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ABSTRACT We have expressed a synthetic gene
for bovine opsin in monkey kidney cells
(COS-l) to the level of 0.3% of cell
protein. After in vivo reconstitution with
exogenous l1-cis -retinal, the COS-1 cell
rhodopsin was purified by immunoaffinity
adsorption. Purified COS-1 cell rhodopsin
had a visible absorption spectrum similar to
that of rod outer segment (ROS) rhodopsin.
The COS-l cell rhodopsin stimulated the
GTPase activity of transducin in a light-
dependent manner with the same specific
activity as ROS rhodopsin. We now report on
structure-function studies of rhodopsin by
site-specific mutagenesis. Three classes of
mutants were prepared as follows: 1)
Cysteine residues in different domains of
rhodopsin were replaced with serines.
Cysteine replacements in the carboxyl-
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terminal region (Cys316'322'323), or in the
membrane-embedded region (Cys140'167'222' 264)
did not interfere with	 chromophore
regeneration. The intradiscal	 cysteines
(Cys"°'185'187), however, appeared to	 be
required for generation of a	 "folded"
protein. 2) . To investigate	 rhodopsin-
transducin interactions, mutants	 were
prepared in which charged amino	 acid
residues in the loop linking	 putative
transmembrane helices E and F were replaced
by neutral residues.	 The mutants displayed
wild-type absorption spectra.	 Whereas
mutants EF1 (G1u239--Gln) and EF3	 (Glu247--
Gln, Lys248--Leu, Glu249--Gln)	 stimulated
transducin GTPase activity in a	 light-
dependent fashion, mutant EF2	 (Lys248--Leu)
failed to activate transducin. 3).	 To
elucidate the role of	 rhodopsin
phosphorylation in visual transduction,	 five
mutants in which carboxyl-terminal	 domain
serine or threonine residues are replaced by
alanine were constructed.	 Characterization
of these phosphorylation-site mutants	 is
underway.

INTRODUCTION

Rhodopsin is the major photoreceptor pigment in
the disc membrane. It is an integral membrane
protein which appears to consist of seven
transmernbrane segments. The chromophore is 11-cis
-retinal attached covalently to a membrane-buried
lysine forming a Schiff's base with an absorbance
maximum of 500 nm. Absorption of light causes iso-
merization of 11-cis -retinal to the all-trans form
which produces a series of transient intermediates.
Transducin binds to photoexcited rhodopsin and
exchanges bound GDP for GTP. This leads to
dissociation of the transducin a-subunit (Ta) from

To-f. Tcx-GTP then activates the cyclic GMP phospho-
diesterase. This activation process ultimately
leads to the reduction of cation conductance across
the plasma membrane of rod cells, which results in
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the generation of a neuronal signal. The cation
channel is regulated by cGMP concentration in the
rod cell which is modulated by the phospho-
die sterase.

Clearly, phototransduction involves a series of
protein-protein interactions resulting from
conformational changes in protein structure. The
primary event is the light-induced conformational
change in rhodopsin which causes a catalytic
activation of transducin. To understand the events
involved in signal transduction across the
biological membrane, we are studying the structure-
function relationships of rhodospin in detail. Our
approach is to carry out amino acid replacements
in rhodopsin and measure the effect on function in
a purified reconstituted system. We employ
techniques of recombinant DNA to prepare mutant
proteins. To facilitate structure-function studies
by site-specific mutagenesis we have synthesized a
gene for rhodopsin (1). High level expression of
this gene in mammalian cells was reported (2)
Opsin expressed in mammalian cells was shown to
reconstitute with exogenous, 1l-cis -retinal. A
single-step immunoaffinity purification procedure
was developed to obtain a homogeneous preparation
of rhodopsin in a detergent solubilized form. The
visual absorption spectrum and specific activities
of transducin activation by this preparation were
nearly identical to rhodopsin from rod outer
segment.

Using the. system described above, we now report
on three classes of rhodopsin mutants which were
prepared to evaluate: 1) . the role of cysteine
residues in rhodopsin, 2) . the interaction of
transducin with the cytoplasmic loop between
putative helices E and F, and 3) . the role of
phosphorylation of rhodopsin.

RESULTS AND DISCUSSION

Expression of the Fthodopsin Gene.

Expression of rhodopsin in mammalian cells The
synthetic rhodopsin gene was introduced into
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mammalian expression vectors, p91023 (B) or pMT2
(2,3). This placed the gene under the control of
the adenovirus major late promoter. The vector was
transfected into a monkey kidney derived cell line
(COS-l) . Detergent solubilized cell extracts
prepared 48-72 hours after transfection of COS-l
cells were examined by immunoblotting. As shown in
figure 1, only the cells transfected with the
vector containing the rhodopsin gene produced
imrrtunoreactive material. The major band of opsin
produced in COS-1 cells migrated slightly slower
than ROS opsin in gel electrophoresis. In separate
experiments, we have shown that COS-l rhodopsin
binds concanavaliri A, and migrates to the
cytoplasmic membrane. The yield of protein
expressed in COS-1 cells is estimated to be about 5
ug/107 cells.

