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Abstract

A key reaction in the inactivation of rhodopsin is its phosphorylation by rhodopsin kinase. In recent years, extensive
studies related to rhodopsin kinase function and enzymatic properties were carried out. Rhodopsin kinase is a Ser/Thr
protein kinase and a member of the G protein-coupled receptor kinases sub-family (GRKs) which consists of six recently
identified members. Photolyzed rhodopsin is phosphorylated by rhodopsin kinase sequentially, with the first phosphate
transferred preferentially to Ser-338, and subsequent phosphates transferred to Ser-343 and Thr-336. The binding of arrestin
to the receptor, and reduction of the photolyzed chromophore all-trans-retinal to all-trans-retinol limits physiologically
significant phosphorylation at no more than three sites (H. Ohguro, R.S. Johnson, L.H. Ericsson, K.A. Walsh and K.
Palczewski, Biochemistry, 33 (1994) 1023). A similar phosphorylation reaction is implicated in most, if not all, G

protein-coupled receptors during their desensitization.
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1. Introduction

Light-dependent phosphorylation of rhodopsin
was first detected in rod outer segment (ROS) ho-
mogenates [1-3], and it was also observed in vivo
during quenching mechanisms of phototransduction
[4—7]. Rhodopsin kinase phosphorylates photolyzed
rhodopsin, and prevents continuous activation of the
rod-specific G; protein, transducin (Fig. 1, see also
Section 4 ‘Functions’). Rhodopsin kinase (RK) was
purified [8-11], and subsequently the amino acid
sequence was elucidated [12]. The enzyme is classi-
fied as a Ser/Thr protein kinase and a member of G
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protein-coupled receptor kinases sub-family (GRKs)
[13,14].

2. Biochemical properties

Rhodopsin kinase (MW 62,934 Da) is a soluble
protein kinase that is expressed exclusively in retinal
photoreceptor cells and in the pineal gland [12,14—
16]. Rhodopsin kinase catalyses phosphorylation of
photolyzed rhodopsin at several Ser and Thr residues
[2,17]. A unique proteolysis of rhodopsin by endo-
proteinase Asp-N removes all phosphorylation sites,
suggesting that they are located at the C-terminus
[18]. Further sub-digestion of the C-terminal peptide
(Fig. 2) and mass spectroscopy allowed us to identify
the phosphorylation sites on the rhodopsin molecules
(Fig. 2) [19-21]. The phosphorylation reaction is
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Fig. 1. Flux diagram of rhodopsin deactivation and regeneration.
Phototransduction begins with photo-isomerization of rhodopsin’s
chromophore, 11-cis-retinal to all-trans-retinal, resulting in forma-
tion of meta-rhodopsin Il (R*), that initiates the excitation cas-
cade of reactions by the activation of several thousand G -pro-
teins [52,53]. To terminate the light signal, meta-rhodopsin II is
deactivated by phosphorylation at multiple sites and binding of a
regulatory protein, arrestin. Further decay of meta-rhodopsin II
results from the reduction of the photolyzed free ali-trans-retinal
into all-trans-retinol by disc membrane associated retinol dehydro-
genase [54]. Once this reduction has occurred, arrestin dissociates
from now inactivated opsin (O). The chromophore is regenerated
and phosphates are removed by protein phosphatase 2A (PrP 2A,
[55]. A short-cut in the regeneration can occur with the help of
membrane associated p**, which may regulate the availability of
R* for the interaction with G;. The complex between p* /ar-
restin and activated rhodopsins fall apart, by reduction of all-
trans-retinal to all-trans-retinol. In vivo, p* interaction with R*
could be the only physiologically relevant mechanism of quench-
ing photolyzed rhodopsin.

sequential with the first phosphate transferred prefer-
entially to Ser-338 of rhodopsin, and subsequent
phosphorylations are at Ser-343 and Thr-336 [19].
Rhodopsin kinase is a highly specific enzyme that
phosphorylates: (i) photoactivated rhodopsin [1-3];
(ii) topologically related receptors such as pho-
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tolyzed iodopsin (chicken red cone pigment) [22] and
agonist-occupied B,-adrenergic receptor [23].
Rhodopsin kinase phosphorylates peptide substrates
only marginally and presumably by different mecha-
nisms than that of receptors, as reflected by (i) large
differences in V_,, /Ky [9,24-28], (ii) a different
mechanism of inhibition by the antibody directed
against the N-terminal portion of rhodopsin kinase
[16], and (iii) lack of peptide phosphorylation by a
mutant of rhodopsin kinase K491A, but high activity
of this mutant against photolyzed rhodopsin (K. Pal-
czewski, H. Ohguro, R. Premont and J. Inglese, in
press). As a donor of phosphate, Mg—ATP is a better
substrate than Mg—GTP, and the kinase requires an
extra Mg?®* for maximum activity [11,24]. Inhibitors
of rhodopsin kinase are: polyanions, peptides derived
from the cytosolic surface of rhodopsin, and nucleo-
side sangivamycin [24,29,30].

