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ABSTRACT: The interaction of rhodopsin and transducin
has been the focus of study for more than 30 years, but only
recently have efforts to purify an activated complex in
detergent solution materialized. These efforts have used native
rhodopsin isolated from bovine retina and employed either
sucrose density gradient centrifugation or size exclusion
chromatography to purify the complex. While there is general
agreement on most properties of the activated complex,
subunit stoichiometry is not yet settled, with rhodopsin/
transducin molar ratios of both 2/1 and 1/1 reported. In this
report, we introduce methods for preparation of the complex that include use of recombinant rhodopsin, so as to take advantage
of mutations that confer constitutive activity and enhanced thermal stability on the protein, and immunoaffinity chromatography
for purification of the complex. We show that chromatography on ConA-Sepharose can substitute for the immunoaffinity column
and that bicelles can be used instead of detergent solution. We demonstrate the following: that rhodopsin has a covalently bound
all-trans-retinal chromophore and therefore corresponds to the active metarhodopin II state; that transducin has an empty
nucleotide-binding pocket; that the isolated complex is active and dissociates upon addition of guanine nucleotide; and finally
that the stoichiometry corresponds reproducibly to a 1/1 molar ratio of rhodopsin to transducin.

Rhodopsin is the visual pigment of vertebrate rod
photoreceptor cells and a prototypical member of the

large class of G protein-coupled receptors.1−4 It is composed of
an apoprotein, opsin, and a covalently bound 11-cis-retinal
chromophore. Upon absorption of light, the chromophore
undergoes isomerization to the all-trans form resulting in a
cascade of reactions that result ultimately in closure of cGMP-
gated cation channels in the rod outer segment, hyper-
polarization of the plasma membrane, and inhibition of
glutamate release from the synaptic terminus of the rod cell.
The cascade is initiated by a conformational change in
rhodopsin that is triggered by isomerization of the
chromophore and leads to activation of the G protein
transducin. Indeed, activation of a G protein is the signature
response of activated G protein-coupled receptors from which
this family of receptors derives its name.2

Crystal structures have been determined for the inactive and
active states of several GPCRs,5−22 including a number for
rhodopsin bound to a peptide from the carboxy terminus of the
alpha subunit of transducin,23−26 but it is generally recognized
that a complete understanding of the activation process will
require a structure of an activated complex of receptor and
intact G protein, a goal that has been described as “The Holy
Grail” for the field.27

While the biochemical literature on activation of transducin
by rhodopsin is rich and dates back 30 years,28 efforts at

purification of an activated complex of the two proteins have
been reported only recently.29−33 These efforts have generally
employed size-exclusion chromatography30 or sucrose-density
gradient centrifugation31,32 to purify the complex and have
uniformly used native rhodopsin because of its ready availability
in large quantity from commercial sources and ease of
purification.
We report here the purification and characterization of an

activated complex of rhodopsin and transducin using a
constitutively active mutant of rhodopsin34 known for slow
decay of the active metarhodopsin II state35,36 in combination
with an engineered disulfide bond known to enhance thermal
stability of rhodopsin in detergent solution.18,37 Purification of
the complex exploits an immunoaffinity procedure originally
developed for purification of rhodopsin heterologously ex-
pressed from transfected mammalian cells in culture.37,38 We
show that the complex forms only if rhodopsin is in the
activated state, that the nucleotide-binding site in transducin is
empty, and that the molar ratio of rhodopsin to transducin in
the complex is 1/1. Finally, we show that the complex can be
prepared using bicelles39,40 instead of detergent solubilized
proteins.
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■ EXPERIMENTAL PROCEDURES

Materials. Both 11-cis- and all-trans-retinal were synthe-
sized according to published procedures and purified first by
chromatography on silica gel (70−230 mesh from Aldrich)
using a 15% ether/85% hexane mixture and then by
crystallization from petroleum ether, as has been described.37

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) were
from Avanti Polar Lipids, Inc. (Alabaster, AL). Dodecyl β-D-
maltoside (DDM) was purchased from Calbiochem (La Jolla,
CA), Dulbecco’s modified Eagle’s medium (DMEM) was from
GIBCO (Carlsbad, CA), and bovine growth serum (BGS) and
Dulbecco’s phosphate buffered saline (PBS) were from
Hyclone Laboratories, Inc. (Logan, UT). Concanavalin A-
Sepharose 4B (ConA-Sepharose) was a product of Sigma-
Aldrich (St. Louis, MO). [35S]-GTPγS (1250 Ci/mmol) and
[α-32P]-GTP (3000 Ci/mmol) were from Perkin-Elmer
(Boston, MA); non-radio-labeled GTP and GTPγS were from
Amersham Biosciences (Piscataway, NJ) and Sigma-Aldrich (St.
Louis, MO), respectively.
The antirhodopsin monoclonal antibody 1D441,42 was from

the National Cell Culture Center (Minneapolis, MN). The
1D4-Sepharose 4B immunoaffinity matrix (1D4-Sepharose)
used for purification of rhodopsin and the rhodopsin/
transducin complex was prepared as previously described.38

