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Abstract To elucidate the quenching mechanism of phototrans-
duction in vertebrate cone photoreceptors, a cDNA clone
encoding cone specific arrestin (cArr) was isolated from a bovine
retinal cDNA library using a human cArr cDNA probe. Affinity-
purified anti-peptide antibody specific to cArr was prepared.
Immunohistochemical staining displayed specific labeling of cArr
in cone photoreceptors and immunoblotting identified a 46 kDa
protein band. We purified cArr from bovine retinas by sequential
column chromatography using DEAE-cellulose, gel filtration and
mono Q columns. Binding studies revealed no binding of cArr to
rhodopsin regardless of whether it was bleached and/or
phosphorylated. cArr also failed to bind to heparin-Sepharose
under conditions which rod arrestin (rArr) bound to the column.
The present data suggest that cArr may play a role in the
quenching of phototransduction in cone photoreceptors and that
its activity therein is different to that of rArr.
z 2000 Federation of European Biochemical Societies.
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1. Introduction

Members of the arrestin family are known to be involved in
the desensitization of agonist stimulated G protein coupled
receptors [1]. In vertebrate rod photoreceptors, upon absorp-
tion of a photon by the receptor, Meta II, an active photo-
bleaching intermediate of rhodopsin (Rho*), activates the
GTP-binding protein (Gt) ampli¢cation cascade, which in
turn generates a visually evoked signal. This cascade is shut
down by phosphorylation of Rho* by rhodopsin kinase (RK),
resulting in blockage of further interaction of Meta II with Gt
by binding with rod arrestin (rArr). In addition, an alternative
mRNA splicing form of rArr, called p44, has been demon-
strated to be involved in the quenching phototransduction
through its binding with Meta II [2]. Thus, rArr and p44
are both key molecules in the quenching phototransduction
of rod photoreceptors. Meanwhile, in cone photoreceptors, it
has been suggested that a similar arrestin mediated mecha-

nism is involved in the termination of the photoexcitation
since a cone-speci¢c homologue of arrestin (cArr), which is
alternatively called X-arrestin, has been cloned from human
cDNA library [3,4]. However, the primary structure of the
C-terminal domain in rArr, in which the binding site for
phosphorylated rhodopsin (P-Rho*) is involved, [5,6] is dis-
tinct from that of cArr. Moreover, cone speci¢c visual pig-
ment kinase has not been identi¢ed yet. These observations
lead us to speculate that cArr may function di¡erently from
rArr.

In the present study, to better understand the functional
roles of cArr, bovine cArr was cloned using the human cArr
cDNA probe and native protein was prepared from bovine
retinas. Then, characterization of cArr was performed by de-
termining its localization within retinal cells and its binding
a¤nity to P-Rho and heparin.

2. Materials and methods

Unless otherwise stated, all procedures were performed using ice-
cold solutions. All chemicals used were analytical grade.

2.1. Isolation of a cDNA clone of bovine cArr
A bovine retina cDNA library (purchased from Stratagene) was

screened using the human cArr cDNA [3,4] as a probe. The plasmid
cDNA clones were excised from the lambda phages using the excision
phage. The plasmid inserts were sequenced by the dideoxy chain ter-
mination method using a Cycle Sequencing kit (Toyobo, Tokyo, Ja-
pan). The nucleic acid data were analyzed with computer software
GENETEX (System Soft, Japan) and Clastal W. The nucleotide se-
quence data reported in this paper has been submitted to the DDBJ,
EMBL and GenBank nucleotide sequence database with accession
number sequence D85340.

2.2. Preparation of antibodies against bovine cArr peptide and bovine
rArr antibodies

The bovine cArr sequence was analyzed for a unique region and a
15 amino acid sequence, 354PKPSNEAASSEDIVI, was chosen from
near the C-terminus. The peptide conjugated with MAP resin (Ap-
plied Biosystems) was synthesized and used to prepare an anti-peptide
antibody. The peptide was injected into a New Zealand white rabbit.
The antiserum was puri¢ed by a¤nity chromatography using the pep-
tide coupled with CSNB-activated Sepharose 4B (Pharmacia Biotech)
[4]. A rat was immunized with puri¢ed bovine rArr [7] with complete
Freund's adjuvant.

The antisera obtained were each subjected to IgG isolation by a
protein G column and a¤nity puri¢cation using antigen conjugated
column chromatography. IgG concentration was estimated by spec-
trophotometry (OD280).