1234

FIGURE 1. Imrnunoblot analysis of COS-1 cell
extract to detect rhodopsin expressed in cells
transfected with the synthetic rhodopsin gene.
Detergent solubilized extracts from mock
transfected cells (lane 1), cells transfected with
vector (lane 2), and with vector containing the
opsin gene (lane 3) were compared to ROS rhodopsin
(lane 4) run on the same gel. Rhodopsin from COS-
1 cells has a slower mobility than ROS rhodopsin
due to glycosylation differences.
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Purification of rhodopsin by Immunoaffinity.
COS-l cells transfected with the rhodopsin gene
were harvested and incubated in the dark with 11-
ci.s -retinal. The cells were solubilized in a
buffer containing 1% CHAPS, and rhodopsin was
purified from the post-nuclear cell extract by
binding to the immunoaffinity resin Rho-1D4-Seph-
arose 2B. Rhodopsin was specifically eluted from
the antibody-matrix by incubation with peptide 1'-
18'. The purification pattern is shown in figure 2
by silver staining. The rhodopsin obtained was
essentially homogeneous.

Spectral Properties of COS-l Cell Rhodosin
The absorption spectrum of a typical rhodopsin
preparation from COS-1 cells is shown in figure 3.
The visible abosrption maximum was 500 nm which is
characteristic of the pigment isolated from rod
outer segments. The spectral ratio (A280/A00) ob-

1234

FIGURE 2. Purification profile of COS-1 cell
rhodopsin. Samples of total COS-l cell protein
(lane 2), non-bound to the antibody matrix (lane
3), and that eluted from the matrix by peptide
competition (lane 4) are compared to ROS rhodopsin
standard (lane 1), shown by silver staining.
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tamed in typical purifications from COS-l cell
was on the order of 2.1 to 3.2. Reported ratios
for rhodopsin prepared from ROS are	 1.6 to 1.8.
This suggests that greater than 50%	 of the apo-
protein in preparations from COS-l cells was
reconstituted to rhodopsin with l1-cis

	

-retinal.
Activity of Reconstituted Rhodopsin Rhodopsin

obtained as described above was assayed for light-
dependent activation of bovine transducin by
monitoring GTPase activity (2,3). The hydrolysis
of GTP assayed in light was about 10-fold higher
than the respective dark sample (figure 4). The
rate of GTP hydrolysis was a linear function of
concentration of bovine rhodopsin in this assay
when corrected for meta-II rhodopsin decay. The
reaction rate determined for rhodopsin purified
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FIGURE 3. Absorption spectrum of rhodopsin
expressed in COS-1 cells and purified by
immunoaffinity.
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from COS-l cells matched the activity of ROS
rhodopsin. The specific activity of COS-l cell
rhodopsin was identical to that of bovine
rhodopsin (2).
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FIGURE 4. Rhodopsin expressed in COS-l cells
activates GTF hydrolysis activity of bovine
transducin in a light-dependent manner. The pro-
tein reconstituted with 11-cis -retinal in vivo
and purified has the same specific activity as
bovine ROS rhodopsin.
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The Role of Cysteines in Rhodopsin Structure.

Bovine rhodopsin contains ten cysteine res-
idues in the primary structure. All the cysteines
are conserved in ovine and human rhodopsin. Based
on the reactivity to methyl-mercuric iodide and
other alkylating agents, at least six cysteines in
bovine opsin were said to be free sulfhydryls (4)
Based on peptide sequencing data, Cys322 and Cys323
were claimed to be involved in a vicinyl-
disuiphide linkage (5). Based on reactivity ex-
periments of ovine opsin, Cys° was proposed to be
involved in a disulphide linkage with Cys185 or
Cys187. A similar proposal was made for bovine
opsin by Applebury and Hargrave (7) . A definite
assignment of the disulphide bonds in rhodopsiri
has not been established.

We began to study the role of cysteines in
rhodopsin by asking the following questions: 1)
are cysteines involved in protein folding and
stabilization, 2). do cysteines interact with 11-
cis -retinal, and 3) . will removal of "non-
essential" cysteines facilitate protein folding
following denaturation? In contrast to the case
of bacteriorhodopsin, which is cysteine-free, it
has not been possible to functionally renature
rhodopsin after denaturation.

