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Spinocerebellar ataxia type 2 (SCA2) is caused by
expansion of a polyglutamine tract in ataxin-2, a
protein of unknown function. Using the yeast two-
hybrid system, we identified a novel protein, A2BP1
(ataxin-2 binding protein 1) which binds to the C-
terminus of ataxin-2. Northern blot analysis showed
that A2BP1 was predominantly expressed in muscle
and brain. By immunocfluorescent staining, A2BP1
and ataxin-2 were both localized to the trans-Golgi
network. Immunocytochemistry showed that A2BP1
was expressed in the cytoplasm of Purkinje cells and
dentate neurons in a pattern similar to that seen for
ataxin-2 labeling. Western blot analysis of subcel-
lular fractions indicated enrichment of A2BP1 in the
same fractions as ataxin-2. Sequence analysis of the
A2BP1 cDNA revealed an RNP motif that is highly
conserved among RNA-binding proteins. A2BP1 had
striking homology with a human cDNA clone,
PB83A20, of unknown function and at least two copies
of A2BP1 homologs are found in the Caenorhabditis
elegans genome database. A2BP1 and related
proteins appear to form a novel gene family sharing
RNA-binding motifs.

INTRODUCTION

Spinocerebellar ataxia type 2 (SCA2) is a member of the
growing group of familial neurodegenerative discases charac-
terized by unstable CAG repeats which are expanded in
patients. The causative genes for cight of these discases, Hunt-
ington’s discase (HD) (1), spinal and bulbar muscular atrophy
(2), dentatorubral-pallidoluysian atrophy (DRPLA) (3.4),
spinocerebellar ataxia type 1 (SCAT) (5), SCA2 (6-8). spinoc-
ercbellar ataxia type 3/Machado-Joseph discase (9), spinocer-
ebellar ataxia type 6 (10) and spinocercbellar ataxia type 7
(11). have been identified and share no homology except for
the CAG repeat encoding polyglutamine. Ubiguitinated intra-
nuclear inclusions (NII) composed of aggregated proteins
appear to be a common feature in the pathology of the triplet
repeat diseases (12-20). The mechanism, however, by which
the cxpansion triggers ncuronal ccll death has remained
unclear. Recent studies have suggested that the formation of
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NII is not essential for the pathogenesis of HDD or of SCAI
(21,22). This is further supported by the lack of NII in SCA2
patient brains (23).

Ataxin-2, the SCA2 gene product, is a highly basic protein
(mol. wt 145 kDa} except for one acidic domain containing 50
acidic amino acids (amino acids 280-481), downstream of the
poly(Q) tract (176-187). Within this domain, several putative
functional motifs have been identified, such as a caspase-3
cleavage site (DXXD motif, amino acids 396-399) (24). RNA
splicing motifs Sml and Sm2 (amino acids 284-341) (25), a
clathrin-mediated rrans-Golgi signal (YDS, amino acids 414-
416) and an endoplasmic reticulum (ER) exit signal (ERD,
amino acids 426—-428) (26). The most common normal SCA2
alleles contain 22 or 23 CAG repeats with one or two CAA
interruptions, whereas the repeat is expanded to >34 repeats
without interruption in discase alleles (27). Despite the
restricted pathology of SCA2 to the cercbellum and brainstem,
the SCA2 transcript is widely expressed in various tissues,
including heart, placenta, liver, skeletal muscle, pancreas and
brain (6-8}. Immunocytochemistry of normal and SCAZ2 brains
showed that ataxin-2 expression was localized to the cyto-
plasm of specific neuronal groups, but was not restricted to
Purkinje cells, which are the primary target of SCA2 pathogen-
esis (23). The level of ataxin-2 expression increased with age
in neurologically normal brains and was greatly increased in
abundance in brains from SCAZ2 patients (23).

Numerous novel and known proteins have been identified as
specific binders of poly(Q) discase proteins. Proteins involved
in vesicle trafficking (SH3GL3) (28), the cytoskeleton (HIPI)
(29,30, protein degradation (HIP2) (31) and excitotoxic amino
acid metabolism (CBS) (32), as well as proteins of unknown
function (HAP1 and HYPs) (33,34). have been identified as
binding proteins of the HD gene product. huntingtin. AlIPs
were identified as binding proteins of the DRPLA gene
product, atrrophin-1 (35). HYPs and AIPs sharc a WW domain
in the critical binding region. Leucine-rich acidic nuclear
prozein (LANP), which is predominantly expressed in Purkinje
cells, was identified as a binding protein of ataxin-1, the SCA1
gene product (36). The binding affinities did not always corre-
late with poly(Q) length. The affinities of HAP1, HYPA,
HYPB and SH3(GL3 for huntingtin binding and that of LANP
for ataxin-! binding were enhanced by poly(Q) expansion. The
affinity of HIP! for huntingtin binding was negatively modu-
lated by the expansion. However, no obvious modulation by
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the length of the poly(Q) tract was observed in the binding
affinities of HIP2 and of CBS for huntingtin and the affinity of
AlPs for atrophin-1.

