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ABSTRACT: Olivopontocerebellar atrophy with retinal degeneration is a hereditary neurodegenerative disorder
that belongs to the subtype Il of the autosomal dominant cerebellar ataxias and is characterized by early-
onset cerebellar and macular degeneration preceded by diagnostically useful tritan colorblindness. The
gene mutated in the diseasedA7] has been mapped to chromosome 3p12-13.5, and positional cloning
identified the cause of the disease as CAG repeat expansion in this gerfeCAgene product, ataxin-

7, is an 897 amino acid protein with an expandable polyglutamine tract close to its N-terminus. No clues
to ataxin-7 function have been obtained from sequence database searches. Here we report that ataxin-7
has a motif of ca. 50 amino acids, related to the phosphate-binding site of arrestins. To test the relevance
of this sequence similarity, we introduced the putative ataxin-7 phosphate-binding site into visual arrestin
and g-arrestin. Both chimeric arrestins retain receptor-binding affinity and show characteristic high
selectivity for phosphorylated activated forms of rhodopsinziadrenergic receptor, respectively. Although

the insertion of a Gly residue (absent in arrestins but present in the putative phosphate-binding site of
ataxin-7) disrupts the function of visual arrestiataxin-7 chimera, it enhances the functiorfedirrestin-

ataxin-7 chimera. Taken together, our data suggest that the arrestin-like site in the ataxin-7 sequence is
a functional phosphate-binding site. The presence of the phosphate-binding site in ataxin-7 suggests that
this protein may be involved in phosphorylation-dependent binding to its protein partner(s) in the cell.

The gene mutated in olivopontocerebellar atrophy with and AV chimera (Arg169 if-arrestin and AB chimera) was
retinal degeneration has been recently cloned, and thealso introduced by PCR. The sequence of all constructs was
disorder-associated mutation was identified (OMIM Entry confirmed by dideoxy sequencing.

164500,1). The function of the putative ataxin-7 protein Direct Binding Assayin vitro transcription and translation
encoded by this gene is not known. To understand the as well as receptor purification and phosphorylation were
molecular mechanisms of this hereditary disorder and to performed as described,(5). Translation of all proteins used
devise approaches for its treatment, we performed a detailedfor the direct binding assay yielded a single radiolabeled band
analysis of ataxin-7 sequence. We have identified a shortwith the expected electrophoretic mobility (not shown). The
element in ataxin-7 homologous to the phosphate-binding stoichiometry of phosphorylation of rhodopsin gh@dren-
site of arrestins and used chimeric proteins to test the ergic receptor £,AR)! used was 1.8 and 3.3 mol of phos-

functionality of this putative site. phate/mol, respectively. In vitro translated radiolabeled
arrestins (50 fmol) were incubated in 50 mM Tris-HCI, pH
EXPERIMENTAL PROCEDURES 7.5,0.5 mM MgC}, 1.5 mM dithiothreitol, 50 mM potassium

. L i acetate with 7.5 pmol of the various functional forms of
MutageneS|S.Ch|_m_er|c arrestlns. were made. by PCR. rhodopsin or with 100 fmol/assay of AR or AR in a
Common mutagenizing reverse primer introducing ataxin-7 fnal volume of 50uL for 5 min at 37°C in room light

sequence (&ctg tac cit ccg gat gac cgc et ccg ctg ggt caa (rhqqopsin) or for 35 min at 30C in the presence of 0.1

gctatg cgt ttt gtc ctc “3was used in conjunction with vi;ual— mM g-agonist isoproterenofbAR). The samples were then
specific (S-cct gac tac ctg ccc tgt teg gtd)dr f-arrestin- ;5164 on ice and loaded onto 2 mL Sepharose 2B columns

specific (3-atc cct ccg aac ctg cca tge it QrSOr\{vard equilibrated with 10 mM Tris-HCI, pH 7.4, 100 mM NacCl.
primers to generate 88 or 79 bp fragments, respectively. Thegqnd arrestin eluted with receptor-containing membranes

