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ABSTRACT Rhodopsin kinase (RK), a rod photoreceptor
cytosolic enzyme, plays a key role in the normal deactivation
and recovery of the photoreceptor after exposure to light. To
date, three different mutations in the RK locus have been
associated with Oguchi disease, an autosomal recessive form
of stationary night blindness in man characterized in part by
delayed photoreceptor recovery [Yamamoto, S., Sippel, K. C.,
Berson, E. L. & Dryja, T. P. (1997) Nat. Genet. 15, 175-178].
Two of the mutations involve exon 5, and the remaining
mutation occurs in exon 7. Known exon 5 mutations include
the deletion of the entire exon sequence [HRK(X5 del)] and a
missense change leading to a Val380Asp substitution in the
encoded product (HRKV380D). The mutation in exon 7 is a
4-bp deletion in codon 536 leading to premature termination
of the encoded polypeptide [HRKS536(4-bp del)]. To provide
biochemical evidence for pathogenicity of these mutations,
wild-type human rhodopsin kinase (HRK) and mutant forms
HRKV380D and HRKS536(4-bp del) were expressed in COS7
cells and their activities were compared. Wild-type HRK
catalyzed light-dependent phosphorylation of rhodopsin effi-
ciently. In contrast, both mutant proteins were markedly
deficient in catalytic activity with HRKV380D showing virtu-
ally no detectible activity and HRKS536(4-bp del) only mini-
mal light-dependent activity. These results provide biochem-
ical evidence to support the pathogenicity of the RK mutations
in man.

Phosphorylation of the light-activated form of the visual
pigment rhodopsin plays a key role in the deactivation of the
rod photoreceptor after exposure to light (2). Phototransduc-
tion initiated by light is quenched rapidly as a rod cytosolic
enzyme, rhodopsin kinase (RK), recognizes and phosphory-
lates photoexcited rhodopsin. The phosphorylated photoactive
rhodopsin is then bound by a regulatory cytosolic protein,
arrestin, and is thereby uncoupled from the G protein trans-
ducin downstream in the phototransduction cascade. This
simple rapid deactivation pathway, mediated in part by RK,
readily restores sensitivity to the rod photoreceptor after
exposure to light. Slower steps leading to the full recovery of
the photoreceptor to its maximally sensitive state follow with
the regeneration of all of the visual pigment from its activated
state. Without functional RK catalyzing light-dependent phos-
phorylation of rhodopsin, a bright flash of light would saturate
the photoreceptor with activated intermediates and render it
insensitive for a prolonged period of time until all of the
residual photoactivated visual pigment is cleared by the slower
secondary recovery pathways. Recently, the physiologic im-
portance of RK and arrestin in photoreceptor deactivation has
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been highlighted by the discovery of mutations in the loci
encoding these proteins in patients with Oguchi disease, an
autosomal recessive form of stationary night blindness (1, 3-5).
The biochemical effects of these mutations have not been
characterized previously.

RK is a specialized member of a family of G protein-
dependent receptor kinases involved in the stimulus-
dependent deactivation of a diverse group of signal transduc-
tion pathways in various cells (6). Like other G protein-
dependent receptor kinases, RK is a serine/threonine kinase
composed of a core catalytic domain flanked by an N- and
C-terminal domain (7). The catalytic domain, which has
invariant structural elements in common with other protein
kinases, most likely contains the active site of RK (8). The
N-terminal domain may play a role in binding of the RK to
rhodopsin as suggested from immunochemical studies with
antibodies against the N-terminal domain (9). The C-terminal
domain contains the major autophosphorylation sites (Ser488
and Thr489 in bovine RK) thought to be involved in regulation
of RK activity (10). Posttranslational processing of the C-
terminal domain of bovine RK by farnesylation via Cys558 of
the C-terminal prenylation consensus sequence, CaaX (11—
13), has been implicated in the translocation of the enzyme
from cytosol into the disk membranes upon light activation
(14). Based on the above studies, it is likely that the N- and
C-terminal domains of RK play roles in modulating substrate
specificity, binding, and catalysis.