Here, we describe a novel ataxin-2 binding protein, desig-
nated ataxin-2 binding protein 1 (A2BP1), isolated by yeast
two-hybrid screening. We show: (i) predominant expression of
A2BP1 in brain and muscle: (ii) co-localization of A2BP1 and
ataxin-2 in the rrans-Golgi network; (iii) co-localization of
A2BP1 and ataxin-2 in specific neurons; (iv) co-enrichment of
both proteins in the same subcellular fractions. These data
suggest that the specific binding of A2BPI to ataxin-2 in brain
may contribute to the restricted pathology of SCA2.

RESULTS

Identification of A2BP1

Using an ataxin-2 C-terminal fragment as bait, we isolated two
positive clones in a yeast two-hybrid screen of 4.2 x 10° cells.
Both clones encoded identical inserts of 1351 bp, including a
poly(A) tail, predicting an open reading frame of 403 codons.
This protein showed no match with the known protein
sequences in the GenBank database and was designated
A2BPI1. By screening a brain cDNA phage library we identi-
fied an additional 16 clones. Nucleotide sequencing of the
clones revealed multiple stop codons in the 5’-sequences
immediately upstream of the sequence of the initial A2BPI
clone. Therefore, we concluded that the entire coding sequence
(1131 bp, 377 amino acids) of A2ZBP1 was contained in the
initial clone, pGADI0-A2ZBP]. Two in-frame deletions and
one in-frame insertion were found in the additional A2BPI
clones. A 93 bp deletion was found in clone A2BP1-8 at posi-
tions 408-50¢). An B! bp deletion was found in two clones
(A2ZBPI-8 and A2BPI1-13) at positions 617-697. A 54 bp
insertion was found in clone A2BP1-14 at position 933, These
deletions and insertions suggest alternative splicing of the
A2BP1 transcript. From the deduced amino acid sequence of
A2BPI1, we found one RNP motif (amino acids 89-168) that is
conserved among RNA-binding proteins such as hnRNPs,
snRNPs, nucleolin and poly(A)-binding protein (37; Fig. 1).
The characteristic feature of the motif is the presence of two
highly conserved consensus sequences, RNP-1 (amino acids
136-142) and RNP-2 (amino acids 99-104). A BLAST scarch
revealed that A2BP1 was a novel protein, but highly homolo-
gous to a human cDNA clone, PR3IA20, isolated from chromo-
some 22 (51.0% identity). Also, two Caenorhabditis elegans
predicted genes, TOTD1.4 and R74.5, were found to encode
A2BPI1 homologs (29.8 and 28.8% identity, respectively). In
all four of these proteins, the consensus sequences, RNP-1 and
RNP-2, were completely conserved except for the last amino
acid of RNP-1 (Fig. 1).

Interaction of A2BP1 with ataxin-2 in yeast

We tested the binding of A2ZBP1 to ataxin-2 in the yeast two-
hybrid system (Fig. 2A). The C-terminal fragment of ataxin-2
showed strong interaction with the full-length and C-terminal
fragments of A2BP1. The full-length and the N-terminal frag-
ments of ataxin-2 showed no interaction with any fragments of
A2BPI1. Thus. the essential domain for binding was localized
to the C-terminal halves of ataxin-2 (amino acids 760-1312)

and A2BPI (amino acids 203-377). The RNP motif in A2BP1
or the acidic domain and the poly(Q) tract in ataxin-2 were not
required for binding. We quantitated this binding ability as B-
galactosidase activity by e-nitrophenylgalactoside (ONPG)
liquid assay (Fig. 2B). Binding of the full-length A2BP1 frag-
ment (56.2 = 2.3 Miller units) to ataxin-2 was stronger than
binding of the C-terminal fragment (19.4 = 1.8 Miller units).
This suggests that the N-terminus of A2BP1 is not essential for
the binding but may enhance it.

Interaction of A2BP1 with ataxin-2 in human cells

We generated a rabbit polyclonal antiserum, 1734-2, against
peptide A2ZBP1-B (amino acids 177-190 of human A2BPI).
The specificity of the fifth bleed of antiserum was tested by
western blot analysis (Fig. 3A). The antiserum detected four
bands of 116, 66, 45 and 20 kDa. Since the preimmune serum
detected 116, 66 and 20 kDa bands, these three bands appear to
be non-specific and the 45 kDa band is the only one specific for
1734-2 antiscrum. The cpitope used for immunization is not
conserved in the A2ZBP! homolog P83A20. Therefore, we
concluded that the band with a size of 45 kDa represents
A2BPI1. The size is slightly larger than the expected size of
A2BPI (40.6 kDa), probably due to post-transiational modifi-
cation.

To confirm the binding of A2BP1 to full-length ataxin-2 in
vivo at physiological concentrations, we performed co-immu-
noprecipitation  experiments of endogenously  expressed
ataxin-2 and A2ZBP! from HTB10 neurocpithelioma cells. We
used either ataxin-2 antiserum (1262-1) or A2ZBP-1 antiserum
(1734-2) to precipitate the cell extract. Figure 3B shows a
western blot of the precipitates detected by SCA2-B antibody.
We observed a band of 145 kDa representing full-length
ataxin-2 in samples precipitated with SCA2 (lane 2) and
A2BPI antisera (lane 4). The band was absent in lanes precip-
itated with preimmune sera (lanes | and 3). A second smaller
band of 70 kDa was specifically observed in lanes 2 and 4. This
70 kDa band was previously observed using the SCA2-B anti-
body and represents a C-terminal ataxin-2 fragment (23).

