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ABSTRACT: We have used cysteine scanning mutagenesis and disulfide cross-linking in a split rhodopsin
construct to investigate the secondary structure and tertiary contacts of the fifth (TM5) and sixth (TM6)
transmembrane segments of rhodopsin. Using a simple increase in pH to promote disulfide bond formation,
three cross-links between residues on the extracellular side of TM5 (at positions 198, 200, and 204) and
TM6 (at position 276) have been identified and characterized. The helical pattern of cross-linking observed
indicates that the fifth transmembrane helix extends through residue 200 but does not include residue
198. Rhodopsin mutants containing these disulfides demonstrate nativelike absorption spectra and light-
dependent activation of transducin, suggesting that large movements on the extracellular side of TM5
with respect to TM6 are not required for receptor activation.

Rhodopsin is a prototypic member of the large and diverse
family of G protein-coupled receptors (GPCR)1 which
mediate cellular responses to a variety of extracellular ligands
and, in the case of rhodopsin, light. The three-dimensional
structure of this important class of membrane proteins is of
general interest due to the critical roles these receptors play
in cellular processes. Due to the inherent difficulty with
crystallization of membrane-bound proteins, a precise three-
dimensional structure of a GPCR has yet to be obtained.
Recent electron cyromicroscopy studies of frog rhodopsin
have produced a 7.5× 16.5 Å electron density map (1), while
electron cyromicroscopy of bovine rhodopsin has yielded
data, some of which is resolved to 3-5 Å (2). These studies
confirm that the protein consists of seven transmembrane
helices arranged in a bundle. Although these maps provide
considerable information about the structure of rhodopsin,
including relative tilts of the helices, no detailed information
on specific tertiary interactions between helices is available.

The lack of precise crystallographic structural information
for membrane proteins such as rhodopsin has prompted the
development of a number of biochemical methods for
investigating the structure of membrane proteins. One such
method, which has been used to map out tertiary interactions
in the homodimeric bacterial chemotatic receptors, is cysteine
scanning mutagenesis and oxidative disulfide cross-linking
(3-6). We have recently adapted this method to monomeric

GPCRs such as rhodopsin by utilizing split receptor (SR)
constructs in which fully functional receptors are expressed
as noncovalently associated N- and C-terminal fragments (7).
For example, the split receptor constructs we use in the
present study contain a break in the cytoplasmic loop between
the fifth and sixth transmembrane regions (SR(1-5/6-7))
(Figure 1). To probe tertiary interactions within such a
construct, a cysteine is introduced into each fragment and
the mutant receptor is subjected to oxidative cross-linking
conditions. If a disulfide bond is formed between the
introduced cysteines, then these positions are likely to be
close in the three-dimensional structure of the native protein.
The use of split receptors provides a facile assay for cross-
linking between such engineered cysteines; if a disulfide bond
is formed, then the protein will migrate on a nonreducing
SDS-PAGE gel with an apparent molecular weight similar
to that of full-length rhodopsin and significantly greater than
that of either fragment. We initially tested this method in
rhodopsin by engineering cysteines at positions 204 in the
fifth transmembrane region (TM5) and 276 in the sixth
transmembrane region (TM6) within SR(1-5/6-7) and
demonstrating that a disulfide bond could be formed between
these two cysteines (7). The choice of these positions was
based on the observation that histidine substitutions at
analogous positions in a related GPCR, the NK-1 receptor,
could form a high-affinity zinc binding site (8). On the basis
of this work, cysteine scanning and oxidative cross-linking
has been used to further investigate the tertiary interactions
between the extracellular ends of TM5 and TM6 of rhodop-
sin.