1D4-peptide, a synthetic peptide corresponding to the carboxy-
terminal 8 amino acids of rhodopsin and epitope for the 1D4-
antibody (ETSQVAPA), was used for elution of rhodopsin
(and the activated rhodopsin/transducin complex) from the
1D4-Sepharose matrix.38

Transducin was purified from bovine retinae essentially as
described previously.43 Frozen bovine retinae, purchased from
Schenk Packing Co., Inc. (Stanwood, WA), were used to
prepare rod photoreceptor cell outer segments (ROS).
Following isotonic and hypotonic washes, 40 μM GTP was
added to release transducin from the purified ROS membranes.
Transducin was then separated from ROS by centrifugation,
filtered through a 0.22 μm membrane (Steriflip from Millipore
Corp., Billerica, MA), concentrated, and dialyzed against 10
mM Tris buffer, pH 7.4, containing 2 mM MgCl2, 1 mM DTT,
and 50% glycerol for storage at −20 °C before use. Transducin
concentration was determined by active-site titration with
radio-labeled [35S]-GTPγS of known specific radioactivity and
was typically within 5−10% of the value determined by Lowry
assay44 using BSA as a standard. The same purification
procedure was followed for preparation of transducin
containing [α-32P]-GDP in the nucleotide binding site except
that 40 μM [α-32P]-GTP (0.31 Ci/mmol) was used instead of
non-radio-labeled GTP for release of transducin from ROS
membranes.
Expression of Rhodopsin in HEK293 Cells. With the

exception of Figure 8, all experiments in this study were
conducted with the N2C,E113Q,D282C triple mutant of
rhodopsin. This mutant combines the constitutive activity of
the E113Q mutant34 with the increased thermal stability of the
N2C,D282C mutant.37 The N2C,E113Q,D282C mutant was
expressed transiently in HEK293S-GnT1− cells45 following
transfection using calcium phosphate precipitation. Cells were
harvested 72 h post-transfection and solubilized with 1% (w/v)
DDM in PBS (10 mM sodium phosphate buffer, pH 7.5,
containing 150 mM NaCl) and 0.2 mg/mL phenylmethylsul-

fonyl fluoride at 4 °C for 1 h, essentially as described previously
for expression of rhodopsin in COS cells.37,38

Purification of Rhodopsin From HEK293 Cells. Nuclei
were removed from detergent solubilized HEK293 cells by
centrifugation for 5 min at 1200g. The mutant opsin was then
purified from the supernate by immunoaffinity chromatography
on 1D4-Sepharose 4B.37,38 Opsin was allowed to bind to the
resin overnight at 4 °C. The 1D4-Sepharose was then washed
with 0.1% DDM in PBS, chromophore (11-cis- or all-trans-
retinal) was added in PBS containing 0.1% DDM (1 h
incubation), and the resin was washed again with Buffer A (5
mM Hepes buffer, pH 7.5, and 0.1 mM MgCl2) containing
0.02% DDM at 4 °C to remove free retinal and lower the salt
concentration. Rhodopsin was eluted from the resin following
incubation at room temperature for 30 min in Buffer A
containing 80 μM 1D4 peptide.
Purification of the mutant pigments using ConA-Sepharose

chromatography was performed in a similar manner except that
bound protein was eluted with 200 mM methyl α-D-mannoside
in 0.02% DDM, 20 mM Hepes, pH 7.5, 0.1 mM MgCl2, and
120 mM NaCl.
Preparation and Purification of Activated Rhodopsin/