Tissue specificity of A2ZBP1 transcripts

Northern blot analysis of human multiple tissues with 2 human
A2BP1 EcoRI 0.7 kb fragment showed that A2BP1 was
expressed in at least three isoforms of 6.2 (isoform 3), 4.4
(isoform 1} and 3.4 kb (isoform 2) (Fig. 4A). Among the three,
isoform 1 (4.4 kb) was the major transcript observed in heart,
whole brain and skeletal muscle (Fig. 4A, lanes 1. 2 and 6).
Isoform 2 (3.4 kb) was also observed in these tissues. however,
the expression in muscle (Fig. 4A, lanes 1 and 6) was signifi-
cantly stronger than that in whole brain (Fig. 4A, lane 2).
Isoform 3 (6.2 kb) was exclusively observed in whole brain
(Fig. 4A, lanc 2).

To study the expression of A2BPI transcripts in brain
tissues, northern blots of human multiple brain tissues were
hybridized with the .7 kb A2BP1 probe. The same three
isoforms were observed in all brain tissues tested except for
spinal cord (Fig. 4C, lanes 1-3 and 5-8). The strongest expres-
sion of isoform | was observed in cerebellum (Fig. 4C, lane 1).
Strong expression of isoforms 2 (3.4 kb) and 3 (6.2 kb) was
observed in cerebral cortex, occipital pole. frontal lobe and
putamen (Fig. 4C, lanes 2, 5, 6 and 8). Expression in medulla
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was weak (Fig. 4C, lane 3) and not detectable in spinal cord
(Fig. 4C, lane 3). The expression levels of all observed A2BP1
isoforms were lower than that of B-actin (Fig. 4D). An addi-
tional hybridization of the same blot with a longer Bglll 1.4 kb
fragment of A2BPI showed an identical expression pattern
(data not shown).

Biochemical analysis of A2ZBP1

For biochemical and immunohistochemical analyses of
A2BP1, antisecrum 1734-2 was further purificd by affinity
chromatography. On western blots of HTB10 protein extracts
the AZBP1-B antibody detected a 45 kDDa band which was
slightly larger than the predicted size of A2BPI (40.6 kDa)
(Fig. 5A, lanc 2). The p45 band is of identical size to the band
previously detected with antiserum 1734-2 (Fig. 3A). Preim-
mune serum did not detect the p45 band (Fig. 5A, lane 1). In
western blots of protein extracts from brain samples, the
A2BP1-B antibody detected two major bands of 45 and 40 kDa
(Fig. 5B, lanes 1 and 2, and C). In cercbellum samples, an addi-
tional band of 43 kDa was detected (Fig. 5C, lanes 2 and 4). A
minor band of 29 kDa was observed in cercbral cortex and

cercbellum (Fig. 5B, lane 2, and C). Peptide-absorbed
A2BPI1-B antibody failed to detect any of these bands (Fig. 5B,
lanes 3 and 4). No significant differences in the number or
intensity of detected bands were obscrved between extracts
from normal and SCA2 brains (Fig. 5C).

Co-localization of A2BP1 and ataxin-2

In subcellular protein fractions of human brain tissues, A2BP1
was detected in the P3 endoplasmic reticulum (ERYGolgi frac-
tion and the S3 cytosolic fraction (Fig. 6B). The 145 kDa
ataxin-2 band was also detected by SCA2-B antibody in the
same fractions (Fig. 6A). No bands were detected in the
nuclear (P1) and mitochondrial (P2) fractions (Fig. 6). The 83
fraction showed a stronger band intensity than P3 for both
proceins. The purity of fractions was confirmed by analysis
with an antibody to the rrans-Golgi 58K protein (Fig. 6C) and
an antibody to the neuronal nuclear protein NeuN (Fig. 6D).
The levels of NeuN and rrans-Golgi 58K were highly enriched
in the nuclear fraction (P1) and the ER/Golgi fraction (P3),
respectively, indicating that differential centrifugation had
successfully separated these fractions.
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Figure 2. Yeast two-hybnd Gilter assay for interaction of ataun-2 and A2BP1,
(A) The SCA2 cDNA with CAG,, subcloned in pBDGAL4ACam and the
AZBPI ¢cDNA subcloned in pGADIO were co-transformed 10 test the interac-
tion of ataxin-2 m=d A2BPL in the yeast two hybrid system. Ataxin 2 con
structs contain amino acids 1-1312 (FL), |-758 (N.terminal) and 7601312
(C-termisal), respectively. Each fragment of AZBP1 contains amino acids 1-
377 (FL), 1-203 (N-termizal) ané 203377 (C-terminal), respectively. On the
filter incubsated with X-gad, the blue coloe indicates the presence of J-palactos-
wase, imdhcating a positive test for interaction. (B) Results of the ONPG semi-
quantitative assay. B-Galactosidase activity was calculated in triplicate and is
shown in Miller umits (38). Stasdard deviation s indicated by the vestical thin
lize on the top of each bar.