EXPERIMENTAL PROCEDURES

Materials. 11-cis-Retinal was supplied by the National
Institutes of Health and Dr. Rosalie Crouch. Dark-adapted
bovine retinae were obtained from J. A. Lawson Co.
(Lincoln, NE). 1,10-Phenanthroline andN-ethylmaleimide
(NEM) were from Sigma (St. Louis, MO). [35S]GTPγS (1156
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Ci/mmol) was obtained from NEN, and nonradiolabeled
GTPγS was from Boehringer Mannheim. ECL detection
reagents and streptavidin-linked horseradish peroxidase for
Western blot analysis were obtained from Amersham Life
Sciences. The anti-rhodopsin monoclonal antibody 1D4 (9,
10) was purified and coupled to a Sepharose 4B solid support
using previously described methods (11). Peptide I (Asp Glu
Ala Ser Thr Thr Val Ser Lys Thr Glu Thr Ser Gln Val Ala
Pro Ala) was purchased from American Peptide Co., Inc.
(Santa Clara, CA). V8 protease was obtained from ICN.
n-Dodecylâ-D-maltoside (DM) was obtained from Calbio-
chem.

Mutagenesis and Expression of Split Rhodopsin Mutants.
The nomenclature for split rhodopsin constructs follows that
previously described (7): SR(1-5/6-7) refers to a split
receptor consisting of an N-terminal fragment containing the
first five transmembrane segments (SR(1-5)) and a C-
terminal fragment containing the remaining two transmem-
brane segments (SR(6-7)). The rhodopsin gene fragments
were constructed from a synthetic rhodopsin gene in a pMT3-
based vector, and cassette mutagenesis was used to create
single-residue mutations in the gene fragments as previously
described (7, 12). The rhodopsin gene and gene fragments
were transiently transfected into COS-1 cells by the DEAE-
dextran method using 2µg of DNA/100-mm plate (13). Split
receptors were expressed by cotransfection of equal quantities
of separate plasmids containing the SR(1-5) gene and the
SR(6-7) gene (7).

Reconstitution and Purification of Receptors.Transfected
COS cells were harvested 72 h posttransfection and either
stored at -80 °C or used immediately. Proteins were
reconstituted with 11-cis-retinal by incubation of harvested
cells for 2 h with 11-cis-retinal (5µM) in PBS, pH 6.0 or
pH 7.0. Cells were then solubilized in the dark in 1% DM
and 1 mM PMSF in PBS and purified by immunoaffinity
chromatography using the 1D4-Sepharose 4B matrix in a
manner essentially as described previously (13). Elution of

proteins from 1D4-Sepharose was accomplished with peptide
I (0.18 mg/mL) in 0.1% DM in either PBS, pH 7.0, or buffer
B (2 mM sodium phosphate, 150 mM NaCl, pH 6.0).

Disulfide Cross-Linking.Disulfide cross-linking of rhodop-
sin mutants purified in buffer B was promoted by increasing
the pH to 8.0 by the addition of 100 mM dibasic sodium
phosphate, 150 mM NaCl, followed by incubation for 2 h
or overnight (12-18 h) at 25°C. These reactions were
quenched by the addition of gel loading buffer containing
NEM (final concentrations 60 mM Tris, pH 6.8, 2% (w/v)
SDS, 6% (w/v) sucrose, 0.005% bromophenol blue, and 12.5
mM NEM). Quenched reactions were either analyzed im-
mediately or stored at 4°C overnight and analyzed by SDS-
PAGE and Western blotting the next day.

Absorption Spectroscopy and Western Blot Analysis.UV-
visible absorption spectra of immunopurified proteins were
acquired on an Hitachi model U-3210 spectrophotometer
adapted for dark room use. All spectra were recorded on
1.0-cm path length samples. Data were analyzed using
Kalidagraph (Version 3.0.4). Spectra of bleached rhodopsin
samples were obtained by illumination with>490-nm light
for 1 min followed immediately by data acquisition. Con-
centrated HCl (to a final concentration of 0.3 M) was added
to the bleached rhodopsin samples, the sample was mixed,
and data were immediately acquired.