A schematic model of rhodopsin (8) (figure 5)
shows the distribution of ten cysteines into three
groups: three cysteines (Cys°, CysSS, and Cys)
are on the intradiscal surface, four cysteines
(Cys140, Cys'67, Cys222, and Cys264) are membrane
embedded, and three cysteines (Cys316, Cys322, and
Cys323) are located on the cytopiasmic carboxyl-
terminal tail. We constructed seven mutant opsin
genes by replacing in each case a set of cysteine
residues with serines. Serine was chosen because
it is the close structural analogue of cysteine.
Mutant CysI had all intradiscal cysteines
replaced, mutant Cysli had membrane-embedded
cysteines replaced, and mutant Cyslil had all
cytoplasmic cysteines replaced. Mutants CysIV,
CysV, and CysVI had cysteines in only one
topographical region retained in each case.
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Mutant Cysteines Replaced by Serine	 CYT0PLASMI'
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CysI. 110,185,187
CysIl. 140,167,222,264
CysIll. 316,322,323
CysIV. 110,140,167,185,187,222,264
CysV. 140,167,222,267,316,322,323
CysV1. 110,185,187,316,322,323
CysVll. All cysteines
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FIGURE 5. Disposition of cysteines in bovine
rhodopsin and the alteration each mutant contains.
In each case, the cysteines located in the
intradiscal, membrane-embedded, or cytoplasmic re-
gion were replaced with serine.

Mutant CysVII had all ten cysteine residues
replaced.

The cysteine mutants showed differences	 in
level of expression, glycosylation,	 and
chromophore regeneration.	 Upon expression in COS-
1 cells, mutants Cysil and CvsIII were produced at
wild-type levels, mutants CysIV and CysVII	 were
produced at low levels, and mutants CysI,	 CysV,
and CysVI were not stably produced.	 Rhodopsin
cysteine mutants which were stably produced	 owed
two glycosvlation patterns as follows:	 1)
mutants CysIl and Cyslil were normal, and	 2)
mutants CysIV and CysVII were	 incompletely
glycosylated. Of the mutants stably	 produced,
only mutants Cysli and Cyslil folded correctly so
as to regenerate a normal chromophore with l1-cis
-retinal. The results obtained showed	 that
replacement of cysteines	 in the cytoplasmic and
membrane-embedded region of rhodopsin did	 not
interfere with its ability to produce	 native
chromophore.	 Mutants which carry the replacement
of intradiscal cysteines did not yield	 native
chromophore and in some cases stable protein was
not produced. This indicates a structural	 role
for intradiscal cysteines and might suggest	 the
involvement of a disulphide bond
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rhodopsin secondary structure. Similar results
were obtained by Dixon et al. (9) in which
substitution of the cysteine on the 13-adrenergic
receptor	 corresponding to Cys11° of rhodopsin
drastically altered agonist binding properties.

TABLE 1
CHARACTERIZATION OF RHODOPSIN CYSTEINE MUTANTS

Mutant Mutated
Domain

Express.
Levels

Glycos-
ylation

Chromo-
phore

CysI Intradiscal low n.d. n.d.
(Cys0' 185'187)

Cysil Membrane w.t.2 w.t. w.t.
(Cys'40' 167, 222, 264)

Cysill Cytoplasmic w.t. w.t. w.t.
(Cys16' 322, 323)

CysVII All low 3 bands n.d.

'Not detectable in the present assay.
2WiId-type.

Mutants Affecting the Interaction with Transducin.

To probe the structural domains of rhodopsin
which interact with transducin, a number of
rhodopsin mutants were prepared. Three mutants,
EF1, EF2, and EF3 have been characterized in some
detail. All three mutants gave rise to absorption
spectra similar to wild-type. While EF1 and EF3
were fully active in stimulating transducin,
mutant EF2 (Lys248--Leu) was defective. The
mutation involves the most conserved charged
residue in a region shown to be important for
interaction with transducin (see Franke et al. in
this volume for more details). A number of other
deletion and point mutants have been generated in
the cytoplasmic domain of rhodopsin.
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FIGURE 6. Site-specific mutants to evaluate
the role of serine and threonine phosphorylation.

Mutants Affecting Rhodopsin Phosphorylation.

Rhodopsin has been shown to undergo
phosphorylation at multiple sites (up to 9
residues) located close to the carboxyl-terminus
(10). We intend to evaluate this process in light
adaptation of rhodopsin. A cluster of mutants
have been constructed (figure 6) to ask: 1). is
phosphorylation at multiple sites required, and
2) . is there an order in the residues phosphor-
ylated and can this order be modified? These
mutants have been expressed in COS-1 cells and
characterization is underway.
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