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ABSTRACT The disulfide bond between Cys-110 and
Cys-187 in the intradiscal domain is required for correct
folding in vivo and function of mammalian rhodopsin. Mis-
folding in rhodopsin, characterized by the loss of ability to
bind 11-cis-retinal, has been shown to be caused by an
intradiscal disulfide bond different from the above native
disulfide bond. Further, naturally occurring single mutations
of the intradiscal cysteines (C110F, C110Y, and C187Y) are
associated with retinitis pigmentosa (RP). To elucidate fur-
ther the role of every one of the three intradiscal cysteines,
mutants containing single-cysteine replacements by alanine
residues and the above three RP mutants have been studied.
We find that C110A, C110F, and C110Y all form a disulfide
bond between C185 and C187 and cause loss of retinal binding.
C185A allows the formation of a C110—C187 disulfide bond,
with wild-type-like rhodopsin phenotype. C187A forms a
disulfide bond between C110 and C185 and binds retinal, and
the pigment formed has markedly altered bleaching behavior.
However, the opsin from the RP mutant C187Y forms no
rhodopsin chromophore.

Early work indicated the important role of the intradiscal
domain in folding in vivo and function of rhodopsin (1). The
presence of a disulfide bond between Cys-110 and Cys-187 was
established (2) and it was shown later to be required for
optimal signal transduction (3). A disulfide bond between two
cysteines in the extracellular domain at positions equivalent to
the above two cysteines in rhodopsin is known now to be
conserved in most of the known G-protein-coupled receptors
(4, 5). The presence of a disulfide bond indicated a tertiary
structure in the intradiscal domain of rhodopsin. Strong sup-
port for this conclusion was forthcoming from extensive de-
signed mutagenic studies as well as from studies of a large
number of naturally occurring point mutations in rhodopsin
that are associated with retinitis pigmentosa (RP) (6-11).
Mutations in the intradiscal domain were shown to cause total
or partial misfolding in vivo in rhodopsin, misfolding being
operationally defined as the loss of ability to bind 11-cis retinal
(6). Further, evidence was presented that misfolding results
from the formation of a disulfide bond in the intradiscal
domain different from the normal Cys-110—Cys-187 disulfide
bond (12). Recently, Oprian and colleagues demonstrated the
formation of a disulfide bond under certain conditions be-
tween Cys-185 and Cys-187 in a rhodopsin mutant reconsti-
tuted from two appropriate rhodopsin fragments (13).
Further studies showed that although replacements of Cys-
110 and Cys-187 by serine residues prevented folding of
rhodopsin to a functional structure, corresponding replace-
ments by alanine residues allowed the formation of the cor-
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rectly folded dark-state structure. This result paralleled the
earlier findings on the small-protein bovine pancreatic trypsin
inhibitor, and, by analogy, suggested a globular structure for
the intradiscal domain in rhodopsin (3). Recently, point mu-
tations at the intradiscal cysteines (C110F, C110Y, and
C187Y) in rhodopsin associated with RP have been discovered
(14-17) and, in addition, mutation of a conserved cysteine
equivalent to Cys-187 in cone opsins (C203R) has been shown
to cause color vision deficiencies (18, 19).

With the aim of clarifying the effects of the above mutations
on folding in the intradiscal domain, as well as to elucidate the
nature of the disulfide bond involved in misfolding of rhodop-
sin (12), the work herein reported was undertaken. Single
cysteine-to-alanine replacements have now been carried out at
the three intradiscal positions and consequences of these
replacements as well as those of the RP mutations C110F,
C110Y, and C187Y have been studied (Fig. 1). The mutants
C110A, C110F, and C110Y all form a C185-C187 disulfide
bond and result in lack of retinal binding. The mutant C185A
allows correct folding of rhodopsin by the formation of the
normal C110—C187 disulfide bond. Finally, the mutant C187A
forms a disulfide bond between C110 and C185 and binds
retinal to form a pigment that has a markedly altered bleaching
behavior. The RP mutant C187Y forms no rhodopsin chro-
mophore. ¥