Quenched disulfide cross-linking reactions of immunopu-
rified receptors were subjected to nonreducing 12% poly-
acrylamide-SDS gel electrophoresis (14) followed by
transfer to nitrocellulose essentially as previously described
(7). Concanavalin A was used to detect the carbohydrates
on the N-terminal fragment (at positions 2 and 15) of split
receptors in Western blot analysis (15). After transfer, the
nitrocellulose blot was treated with 5% BSA and then
incubated with 0.001% (w/v) biotin-ConA in 5% BSA
overnight. After washing, the blot was incubated with
streptavidin-conjugated horseradish peroxidase, and labeled
proteins were visualized with the ECL detection system
according to manufacturer directions (Amersham). Purifica-
tion via the C-terminal 1D4 epitope followed by Western
blot detection of the N-terminal fragment ensures that only
split receptors consisting of both N- and C-terminal fragments
are probed. If a split receptor mutant has been cross-linked,
then the protein migrates with a mobility similar to that of
full-length, wild-type rhodopsin, while the mobility of a non-
cross-linked split receptor is the same as the isolated
N-terminal fragment, SR(1-5).

Detection of disulfide bond formation in full-length
rhodopsin containing cysteine mutations was accomplished
by treatment of the purified proteins in 0.1% DM with V8
protease (0.05µg/µL) for 2-4 h at room temperature.
Reactions were then quenched in SDS loading buffer
containing NEM and PMSF (60 mM Tris, pH 6.8, 2% (w/
v) SDS, 6% (w/v) sucrose, 0.005% bromophenol blue, 12.5
mM NEM, and 0.7 mM PMSF) and analyzed by the Western
blot procedure as described above for the split receptors or
by silver staining. Silver staining polyacrylamide gels were
performed essentially as in published protocols (16). V8
protease cleaves the C-terminal tail of rhodopsin between
residues 341 and 342 and in the cytoplasmic loop connecting
TM5 and TM6 between residues 239 and 240, producing
two major fragments: a C-terminal fragment of∼13 kDa
and an N-terminal fragment of>27 kDa, approximately the

FIGURE 1: Schematic representation of the structure of the split
rhodopsin used in this study. The residues mutated to cysteine are
shaded. Each fragment is designated by the TM segments encom-
passed; SR(1-5) refers to the N-terminal fragment consisting of
residues 1-240 and transmembrane segments 1-5, and SR(6-7)
refers to the C-terminal fragment consisting of residues 241-348
(plus an added initiator methionine) and transmembrane segments
6 and 7.
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same size as SR(1-5) (17, 18). Western blot analysis using
ConA as a probe should reveal a protein which migrates with
an apparent molecular weight slightly smaller than that of
uncut rhodopsin (due to cleavage of the C-terminal seven
amino acids) if a cross-link exists between the two fragments.

Transducin ActiVation. Transducin was purified from
bovine retinae as described (7) with some modifications (19,
20). The purified protein was dialyzed against 10 mM Tris
buffer (pH 7.5) containing 50% (v/v) glycerol and 1 mM
MgCl2. The ability of purified split receptors to catalyze the
exchange of GDP for radiolabeled [35S]GTPγS in transducin
was examined using a filter binding assay as has been
described (7, 21). Purified receptors were used in these assays
at concentrations of either 15 or 5 nM in 0.01% DM. The
concentration of mutant and wild-type receptors was deter-
mined by absorption spectroscopy from the absorbance at
500 nm (ε ) 40 600) (21), based on the assumption that the
extinction coefficient for the mutants does not differ from
that of wild-type rhodopsin.

RESULTS

Cross-Linking of Cysteine Substitutions in TM5 with
F276C in TM6.Single cysteine substitutions from positions
196 to 208 on the extracellular side of TM5 were constructed
in SR(1-5) and coexpressed with a C-terminal fragment SR-
(6-7) containing a F276C mutation. Split receptors were
initially purified at pH 6.0 in buffer B, the pH subsequently
was raised to 8.0 by addition of dibasic phosphate, and the
sample was incubated for 2 h at 25°C to induce disulfide
bond formation. The reactions were then analyzed by SDS-
PAGE and Western blot (Figure 2). Split receptors containing
cysteine substitutions at positions 203 and 206 were ex-
pressed at very low levels in COS cells. Mutations of these
positions in the full-length receptor have previously been
noted to result in low expression levels (A. Kumbasar and
D. D. Oprian, unpublished results). Although not visible due
to low expression levels in the Western blot of the experiment
shown in Figure 2B, analysis of a more concentrated sample
of SR(1-5:F203C/6-7:F276C) in a separate experiment
indicated that it is not significantly cross-linked under these
conditions (Figure 2C).