fragments were digested wial andBsfEl and subcloned  jy, the void volume (between 0.5 and 1.1 mL). Nonspecific
into Sal/BsiEl-digested pARR and pBARRA] plasmids,  pinqing was subtracted. It was determined in the presence
yielding pAV and pAB chimeras, respectively. A codon for ¢ g 3,4 of liposomes and did not exceed 0.4 fmol/assay.
an extra Gly residue (GGT) preceding Arg175 visual arrestin \y/a have previously established that nonspecific “binding”
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consensus DxxkxcGxU-U=x+xucoxxuxxxxxX+xhxxxxxrxUxx#txxUxx
Ataxin-7 2370153 341 DPDIHCGVIDLDTKKPCTRSLTC---KTHSLTOQRRAVOGRRKRFDV 508
Arrestin beta/bovine 162692 134 DTGKACG-VDYFVKAFCAENLEE---KIHKRNSVRLVI-RKVQYAP 243

Arrestin visual/bovine 4929981 137 DVGKSCG-VDFEIKAFATHSTDVEEDKIPKKSSVRLLI-RKVQHAP 187
Arrestin beta 2/human 4757780 135 DTGKACG-VDFIIRAFCAKSLEE---KSHKRNSVRLVI-BKVQFAP 233

Arrestin C/Human 3892697 131 DAGKPCG-IDFEVKSFCAENPEE---TVSKRDYVRLVV-RKVOFAP 216
ARRB DROME 114211 150 DNGKPLG-VEYTIRAFVGDSEDD---RQHKRSMVSLVI-EKLQYAP 228
YGG6_YEAST 1723846 243 DFNKQCG-VELPEGGYCARSLTC---KSHSMGAKRAVSGREKPYDV 322
CAA22473.1/Sch.pombe 4008552 197 DVEKQCG-VLLPNGQOMCARSLTC---KTHSMSSKRAVPGREQPYDV 105
Secondary - pdb 1CF1C bbbbbbbbbbbbbbb bbbbbbb~bbbbb

* E

Ficure 1: Conserved sequence motif in ataxin-7 and diverse arrestins. Multiple sequence alignment of ataxin-7, yeast homologues, and
diverse arrestins was constructed using the MACAW progrEsn Unique sequence identifiers in GenBank are shown after protein names.
Numbers indicate distances to the ends of each protein. Conserved amino acids are shown in boldface type. Bulky hydrophobic residues
(I, L, M, V, F, Y, and W) are shaded and shown as “U” in the consensus line; acidic residues (D or-E), &mSic residues (K and R)

as “+"; and small side chain residues (A, G, and S) as “O". Known elements of the three-dimensional structure in bovine arrestin are
indicated (b5-strand). The box shows the segments exchanged in AB, ABG, AV, and AVG chimeras. See the text for other designations.

observed in the presence of Qi of opsin-containing  recognition site of arrestinsd{11). All three positively
membranes and 0,3g of liposomes is virtually identical  charged residues crucial for interaction with a phosphate on
(5). This “binding” mostly represents a small percentage of a phosphoreceptor are conserved in ataxin-7 (Figure 1,
arrestin (less than 1%) that aggregates during the assay anéhdicated by the asterisks). These include the arginine residue
coelutes with receptor-containing membrantg.(The use serving as a key phosphorylation-sensitive trigger in both
of high molar excess of rhodopsin over arrestin in the direct S-arrestin and visual arresti6{9, 11) (green-shaded column
binding assay is necessary for two reasons. Light-activatedin Figure 1). In addition, a bulky hydrophobic residue that
rhodopsin decays into inactive opsin within minutes, neces- hinders arrestin interaction with unphosphorylated receptor
sitating a short incubation time. On the other hand, the high (7) (underlined in Figure 1) and also the upstream region
molecular weight of arrestin makes its diffusion-limited “on-  with an acidic residue that forms a salt bridge with Arg171
rate” relatively slow (e.g., arrestin binding toAR reaches in visual arrestin 10, 11 (double underline) are also
equilibrium in about 30 min). Incubation of arrestin for 5 conserved.

min with a 75-150-fold excess of rhodopsin was found to
be the best way to perform this unavoidably nonequilibrium
binding assayy, 17).