MATERIALS AND METHODS

Materials. The reagents as well as the buffers used were the
same as those described in the accompanying paper (20) with
the following additions: Buffer I, 2 mM NaH,PO4 (pH 6.0)
containing 0.05% dodecyl maltoside (DM); Buffer J, 2 mM
NaH,POy4 (pH 6.0)/0.05% DM/100 uM rhodopsin C-terminal
nonapeptide; Buffer K, Buffer J containing 150 mM NaCl.
4,4'-dithiodipyridine [pyridine disulfide (PDS)] was from Al-
drich.

UV-visible (UV-vis) absorption spectroscopy and the rates
of metarhodopsin II decay were measured as described pre-
viously (11, 21).

Construction of the Vectors for the Mutant Opsins Genes
and Their Expression. The mutations were introduced by
restriction fragment replacement in the pMT4 vector contain-
ing the synthetic rhodopsin gene vector by using synthetic
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DNA duplexes containing the changed codons. For the C110
mutants, the native cysteine codon, TGC, was replaced by TTC
(Phe), TAC (Tyr), or GCC (Ala). The duplexes containing
these codons were inserted between RsrII-Xhol sites (nucle-
otides 322 to 340 in the opsin gene). The C185 (TGC) codon
was replaced by GCC (Ala), and the duplex was inserted
between Xbal-Clal sites (nucleotides 532 to 555). Similarly the
cysteine codon at C187 position was replaced by TAC (Tyr) or
GCC (Ala). The procedures for expression in COS-1 cells have
been described previously (22).

Retinal Binding ir Vivo. The procedure for treatment of
COS-1 cells expressing the mutants with 11-cis-retinal was as
described in the accompanying paper (20), except that the
incubation with retinal was for 16 hr. The 1D4-Sepharose
column was washed with 100 bed volumes of buffer C, and
subsequent differential salt elutions were performed by using
buffers I, J, and K. The column was washed with 100 bed
volumes of buffer I and then eight fractions (300 ul) were
eluted with buffer J and seven (300 wl) with buffer K.

Retinal Binding in Vitro and Purification of the Constituted
C187A Rhodopsin. These were as described in the accompa-
nying paper (20).

Sulfhydryl Group Titrations with PDS. The procedure has
been described previously (22). A solution of the protein (2 ug)
in buffer I was treated with PDS at a final concentration of 25
uM in SDS (final concentration, 0.5%). The final volume of
the reaction mixtures was 250 ul. The reference cuvette
contained an identical solution without rhodopsin. The reac-
tions were monitored by UV-vis spectroscopy (250-650 nm)
until a plateau was reached at 43,3. Quantitation of cysteines
labeled per rhodopsin was by methods previously described
(22). Results shown are the mean * standard error from at
least two separate experiments by using proteins from two
separate transfections.

RESULTS AND DISCUSSION

The Mutants C110A, C110F, and C110Y Are Misfolded. Fig.
2A shows the results of retinal treatment in vivo of the COS-1
cells expressing the mutants C110A, C110F, and C110Y. The
mutant C110A at 50 uM shows mostly lack of retinal binding,
although a very small amount of rhodopsin-like absorption at
500 nm is observed. The mutant opsins from C110F and
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Fi1G. 1. A secondary-structure model of bovine rhodopsin showing
the transmembrane domain with lengths of individual helices deter-
mined from electron microscopy by Unger et al. (23) and Baldwin et
al. (24). The horizontal line depicting the membrane aqueous bound-
ary on the cytoplasmic face is derived from EPR data (ref. 25 and
unpublished work). The three intradiscal cysteines are circled. The
mutants studied in this work are shown in boxes connected to the
intradiscal cysteines. The dashed line between C110 and C187 indi-
cates the disulfide bond in WT rhodopsin.
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F1G.2. Characterization of the expressed mutants C110A, C110Y,
and C110F. (4) UV-vis absorption spectra of the mutants isolated
after treatment of COS-1 cells with 11-cis-retinal. As indicated, COS-1
cells expressing the opsin from C110A were treated with 5 and 50 uM
retinal; the opsins from C110F and C110Y were treated with 50 uM
retinal (Methods). Elution of the proteins from 1D4-Sepharose was
with Buffer A containing 0.05% DM and 100 uM peptide. (B) I,
C110A: Elution profile from 1D4-Sepharose of the in vivo retinal-
treated (50 uM) CI110A mutant opsin. Elution of the first eight
fractions (300 ul each) was with Buffer J; the following seven fractions
were eluted with Buffer K, which contains salt. /I: Bleaching behavior
of the fraction (no. 2) eluted with Buffer J (no salt) in B. The UV-vis
spectrum showed an Azgo/Aseo ratio of 3.9, indicating there was
contamination from unconstituted opsin.