2.3. Puri¢cation of bovine cArr
Fifty frozen dark-adapted bovine retinas were homogenized with

50 ml of 10 mM HEPES bu¡er, pH 7.5, containing 1 mM benzami-
dine in a glass^te£on homogenizer under a dim red light, followed by
centrifugation at 46 000Ug for 60 min. The supernatant was applied
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to a column of DEAE-cellulose (1.6U17 cm) which had been equili-
brated with the 10 mM HEPES bu¡er, pH 7.5. The column was
washed with 10 mM HEPES bu¡er, pH 7.5, containing 15 mM
NaCl until the absorbance at 280 nm dropped below 0.1. Proteins
bound to the column were eluted with a gradient of NaCl from 0 to
150 mM in a total of 240 ml of the same bu¡er. Aliquots (3 ml each)

were collected and subjected to immunoblot analysis using cArr IgG.
The fractions containing cArr were pooled, concentrated to approx-
imately 1 ml by centricon 30 (Amicon) and applied onto a Hiprep
Sephacryl High Resolution gel ¢ltration column (2.6U60 cm)
equipped with fast protein liquid chromatography (FPLC), which
had been equilibrated with 10 mM HEPES bu¡er, containing

Fig. 1. Multiple alignment of proteins belonging to the arrestin family. An alignment was made using CLUSTAL W computer program. The
proteins aligned are (in parentheses known in protein name and Swiss-protein accession No.): HUMB1 (human L-arrestin 1, P49407), BOVB1
(bovine L-arrestin 1, P17870), HUMB2 (human L-arrestin 2, P32121), BOVB2 (bovine L-arrestin 2, P32120), HUMSA (human rArr, P10523),
BOVSA (bovine rArr, P08168), HUMCA (human cArr, P36575) and BOVCA (bovine cArr). The selected amino acid peptide sequence for the
antigen preparation is underlined.
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150 mM NaCl, pH 7.5. Aliquots (2 ml each) were collected and
analyzed by immunoblotting as above. Fractions containing cArr
were diluted 6 times with 20 mM bis^tris propane (BTP) bu¡er, pH
8.4, and applied onto a mono Q column (Pharmacia Biotech; HR 5/5)
equipped with FPLC, which had been equilibrated with 20 mM BTP
bu¡er, pH 8.4. After washing the column extensively with the same
bu¡er, proteins were eluted using a linear gradient of NaCl from 50 to
300 mM in the same bu¡er at a £ow rate of 0.5 ml/min. Absorbance
at 280 nm was monitored (Fig. 3A).

2.4. Light microscopy and immunohistochemistry
Fresh bovine eyes ¢xed at 4³C for 3 h in 4% paraformaldehyde in

82 mM phosphate bu¡er, pH 7.4, and the parafoveal region (4U4
mm) were excised and embedded in para¤n. Cross-sections of retina
(6 Wm thickness) were mounted on slides and subjected to hematox-
ylin and eosin staining (Fig. 2A) or immunostaining (Fig. 2B) after
de-para¤nization by graded alcohol.

For immunostaining, sections were incubated for 1 h at room tem-
perature with a¤nity-puri¢ed rabbit anti-bovine cArr peptide IgG
(50 Wg/ml). After washing with phosphate bu¡ered saline (PBS), sec-
tions were incubated with Cy3-labeled goat anti-rabbit IgG at 1:400
dilutions in PBS with 0.3% Tween 20 at room temperature for 1 h.
The sections were then rinsed three times with PBS for 5 min and
coverslipped in 90% glycerol in PBS containing 2% 1,4-diazabicyclo
(2,2,2) octane. The sections were photographed using a Cy3 ¢lter set.

2.5. Heparin binding using a heparin-Sepharose column
The fractions (5 ml, each) containing cArr or rArr from DEAE

column, respectively, were dialyzed against 10 mM HEPES bu¡er,
pH 7.5, containing 150 mM NaCl. Then, each dialyzate was applied
at a £ow rate of 15 ml/h to a column of heparin-Sepharose column
(1U3 cm) which had been equilibrated with 10 mM HEPES bu¡er,
pH 7.5, containing 150 mM NaCl and the £ow through fractions (5 ml
each) were collected. The column was washed with 10 mM HEPES
bu¡er, pH 7.5, containing 150 mM NaCl at a £ow rate of 15 ml/h
until the absorbance at 280 nm dropped below 0.1. The protein bound
to the column was eluted by 10 ml of 6 mM InP6 and 100 mM NaCl
in 10 mM HEPES bu¡er, pH 7.5. The aliquots (15 Wl) of the bound or
unbound fractions were analyzed by sodium dodecyl sulfate^polyac-
rylamide gel electrophoresis (SDS^PAGE) and immunoblotting.