The key functional characteristic of arrestin proteins is their
strict selectivity for phosphorylated activated forms of their
cognate receptorsd( 5, 9, 1). The binding to activated
phosphoreceptor involves a substantial conformational rear-
rangement in arrestin moleculg, (L1, 1§. The X-ray crystal

We partitioned the sequence of the 897 amino acid ataxin-7 Structure of the basal state of bovine visual arrestin has been
into globular and nonglobular regions using the SEG program recently resolved, revealing gil-fold in the N-terminal
(2). More than 60% of the sequences fall into predicted domain (0, 11, where the phosphate-binding site is located
nonglobular regions. The three longest globular regions were(6). The region of similarity to ataxin-7 and yeast proteins
used to scan sequence databases with the PSI-BLASTINCludes twos-strands (IX and X in refl1) located on the
program 8). A significant similarity (score,s = 123, concave surface of the N-terminal domain. This domelike
probability of matching by chanceg = 4 x 107) was surface lined with positive charges is believed to be the
observed between a globular region in ataxin-7 correspondingdocking site for the cytoplasmic tip of the rhodopsin molecule
to amino acids 338393 and a putative protein in fission (10, 11). Several of the positively charged residues localized
yeast (gi4008552). An alignment of these ataxin-7 and yeaston S-strand X (L1) were shown to play a crucial role in the
sequences was converted into a profile, and the WiseToolsPreferential binding of arrestin to phosphorylated receptors
program (3) was used to search protein databases for (6, 7).
additional homologues. A significant similarity (score Arrestins’ selectivity for phosphorylated forms of their
5000) was observed between these proteins and arrestins, 8ognate receptors is ensured by an ingenious mechanism.
group of animal proteins that specifically bind to the activated There is an unusual network of buried solvent-excluded
phosphorylated forms of G protein-coupled receptdygd  positively and negatively charged residues (“polar core”) in
quench their signaling. Motif search with the ungapped the fulcrum of the two-domain arrestin moleculd) Charge
subalignment of ataxin-7 and yeast homologues using thereversal mutations of polar core residues relieve the arrestin
program MoST 14) with a restrictive cutoff ratio = 0.01 requirement for receptor phosphorylation, yielding “consti-
also identified more than 25 arrestins (and no other se- tutively active” phosphorylation-independent mutargis- (
quences) before convergence. Further analysis (Figure 1)9 11). Various combinations of these charge-reversal
detected a motif of about 50 amino acids shared betweenmutations that restore the charge balance of the polar core
ataxin-7, both yeast proteins, and arrestins. also restore arrestin selectivity toward phosphorecep®rs (

Structure-function studies of chimeric, truncated, and 11). We hypothesized that the receptor-attached phosphate
mutant arrestins have identified elements that are directly is “guided” by the positive charges in the cavity of the
involved in receptor binding4( 5. Interestingly, the region =~ N-domain toward the polar core, where it upsets the polar
of similarity to ataxin-7 includes the entire phosphorylation- core’s charge balance and allows arrestin to undergo a

RESULTS AND DISCUSSION
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conformational transition into its active receptor-binding state

(9, 11). This mechanism explains how arrestins bind to f.‘""
heterogeneous species of phosphorylated receptors with g

different numbers of phosphate moieties attached to the 520

receptor COOH-terminus (e.g., rhodopgiradrenoreceptor) £

or the third intracellular loop (e.g., m2 muscarinic cholinergic .m..s.....,r;.‘?'.._i..:t
receptor) 4—6, 9, 1J). “MUA D6 AU ADG

Thus, a functional phosphate-binding site (homologous or
heterologous) in thg-strand X in the arrestin sequence can
be expected to draw a phosphate to the polar core with the
resultant arrestin transition into its active state and high-
affinity binding to phosphoreceptors. In this model, a 3
relatively weak proteirrphosphate interaction is translated e N Be RE  ABE
into a strong, easily measurable arrestieceptor interaction. FiGure 2: Binding characteristics of visual arrestjiarrestin, and