C110Y show no retinal binding and are completely misfolded.
Further characterization of the protein obtained from the
mutant C110A after treatment with retinal is documented in
Fig. 2B. In I is shown the elution pattern from 1D4-Sepharose
column. The first step, elution at pH 6 with no salt, elutes a
small amount of pigment, a behavior expected for the consti-
tuted rhodopsin. Most of the 280-nm-absorbing nonchro-
mophore-forming material elutes when salt is present. I shows
the UV-vis spectra of the small amount of constituted rho-
dopsin in the dark and after illumination. These spectra
confirm the formation of the rhodopsin-like pigment that
undergoes bleaching quite normally to form the 380-nm-
absorbing metarhodopsin II-like material.

The conclusion that the opsins from C110A, C110F, and
C110Y form C185-C187 disulfide bonds is supported by the
previous findings of Oprian and coworkers (13), who demon-
strated the formation of the C185-C187 disulfide bond in the
C-terminal fragment, amino acids 143-348, in their study of
rhodopsin reconstitution from fragments. Titration of sulfhy-
dryl groups in the separated fractions from C110A (Fig. 2BI)
under denaturing conditions confirmed the absence of a
disulfide bond in the retinal-binding fraction and the presence
of one disulfide bond in the nonretinal-binding fraction (Table
1). Previously, RP mutants in the intradiscal domain were
found to cause partial (e.g., P23H, D190A) or total (e.g.,
G188R) misfolding (9). The RP mutations, C110F and C110Y,
are now added to the group that cause complete misfolding.

The Mutant C185A Allows Correct Folding and the For-
mation of the Native C110—C187 Disulfide Bond. Fig. 34
shows the UV-vis absorption spectra of pigments formed after
treatment of COS-1 cells expressing the mutant C185A with 5
and 50 uM retinal. The extent of binding of retinal at the two
concentrations is similar and compares with that observed for
WT opsin [accompanying paper (20)]. C shows the UV-vis
spectra of the purified rhodopsin mutant in the dark and after
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Table 1. Titration of sulfhydryl groups in WT and mutant opsins
under denaturing conditions by using PDS

mol of PDS per mol of opsin

Expected number for (1)

Mutant Fraction* Found or (0) disulfide bond
WT F1 6.1*+02 6.0 (1)
C110A F1 6.0 £0.2 7.0 (0)

F2 45+ 0.1 5.0 (1)
C185A F1 49+03 5.0(1)
C187A F1 4904 5.0 (1)

F2 51=x03 5.0 (1)

*F1 eluted with buffer J (no salt); F2 eluted with buffer K (containing
salt).

illumination. The dark spectrum as characterized by A250/As00
ratio and the spectrum after illumination to form the metar-
hodopsin /I intermediate are identical to those established for
WT rhodopsin. The elution pattern shown in B from 1D4-
Sepharose is also typical for rhodopsin. Most of the pigment as
measured at Ag, and Asgp is eluted at pH 6.0 in the absence
of salt. Finally the formation of a disulfide between C110 and
C187 is confirmed by the titration of sulfhydryl groups with
PDS (Table 1). It is noted that C185 in WT rhodopsin is
normally silent to sulfhydryl reagents but is titratable under
denaturing conditions. Evidently, alanine at position 185 can
substitute for cysteine in the formation of the intradiscal
structure.