Recently, mutations in the RK locus have been discovered
in patients with Oguchi disease, an autosomal recessive form
of night blindness characterized by prolonged dark adaptation,
abnormal sensitivity to light, and a golden-brown discoloration
of the fundus upon light adaptation called the Mizuo phenom-
enon (1, 4, 5). Affected individuals with Oguchi disease in two
pedigrees of European ancestry were found to be homozygous
for a deletion encompassing exon 5 of the RK locus. In a third
pedigree, the affected individuals were compound heterozy-
gotes carrying a missense mutation in exon 5 of one allele
leading to a Val380Asp substitution in the mutant protein
(HRKV380D) and a 4-bp deletion in exon 7 of the other allele,
designated Ser536(4-bp del), leading to the generation of a
truncated protein [HRKS536(4-bp del)]. Although cosegrega-
tion of these mutations with the disease supports their patho-
genicity, other definitive evidence as to how these mutations
may alter the activity of RK has thus far not been available.

In this paper, we provide biochemical evidence in support of
the pathogenicity of the above gene defects. We expressed the
mutant proteins HRKFV380D and HRKS536(4-bp del) and
compared their activity to wild-type human rhodopsin kinase
(HRK) demonstrating the mutant proteins to be markedly
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deficient in light-dependent rhodopsin phosphorylating activ-
ity.

MATERIALS AND METHODS

Construction of Expression Plasmids. Most cDNA modifi-
cations and mutagenesis steps preceding the construction of
the final eukaryotic expression plasmids were carried out in
Bluescribe (Stratagene) vector. Sequence alterations were
verified by dideoxy chain termination method using [a-33P]
dideoxynucleotide triphosphates and the ThermoSequenase
kit supplied by Amersham.

All expression plasmids were derived from the eukaryotic
expression vector pCMVS5 (15) modified to eliminate the
EcoRI site. The expression plasmid pCMV-HRK (Fig. 14)
encoding wild-type HRK was constructed by ligating HindIII-
Xbal digested vector to a HindIII-Nhel cDNA cassette con-
taining the wild-type HRK coding sequence flanked by 33
bases of 5'- and 85 bases of 3'- nontranslated sequence. The
expression plasmid pCMV-HRKV380D was derived from
pCMV-HRK by replacing the HindIII-EcoR1 fragment with a
comparable mutant fragment encoding the Val380Asp substi-
tution. This mutant fragment was generated from the wild-
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FiG. 1. Architecture (4) and sequence (B) of wild-type HRK and
the mutant proteins HRK(X5 del), HRKS536(4-bp del), and
HRKV380D correlated with Oguchi disease. The pCMV5-based ex-
pression plasmids were constructed as described in Materials and
Methods. Striped, clear, and shaded boxes represent the N-terminal,
catalytic, and C-terminal domain of RK, respectively. Black boxes
indicate the mutated sequences. Arrowheads mark the boundaries of
the exons relative to the primary structure of the protein. Roman
numerals indicate the exon number. Arabic numerals indicate the
position of residues in the proteins. The relative positions of several
unique restriction sites used for construction of expression plamids are
indicated on the plasmid. Vector sequences are represented by a heavy
line.
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type cDNA by in vitro mutagenesis using QuickChange kit
(Stratagene) in conjunction with a pair of complementary
mutagenic primers [sense primer: 5-CTTTGCCCTGGGG-
GACACCCTGTATGAGATG-3' (codons 375-385)]. The ex-
pression plasmid pCMV-HRKS536(4-bp del) was derived from
pCMV-HRK by replacement of the EcoRI-Avr II fragment
with a comparable fragment containing the Ser536(4-bp del)
mutation amplified from the DNA of Oguchi patient 303—002
(1) (kindly provided by Dr. Dryja). The PCR amplification was
carried out with 7ag polymerase by using the primer pair:
5'-GTGGCCTTTGACAAAACAGA-3" (codons 496-502)
and 5-TATGGGTCCTTTTCCTCCAC-3' (3'-untranslated
sequence, nucleotides 1707-1726) in the presence of 8%
dimethyl sulfoxide essentially as described (16).