To further clucidate the co-localization of A2BP1 and
ataxin-2, we co-stained COS1 monkey kidney cells using
either the SCA2-A (Fig. 7a) or A2BP1-B antibody (Fig. Te)
and a mouse monoclonal antibody to y-adaptin (Fig. 7b and f).
The monoclonal anti-y-adaptin antibody recognizes a 104 kDa
polypeptide of the Golgi adaptor complex AP-1 which is local-
ized primarily to the rrans-Golgi network. Both the SCA2-A
and A2BP!-B antibodies labeled the rrans-Golgi organelles as
recognized by the monoclonal anti-y-adaptin antibody in
COS1 cells (Fig. 7c and g). In addition, the AZBP1-B antibody
(Fig. 7j) also co-labeled with GFP-ataxin-2(Q22) fusion
protein (Fig. 7i) in COS1 cells.

To determine the relative distribution of the A2BP1 protein in
human neurons expressing mutant ataxin-2 with an expanded
poly(Q} tract, we co-labeled dentate neurons from an SCA2 indi-

vidual with the A2BP1-B rabbit antibody (Fig. 7m} and the 1C2
mouse monoclonal antibody (Fig. 7n), which recognizes
expanded poly(Q) repeats. A subset of cytoplasmic structures co-
labeled with both antibodies. In gencral. more labeling was
detected with the 1C2 antibody, so that some of the large cyto-
plasmic punctata were labeled exclusively by the 1C2 antibody.

Expression of AZBP1 in human tissues

To determine the cellular distribution of A2BP1 in human
cerchellum, we stained sections from a neurologically normal
individual with SCA2-B and A2BPI-B antibodies (Fig. 8).
Preabsorption with peptide A2ZBP-B confirmed the specific
immunoreactivity of the A2BP! antibody (Fig. 82 and b).
A2BPI] showed a punctate cytoplasmic staining in Purkinje
cells (Fig. 8c) and in dentate neurons (Fig. 8d) which was
similar to the distribution of ataxin-2 (Fig. 8g and h). Weak
A2BP1 labeling was observed in small granule ncurons and in
glial cells (data not shown). The staining of both ataxin-2 and
A2BP1 was punctate and distributed throughout the cytoplasm
of Purkinje cells (Fig. 8c and g). In contrast, in dentate neurons
A2BP1 as well as ataxin-2 were seen in a juxtanuclear location
(Fig. 8d and h). To study co-localization in SCAZ2 cercbellum,
we stained the brain of an SCA2 patient with A2BPI-B (Fig.
8¢ and f) and SCA2-B (Fig. 8i and j) antibodies. The staining
intensity with both antibodies was significantly increased in
the SCA2 cercbellum. Intranuclear aggregates or diffuse intra-
nuclear staining were not seen with cither antibody. An
apparent increased intensity of A2BP1 labeling in SCA2 brains
was seen in cercbella from two additional SCA2 patients and a
normal control, one of which is shown in Figure 7.

DISCUSSION

A2BP1 binds to the ataxin-2 C-terminus

We identified a novel protein that binds to C-terminal domains
of ataxin-2 (Fig. 2). Since the C-terminal ataxin-2 fragment
does not include the poly(Q) tract, A2BPI does not require the
poly(Q) tract for binding. We tested the binding of A2BP1 o
full-length ataxin-2 with expanded alleles containing 40 and 58
Q in the yeast two-hybrid system. The interaction of full-length
ataxin-2 with A2ZBP1 was not recovered by the poly(Q) expan-
sion (data not shown). The inability to detect the interaction of
full-length ataxin-2 with A2ZBPl in the yeast two-hybrid
system is most likely due to steric hindrance, a low level of
expression or the failure of nuclear localization of full-length
ataxin-2 in yeast cells. In contrast, full-length ataxin-2 binds to
A2BPI1 in human cells at physiological concentrations, as
shown by co-immunoprecipitation experiments (Fig. 3). In
addition to full-length ataxin-2, a 70 kDa protein was also
precipitated in these experiments. This protein is recognized by
the SCA2-B antibody on western blots and represents a C-
terminal fragment lacking the poly(Q) tract and the acidic
domains (23). This further confirms that binding occurs via the
C-terminal half of ataxin-2.

Tissue-specific expression of A2ZBP1 transcripts

Although the SCA2 transcript is ubiquitously expressed (6-8),
SCAZ2 pathology is limited to specific neuronzl populations. In
contrast to this expression pattern, A2BP1 expression is more
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Figure 3. Co-ummunopeeapitation of aaun-2 and AZBP1, (A) Prosein extracts from sative HTB10 cells were blotied os membeane and detected by preimmune
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restricted. Northern blot analysis showed three isoforms of
A2BP1 in human brain (Fig. 4A and C). Isoform | (4.4 kb) was
most commonly obscerved. The strongest expression of isoform
I was observed in cercbellum (Fig. 4C, lane 1), The other two
minor isoforms (3.4 and 6.2 kb) were predominantly observed
in cercbral cortex, occipital pole, frontal lobe and putamen
(Fig. 4C, lanes 2, 5. 6 and ). This raises the possibility that
binding to A2BP1 may be involved in the cell type-specific
neuronal death scen in SCAZ2. Isoforms | (4.4 kb) and 2
(3.4 kb) were also observed in muscle tissues (Fig. 4A).
A2BPI1 expression has also been observed in heart as well as
brain in mouse (H. Shibata and S.-M. Pulst. unpublished data).
In this context it is interesting to note that patients with SCA2
often complain of muscle cramps, which may be related to
ataxin-2 interaction with A2BP1.

