concentrations of CaB in the presence of DSS
resulted in higher molecular weight CaB immunoreactive bands, which were otherwise absent
in reactions without Q82 lysates (Fig. 5), further suggesting that ataxin-1 interacts with CaB.

At this time we do not know if calbindin interacts with aggregated and/or non–aggregated form
of ataxin-1. One could argue that in Fig. 4 the decrease in intensity of CaB bands is an indirect
approach to show interaction between the ataxin-1 aggregates and CaB. However, the absence
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of CaB in the high molecular weight ataxin-1 aggregates may indicate that in the absence of
transglutaminase, CaB interacts with non-aggregated ataxin-1. HeLa cell lysates were prepared
24 hr after transfection and as such do not contain aggregated form of ataxin-1 [13]. Here we
show that CaB either colocalizes to TG2 mediated ataxin-1aggregates or interacts with non-
aggregated Q30 or Q82 ataxin-1. Further, DSS crosslinked ataxin-1 does not colocalize CaB.
This could be due to crosslinking of CaB to native ataxin-1, which may not form aggregates.
This argument is further supported by the data in Fig. 5, which shows low molecular weight
(about 100–120 kDa) CaB-ataxin-1 crosslinks.

Another intriguing observation was that CaB band intensity was stronger in lanes containing
HeLa lysates plus CaB as compared to lanes with CaB alone (Fig. 4B and Fig. 5). These changes
were not dependent on components of lysis buffer or free calcium, but were sensitive to heat-
treatment. Heating HeLa cell lysates at 95°C for 5 min. prior to the addition of CaB eliminated
these effects (not shown).

Discussion
In this report we show that the calcium binding protein CaB may be a substrate of TG2. In
addition, TG2 crosslinks CaB to ataxin-1 in vitro, supporting our previous findings, which
demonstrated a colocalization of CaB and ataxin-1 to Purkinje cell nuclear inclusions in SCA1
mice [15].

Data on different transgenic lines of mice suggest that nucleus is the primary site of the
pathogenesis of ataxin-1 in Purkinje cells of the cerebellum [2,19]. Recently, we observed
elevated levels of TG2 in the SCA1 mouse cerebellar nuclei [13]. Transglutaminases have a
nuclear translocalization signal (NLS) [20], and nuclear TG has been described in
neuroblastoma cells in vitro [21]. 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 [22,23].
Therefore, it is possible that in SCA1 mice TG2 is translocated to the nucleus [13] due to
retention of mutant ataxin-1 within Purkinje cell nuclei.

Calbindin-D28k, a widely expressed calcium binding protein that belongs to the EF- hand
calmodulin superfamily also localizes to the nucleus in cerebellar Purkinje cells [24,25].
Although CaB does not possess a classical NLS, it may use an alternative mechanism to enter
the nucleus due to its small size [24]. The functions of CaB in the nucleus are unknown.
However, CaB has a higher affinity for Ca2+ and would be operative at lower free Ca2+

concentrations than required by other calcium binding proteins like calmodulin[26,27]. Also,
calmodulin is ubiquitously expresses in cells, whereas CaB exhibits tissue-specific expression
[27]. Therefore, CaB may be involved in tissue-specific activation of Ca2+ -mediated processes
or may act as a Ca2+ -dependent regulator of target proteins in Purkinje cells [24].

CaB interacts with a variety of target proteins [29]. Most importantly, CaB regulates myo-
inositol monophosphatase (IMPase), a key enzyme of the inositol-1,4,5-trisphosphate (IP3)
signaling cascade [30]. CaB targets IMPase in Purkinje cell spines and dendrites [31]. This
interaction and CaB-dependent activation of IMPase accelerates breakdown/recycling of IP3
and finally, allow the cell to maintain its responsiveness to inositiol messengers [31]. Thus, a
disturbance of CaB/IMPase interaction may cause substantial deterioration of IP3-mediated
signaling [31]. Moreover, using a PCR-based cDNA subtractive-hybridization strategy Lin et
al [32] have shown that the expression of genes involved in IP3 signaling are downregulated
in SCA1 transgenic mice. In addition, earlier we have demonstrated that CaB levels were
altered in Purkinje cells in SCA1 mice, and CaB colocalized to ataxin-1 nuclear inclusions
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[15]. Therefore, we believe that sequestration of CaB into ataxin-1 aggregates may deplete
CaB levels, thus affecting IP3 signaling pathway.

Besides CaB, TG2 cross-links other calcium binding proteins like S100A11 [33]. Since TG2
catalyze the formation of covalent cross-links between the side groups of peptide-bound
glutamine and lysine residues, it’s possible that TG2 targets at least one reactive glutamine and
one reactive lysine in CaB [34] similar to that observed in S100A11 [33]. In sum, these data
indicate that CaB may be a TG2 substrate. Further, mutant ataxin-1 interacts with CaB and
TG2 mediated recruitment of CaB to ataxin-1 aggregates support the argument that ataxin-1
inclusions may be toxic to neurons.
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Figure 1.
Western blots showing time course cross-linking of rat brain calbindin-D 28k by TG2. When
indicated, 1μl aliquots were removed and electrophoresed on a reducing 4–20%
polyacrylamide gel. The reaction produced dimers and larger multimers, which stayed on top
of the gel (arrow). Multimer formation was inhibited by addition of the 10 mM TG2 inhibitor,
cystamine, or by addition of 1 mM calcium chelator EGTA.
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Figure 2.
Dot blot analysis showing calbindin-D28k immunoreactivity in insoluble aggregates isolated
from crude cerebellar nuclear fractions of 6 wks old wildtype and SCA1 homozygous mice.
Four cerebella in each group were pooled to prepare the samples. Equal amounts of proteins
were used.
Column 1: Wildtype (incubated with calbindin primary antibody); Column 2: SCA1
homozygous (incubated without calbindin antibody); Column 3: SCA1 homozygous
(incubated with calbindin antibody).
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Figure 3.
Calbindin-D 28k (CaB) Western blot showing TG2 catalyzed time-dependent crosslinking of
CaB with ataxin-1. HeLa cell lysates expressing GFP and GFP-Q82 ataxin-1 were used. No
insoluble CaB aggregates are seen in lanes containing GFP expressing HeLa cell lysates. In
contrast, lysates of Q82 expressing cells showed insoluble deposits containing CaB on top of
the stacking gel (arrow). The aggregate formation was inhibited by 10 mM cystamine.
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Figure 4.
Western blots of GFP (A) and CaB (B). Reactions containing lysates of non-transfected HeLa
cells and cells expressing ataxin-1 (Q2, 30 or 82) were incubated for 30 min at room temperature
with rat brain CaB followed by the addition of 0.1 mM protein-protein cross-linker DSS. The
reactions were then incubated for additional 15 min. In the presence of DSS ataxin-1 formed
insoluble aggregates due to self-association (A). A decrease in the intensity of CaB bands in
Q30 and Q82 lanes (in the presence of DSS) indicate that CaB may preferably interact with
Q30 and Q82 ataxin-1 (B).
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Figure 5.
Western blot of CaB showing DSS crosslinked Q82 ataxin-1 with various concentrations of
CaB. With increasing concentrations a high molecular weight bands of CaB (arrow), probably
crosslinked with Q82 ataxin-1 are visible.
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