Cysteine substitutions at positions 198, 200, and 204 in
SR(1-5) exhibited significant cross-linking with cysteine at
position 276 in SR(6-7) using this mild oxidation strategy,
although these cysteines differed in their reactivity for
disulfide bond formation, as illustrated in Figure 2. SR(1-
5:N200C/6-7:F276C) is spontaneously cross-linked in the
purified protein at pH 6.0. SR(1-5:V204C/6-7:F276C) can
be isolated predominately in the reduced form at pH 6.0,
while incubation at pH 6.0 for 2 h leads to partial cross-
linking, and incubation at pH 8 will readily cross-link these
fragments in less than 2 h. In comparison, cysteine at position
198 is less reactive to cross-linking with position 276 and
complete cross-linking requires treatment at pH 8 for more
than 2 h.

Mutant split receptors containing single cysteine substitu-
tions at 198, 200, or 204 in SR(1-5) paired with wild-type
SR(6-7) or wild-type SR(1-5) paired with SR(6-7:F276C)
were not cross-linked under any of these conditions tested,
indicating that the cross-linking observed in the double
mutants illustrated in Figure 2 required mutations of both

positions to cysteine and is therefore specifically attributable
to disulfide bond formation between the introduced cysteines.
Additionally, cysteine scanning of TM6 between residues
270 and 277 in SR(6-7), paired with single cysteine
substitution at position 198, 200, 204 or 208, did not reveal
any additional cross-links (data not shown). Thus, the only
cysteine substitution in the region of TM6 that cross-links
with TM5 under these mild conditions is 276.

Absorbance Spectra of Cysteine Mutants.Both SR(1-5:
T198C/6-7:F276C) and SR(1-5:V204C/6-7:F276C) re-
ceptors can be reconstituted with 11-cis-retinal to form
functional pigments exhibiting a 500-nm absorbance maxi-
mum characteristic of the correctly folded dark-state rhodop-
sin. This signature absorbance maximum is maintained after
oxidation of the cysteines to the disulfide (Figures 3A and
4A). The cross-linked receptors also exhibited normal
bleaching behavior: illumination at>490-nm light produced
a 380-nm maximum absorbance indicative of the deproto-
nated Schiff base form of the covalently boundall-trans-
retinal in metarhodopsin II. This was further confirmed by
addition of HCl which denatures the protein and traps the
Schiff base in the protonated form with an absorbance
maximum at 440 nm (Figures 3A and 4A).

Reconstitution of SR(1-5:N200C/6-7:F276C) with 11-
cis-retinal yielded very low or undetectable pigment levels

FIGURE 2: Disulfide cross-linking reactions between single cysteine
substitutions at positions 196-208 and Cys276 in SR(1-5/6-7).
A. ConA blot analysis of mutant split receptors treated at pH 6.0
and 25°C for 2 h immediately following purification. B. ConA
blot analysis of cross-linking at pH 8.0 and 25°C for 2 h
immediately following purification at pH 6.0. Equal protein amounts
were loaded for SDS-PAGE analysis based on absorbance of the
pigments, with the exception of SR(1-5:203C/6-7:276C) and SR-
(1-5:206C/6-7:276C) which were obtained in insufficient quanti-
ties to record absorption spectra and therefore the maximum sample
volume was loaded. C. SDS-PAGE and ConA blot analysis of
SR(1-5:203C/6-7:276C) incubated at pH 8.0 for 2 h at 25°C.