Specificity of the A2BP1 antibody

Using the affinity-purified A2BP1-B antibody, we consistently
detected a 45 kDa band, which is slightly larger than the calcu-
lated size of full-length AZBPI (40.6 kDa) (Fig. 5). A 40 kDa
isoform was also present in human brain samples. In addition,
cercbellar extracts contained a 43 kDa band that was only scen
in cercbellum (Fig. 5C, lanes 2 and 4). These proteins are very
likely A2BPl isoforms and not cross-reacting proteins,
because preimmune sera or preabsorbed A2BP1 antibody
failed to detect them. We also detected a minor band of 29 kDa
which was cnriched in the cerebellum (Fig. 5C).

A2BP1 is a member of a novel gene family sharing RNA-
binding motifs

We found that A2BP1 has an RNP RNA-binding motif (amino
acids 89-168). Ataxin-2 also contains two RNA splicing
motifs, Sml and Sm2 (amino acids 284-341), which arc
shared with snRNPs (25). Interestingly, snRNPs have multiple
RNP motifs which are present in A2BP1. Thus. the complex of
ataxin-2 and A2BP! may be involved in RNA processing. We
identified onc human (P83A20) and two C.elegans (TOTD1 .4

and R74.1) homologs of AZBP! by databasc scarching. The
consensus sequences, RNP-1 and RNP-2, were common to all
four proteins (Fig. 1). The RNP-1 motif, K-G-F-G-F-V-T-F/M,
matched the consensus sequence K/R-G-F/Y-G/A-F-V-X-FY
except for methionine at the last position of the two C.elegans
proteins. In contrast, the RNP-2 motif, L-H-V-8-N-I, showed
complete conservation among the four proteins. A single
amino acid, the terminal I, diverged from the established
consensus sequence, [/I-F/IY-V/I-G/K-N/G-L/M (37). In addi-
tion, the entire RNP region (amino acids 87-169 of human
A2BP1) showed an extremely high conservation. Fifty-two out
of 83 amino acids were identical in the four proteins. The level
of conservation within other protein families with RNP motifs,
such as hnRNPs, is significantly lower than that shown here.
This strongly suggests that A2BP1 is a member of a novel gene
family characterized by this highly conserved RNP motif.
RNA-binding protcins with RNP motifs are involved in
various RNA metabolic functions such as RNA processing and
intracellular RNA transport (37). The evolutionary conserva-
tion suggests that proteins in this family may be involved in
critical steps of RNA processing.

Expression of ataxin-2 and A2BP1 in human neurons

In all tested brain samples, ataxin-2 and A2BP1 showed almost
identical staining patterns (Figs 7 and 8). Both proteins were
abundantly expressed in the cytoplasm of Purkinje cells and
dentate ncurons. The staining in dentate neurons was intense
and juxtanuclear. The staining in Purkinje neurons was less
intense and more punctate. Large punctate structures were also
observed in a juxtanuclear position, although they were less
intensc than in dentate neurons. This juxtanuclear localization
of both proteins in both neuronal types is very similar to the
pattern of the Golgi apparatus in COS]1 cells shown in Figure
7. The presence of a clathrin-mediated rrans-Golgi signal
{amino acids 414-416), co-cnrichment of both proteins in the
ER/Golgi subcellular fraction and co-localization with -
adaptin in the trans-Golgi network arc consistent with this
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Figure 4. Nortkern blot analysis of A2BP! expression. (A) Human maltiple
tissue porthern blots were hybndizal with the EcoREO.7 Kb fragment of human
A2BP! as a probe. Each lane coetains ~2 pg of polytA) RNA from the follow

ing human tissues: heant (lane 1), whole brasn (lane 2), placenta (lane 3), luag
(lane 4), hiver Qane 5), skeletal muscle (lane 6), Kideey (lane 7) and pancress
(lane 8). Arrows point to bands with approximate sizes 6.2, 4.4 and 3.4 xh. Two
transenpts of 3.4 and 4.4 kb were observed in heart, whole brain and skeletal
muscle (lanes |, 2 and 6). The largest transcript (6.4 kb) was observed exclu

sively in whole braiz. (B) Human multiple tissue morthern blots wene hybrid

ized with a 1.8 kb B-actin peobe (Clostech). The equal signal intensity of
Peactin with a size of 2.0 kb shows near equal amounts of tocal RNA loaded in
cach laee, The ¢-actin band with a ssze of 1.8 kb was specifically observed in
heart and skeletal muscle (lages 1 and 6), (C) Northern Blots of human brain
RNAs hybndized with the same A2BP! probe as in (A). Each lane contains
=2 ug of poly(A)* RNA fromn the followisg Buman bram tissues: cerebellum
(lane 1), cerchral cortex (lane 2), meculla (lane 3), spinal cord (lane 4), occip