The Mutation C187A but Not C187Y Allows the Formation
of a Rhodopsin-Like Pigment. Fig. 44 shows the behavior of
the opsins formed from the mutants C187A and C187Y on
treatment in vivo with 11-cis-retinal. The mutant C187A shows
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FiGg. 3. Characterization of the mutant rhodopsin CI85A. (A4)
UV-vis spectra of the rhodopsin isolated after treatment of COS-1
cells expressing the opsin mutant in vivo with 5 and 50 uM retinal.
Elution from the 1D4-Sepharose column was with Buffer A containing
0.05% DM plus 100 uM peptide. (B) Elution profile from 1D4-
Sepharose of the mutant rhodopsin obtained as in A4, first with Buffer
J (no salt) (first eight fractions) followed by elution with Buffer K
(containing salt). Shown are the A»gp and Asgo profiles of the eluted
fractions. (C) Bleaching behavior of the second fraction (B). The dark
UV-vis spectrum shown had an A»s0/A4s00 ratio of 1.7.
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FiG. 4. Characterization of the mutant rhodopsin, formed from
expressed opsin C187A, and opsin C187Y. (4) UV-vis absorption
spectra of products after treatment of COS-1 cells with 11-cis-retinal
at concentrations of 5 uM and 50 uM (C187A) and 50 uM (C187Y).
Elution from 1D4-Sepharose column was with Buffer A containing
0.05%DM plus 100 uM peptide. (BI) Elution profile from 1D4-
Sepharose of the in vivo-treated (50 uM) C187A. Elution of the first
eight fractions (300 ul) was with Buffer J; the following seven fractions
were with Buffer K containing salt. /I. Elution profile from 1D4-
Sepharose of the in vitro-treated (33.3 uM) C187A opsin. As described
in I, the first eight fractions (300 ul) were eluted with Buffer J; the
following seven fractions were with Buffer K containing salt. The
procedure for retinal binding in vitro of the C187A opsin (Inset) was
as described (20). III. Bleaching behavior for the second fraction
eluted with Buffer J (no salt) in /. The dark UV-vis spectrum shown
had an A,g0/As0p ratio of 1.7.

concentration-dependent binding of retinal to form a rhodop-
sin-like pigment, although the mutant C187Y shows no binding
of retinal. Fig. 4B shows experiments on characterization of the
pigment formed from C187A. Thus, I confirms the elution of
Ago/Asep material from 1D4-Sepharose at pH6 without salt.
More material is eluted with salt. However, pigment formation
from the C187A opsin can be made to go to completion by in
vitro constitution (II Inset and chromatographic separation on
1D4-Sepharose) by using the method developed in the accom-
panying paper (20). Thus, the results (Fig. 44 and II of Fig. 4B)
show that the binding of retinal to the C187A opsin occurs with
reduced affinity but can be driven to completion. /I] in Fig. 4B
shows that the pigment formed from the mutant opsin C187A
has abnormal bleaching behavior. Titration of the sulfhydryl
groups in the mutant CI87A confirmed the presence of a
disulfide bond (Table 1). A corresponding experiment to test
the presence of a disulfide bond in the mutant C187Y has so
far not been possible because of the very low expression level
of the mutant opsin in COS-1 cells.

CONCLUSIONS

Work with the mutants C110A, C110F, and C110Y showed
that these result in the formation of a C185-C187 disulfide
bond, which causes loss of ability to bind retinal. C185A
allowed the formation of WT-like tertiary structure in the
intradiscal domain and formed the C110-C187 disulfide bond.
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The mutant C187A formed a disulfide bond between C110 and
C185 but allowed retinal binding to form a pigment with
abnormal bleaching behavior. Further confirmation of the
identity of all the disulfide bonds encountered in the intradis-
cal domain and in particular that between C110 and C185 is
being sought by mass spectrometric analysis.
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