Interactions between TM5 and TM6 in Rhodopsin Biochemistry, Vol. 38, No. 20, 19996599



as indicated by low absorbance values at 500 nm obtained
from purified samples. Western analysis revealed that this
double mutant was purified in the cross-linked form at pH
6.0 (Figure 2A) but was expressed at lower levels than the
other split receptor mutants (data not shown). Also contribut-
ing to the poor reconstitution of SR(1-5:N200C/6-7:F276C)
may be a potentially reduced stability toward thermal
chromophore loss as has been observed for the cross-linked
form of SR(1-5:V204C/6-7:F276C); although stable at 25
°C, treatment of SR(1-5:V204C/6-7:F276C) at 37°C leads
to rapid chromophore loss (data not shown). Consequently,
spectroscopic detection of a pigment was difficult for the
200C/276C double mutant in the split receptor, and the effect
of the 200-276 cross-link on retinal binding and activity
could not be adequately assessed.

The levels of expression and reconstitution of the wild-
type split receptor SR(1-5/6-7) are approximately 30-50%
of that obtained for full-length rhodopsin (7). The N200C,-
F276C double mutant was therefore constructed in full-length
opsin (designated FL 200C,276C) in the hope that it would

be expressed at higher levels and have increased stability,
thus allowing for the unambiguous assessment of the effect
of the 200-276 cross-link on pigment formation and activity.
Western blot analysis and silver staining of purified samples
of FL 200C,276C indicate that expression of this mutant was
typically 25-50% of that observed for wild-type, full-length
rhodopsin (FL-wt) or the full-length, single mutants (FL
200C or FL 276C; data not shown), consistent with the
relatively low levels of expression observed for the double
mutant in the split receptor.

Digestion with V8 protease which cleaves rhodopsin
between TM5 and TM6 was used to investigate the oxidation
state of the Cys200-Cys276 pair in FL 200C,276C. Diges-
tion of FL-wt with V8 protease followed by Western blot
analysis with ConA reveals the expected N-terminal fragment
of approximately 27 kDa (Figure 5). In contrast, digestion
of FL 200C,276C with V8 protease produces an N-terminal
fragment that migrates on SDS-PAGE gels only slightly
faster than the uncut sample, as would be expected if a
disulfide existed between the cleaved N- and C-terminal

FIGURE 3: Functional analysis of SR(1-5:T198C/6-7:F276C). A.
Spectral properties of the cross-linked form of SR(1-5:T198C/6-
7:F276C) obtained by overnight incubation at pH 8.0: 1, dark-
state spectrum; 2, after illumination of 1 with>490-nm light for 2
min; 3, acidification of 2 with HCl. B. Transducin activation by
SR(1-5:T198C/6-7:F276C) and the wild-type split receptor, SR-
(1-5/6-7): 9, un-cross-linked SR(1-5:T198C/6-7:F276C) after
purification at pH 6.0;b, SR(1-5:T198C/6-7:F276C) cross-linked
by overnight incubation at pH 8.0, 25°C; 0, SR(1-5/6-7) after
purification at pH 6.0;O, SR(1-5/6-7) after overnight incubation
at pH 8.0. Concentration of all receptors was 15 nM as determined
by absorbance at 500 nm. C. Western analysis showing the reduced
and cross-linked forms of SR(1-5:T198C/6-7:276C) analyzed in
B.