ital pole (lane 5), frontal Jobe (lane &), tempocal lobe (lane 7) and putamen
(lane 8). (D) Hybndization with & G-actin probe was & ia (B)

observation (Fig. 6). In sections from three SCAZ2 brains
neuronal labeling for A2BP1 as well as ataxin-2 appeared to be
enhanced and was more diffusely distributed. suggesting that
A2BP] may be involved in SCA2 pathogenesis (Fig. £).
However, these observations need to be interpreted with
caution due to inherent variability in tissue processing and
fixation. Using the mouse monoclonal 1C2 antibody and the
rabbit polyclonal A2BP1 antibody, it was possible to examine
co-localization in brains of SCA2 patients (Fig. 7m and n).
Ataxin-2 and A2BPIl were co-localized in a subset of cyto-
plasmic structures, although some cytoplasmic structures were
only stained by the 1C2 antibody (Fig. 7p).

The physiological role of ataxin-2/A2BP! interaction
deserves further study. If the RNA-binding domains in both
proteins are functional, onc possible role of the ataxin-2-

A2BPI1 complex may be RNA transport in neurons. Neuronal
cytotoxicity of ataxin-2 with expanded poly(Q) tracts might be
due to altered RNA transport function. This hypothesis is
consistent with the absence of intranuclear inclusions or aggre-
gates in SCA2 (23) whereas these are commonly reported in
other triplet repeat discases (12-20).

MATERIALS AND METHODS

Identification of ataxin-2-binding proteins

A 3’ cDNA fragment corresponding to a C-terminal fragment
(amino acids 817-1312) of ataxin-2 was amplified by PCR and
subcloned into the pBDGal4Cam vector (Stratagene). Using
the resulting plasmid, pBD-SCA2-U4L2, as bait, yeast two-
hybrid screening of a human fetal brain ¢cDNA library in
construct pGADI10 was performed following the supplier’s
prozocol (Clontech). Upon screening 4.2 x 107 colonies, two
positive clones were identified. The plasmids were recovered
from both yeast clones and used in Escherichia coli transfor-
mation. Both plasmids contained the identical inscrt by nucle-
otide sequencing. One plasmid, pGADI10-A2BPI, encoding
the entire coding sequence of A2BP1, was digested with EcoRI
to recover N-terminal (amino acids 1-203) and C-terminal
(amino acids 203-377) fragments. The A2BP! fragments were
recloned in pGADI0 and used in co-transformation of a yeast
host strain, Y190, with pBDGALACam constructs encoding
full-length, N-terminal and C-terminal ataxin-2 fragments
fused to the GALA4-binding domain. The double transformants
were selected on SC medium without leucine and tryptophan.
The B-galactosidase filter assay was performed by incubating
frecze-fractured colonies on Opti-tran membrane (Schicicher
& Schuell) in Z-buffer (60 mM NaH,PQO,, 40 mM Na,HPO,,
10 mM KCI1, 1 mM MgSO,, pH 7.0, 0.03 mM B-mercaptocth-
anol, 2.5 mM X-gal) at 37°C for 30480 min. The semi-quan-
titative B-galactosidase assay was performed by monitoring
hydrolysis of ONPG in Z-buffer as previously described (38).

¢DNA screening

Additional ¢cDNA sequence of A2BP1 was obtained by data-
base scarching and by screening of a gridded human cDNA
library (Genome Systems, Palo Alto, CA). The procedures for
library screening followed the suppliers™ protocol (Genome
Systems).

Northern blot analysis

A human multiple tissue Northern Blot (Clontech, Palo Alto,
CA) and a human brain multiple tissue Northern Blot 11 (Clon-
tech) were probed with an EcoRI 0.7 kb fragment of human
A2BP1. The probes were labeled with [ee-“PJdCTP using a
RadPrime random priming kit (Gibco BRL, Rockville, MD).
The conditions of hybridization and washing followed the
supplier’s protocols (Clontech). The relative loading and integ-
rity of total RNA on cach lanc were confirmed by subsequent
hybridization with B-actin (Clontech).