Heterologous Expression and Biochemical Analysis of Wild-
Type and Mutant Proteins in COS7 Cells. Transfection of the
expression plasmids into subconfluent monolayers of COS7
cells grown in 175-cm? flasks was carried out in the presence
of diethylaminoethyl dextran by standard methods (15). Forty-
eight hours after transfection the cells were disrupted in 0.5 ml
of cold lysis buffer (10) containing 30 uM benzamidine and
centrifuged at 140,000 X g (Beckman Optima™ TLX) for 7
min at 4°C. To minimize proteolysis, the supernatants were
assayed within 8 hr of the lysis for the presence of immuno-
reactive protein and light-dependent rhodopsin phosphorylat-
ing activity without further purification.

For immunoblot analysis, supernatants from COS7 cells
were fractionated electrophoretically on 10% SDS-polyacryl-
amide minigels and transferred onto nitrocellulose mem-
branes. Immunoblots were developed according to standard
protocols using alkaline phosphatase-conjugated goat second-
ary antibody (Sigma) following incubation with either of two
mouse mAbs against HRK (kindly provided by Dr. Palczewski,
University of Washington), G8 against the C-terminal domain,
or D11 against the N-terminal domain (17), each at 1:5,000
dilution. Anti-peptide RK antibodies GS16 against p>!¢-237 and
GS18 against p*83-497 (9) at 1:10,000 dilution in 1% goat serum
were used in some immunoblotting experiments as primary
antibodies to further confirm the data obtained using mAbs.

Rhodopsin phosphorylating activities of the same COS7 cell
supernatants were measured at 22°C using urea-washed bovine
rod outer segments (20 uM) (18, 19) and [y->?P]JATP (100 uM,
2,000 dpm/pmol) as substrates in 20 mM 1,3-Bis-[Tris(hy-
droxymethyl)methylamino]propane (pH 7.4) containing 5 mM
MgCl, (20). After incubation in light or darkness, the reactions
were quenched by the addition of loading buffer (18, 21) and
subjected to electrophoresis on 10% SDS-polyacrylamide gels
followed by Coomassie staining, autoradiography, scintillation
counting of excised rhodopsin bands, and phosphorescence
imaging. Protein concentration was measured by the method
of Bradford (22).

RESULTS AND DISCUSSION

Oguchi disease is an autosomal recessive form of stationary
night blindness classically characterized by the phosphorescent
metallic color of the light-adapted fundus (the Mizuo phe-
nomenon) (4, 5) and marked impairment in the rate of dark
adaptation. Recently, mutations in the photoreceptor recovery
pathway involving the RK locus have been correlated with
Oguchi disease (1). To determine the biochemical effect of
these mutations, wild-type HRK and the mutant proteins
HRKV380D and HRKS536(4-bp del) were expressed in COS7
cells and their activities were compared. The plasmid pCMV-
HRK encodes wild-type HRK with an estimated molecular
weight of 64 kDa (Fig. 1). Plasmids pCMV-HRKJV380D and
pCMV-HRKS536(4-bp del) encode the mutant proteins
HRKV380D and HRKS536(4-bp del) with estimated molecular
weights of 64 and 61 kDa, respectively.
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As seen from Fig. 2, COS7 cells transfected with the above
expression plasmids expressed appropriate immunoreactive
products. The immunoblot probed with the mAb D11, directed
against the RK N-terminal domain, (Fig. 24) reveals a band of
64 kDa in the lanes containing extracts from COS7 cells
transfected with pCMV-HRK and pCMV-HRKV380D and a
band of slightly lower M, in the lane containing the extract
from COS7 cells transfected with pPCMV-HRKS536(4-bp del).
Although the observed difference in electrophoretic mobility
is slight, multiple immunoblotting experiments have confirmed
the lower molecular weight of the immunoreactive band in
COS7 cells transfected with pCMV-HRKS536(4-bp del) as
compared with the wild-type protein. pCMV5-transfected cell
extracts showed no immunoreactive bands as seen in Fig. 24,
confirming the specificity of the mAbs. The above data
indicate the expression of polypeptide chains of expected size
and immunoreactivity from the expression plasmids.