FIGURE 4: Functional analysis of SR(1-5:V204C/6-7:F276C). A.
Spectral properties of the cross-linked form of SR(1-5:V204C/
6-7:F276C) obtained by overnight incubation at pH 8.0: 1, dark-
state spectrum; 2, illumination of 1 with>490-nm light for 2 min;
3, acidification of 2 with HCl. B. Transducin activation by SR(1-
5:V204C/6-7:F276C) and the wild-type split receptor, SR(1-5/
6-7): 9, reduced SR(1-5:V204C/6-7:F276C) after treatment with
0.7 mM DTT at pH 6.0 for 2 h at 25°C; b, cross-linked SR(1-
5:V204C/6-7:F276C) after 2 h at 25°C and pH 8.0;0, SR(1-
5/6-7) after treatment with 0.7 mM DTT at pH 6.0 for 2 h at 25
°C; O, SR(1-5/6-7) after 2 h at 25°C at pH 8.0. Concentration
of all receptors was 5 nM as determined by the absorbance at 500
nm. C. Western analysis showing the reduced and cross-linked
forms of SR(1-5:V204C/6-7:F276C) analyzed in B.
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fragments. Addition of BME to load buffer prior to SDS-
PAGE analysis of the V8 digestion of FL-wt results in only
a small shift in the mobility of the N-terminal fragment
presumably due to the reduction of the native 110-187
disulfide (lanes 2 and 3, Figure 5). In contrast, BME
treatment of the V8 digests of FL 200C,276C produced an
N-terminal fragment signficantly smaller than that obtained
under nonreducing conditions and of the same size as that
obtained by the BME treatment of FL-wt (lanes 3 and 7,
Figure 5). This demonstrates that a disulfide exists between
Cys200 and Cys276 in FL 200C,276C after purification.
Spectral analysis of cross-linked FL 200C,276C reconstituted
with 11-cis-retinal revealed a peak with an absorbance
maximum at 500 nm characteristic of a correctly folded
rhodopsin (Figure 6A). Pigment (A500) levels were ap-
proximately 25-50% of that obtained for wild-type rhodop-
sin consistent with the SDS-PAGE analysis, indicating that
the majority of purified protein correctly bound 11-cis-retinal.
Therefore, formation of the 200-276 disulfide in FL 200C,-
276C does not affect 11-cis-retinal binding, nor does it
significantly alter the dark-state structure.

Transducin ActiVation by Cross-Linked Rhodopsins.The
mutant split receptors which exhibited significant cross-
linking were further analyzed for their ability to activate the
G protein transducin in a light-dependent manner. The
reduced forms of SR(1-5:V204C/6-7:F276C) and SR(1-
5:T198C/6-7:F276C) activated transducin in a light-de-
pendent manner (Figures 3B and 4B). Significantly, the
disulfide cross-linked forms of both SR(1-5:V204C/6-7:
F276C) and SR(1-5:T198C/6-7:F276C) also activated
transducin in a light-dependent manner indistinguishable
from the wild-type split receptor SR(1-5/6-7) (Figures 3B
and 4B). The oxidation state of the split receptors was
confirmed by Western analysis (Figures 3C and 4C). The
addition of DTT (0.7 mM) to purified samples of SR(1-5:
V204C/6-7:F276C) was required to maintain the completely

reduced state of the purified receptor during analysis; DTT
had a slight activating effect on the reactivities of both the
wild-type and mutant receptors as has been observed
previously (H. Yu and D. D. Oprian, unpublished results).
The cross-linked form of FL 200C,276C also activated
transducin similarly to FL-wt (Figure 6B). The presence of
the 200-276 disulfide in of FL 200C,276C was confirmed
by V8 digestion and Western analysis (Figure 6C). Thus,
all three cross-links are compatible with the structural
rearrangements required for activation of rhodopsin.

DISCUSSION

We and others have previously reported the development
of a method for mapping tertiary contacts within monomeric
membrane proteins using cysteine scanning mutagenesis and
oxidative cross-linking within split protein constructs (7, 22).
On the basis of work with the bacterial chemotatic receptors
(3), disulfide bond formation was catalyzed by addition of
copper phenanthroline (Cu(phen)3

2+) (23). Cysteine substitu-
tions at positions 204 and 276 in TM5 and TM6 of rhodopsin
were used to test this method on rhodopsin. Cysteine
mutations at 204 and 276 in split rhodopsin SR(1-5/6-7)
were cross-linked upon treatment with the oxidant Cu-
(phen)32+ (7). Our initial attempts to expand on these results
and use cysteine scanning and oxidative cross-linking to
further investigate this region of the receptor employed Cu-
(phen)32+ as the cross-linking agent (24). Although a limited