Tranducin Complexes. Purification of the activated com-
plexes was performed according to the same protocols used for
purification of rhodopsin from transfected cells with
modification as indicated in the Results section.
Complex Stoichiometry. The relative stoichiometry of

rhodopsin and transducin in the activated complex was
determined by densitometry of protein bands following
electrophoetic separation on SDS-PAGE gels. Purified complex
was visualized by staining with Coomasie Blue. Band densities
of the purified complex proteins were quantified from
background-subtracted band intensities of digitized gel images
using ImageJ version 1.38 software (W.S. Rasband, NIH,
1997−2007) using a standard curve of known amounts of
transducin and rhodopsin.
Preparation and Purification of the Rhodopsin/Trans-

ducin Complex in Bicelles. Stock DMPC/DHPC bicelle
solutions at 20% (w/v, total lipid; [DMPC]/[DHPC] = 0.65)
were prepared by first removing chloroform from the
phospholipid stocks by drying under N2 and then under
vacuum for at least 2 h and resuspending the powder in Buffer
A. The DMPC/DHPC mixture was repeatedly vortexed, heated
to 42 °C for 15 min, and placed on ice for 30 min until the
lipids were in solution. Bicelles were stored at 4 °C and used
within 24 h.
Isolation of the rhodopsin/transducin complex in DMPC/

DHPC bicelles was performed by first immobilizing complexes
on 1D4-Sepharose 4B in Buffer A containing 0.02% DDM. The
bound complexes were then washed extensively with 2.5% (w/
v, total lipid) DMPC/DHPC bicelle solution in Buffer A. 80
μM 1D4-peptide or 40 μM GTPγS in Buffer A containing 2.5%
DMPC/DHPC was used to elute bound protein from the
affinity resin at room temperature.
Transducin Activation Assays. The ability of rhodopsin

to catalyze the light-dependent exchange of radio-labeled [35S]-
GTPγS for bound GDP in transducin was monitored using a
filter-binding assay as has been described previously.46 To assay
the rhodopsin/transducin complex for activity, a similar
procedure was used except that the purified complex was
diluted to a final concentration of 30−40 nM rhodopsin in the
reaction mixture consisting of 10 mM Tris buffer, pH 7.5, 0.1%
(w/v) DDM, 5 mM MgCl2, and 1 mM DTT but no additional
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transducin. Reactions were initiated by addition of 40 μM [35S]-
GTPγS (1.42 Ci/mmol) and then incubated for 5 min at 25 °C
before aliquots were withdrawn and applied to filters.
Absorption Spectroscopy. UV−vis absorption spectra

were recorded using a Hitachi model U-3210 spectropho-
tometer that was specifically modified by the manufacturer for
use in a darkroom. Data were collected with a microcomputer
using GraphPad Prism (GraphPad Software, San Diego, CA).
All samples were recorded at 25 °C with a path length of 1.0
cm. The absorption coefficient for the rhodopsin mutant was
determined by acid-trapping of the chromophore essentially as
has been described for the human blue color vision pigment,47

except that 50 mM sodium phosphate buffer, pH 3.5,
containing 0.5% (w/v) SDS was used instead of HCl to
denature the protein and trap the chromophore. The molar
extinction coefficient, ε 380, for Gtempty was determined to be 87
800 M−1 cm−1 using the Edelhoch method48 with the extinction
coefficients for Trp and Tyr.49 GTP ε 280 = 5770 M−1 cm−1 was
derived from the known ε 253 = 13 700 M−1 cm−1 and was used
to calculate ε 280 for GtGDP = 93 570 M−1 cm−1.

■ RESULTS
Activation of Transducin in the Presence of the 1D4-

Antibody. Our strategy to form and purify the activated
rhodopsin/transducin complex exploits the procedure for
immunoaffinity purification of rhodopsin from low-abundance
sources (such as heterologous expression systems) using the
1D4-antibody immobilized on Sepharose 4B.37,38 This
approach takes advantage of the tight binding interaction
between metarhodopsin II and transducin and the specific
interaction of the 1D4-antibody with rhodopsin. We were
concerned initially that immobilization of rhodopsin on the
antibody column might interfere with formation of the complex
because both the transducin binding site and 1D4-epitope are
located on the cytoplasmic surface of rhodopsin. However, as is
shown in Figure 1, the ability of rhodopsin to activate
transducin is unaffected by the presence of the 1D4-antibody
at concentrations up to 1 μM. Under these conditions, >95% of
the rhodopsin is expected to be in complex with the antibody.50

Therefore, it is clear that binding of the 1D4-antiody to
rhodopsin does not inhibit the ability of rhodopsin to catalyze
the light-dependent activation of transducin. While surprising,
this conclusion is supported by the fact (presented below) that
an activated complex of rhodopsin and transducin can be
purified by immunoaffinity chromatography on 1D4-Sepahrose.
A highly similar complex (also presented below) can be purified
by chromatography on ConA-Sepharose (which targets
rhodopsin’s oligosaccharyl chain on the extracellular surface
of the protein).
Purification and Characterization of the Activated