Antibodies

Two rabbits were injected with two peptides of human ataxin-
2 (peptide SCAZ2-A. amino acids 359-371, AKVNGE-
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Figure 5, Westens blot detection of A2BPL, (A) Protem extract from HTBI0 cells was detected with premmmune serum (lane 1) and atfingy-purificd AZBP1-B
antibody (laze 2). AZBP1.B amtibody detected 2 protein of 45 kDa which was not detected by the preimmune serum. (B) Protein extracts from cerebeal cortex
(lanes | and 3) and cerebellum (lanes 2 and 4) were detected by A2BP!.B amibody (lanes | and 2) or by A2BPL.B antibody preabsorbed with peptide A2ZBP1-B
(lanes 3 gad 4), Two bands of 45 and 40 kDa were detected in both cortex and cerebellum. In addition, & faiet buad of 29 kDa was detected m the cerebellum (loe
2). All banéds were ahsorbed out by incubation of A2BP1-B antibedy with pepeide AZBP1-B (lanes 3 and 4). (C) Protein extracts from a meurclogically noemal
braen (lanes 1 and 2) and SCAZ brain (lanes 3 and 4) were detected with AZBP1-B antibody, Two majoe basds of 45 and 20 kDa and a fainter 29 kDa band were
detectad in all the samples 1ested: aormal conex (lans 1), normal cerebelum (lane 2), SCAZ cortex (lane 3) and SCA2 cerebellum (aee 4). An extra 43 kDa band
was detected in normal cerebellum (lane 1) and SCA2 cerebellum (lame 3). No sigrificant differences were observed between normal ané SCA2 brains.

P2 P3 S3
' & —Ataxin-2

P1
(A)

(B)

Figure 6, Westen blot detection of subcellula protein fractions from human
tissues. Pl, nuclear fraction; P2, mitochoednal fraction; P3, ER/Golgi fractice;
S3, cytosolic fraction. Fifty milligrams of protein was loaded on each lane and
detectad by SCAZ-A astibody (A) or AZBPI-B antibody (B), The subcellular
protein extracts were tested with antibedy to trans-Golgi 58K (C) or NeuN
protein (1) w confirm the efliciency of the suboellular fractonation,

HKEKDLE: peptide SCA2-B, amino acids 904-921,
AAEQVRKSTLNPNAKEFN) conjugated to keyhole limpet
hemocyanin. SCA2-B antibody was affinity purified by the
peptide column method using antiserum 1262 as previously
described (23). A rabbit anti-A2BP1 antiserum, 1734-2, was
raised against peptide A2BPI1-B (amino acids 177-190 of
human A2BP1, TNKKTVNPYTMGWK). The fifth bleed of
antiserum 1734-2 was used in co-immunoprecipitation. Anti-
body A2BPI1-B was affinity purified with an AZBP-B peptide
affinity column using antiserum 1734-2. Mouse monoclonal

antibodies to y-adaptin and rrans-Golgi 58K was purchased
from Sigma and the NeuN and 1C2 antibodies were purchased
from Chemicon.

Protein extraction and western blots

Frozen brain tissues from frontal cerebrum and cerebellum
were obtained from a 41-year-old SCAZ2 patient and a neuro-
logically normal 32-year-old patient. Frozen tissue samples
were obtained from necropsy brains within 24 h of death and
stored at -70°C. Frozen tissues were resuspended in triple
detergent buffer (100 mM Tris-HCL pH 74, I mM EGTA, 1%
NP-40, 0.5% SDS, 0.5% deoxycholic acid, | mM Pefabloc SC,
1 ug/mi pepstatin A, 2 pg/ml aprotinin and 50 pg/ml leupeptin)
and homogenized using a polytron homogenizer. The protein
extracts were first centrifuged at 1000 g (3100 r.p.m. inaJA17
rotor) for 5 min. The supernatant was recentrifuged at 105 000
g (54 000 rp.m. in a TLNI0O rotor) for 1 h, aliquoted and
stored at —80°C. Protein concentrations were determined using
the Bradford Protein Assay Kit (Bio-Rad, Hercules, CA). Prior
to loading onto polyacrylamide gels, proteins were concen-
trated using a Microcon 10 (Amicon) concentrator or acetone
precipitation. An aliquot of 100 ug of protein was loaded per
lane in a precast 4-20% gradient SDS—polyacrylamide mini-
gel (Bio-Rad) and electrophoresed at 100 V for 1-2 h. Proteins
were transferred to a  nitrocellulose filter (Amersham,
Arlington Heights, IL). The filter was rinsed briefly with TBS
(150 mM NaCl, 50 mM Tris-HCI, pH 8.0} and blocked for | h
with 5% non-fat dried milk (Bio-Rad) for rabbit custom-made
primary antibodies. The filter was then incubated with the
desired dilution of test antibodies for 1 h at room temperature.
The primary antibodies were detected by an ECL western
blotting detection system (Amersham) using anti-rabbit 1gG
antibodies conjugated with horseradish peroxidase.
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Immunofluorescent cytochemistry

To determine the cellular co-localization of ataxin-2 and
A2BPI1, COS1 cells were Lrnvs‘n in 4-well tissue culwure slides
for 72 h in DMEM with 10% FBS. Transfection of pEGFP-
SCA2 (22) into COS1 cells was performed using SuperFect
Transfection Reagents (Qiagen, Valencia, CA). Cells were
washed with DPBS three times at room temperature and incu-
bated with 4% paraformaldchyde (Sigma. St Louis, MO) for