Based on semiquantitative and qualitative comparisons of
band intensities in Fig. 2B, the levels of immunoreactive
protein in COS7 cells transfected with mutant expression
plasmids encoding HRKFV380D and HRKS536(4-bp del) are
~10% of that of cells transfected with the wild-type HRK
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F1G. 2. Expression (4) and relative content (B) of wild-type and
mutant RKs in COS7 cells. Immunoblots of supernatants from COS7
cells transfected with pCM V5 plasmid or expression plasmids encod-
ing wild-type HRK, HRKV380D, and HRKS536(4-bp del) were de-
veloped after reacting with mAbs G8 (4) and D11 (B) (17) against
HRK. Seven micrograms of supernatant COS7 cells expressing HRK
and 30 ug of the other COS7 supernatant protein were applied to each
lane (A). The relative quantity of total protein loaded in each lane is
indicated below each lane (B). The relative amounts of immunoreac-
tive protein in the various COS cell supernatants is semiquantitatively
determined by comparing the intensity of bands using a densitometer.
The position of molecular weight standards are marked. Arrowheads
(B) indicate the amount of each immunoreactive protein used for the
corresponding activity assay (see Fig. 3).
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expression plasmid. Using two different anti-peptide antibod-
ies GS16 and GS18, directed against known RK epitopes (9),
similar results were obtained in general, confirming the ob-
servation that the immunoreactive protein content in COS7
cells expressing mutant proteins is lower as compared with
cells expressing wild-type RK (data not shown). Although the
difference in the levels of immunoreactive protein in different
COST7 cell cultures can be a function of transfection efficien-
cies, the consistently lower immunoreactive protein content in
COS7 cells expressing mutant proteins may implicate in-
creased susceptibility of the mutant proteins to proteolysis as
an additional mechanism for the inactivation of the gene
product in vivo.

To determine whether mutations in the RK locus found in
patients with Oguchi disease lead to catalytic deficiency,
light-dependent rhodopsin phosphorylating activities of the
wild-type RK and its mutant forms were compared. As indi-
cated by arrowheads in Fig. 2B, we intentionally used approx-
imately equal amounts of the two mutant proteins in the
corresponding activity assays as compared with the wild-type
protein to ensure that any observed deficit in the rhodopsin
phosphorylating activity that may be anticipated with mutant
proteins would be unequivocally attributable to a deficiency in
their specific activity rather than in their content in COS7 cell
supernatants. As seen from the autoradiogram in Fig. 3, the
supernatants from COS7 cells expressing wild-type HRK
catalyzed efficient incorporation of *?P into bovine rhodopsin
in the light. In contrast, the supernatants from the cells
expressing the mutant protein HRKFV380D failed to show any
detectable rhodopsin phosphorylating activity. The superna-
tants from COS7 cells transfected with pPCMV-HRKS536(4-bp
del) also were markedly deficient in light-dependent activity
exhibiting <3% of the wild-type activity. These data clearly
suggest a marked deficit in the activity of mutant proteins
HRKV380D and HRKS536(4-bp del) as compared with the
wild-type HRK.