Rhodopsin/Transducin Complex. The activated rhodop-
sin/transducin complex was prepared by first solubilizing
HEK293S-GnTI− cells expressing the N2C,E113Q,D282C
triple mutant opsin in 1% DDM (w/v), centrifuging the
material at low speed to remove nuclei, and applying the
postnuclear supernatant fraction to a 1D4-Sepharose antibody
immunoaffinity matrix. The immobilized triple mutant opsin
was then reconstituted with all-trans-retinal while still bound to
the column, and excess transducin (typically 1.5−2 times the
amount of rhodopsin) was added (Figure 2A, lane 1). The
unbound fraction (Figure 2A, lane 2) contained visibly less
transducin than was applied to the column and typically also
contained small amounts of rhodopsin released during the

transducin-binding step (this shedding of rhodopsin from the
column also takes place in the absence of complex formation;
see Figure 5, lane 7). After extensive washing of the column
(Figure 2, lane 3), rhodopsin and transducin were both released
from the immunoaffinity matrix by incubation with the 1D4-
peptide in 0.02% (w/v) DDM (Figure 2, lane 4). In separate
control experiments not shown, transducin alone did not bind
to the 1D4-Sepharose matrix. We conclude that transducin
binds to the immobilized N2C,E113Q,D282C mutant and that
both are released as a complex by incubation with the 1D4-
peptide.
Absorption spectra for the N2C,E113Q,D282C mutant

purified in the presence or absence of transducin are shown
in Figure 2B. Both spectra show an absorption maximum
(λmax) at 380 nm, characteristic of the unprotonated Schiff base
form of the all-trans-retinal chromophore, as well as a second
λmax at 280 nm characteristic of protein. It is noteworthy that
there is far more absorbance at 280 nm when the mutant is
purified in the presence of transducin (spectrum 1) than in its
absence (spectrum 2), indicating the presence of copurified
transducin in the former sample.
The absorption coefficient at 380 nm for the triple mutant

rhodopsin in the activated complex was determined by acid
denaturation in SDS solution, as has been described
previously.47 When a purified sample of the complex in 5
mM HEPES buffer, pH 7.5, containing 0.1 mM MgCl2 and
0.02% (w/v) DDM (Figure 3, spectrum 1) was denatured by
addition of 50 mM sodium phosphate, pH 3.5, and 0.5% SDS,
the 380 nm peak was converted to a new λmax at 440 nm
(spectrum 2) characteristic of a protonated retinylidene Schiff
base, with little change in absorbance at 280 nm. The absence
of a residual 380 nm peak under acid conditions suggests that
most of the retinal was covalently bound to protein, and little
remained free in the sample. The absorption coefficient at 380

Figure 1. Effect of the 1D4 antibody on rhodopsin-catalyzed activation
of transducin. Activation of transducin was monitored by following the
binding of [35S]-GTPγS with time in the presence (squares) and
absence (triangles) of 1 μM 1D4-antibody using a filter-binding assay
as described in the Experimental Procedures. Each reaction contained
5 nM rhodopsin (N2C,E113Q,D282C mutant reconstituted with 11-
cis-retinal), 1 μM transducin and 3 μM GTPγS, in 10 mM Tris buffer,
pH 7.5, 100 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, and 0.01%
DDM (w/v). Solid symbols, reaction in dark; open symbols, reaction
after exposure to light (arrow). Error bars represent standard deviation
(n = 2). Some residual 1D4-peptide from the rhodopsin purification
procedure was present but at concentrations at least 20-fold lower than
the antibody combining sites.
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nm (ε 380) for the all-trans-retinal chromophore in the

rhodopsin/transducin complex (Figure 3, spectrum 1) was

calculated from the data of Figure 3 to be 42 600 M−1 cm−1,

using the acid denatured form of native metarhodopsin II as a
standard for the absorption coefficient of the 440 nm species
(Figure 3, spectrum 2).
The ε 380 for the rhodopsin/transducin complex determined