ataxin-2, AZBP| and yadapt
ypadaptin (b). (¢ and d) Composites an
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10 min. The fixed cells were prein ".x"'-;rcd for 30 min wilh 1%
goat serum in DPBS. The cells were then co-stained for | h at
room temperature with a [:20-fold dllJZlL"l‘. of mouse mono-
clonal antibody to y-adaptin and 10 pug/ml of either SCA2A or
A2BPB antibody. The primary antibodies were detected with a
1:200-fold dilution of FITC-conjugated goat anti-rabbit IgG
and TRITC-conjugated anti-mouse 1gG (Sigma). Images were
acquired using a Zeiss LSM 310 confocal microscope.
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Figure 8. A2BP| and ataxin.2 labeling in mormal ané SCA2 cerebellum. (a) Nommal Purkinje cells stained with AZBPL.B antibody ané (h) an adjacent section
staimed with AZBP1-B preabsoebed with A2BP1-B peptide. (€ and d) Nosmal Puskinge cells (¢) and dentate aeurons (d) abeled with the A2BPI1-B asubody, (¢ and
0 Puskanje cells (e) and dentate pewrons (1) from an SCA2 patient labelad with AZBP1-B anubody, (g asd h) Normal Purkanje cells () and destase neurons (1)
labeled with the SCA2-B antibody. (i 2né j) Purkinje cells (i) and dentate meuroes (j) from an SCA2 patient labeled with SCA2-B antibody. (k-n) A2ZBP1.B ant.
body labeling of sormal (k and 1) and SCAZ (m and 8) cerebells from & seoond set of costrol and SCAZ brams, Magmhcanon: (a) sad (0) x100; (¢)—{(a) x50

Co-immunoprecipitation

Human HTBI10 ncuroblastoma cells were grown to 80%
confluency in DMEM with 10% FBS, washed in PBS and
harvested in RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.1% SDS. 0.5% deoxycholic acid, 1% Tween-20 and
0.05% NaN,) containing 2 mg/ml aprotinin, 1 mg/ml
leupeptin, 500 mg/ml Pefabloc SC and 1 mg/ml pepstatin. The
lysates were precleared with rabbit serum agarose (Sigma) and
then with formalin-fixed Sraphylococcus aureus cells (Sigma)
at room temperature for [ h, respectively. The precleared
lysate was incubated with anti-ataxin-2 serum (1262-1) or anti-
A2BPI1 serum (1734-2) at 4°C overnight. Thereafter, protwein
AJG resin (CytoSignal) was added to the lysate and incubated
at 4°C for 1 h to recover the antigen—antibody complex. The
resin was washed several times with RIPA buffer. The precip-
itated proteins were recovered from the resin through a spin
filter column (CytoSignal) by centrifugation with 2x sample
buffer (62.5 mM Tris. pH 6.8, 4% SDS, 20% glycerol. 5%
B-mercaptoethanol and 0.0025% bromophenol blue) and

analyzed on a western blot using SCA2-B antibody. Expres-
sion levels of cndogenous A2BP1 and ataxin-2 in native
HTB10 cells were confirmed by western blot analysis (data not
shown).

Subcellular fractionation

HTBI10 cells at 80% confluency or frozen human cerebral
cortex tissues were homogenized in lysis buffer (100 mM Tris—
HCL, pH 7.4, I mM EGTA, 0.4% sucrose, 2 mg/ml aprotinin,
0.5 mg/ml Pefabloc SC, 1.0 mg/ml pepstatin and 1.0 mg/ml
leupeptin). The lysate was centrifuged at 1000 g for 20 min.
The pellet was resuspended in lysis buffer and saved as the
nuclear fraction, P1. The supernatant (S1) was further centri-
fuged at 10 000 g for 20 min. The pellet was resuspended in
lysis buffer and saved as the mitochondrial fraction, P2. The
supernatant (82) was ultracentrifuged at 105 000 g for | h. The
pellet was resuspended in lysis buffer and saved as the ER/
Golgi fraction (P3). The supernatant (S3) was saved as the
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cytosolic fraction. Protein concentrations of the fractions were
determined by the Bradford assay (Bio-Rad).

Immunohistochemistry

Human brain tissucs obtained at necropsy were fixed with 10%
formalin within 24 h of dcath and ecmbedded in paraffin.
Tissues from multiple sites in the brain were taken from a 40-
vear-old neurologically normal male. Six micron sections were
cut and mounted onto Superplus microscopic slides (Fisher
Scientific, Springficld, NIJI). Immunohistochemistry was
performed as previously described (23). Sections were
rchydrated by rinsing twice at 5 min intervals in xylene, 100%
ethanol, 95% cthanol and 70% ecthanol. After deparaffiniza-
tion, sections were treated with a protease cocktail. blocked
with avidin/biotin and 3% normal goat scrum. Secctions were
then incubated with 20 pg/ml SCA2-B or A2BP! antibody
overnight at 4°C. Primary antibodies were detected using the
rabbit Vector ABC Elite Peroxidase kit (Vector), enhanced
with diaminobenzidine enhancer and visualized with diami-
nobenzidine (Biomeda). Sections were counterstained with
aqueous hematoxylin (Xymed). Controls consisted of anti-
bodies preabsorbed with 100 uM peptide A2BP-B and preim-
munc scra at comparable concentrations (1/500). All slides
were processed in a single batch to minimize variability.
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NOTE ADDED IN PROOF

Through additional databasc querics we recently became
aware of the identity of the ataxin-2 binding protein in
C.elegans. The C.elegans protein is known as fox-1.
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