2.6. Binding assay using phosphorylated and unphosphorylated
urea-washed Rho

Preparation of phosphorylated and unphosphorylated urea-washed
Rho and their binding arrestin were performed as described previ-
ously [8] with some modi¢cations. Phosphorylated (1V2 phos-
phates/molecules of Rho) or unphosphorylated urea-wash Rho
(5 WM) were incubated with puri¢ed rArr (2 WM) or puri¢ed cArr
(approximately 200 nM) in 160 Wl of 10 mM HEPES bu¡er, pH 7.5,
containing 100 mM NaCl, under dark or illuminated conditions
(100-W lamp from a distance of 10 cm) for 5 min at 30³C. After
the incubation, the sample was centrifuged at 15 000 rpm for 15 min.
The pellet was washed with 300 Wl of the bu¡er and analyzed by SDS^
PAGE and immunoblotting.

2.7. Other analytical methods
SDS^PAGE was performed by the method of Laemmli [9] using a

12.5% SDS^PAGE slab gel and a Hoe¡er minigel apparatus. Immu-
noblot analysis was performed as described by Ohguro et al. [10].

3. Results

To understand quenching phototransduction in vertebrate
cone photoreceptor cells, we studied the structure and func-
tion of bovine cone-speci¢c arrestin (cArr), since arrestin is
known to be a key molecule in the quenching phototransduc-
tion of rod photoreceptor cells [1]. As an initial step, we iso-
lated cDNA clone of cArr using the human cDNA probe of
cArr. About 0.3% of the clones in the cDNA library cross-
hybridized to the human cDNA probe, which contained the
entire coding region. Twenty hybridization positive clones
were isolated and analyzed. A clone containing the largest
cDNA insert of 1340 bp was chosen for sequence analysis.
The nucleic acid sequence demonstrated 85% identity to hu-
man cArr cDNA. The bovine cArr cDNA contained an open
reading frame of 1176 bp, which was 12 bp longer than the
human cArr. The deduced amino acid sequence showed 86, 64
and 51% homology to human cArr, bovine L arrestin and
bovine rArr, respectively [3] (Fig. 1). The restriction map
and sequence analyses of the other hybridization-positive
clones showed that they contained the full-length or part of
the same open reading frame encoding the bovine cArr ho-
mologue.

The multiple alignment study of the arrestin family proteins
with Clastal W shows that cArr of human and bovine has the
serine rich regions near the C-terminus which are distinct
from other vertebrate arrestins (Fig. 1). A synthetic peptide
corresponding with this unique region (residues 354^368) was
prepared to obtain antiserum by immunizing rabbit. Immu-
nohistochemical study revealed that a¤nity-puri¢ed cArr IgG
speci¢cally recognized cone photoreceptors (Fig. 2B). Addi-
tionally, cArr IgG recognized only a 46 kDa band of retinal
homogenate by immunoblot analysis (Fig. 3B).

To purify cArr, soluble fractions from frozen bovine retinas
were loaded onto a column of DEAE-cellulose and proteins
were eluted from the column by a NaCl gradient (0^150 mM).
The aliquots of the eluted fractions were analyzed by immu-
noblotting and cArr containing fractions were pooled. The
sample was then loaded onto a Hiprep Sephacryl High Res-

Fig. 2. Histological examination and immunocytochemical demonstration in bovine retina inducible cArr. The sections embedded in para¤n of
parafoveal bovine retina were stained with hematoxylin^eosin (A) or immunostained with a¤nity-puri¢ed bovine cArr anti-peptide antibody
(B). Arrows (A; black, B; white) point to cone outer segments. ONL, outer nuclear layer; OLM, outer limiting membrane; OS, outer segment.
Magni¢cation U127.5. Scale bar (A, B), 50 Wm.
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olution gel ¢ltration column, followed by a mono Q column,
both equipped with FPLC. As shown in Fig. 3A, peak 4
obtained by elution with linear gradient of a NaCl (50^300
mM) showed a 46 kDa band of cArr which was distinct from
48 kDa rArr on SDS^PAGE gels and immunoblots (data is
shown in Fig. 5).

To study the functional property of cArr, its binding ability
with Rho or P-Rho was examined. rArr speci¢cally bound
with P-Rho in a light dependent manner, whereas, cArr did

not bind with either Rho or P-Rho regardless of the light
conditions (Fig. 4). rArr is known to speci¢cally bind to hep-
arin, which mimics the phosphorylated form of Rho. To test if
cArr bound to heparin or not, partially puri¢ed rArr and cArr
obtained by a DEAE-cellulose column were subjected to hep-
arin-Sepharose and eluted with IP6. As shown in Fig. 5, rArr
tightly bound to the column but no binding of cArr was
observed.