from Figure 3 was then used with the spectra of Figure 2B to
make an initial, rough estimation of protein subunit
stoichiometry in the complex as follows. The ε 380 for rhodopsin
from Figure 3 is 42 600 M−1 cm−1. The ε 280 for rhodopsin was
determined from the ε 380 and spectrum 2 of Figure 2 to be 68
160 M−1cm−1 (i.e., ε 280 = 1.6 × 42 600). The ε 280 for the
nucleotide-free form of transducin in the complex (see below)
was calculated from the known amino acid sequence of the
protein to be 87 800 M−1 cm−1. Finally, the ratio of absorbance
at 280 nm to that at 380 nm (A280 nm/A380 nm) for a 1/1 complex
of activated rhodopsin and transducin was calculated from the
absorption coefficients to be 3.7 ((68 160 + 87 800)/42 600).
The actual A280 nm/A380 nm measured from Figure 2 for the
purified complex is 3.7, a figure in much better agreement with
that expected for a complex with 1/1 stoichiometry (Rho/Gt)
than either a 2/1 complex (2.6) or a 1/2 complex (5.7).
To address concerns that the 1D4-antibody, which

recognizes an epitope located on the same face of rhodopsin
as the transducin binding site, may influence subunit
stoichiometry in the complex, an alternate purification strategy
was employed using ConA-Sepharose. ConA, like the 1D4-
antibody, targets structural determinants on rhodopsin, but
these are the carbohydrate moieties located on the extracellular
side of the membrane, opposite the transducin binding site.
Except for the exchange of affinity support and associated
eluant, all other steps in the purification protocol were identical
to those employed using 1D4-Sepharose. As can be seen in a
comparison of Figure 4, lane 4 with Figure 2, lane 4, a very

similar complex (with similar yield) was obtained using ConA-
Sepharose as a replacement for the 1D4-Sepharose affinity
matrix (A280 nm/A380 nm = 3.6; data not shown). Therefore, we
conclude that the use of the 1D4-antibody does not influence
subunit stoichiometry in the activated complex.
An additional determination of subunit stoichiometry was

performed for the complex by measuring directly the
nucleotide-binding capacity of transducin in the purified
complex. Samples of complex purified on 1D4-Sepharose
were diluted into a reaction mixture containing 40 μM [35S]-
GTPγS, and bound nucleotide was determined using a standard
filter-binding assay and scintillation counting. The ratio of
transducin, as determined by bound [35S]-GTPγS, to

Figure 2. Coelution of transducin and rhodopsin from 1D4-Sepharose
with 1D4-peptide. (A) SDS-PAGE analysis of various fractions from
1D4-immunoaffinity purification of the rhodospin/transducin complex
stained with Coomassie blue. Lane 1: transducin fraction applied to
the immunoaffinity matrix; lane 2: unbound material; lane 3: last wash
before elution of the complex; lane 4: fraction obtained upon elution
with the 1D4-peptide. Only the α- and β-subunits of transducin are
shown. (B) UV/vis absorption spectra of the N2C,E113Q,D282C
mutant reconstituted with all-trans-retinal and purified by immunoaf-
finity chromatography on the 1D4-Sepharose matrix in the presence
(spectrum 1) or absence (spectrum 2) of transducin.

Figure 3. Determination of extinction coefficient at 380 nm for the
retinal chromophore in the rhodopsin/transducin complex. Spectrum
1 is that of the purified complex in 5 mM HEPES buffer, pH 7.5,
containing 0.1 mM MgCl2 and 0.02% (w/v) DDM. Spectrum 2 is that
of the same sample immediately following addition of 50 mM sodium
phosphate buffer, pH 3.5, and 0.5% SDS (final concentrations).
Spectrum 2 has been corrected for dilution.

Figure 4. Coelution of transducin and rhodopsin from ConA-
Sepharose with α-methylmannoside. SDS-PAGE analysis of various
fractions from ConA-Sepharose affinity purification of the rhodopsin/
transducin complex stained with Coomassie blue. Lane 1: transducin
fraction applied to the ConA matrix; lane 2: unbound material; lane 3:
last wash before elution of the complex; lane 4: α-methylmannoside
eluate. Only the α- and β-subunits of transducin are shown.
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rhodopsin, as determined by A380 nm, was typically 1 mol of
transducin per mole of triple mutant (Gt/Rho = 0.89 ± 0.06, n
= 6; data not shown).
Dependence on Activated State of Rhodopsin. As can

be seen in Figure 5, the rhodopsin/transducin complex did not

form when 11-cis-retinal replaced the all-trans-isomer, and
purification was carried out in the dark. Binding of 11-cis-retinal
forces the protein into the inactive state and disrupts the
interaction with transducin. Thus, only rhodopsin is eluted
from the 1D4-Sepharose matrix with 1D4-peptide when
purification is performed in the dark with 11-cis-retinal (Figure
5A, lane 9); the GTPγS eluate is also free of transducin (Figure
5A, lane 10). The absorption spectrum for the sample in Figure
5A, lane 9 displayed an A280 nm/A380 nm ratio of 1.7 (Figure 5B,
spectrum 2), as expected for pure rhodopsin and in agreement
with the data in Figure 5A, suggesting that transducin does not
copurify with rhodopsin under these conditions. Therefore,
formation of the rhodopsin/transducin complex requires
rhodopsin to be in the activated state.
A final determination of subunit stoichiometry in the purified