FIGURE 5: V8 digestion and Western analysis of FL 200C,276C
illustrating the presence of the 200-276 disulfide. The N-terminus
of rhodopsin was detected in purified samples using ConA. The
same amount of FL 200C,276C and FL-wt as determined by
absorption spectroscopy was used for Western analysis. SR(1-5/
6-7) is included as a molecular weight marker. Lanes 1-3, FL-
wt: V8 digestion produces an N-terminal fragment significantly
smaller than observed for the uncut sample, compare lanes 1 and
2. Lanes 5-7 FL 200C,276C: V8 digestion produces an N-terminal
fragment which runs with an apparent molecular weight only
slightly smaller than that observed for uncut FL 200C,276C,
compare lanes 5 and 6. Addition of BME to the V8 digest of FL
200C,276C (lane 7) reduces this disulfide, and the sample runs with
the same apparent MW as similarly treated FL-wt (compare lanes
3 and 7).

FIGURE 6: Functional analysis of FL 200C,276C. A. Spectra of
FL 200C,276C and FL-wt. B. Activation of transducin by FL 200,-
276C (b) and FL-wt (9). Each assay contained 5 nM pigment as
determined by the absorbance at 500 nm. C. V8 protease digestion
and ConA Western analysis of FL 200,276C and FL-wt.
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set of residues was observed to rapidly and completely cross-
link upon treatment with Cu(phen)3

2+, extensive partial
(<10%) cross-linking was also observed for many residues
in both helices (data not shown), indicating that oxidation
by this reagent is not sufficiently selective and is perhaps
trapping local dynamic movements. A milder oxidation
strategy was therefore desired and a procedure using a simple
increase in pH to promote disulfide bond formation was used.
Cross-linking induced by an increase in pH produces a
pattern of cross-linking which is similar to the pattern of
rapid and complete cross-links observed using Cu(phen)3

2+

without the ubiquitous partial cross-linking observed for that
method.

Using this method, cysteine scanning and oxidative cross-
linking was used to further investigate tertiary contacts in
the TM5 and TM6 regions of the intradiscal side of rhodopsin
(Figure 1). A series of single cysteine mutations from
residues 196 to 208 in TM5 of SR(1-5) was coexpressed
with SR(6-7:F276C) and tested in the cross-linking assay.
Three cross-links were identified and characterized from
these efforts; positions 198, 200, and 204 in TM5 were found
to selectively cross-link to position 276 in TM6 (Figure 2).
The use of this mild oxidation strategy places a stringent
requirement on the proximity of these residues in the tertiary
structure of rhodopsin. TheR carbons of disulfide-bonded
cysteines in proteins are less than 7 Å from each other (25,
26). The rate of disulfide bond formation has been used to
indicate the relative distance between the reactive cysteines
in previous structural studies using cysteine scanning and
oxidative cross-linking methods (4, 27). Although there may
be other factors such as disulfide bond geometry and access
to oxidant which influence the rate of disulfide bond
formation, the collision rate between the two thiols which is
related to the interresidue distance is likely to play a principal
role. The differing reactivities of these cysteines at positions
198, 200, and 204 for disulfide bond formation with cysteine
at 276 suggest that the distances between these residues and
position 276 vary; position 200 appears to be closest to
position 276 followed by position 204 and more distally
position 198. The spontaneous cross-linking observed for SR-
(1-5:N200C/6-7:F276C) indicates that disulfide bond
formation may occur in the opsin state while the protein is
still in the intact cell or during solubilization and purification
of the split receptor.

All split receptor constructs were tested for the ability to
generate a pigment upon reconstitution with 11-cis-retinal.
Generation of the characteristic absorbance maximum at 500
nm is an indication of a correctly folded dark-state structure
of the receptor. Although attempts to reconstitute SR(1-5:
N200C/6-7:F276C) with 11-cis-retinal produced either very
small or undetectable levels of pigment (A500), the double
mutant in full-length rhodopsin (FL 200C,276C) produced
a protein with a wild-type-like spectrum. Thus, although the
200,276 double cysteine mutation may have some effect on
stability and expression levels, the 200-276 disulfide does
not appear to interfere with 11-cis-retinal binding or pigment
formation. Split receptors SR(1-5:V204C/6-7:F276C) and
SR(1-5:198C/6-7:F276C) also generated wild-type-like
pigments (A500) in both the reduced and cross-linked forms,
indicating that all three of these cross-links are compatible
with the native dark-state rhodopsin structure.