Fig. 4. Binding assay of cArr or rArr to various states of phosphorylated Rho or urea-washed Rho. The reaction mixture composed of Rho
(5 WM) or P-Rho (5 WM), rArr (2 WM) or cArr (approximately 200 nM) in 160 Wl bu¡er was incubated at 30³C under dark or illuminated con-
ditions. After the incubation, samples were centrifuged and the supernatant and the pellet were each subjected to immunoblot analysis using
rArr or cArr IgG as described in Section 2.

Fig. 3. Puri¢cation of bovine cArr. Bovine cArr was puri¢ed from frozen bovine retinas by sequential column chromatography using DEAE-
cellulose, Hiprep Sephacryl High Resolution gel ¢ltration and mono Q columns. A: An elution pro¢le by a mono Q column employing a liner
gradient of NaCl (50^300 mM). Peak 4 contained homogeneous cArr. B: SDS^PAGE patterns of 15 Wl aliquot from each step of the puri¢ca-
tion. a: DEAE-cellulose column; b: Hiprep Sephacryl High Resolution gel ¢ltration column; c: fraction 4 from mono Q column and d: immu-
noblot of sample c using cArr IgG (200 dil.).
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4. Discussion

Based on the following evidence, it was suggested that pho-
totransduction and its quenching mechanisms in cone photo-
receptors closely resemble those of rod photoreceptors in ver-
tebrates; (1) most of the cone speci¢c components
participating in these cascades have been cloned, including
cone visual pigments [11], Gt [12], cGMP phosphodiesterase
[13] and cArr [3,4] and (2) these components are homologous
with those of rod photoreceptors. In addition, some of these
components have been demonstrated to possess functional
homology, i.e. red sensitive cone pigment (iodopsin) puri¢ed
from chicken retinas was able to activate rod Gt [14] and to
be phosphorylated by RK in a light-dependent manner [15].
In contrast, electrophysiological studies revealed that photo-
excitation and its quenching of cone photoreceptors are much
faster than those of rod photoreceptors [16]. Therefore, the
possibility that some unknown mechanisms are involved in
these cascades in cone photoreceptors is suggested. In the
present study, to understand more about the functional di¡er-
ence among these photoreceptors, we cloned and puri¢ed
cArr, which seems to be a key molecule in the quenching
phototransduction, from bovine retinas using a speci¢c anti-
body against the C-terminus of cArr, which is not cross-
reacted with rArr. cArr showed no binding to Rho in any
conditions, bleached and/or phosphorylated, suggesting that
cArr may exclusively require cone visual pigments for the
receptor binding. It has been demonstrated that rArr speci¢-
cally bound with P-Rho*. Palczewski et al. reported that rArr
binding to P-Rho* mimics binding to heparin since (1) hep-
arin inhibited rArr binding with P-Rho* and (2) limited pro-
teolysis of rArr by trypsin was identical to that when rArr was
incubated with P-Rho* or heparin [17]. Therefore, he sug-
gested that negative charges by P-Rho* or heparin induced
speci¢c structural change possibly in the C-terminus of rArr
resulting in forms suitable for binding with the photolyzed

receptor. This scheme was also proposed by Benovic and his
associates by binding assay using several kinds of mutants of
rArr [6,18]. In addition, p44, an alternative spliced form of
rArr de¢cient in the C-terminal portion of rArr, shows high
a¤nity toward Rho* [2]. In the present study, we found a
much lower a¤nity of cArr with heparin-Sepharose column
as compared with that of rArr. These observations lead us to
speculate that cArr may bind with the photolyzed form of the
cone visual pigments and may not be necessary for their phos-
phorylation. Assuming this hypothesis, the skipping of the
phosphorylation step may facilitate prompt termination of
the photoexcitation cascade. In fact, the deduced amino acid
sequence revealed that the C-terminus of cArr is distinct from
that of rArr, which is believed to be important for P-Rho* or
heparin binding to rArr. However, this mechanism is still not
clearly understood. Therefore, an additional binding study
using cone visual pigments and mutagenesis of cArr is our
next project.
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Fig. 5. Heparin binding using heparin-Sepharose chromatography.
The fractions (5 ml each) containing rArr or cArr obtained from
DEAE-cellulose column were loaded onto a heparin-Sepharose col-
umn and the £ow through fractions (5 ml each) were collected.
After extensive washing of the column, rArr was eluted by 6 mM
IP6. Aliquots from the unbound (a) and bound (b) were analyzed
by immunoblotting as described in Section 2.
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