complex was determined by densitometry of band intensities
following separation by SDS-PAGE, as is shown in Figure 6.
Gels containing samples of purified complex from the 1D4-

support and known standards for transducin and the rhodopsin
mutant were scanned, and bands in the digitized images were
integrated. As can be seen in Figure 6, the data are in support of
a 1/1 complex of transducin and activated rhodopsin.
Nucleotide-Binding State of Transducin in the

Complex. It is well established that rhodopsin catalyzes
GDP release from Gα in the initial steps of formation of the
rhodopsin−transducin complex. To test whether nucleotide
was released, transducin containing [α-32P]-GDP of known
specific activity in the nucleotide-binding pocket was used to
form the activated complex. As is shown in Figure 7, no
radioactivity was associated with the complex following elution
from the 1D4-immunoaffinity matrix with 1D4-peptide while
both transducin and rhodopsin were clearly present, as judged
by SDS-PAGE. Therefore, transducin must contain an empty
nucleotide-binding pocket in the activated complex.
Formation of the Complex Using Light-Activated

Wild-Type Rhodopsin. To eliminate concern that the 1/1
stoichiometry in the complex was somehow a consequence of
using a constitutively active mutant of rhodopsin, we repeated
the procedure using light-activated native rhodopsin purified
from bovine retina (Figure 8A) and recombinant N2C,D282C
rhodopsin from HEK293 cells (Figure 8B) to form the complex
(both containing 11-cis-retinal before exposure to light). As is
shown in Figure 8, SDS-PAGE of the complexes in each case
showed similar subunit composition to that found with the
N2C,E113Q,D282C mutant (compare with Figure 2A), and
quantification using the [35S]-GTPγS filter binding assay
showed rhodopsin and transducin were present in 1/1 molar
ratio (not shown).
Purification of the Complex in Phospholipid Bicelles.

Isolation of the activated rhodopsin/transducin complex in

Figure 5. Dependence of complex formation on activation of the
N2C,E113Q,D282C mutant. (A) SDS-PAGE analysis of fractions
from the purification of the rhodopsin N2C,E113Q,D282C mutant on
1D4-Sepharose in the presence of transducin, as visualized by
Coomassie blue staining. The rhodopsin mutant was reconstituted
with either all-trans-retinal (lanes 1−5) or 11-cis-retinal (lanes 6−10),
as is indicated in the figure. Lanes 1 and 6: transducin sample that was
applied to the 1D4-matrix; lanes 2 and 7: unbound material; lanes 3
and 8: last wash; lanes 4 and 9: 1D4-peptide eluate; lanes 5 and 10:
GTPγS eluate. Only the α- and β-subunits of transducin are shown.
(B) UV/vis absorption spectra for the purified rhodopsin fractions.
Spectrum 1: N2C,E113Q,D282C mutant reconstituted with all-trans-
retinal (corresponding to fraction in part A, lane 4); spectrum 2:
N2C,E113Q,D282C mutant reconstituted with 11-cis-retinal and
purified in the dark (corresponding to fraction in part A, lane 9).

Figure 6. Densitometric determination of subunit stoichiometry in the
activated rhodopsin/transducin complex. (A) SDS-PAGE analysis of
the activated rhodopsin/transducin complex. Lanes 1−3: known
standards of increasing amounts (as indicated) of purified transducin;
lanes 6−8: known standards of increasing amounts (as indicated) of
the N2C,E113Q,D282C mutant; lane 4: activated rhodopsin/trans-
ducin complex, purified on 1D4-Sepharose as in Figure 2; lane 5:
GTPγS eluate from 1D4-Sepharose matrix. Only the α- and β-subunits
of transducin are shown. (B) Quantification of the complex subunits in
(A), lanes 4 and 5 as determined by densitometry. Individual bands
from SDS-PAGE gels were quantified as described in Experimental
Procedures using ImageJ software and standard curves derived from
known amounts of transducin and the rhodopsin N2C,E113Q,D282C
mutant. The calculated concentration of released β-subunit in the
GTPγS eluate suggests a fraction of this subunit is retained on the
solid support.
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DMPC/DHPC bicelles was performed by first immobilizing
the N2C,E113Q,D282C opsin on 1D4-Sepharose in 1% DDM.
The protein was then reconstituted with all-trans-retinal and
incubated with a 2-fold excess of transducin in PBS containing
0.1% DDM. The bound complex was then washed in 0.02%
DDM, followed by extensive washing with 2.5% DMPC/
DHPC (w/v, total lipid; [DMPC]/[DHPC] = 0.65) bicelle
solution in Buffer A. The activated complex eluted with 1D4-
peptide in the same solution (Figure 9, lane 4) appears similar