Virtually any mutation in the arrestin phosphate-binding site chimeric arrestins with ataxin-7 sequence. In vitro translated

has detectable functional consequenées9), allowing for radiolabeled arrestins (100 fmol) (specific activities 3392 dpm/
unambiguous discrimination between functional and non- fmol) were incubated in a final volume of 50 for 5 min at 37
functional putative phosphate-binding elements. Screening°C with 7.5 pmol of the indicated functional forms of rhodopsin
the engineered arrestin-based chimeras for their binding (A); Or for 35 min at 3C°C with P#,AR or AR (100 fmol/assay)

. .. n the presence of 100M agonist isoproterenol (B). The samples
selectivity for phosphoreceptors appears to be a sensitive testlvere immediately cooled on ice and loaded onto 2 mL Sepharose

for the functionality of phosphate-binding elements. The 2B columns equilibrated with 10 mM Tris-HCI, pH 7.4, 100 mM
major limitation of this approach is that the putative NaCl. Bound arrestin eluted with receptor-containing membranes
phosphate-binding element needs to be contiguous andn the void volume (between 0.5 and 1.1 mL). Nonspecific binding

; oL Lo determined in the presence of (8 of liposomes was subtracted.
relatively short, so that it fits int@-strand X and does not Each protein was translated twice, and 2 binding experiments (in

interfere with the proper folding and conformational flex- duplicate) were performed with each batch. MeansSD of 4
ibility of the arrestin molecule. experiments are presented.

On the basis of sequence similarity, we hypothesized that
an element of ataxin-7 (Figure 1) may be involved in ing P-Rh*. Misfolded or denatured proteins typically express
phosphorylation-dependent interaction with a yet unidentified at a very low level in rabbit reticulocyte lysate, being rapidly
protein partner(s). To test the functionality of the putative degraded by endogenous proteases, and a larG@%)
phosphate-binding site in ataxin-7, we constructed ataxin fraction of the misfolded protein aggregates and ends up in
visual arrestin chimeric protein AV and ataxifi-arrestin the pellet after the high-speed centrifugation we routinely
chimera AB, in which the ataxin-7 sequence THSLTQRRAV perform after translationl{7, 19. However, the expression
substitutes visual arrestin residues +843 (IPKKSSVRLL) levels of VG, AV, and AVG (45-60 fmoljuL), as well as
or B-arrestin residues 158167 (IHKRNSVRLV), respec-  the percentage of these proteins that remain in the supernatant
tively (Figures 1 and 3). The-strand X in these two  (75—85%), were similar to those of wild-type arrestin (50
chimeras has the same length as in parental arrestin proteingmol/uL and 80-90%, respectively). Apparently, low binding
To test the role of an “inserted” (as compared to arrestins) of AVG does not reflect a folding problem.
glycine residue upstream of the two additional positive  Similarly expressed BG mutant, AB, and ABG chimeras
charges in the phosphate-binding site, we have also con-fully retain the binding characteristics gfarrestin including
structed AVG and ABG chimeras. These proteins are similar its preference for phosphorylated receptor (in this case, the
to AV and AB, respectively, but have a characteristic for an $2AR; Figure 2B). In sharp contrast to AVG, ABG chimera
ataxin-7 additional Gly residue inserted before the Arg-Lys even demonstrates a substantially higher binding f@RR*
pair (Figure 1). To evaluate the effect of this Gly insertion than parental wild-type protein. Notably, in the case of
(which lengtheng-strand X at a sensitive place) on arrestin -arrestin, neither the insertion of a glycine residue nor the
folding and function, we have also constructed arrestin- introduction of ataxin-7 sequence appreciably reduces
(IG175) (AG) andg-arrestin(iG169) (BG) mutants. VG  P{$2AR* binding.
mutant and both AV and AVG chimeras were expressed in  We used the ProMod algorithm, which uses the coordi-
the in vitro translation system, and their binding to four nates of the backbone atoms for initial modeling but permits
functional forms of rhodopsin (dark phosphorylated; light- backbone flexibility at the refinement stageg), and the
activated phosphorylated, P-Rh*; dark unphosphorylated; three-dimensional structure of visual arrestid)(to model
light-activated unphosphorylated) was compared to that of the structural effects of sequence changes in the AV and
visual arrestin (Figure 2A). AVG chimeras (Figure 3). In the AV chimera, the backbone