The pattern of cross-linking observed in rhodopsin agrees
with previous studies of the GPCR NK-1 receptor in which
histidine residues placed at 193, 197, and 272 (corresponding
to 200, 204, and 276 in rhodopsin numbering) formed a high-
affinity zinc binding site as measured by disruption of agonist
binding (8). Sequence comparison (28), hydrophobicity, and
modeling studies (29, 30) of GPCRs have predicted that these
positions (200, 204, and 276) belong to transmembrane
helices 5 and 6, although a recent model has placed residue
200 in the loop region between TM4 and TM5 (31). The
selective disulfide cross-linking of rhodopsin observed in this
study is consistent with a helical conformation for residues
200-208 of the receptor, which would place 200 and 204
on the same face of the helix. Importantly, cysteine substitu-
tion at position 276 was observed to cross-link only to
residues 200 and 204 and no other positions from 200 to
208. In contrast, the disulfide cross-linking of positions 198
and 276 in rhodopsin is not compatible with the transmem-
brane helix extending into this region of the protein sequence;
a continuous helical structure would place positions 198 and
200 on opposite faces of the helix. Consistent with this
observation, modeling studies have placed residue 198 in
the loop region between TM4 and TM5 (28, 31). The
observation that disulfides between all three cysteine pairs
do not impair 11-cis-retinal binding and pigment formation
indicates that the helical structure suggested by these results
is present in the native dark-state rhodopsin structure.

In addition to normal pigment formation, mutant rhodop-
sins containing a disulfide at 198-276, 204-276, or 200-
276 are capable of activating transducin in a light-dependent
manner with specific activity comparable to that of wild-
type controls. Thus, all three disulfides are compatible with
the structural rearrangement which occurs upon light activa-
tion of the receptor. Only small changes in the distance
between residues 198, 200, or 204 and 276 would be possible
in the disulfide cross-linked proteins implying that the relative
position of the extracellular end of TM5 and position 276 in
TM6 is similar in both the light-activated and dark-state of
rhodopsin assuming no structural deformation results from
the cross-links. The validity of this assumption is supported
by both the helical pattern of cross-linking observed and the
wild-type spectral properties of the cross-linked receptors
studied. Recent studies of the cytoplasmic surface of rhodop-
sin employing disulfide cross-links (18), spin labeling (18),
and engineered metal binding sites (32) have suggested that
significant movement of the cytoplasmic end of TM6 is a
requirement for receptor activation. Our results indicate that
large movements of TM5 relative to TM6 in the extracellular
region of rhodopsin are unlikely to be a requirement for
receptor activation.

Although significant progress has been made toward the
structural elucidation of the GPCR rhodopsin, the difficulty
in membrane protein crystallization has made the generation
of a high-resolution structure an elusive goal. Recent electron
density maps from cyromicroscopy studies combined with
modeling work has provided a glimpse at the helical bundle
structure of the receptor. Models of the structure of rhodopsin
based on the cyromicroscopy maps and sequence homology
analysis must rely on other data for confirming important
structural constraints, such as the register of the protein
sequence within the rods of electron density seen in the map.
Biochemical studies employing a variety of techniques
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including site-directed spin labeling (33, 34) and the engi-
neering of metal binding sites (8, 32, 35, 36) and disulfides
(7, 18, 37) have helped to provide such information. The
cysteine scanning and cross-linking study described here adds
to this base of knowledge by demonstrating the proximity
of TM5 and TM6 on the extracellular side of rhodopsin and
suggesting the limits of helical structure within the extra-
cellular end of TM5. In addition, the analysis of the
functional consequences of cross-linking in this region of
the receptor suggests the structural rearrangement which
occurs upon receptor activation does not involve the relative
movement of the extracellular ends of TM5 and TM6.
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