to that obtained in detergent solution (Figure 2A, lane 4),
although careful determination of stoichiometry was not
performed for the complex in bicelles. Only transducin was
released from the affinity matrix when the eluant was GTPγS in
Buffer A containing 2.5% DMPC/DHPC bicelles (Figure 9,
lane 5).

■ DISCUSSION

Pioneering studies in the early 1980s by Kuhn, Chabre, and
Hofmann established key characteristics of an activated
complex of rhodopsin and the G protein transducin using
rod photoreceptor cell disk membranes. In particular, Emeis et
al.51 demonstrated that transducin binds preferentially to the
metarhodopsin II intermediate and is able to shift the MI−MII
equilibrium in an assay that has since been referred to as “extra-
meta II”; Bornancin et al.52 established that the activated
complex, designated Rret*-Te, is composed of rhodopsin in the
metarhodopsin II state bound to transducin with an empty
nucleotide binding pocket; and Kuhn et al.53 used light-
scattering changes in disk membranes to establish a molar
stoichiometry for the complex of 1 rhodopsin to 1 transducin.
In addition, Kuhn54 made an early attempt at isolation of a
rhodopsin/transducin complex in soluble form by immobilizing
rhodopsin on a ConA-Sepharose column in detergent solution.
While he did not purify the complex, he did show that
transducin bound to the column and could be specifically
eluted by addition of GTPγS.54

More recently several groups have undertaken purification of
the complex in detergent solution.30−33 These efforts have used
native rhodopsin isolated from bovine retina exclusively and
employed sucrose density gradient centrifugation or size
exclusion chromatography to separate the activated complex
from unbound material. While there is general agreement that

Figure 7. Nucleotide release during formation of the activated
rhodopsin/transducin complex. The activated complex was formed on
1D4-Sepharose as described in Figure 2 using a transducin sample
containing [α-32P]-GDP in the nucleotide-binding pocket. Radio-
activity in the fractions was monitored by liquid scintillation counting.
Values are expressed as a percent of the total [α-32P]-GDP in the
loaded sample. Error bars represent standard deviation with n = 2.
Inset: SDS-PAGE analysis of the steps in purification of the complex as
visualized by Coomassie blue staining. Lane 1: transducin sample
applied to the 1D4-matrix; lane 2: unbound fraction; lane 3: first wash;
lane 4: last wash; lane 5: 1D4-peptide eluate. Note that the fraction in
lane 5 contains all components of the activated complex but no
radioactivity.

Figure 8. Purification of the complex using light activation of native
and recombinant N2C,D282C rhodopsins. (A) SDS-PAGE analysis of
various fractions from 1D4-immunoaffinity purification of the
rhodopsin/transducin complex using light-activated native rhodopsin
isolated from bovine retina. Lane 1: transducin fraction applied to the
immunoaffinity matrix; lane 2: unbound material; lane 3: last wash
before elution of the complex; lane 4: fraction obtained upon elution
with the 1D4-peptide. (B) SDS-PAGE analysis of eluate from 1D4-
column using light-activated recombinant N2C,D282C rhodopsin to
form the complex. Only the α- and β-subunits of transducin are shown
in the gels. Note that native rhodopsin migrates more closely to the β-
subunit of transducin than does the N2C,D282C mutant as a result of
the mutant having one less oligosaccharyl chain (at position 2 in the
sequence). Samples were activated by exposure to light for 2 min
following addition of transducin to rhodopsin immobilized on the
solid support. Bands in the gels were visualized by staining with
Coomassie blue.