The above study provides compelling evidence for the
inactivation of RK by the Oguchi mutations involving exon 5
of the RK gene. Our data directly demonstrate that the single
point mutation in the region of the RK catalytic domain
encoded by exon 5 leading to the Val380Asp substitution is
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FiG. 3. Rhodopsin phosphorylation by wild-type RK and the
mutant forms HRKV380D and HRKS536(4-bp del). Autoradiogram of
electrophoretically fractionated urea-washed rod outer segments in-
cubated with supernatants from COS7 cells transfected with expres-
sion plasmids encoding wild-type HRK, HRKV380D, and
HRKS536(4-bp del) in the presence of [y-32P]JATP for 20 min in the
dark (D) or the light (L). The enzyme assays were run at saturating
substrate concentrations as detailed in Materials and Methods. The
levels of RK immunoreactive protein in each assay are indicated by the
arrowheads in Fig. 2B. The reactions were quenched by addition of
SDS loading buffer at room temperature and an aliquot from each,
containing 0.7 nmol of rhodopsin, was fractionated on 10% SDS-
polyacrylamide gels before autoradiography. The positions of rhodop-
sin and molecular weight standards are marked.
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sufficient to render the gene product HRKV380D nonfunc-
tional in vitro. Based on these data, we can also extrapolate the
inactivity of any gene product that may be derived from a
defective RK locus altered by a gross deletion encompassing
the entire exon 5 as reported in three separate pedigrees with
Oguchi disease (1, 21, 23). Recently, the inactivity of the
polypeptide derived from this locus has been confirmed di-
rectly by biochemical studies similar to the ones reported here
(23).

The exact basis for the observed severe functional deficit of
HRKS536(4-bp del) remains somewhat speculative. The 4-bp
deletion at codon 536 of the HRK gene associated with Oguchi
disease leads to a gene product which is truncated at the
C-terminus by only 21 residues and lacks a prenylation con-
sensus sequence as compared with the wild-type protein. The
absence of a typical C-terminal prenylation consensus se-
quence (13) and consequent loss of prenylation may in part
explain the severe deficit observed in the activity of the
encoded protein. Normally, isoprenylation plays a key role in
the interaction of the wild-type RK with the light-activated
form of rhodopsin. However, nonprenylated bovine RK engi-
neered with a Cys558Ser substitution retains at least 20% of its
light-dependent activity (14), a far greater proportion of the
wild-type activity as compared with the mutant studied here
having <3% of the activity of the wild-type RK. Loss of other
functionally important structural elements in the C-terminal
domain of RK in addition to the prenylation site may therefore
need to be implicated as the cause for the observed marked
deficiency in the activity of HRKS536(4-bp del).

According to the above data, the defects seen in the RK
locus of Oguchi patients are in effect all null mutations and
should therefore lead to very similar clinical phenotypes. The
comparison of two Oguchi patients, 303-003 and 303-002,
with distinct known genotypes (1, 24) has revealed virtually
indistinguishable clinical characteristics with comparable dark
adaptation and photoreceptor recovery kinetics in both pa-
tients. Patient 303-003, with a large deletion encompassing
exon 5 of RK in the homozygous state would not be expected
to have any RK activity in his photoreceptors. Patient 303-002,
a compound heterozygote with a missense Val380Asp muta-
tion in one allele and Ser536(4-bp del) in the other, would be
expected to have essentially no functional RK activity in the
photoreceptors as well based on our in vitro experiments. The
equivalence in the reported phenotypes of these two patients
is consistent with our results showing virtual inactivation of the
RK by the mutations seen in Oguchi patients.

The study reported here provides biochemical evidence in
support of the pathogenicity of the RK mutations found in
patients with Oguchi disease. In addition to genotypic varia-
tion, substantial phenotypic heterogeneity has been reported
among Oguchi patients of unknown genotype. Absence of rod
adaptation (25), persistently elevated rod threshold (26), and
cone system abnormalities (25) are some of the reported
phenotypic variations in this disorder. To date, no other
pathogenic mutations in the RK locus have been reported
although a few mutations in this locus have been associated
with retinitis pigmentosa (27). The basis of the phenotypic
heterogeneity in Oguchi disease remains to be explored in
detail at the molecular and biochemical level. It is also
tempting to speculate that similar forms of stationary night
blindness such as fundus albipunctatus (28), characterized by
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prolongation of both photoreceptor recovery and dark adap-
tation phase, may also be caused by mutations in the deacti-
vation pathway.
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