Both VG mutant and AV chimera demonstrate high of the ataxin-7-derived 10 amino acid peptide is predicted
binding to P-Rh*, although it is somewhat lower than that to adopt the conformation similar to that of the replaced
of wild-type visual arrestin. Both mutant forms faithfully fragment (RMS of the 40 backbone atomss 1.82 A). A
reproduce arrestin selectivity for this functional form of bulky side chain of arginine R170 in the AB and AV
rhodopsin (Figure 2A). However, the binding of AVG chimeras replaces a shorter arrestin-specific side chain of
chimera to rhodopsin is reduced dramatically. There are two valine V170. However, the side chain clash is avoided
conceivable reasons for this apparent lack of activity: the because of the “compensatory” change of leucine L172
protein could be misfolded, or it may fail to assume its active (typical for arrestins) into alanine in ataxin-7 (Figure 3,
high-affinity receptor-binding conformation upon encounter- middle panel). In the AVG chimera, a bulge comprising the

N

ound arrestin, fmol
FY
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FiIGURE 3: Native structure of bovine visual arrestin and structural
model of the ataxin-7-specific peptide in the AV and AVG
chimeras. Onlys-strand X and the adjoining turns are shown. Top
panel: native bovine visual arrestin (pdb ID 1CF1). Middle panel:
AV chimera. Bottom panel: AVG chimera. The amino acids
mentioned in the text are labeled according to their positions in
the wild-type or mutant proteins. The bulge in the AVG chimera
is shown as a green backbone. The model was built using the
ProMod algorithm on the Swiss-Model servégy.

inserted glycine and three upstream residues is predicted 1.

(Figure 3, bottom panel). Two of these upstream residues

are part of the ataxin-7-derived peptide, and the overall shape

of that peptide is likely to be distorted (RMS of the 40
backbone atoms in the AVG model is 2.78 A). The
orientation of the side chains in downstream residues
(including those of the functionally important Arg-Lys pair)
is also changed (Figure 3, bottom panel). Similar although

less dramatic distortion of the backbone and side chains was

observed in a model of the VG mutant (not shown).

The replacement of 10 amino acids in visual arrestin
affects mostly the structure and orientation of the side chains,
whereas glycine insertion affects the orientation of the
backbone and side chains. While these two modifications
have only a mild effect on the interaction of visual arrestin
with the receptor, their combination appears to have a

Mushegian et al.

cumulative effect. Interestingly, similar effects were not
observed when the same modifications were made in
p-arrestin. Preliminary crystallographic data suggest that the
atom density in the N-terminal domain @farrestin is lower
than in the case of visual arrestin (C. Schubert and V. V.
Gurevich, unpublished observations). Less dense packing of
p-arrestin may be the reason it accommodates “ataxin-7-like”
changes easier than visual arrestin. Comparison of high-
resolution crystal structures of both proteins is needed for a
detailed mechanistic explanation.

To summarize, the binding characteristics of AV, AB, and
ABG chimeras suggest that the homologous ataxin-7 se-
guence placed in the context of visual arrestirfearrestin
functions as an efficient phosphate-binding site, supporting
the idea that this sequence in ataxin-7 may be involved in
binding to phosphorylated proteins. In ataxin-7 and in both
yeast proteins, the arrestin-like motifs comprise the globular
regions of 45-60 amino acids, flanked by longer nonglobular
segments (not shown). Given that the nonglobular regions
are believed to be elongated and poorly structu@dtbe
arrestin-related motifs are likely to be independently folding
units. In contrast, the phosphorylation-recognition motif in
arrestins is part of a larger al-fold. In the course of
evolution, this motif might have blended into arrestins by
recombinationaB-strand invasion12).