Figure 9. Purification of the activated rhodopsin/transducin complex
in 2.5% DMPC/DHPC bicelles. The figure shows SDS-PAGE analysis
of fractions from 1D4 immunoaffinity purification of the
N2C,E113Q,D282C rhodopsin/transducin complex stained with
Coomassie blue. The protocol was as described in Experimental
Procedures using 2.5% DMPC/DHPC bicelles. Lane 1: transducin
fraction applied to the column; lane 2: unbound material; lane 3: last
wash before elution of the complex; lane 4: 1D4-peptide eluate; lane 5:
GTPγS eluate. Only the α- and β-subunits of transducin are shown. It
should be noted here that in control experiments using buffers without
bicelles no protein could be eluted from the immunoaffinity matrix
with the 1D4-peptide.
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the minimal functional unit in transducin activation assays is a
rhodopsin monomer,29,30,55,56 there is not yet a consensus on
subunit stoichiometry in the isolated complex; Jastrzebska et
al.31−33 find a ratio of 2 rhodopsins for each transducin,
whereas Ernst et al.30 report a molar ratio of 1 rhodopsin to 1
transducin heterotrimer in the complex. It is unclear at this time
which of several differences in experimental approach might
give rise to the difference in reported stoichiometries.
In the present study, we introduced two modifications in the

approach to the preparation and purification of an activated
complex. First, we used recombinant rhodopsin in order to take
advantage of mutations in the protein that might enhance
formation and stability of the activated complex. We began with
the mutation E113Q36,57 known to slow the rate of dissociation
of all-trans-retinal from the active metarhodopsin II state35,36

and confer constitutive activity on the protein34 and placed it in
the context of an engineered disulfide bond (N2C/D282C)
known to enhance thermal stability of the protein in detergent
solution.18,37 Second, we used immunoaffinity chromatography
with a rhodopsin-specific antibody for purification of the
complex.38 We previously reported purification of an activated
complex of native bovine rhodopsin and transducin in
Nanodiscs using affinity chromatography on ConA-Sephar-
ose.29 However, the use of recombinant rhodopsin in the
present studies (i.e., rhodopsin from a low-abundance source)
and DDM (a detergent that in our hands presents some
difficulties with chromatography on ConA-Sepharose) neces-
sitated the search for a different affinity support. To our
surprise, immunoaffinity chromatography on 1D4-Sepharose
worked extremely well despite the topologically juxtaposed
location of the 1D4 epitope and transducin-binding site on the
cytoplasmic surface of rhodopsin.
The activated complex could be formed and purified readily

beginning with crude extracts from transfected HEK293 cells
applied directly to the 1D4-Sepharose column. Immobilization
of rhodopsin on the column was followed by incubation with
the retinal chromophore and transducin to form an active
complex, which could be isolated in purified form by elution
from the column with the 1D4 peptide. The isolated complex
displayed the expected functional characteristics. In particular,
formation of the complex was absolutely dependent on the
active state of rhodopsin, and all-trans-retinal was covalently
attached to rhodopsin by means an unprotonated Schiff base.
The nucleotide-binding pocket in transducin was shown to be
vacant by forming the complex with G protein containing
radio-labeled GDP and following loss of radioactivity from the
immobilized complex. Finally, incubation with GTPγS caused
dissociation of the complex demonstrating that the isolated
complex was functionally active. We conclude that the eluted
complex consists of the active species metarhodopsin II bound
to the empty-pocket state of the G protein transducin.
Careful analysis of subunit stoichiometry in the isolated

complex demonstrated rhodopsin and transducin to be present
in a 1/1 molar ratio. This result agrees well with the
stoichiometry reported by Ernst et al.30 for the complex with
native rhodopsin purified by size-exclusion chromatography in
DDM solution. Importantly, we find the same stoichiometry if
the complex is purified by affinity chromatography on ConA-
Sepharose eliminating the possibility that the 1/1 ratio results
from use of the 1D4 antibody in the purification protocol.
Future efforts will target other factors that might give rise to the
reported differences in subunit stoichiometry.

Recently, Kobilka and co-workers reported in a tour de force
the crystal structure for a β 2-adrenergic receptor-Gs complex.58

The complex was stabilized through interactions with a
nanobody raised against the cross-linked complex, and the
crystals were grown in lipidic cubic phase. Of most significance
in the current context, the stoichiometry of the complex was 1
receptor to 1 G protein, in excellent agreement with the results
presented here for the rhodopsin/transducin complex.
In conclusion, we have isolated an activated complex of

rhodopsin and transducin by immunoaffinity chromatography
in detergent solution using a constitutively active mutant of
rhodopsin. The complex contains a covalently bound all-trans-
retinal chromophore in rhodopsin, an empty nucleotide
binding pocket in transducin, is active, dissociates upon
addition of guanine nucleotide, and displays a clear and
reproducible 1/1 molar ratio of rhodopsin to transducin. We
anticipate that this preparation may be of use in structural and
mechanistic studies of signaling in the visual system.
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