3. Structure

Rhodopsin kinase is a monomeric protein with an
overall structure related to other protein kinases, and
in particular to the G protein-coupled receptor ki-
nases (Fig. 3) [12,13]. The catalytic domain is lo-
cated in the mid-region of the rhodopsin kinase
sequence (position 185-455) and the N-terminal re-
gion was implicated in the recognition of photoacti-
vated rhodopsin. The catalytic domain of rhodopsin
kinase contains essential motifs of protein kinases:
G—x—G—x—-x—G implicated in a fold that is respon-
sible for ATP binding at position 193; invariable
Asp-332 and Lys-216 involved in catalysis. Ten Cys
residues identified in the sequences, from which an
unknown number of disulfide bridges may be formed.
Rhodopsin kinase is post-translationally modified:
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Fig. 2. Model of the C-terminal 19-residue region of rhodopsin used to identify the sites of phosphorylation. This peptide, obtained by
cleavage of rod outer segment membranes with endoproteinase Asp-N, contains three Ser (shaded squares) and four Thr residues (open
squares), which are potential sites of phosphorylation by rhodopsin kinase. Cleavage sites by thermolysin, trypsin, and S. aureus protease
V8 are shown by arrows. Further analysis by mass spectrometry and Edman degradation allowed us to identify the sites of phosphorylation
[19,51].
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Fig. 3. The amino acid sequence alignment of G protein-coupled receptor kinases (GRKs). GRK1, bovine rhodopsin kinase [12]; GRK2,
bovine B-adrenergic receptor kinase 1 [56]; GRK3, bovine B-adrenergic receptor kinase 2 [57]; GRK4, human IT11-A protein kinase [58];
GRKS, human GRKS5 [59]; GRK6, human GRK6 [60] are aligned. Box I represents catalytic domain, box II is autophosphorylation region,
and box III is the GBy-binding domain (reviewed by Inglese et al. [11]). Autophosphorylated residues in GRK 1,5,6 are underlined and the
isoprenylation site in GRK1 is indicated by asterisk. The sequence similarity between: (i) rhodopsin kinase and other GRKs is 68 to 78%;
(i) BARKS is 96%; and (iii) GRKS5 and 6 is 90%.
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(1) at the C-terminus by farnesylation, proteolysis,
and a-carboxylmethylation [31,32]; (2) by autophos-
phorylation at residues Ser-21, Ser-488, and Thr-489
{33,34]; and (3) at the N-terminus which is blocked
by an unidentified modification.

Double mutations at residues Ser-488 and Thr-489
in rhodopsin kinase to neutral Ala or acidic residue(s)
Asp decrease autophosphorylation to sub-stoichio-
metrical levels, while single mutations at either
residue reduce autophosphorylation by half. Muta-
tions in the autophosphorylation region affected the
K,, for ATP, increase ‘dark activity’ toward
rhodopsin, and change the initial sites of phosphory-
lation, implying that this region is involved in the
ATP binding and may regulate selectivity of the site
of phosphorylation on photolyzed rhodopsin (K. Pal-
czewski, H. Ohguro, R. Premont and J. Inglese, in
press).

Rhodopsin kinase is activated by photolyzed
rhodopsin upon binding to the cytoplasmic loops of
photolyzed rhodopsin, presumably by the V-VI loop,
while the C-terminal region of rhodopsin does not
appear to be critical in anchoring rhodopsin kinase to
disk membranes [18,27,28]. The site on rhodopsin
kinase where it binds to photolyzed rhodopsin (the
activation site, presumably the N-terminus)[16] is
separated from the site of phosphorylation (the cat-
alytic site, mid-portion of rhodopsin kinase) [12].
The activation mechanisms involve the conforma-
tional change that brings the ATP binding site(s) and
the peptide binding site into closer proximity, result-
ing in more efficient phospho-transfer catalysis.
Binder et al. [35], reported that at low levels of
bleaching, even non-bleached rhodopsin is phospho-
rylated, suggesting that when kinase is activated by
photolyzed rhodopsin, it might phosphorylate the
C-terminal regions of non-photolyzed rhodopsin lo-
cated nearby. In general, this mechanism distin-
guishes rhodopsin kinase from other non-receptor
protein kinases.

Interestingly, rhodopsin kinase is capable of phos-
phorylating opsin molecule, but only in the presence
of photolyzed chromophore, all-trans-retinal [36], or
several retinal analogs, including retinoids lacking
the 13 methyl or the two terminal carbons of the
polyene chain (K. Palczewski, S. Jager, J. Buczylko,
R.K. Crouch, L.D. Bredberg, K.P. Hofmann, M.-A.
Asson-Batres and J.C. Saari, Biochemistry, 33,

13741-13750). Since all-trans-retinal could accumu-
late due to low and reversible retinol dehydrogenase
activity in outer ROS in physiological condition this
reverse reaction could impede the recycling of
rhodopsin at high bleach levels (K. Palczewski, S.
Jager, J. Buczylko, R.K. Crouch, L.D. Bredberg,
K.P. Hofmann, M.-A. Asson-Batres and J.C. Saari,
Biochemistry, 33, 13741-13750). This property
could be utilized in designing specific inhibitors of
the constitutively active opsin [37] in patients with
retinitis pigmentosa who are affected by mutation in
the chromophore attachment site at residues Lys-296
[38].

4. Functions

In retinal photoreceptor cells, during transition of
photolyzed rhodopsin to inactivated opsin, the recep-
tor assumes three relatively stable conformations
meta-rhodopsin: I, 11, and III [39,40]. meta-Rhodop-
sin IT ! binds to and activates a photoreceptor-specific
G protein, and initiates the signal-amplifying cascade
of reactions (Fig. 1) [41,42). This activated state of
rhodopsin, along with meta-thodopsin 1 [44], is
phosphorylated by rhodopsin kinase [45,46), a major
protein kinase in rod outer segments with an esti-
mated concentration of 10 to 50 uM [11]. The
dissociation of the kinase is followed by the binding
of arrestin, thereby preventing continuous G protein
activation [36,47,48]. It is conceivable that alterna-
tive mechanisms that do not include rhodopsin phos-
phorylation are also taking place and involve a splice
variant of arrestin [49,50}, as depicted in Fig. 1.
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