The biochemical functions of ataxin-7 (as well as those
of yeast proteins identified in our homology search) remain
to be elucidated. We believe that our data suggest the
existence of protein interaction partner(s) and narrow down
the search to the phosphorylated proteins. The putative
phosphate-binding site described here may be joining the
collection of protein domains with phosphate-binding func-
tion, such as the 14-3-3 domain and the SH2 domain (http://
coot.EMBL__Heidelberg.de/SMART). The functionality and
relative portability of such a small conserved region also have
implications for our understanding of protein folding and
evolution.

ACKNOWLEDGMENT

We thank Dr. J. L. Benovic for purifiegi-adrenergic
receptor kinase (GRK2), Dr. J. G. Krupnick for purified
rhodopsin kinase (GRK1), and Dr. J. J. Onorato for purified
B2AR.

REFERENCES

David, G., Abbas, N., Stevanin, G., Durr, A., Yvert, G., Cancel,
G., Weber, C., Imbert, G., Saudou, F., Antoniou, E., Drabkin,
H., Gemmill, R., Giunti, P., Benomar, A., Wood, N., Ruberg,
M., Agid, Y., Mandel, J. L., and Brice, A. (199'Nat. Genet.
17, 65-70.

Wootton, J. C., and Federhen, S. (1986thods Enzymol.
266,554-573.

3. Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J.,
Zhang, Z., Miller, W., and Lipman, D. J. (199Rucleic Acids
Res. 253389-3402.

Gurevich, V. V., Dion, S. B., Onorato, J. J., Ptasienski, J.,
Kim, C. M., Srterne-Marr, R., Hosey, M. M., and Benovich,
J. L. (1995)J. Biol. Chem. 270720-731.

Gurevich, V. V., and Benovic, J. L. (1993) Biol. Chem
268 11628-11638.

6. Gurevich, V. V., and Benovic, J. L. (1999) Biol. Chem
270, 6010-6016.

Gurevich, V. V., and Benovic, J. L. (199F)ol. Pharmacol

51, 161-169.

2.

4.

5.

7.



Phosphoprotein Binding Motif

8. Kovoor, A., Celver, J., Abdryashitov, R. I., Chavkin, C., and
Gurevich, V. V. (1999)J. Biol. Chem 274, 6831-6834.

9. Vishnivetskiy, S. A., Paz, C. L., Schubert, C., Hirsch, J. A,,
Sigler, P. B., and Gurevich, V. V. (1999) Biol. Chem?274,
11451-11454.

10. Granzin, J., Wilden, U., Choe, H. W., Labahn, J., Krafft, B.,
and Buldt, G. (1998Nature 391,918-921.

11. Hirsh, J. A., Scubert, C., Gurevich, V. V., and Sigler, P. B.
(1999) Cell 97, 257—-269.

12. Chothia, C., Hubbard, T., Brenner, S., Barns, H., and Murzin,
A. (1997)Annu. Re. Biophys. Biomol. Struct. 2697—-627.

13. Birney, E., Thompson, J. D., and Gibson, T. J. (199égleic
Acids Res24, 2730-2739.

Biochemistry, Vol. 39, No. 23, 2006813

14. Tatusov, R. L., Altschul, S. F., and Koonin, E. V. (1994dc.
Natl. Acad. Sci. U.S.A. 9112091-12095.

15. Schuler, G. D., Altschul, S. F., and Lipman, D. J. (1991)
Proteins: Struct., Funct., Genet. 980-190.

16. Guex, N., and Peitsch, M. C. (19%Iectrophoresis 18714~
2723.

17. Gurevich, V. V., and Benovic, J. L. (200®)ethods Enzymol.
315 422-437.

18. Schleicher, A., Kuhn, H., and Hofmann, K. P. (1989)
Biochemistry 281770-1775.

19. Gurevich, V. V. (1998)). Biol. Chem 273 15501+15506.

BI1992694Y



