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G protein coupled receptors (GPCRs) transmit various extracellular signals into the cells. Upon bind-
ing of the ligands, conformational changes in the extracellular and/or transmembrane (TM) domains
of GPCRs were propagated into the cytoplasmic (CP) domain of the molecule leading to the activation
of their cognate heterotrimeric G proteins and kinases. Constitutively active GPCR mutants causing
the activation of G Protein signaling even in the absence of ligand binding are of interest for the study
of activation mechanism of GPCRs. Two classes of constitutively active mutations, categorized by their
effects on the salt bridge between E113 and K296, were found in the TM domain of rhodopsin. Opsin
mutants containing combinations of the mutations were constructed to study the conformational
changes required for the activation of rhodopsin. Rhodopsin chromophore regenerated with 11-cis-reti-
nal showed a thermal stability inversely correlated with its constitutive activity. In contrast, rhodopsin
mutants exhibited a binding affinity to an agonist, all-frans-retinal, in a constitutive activity-dependent
manner. In order to test whether the conformational changes responsible for the activation of trans-
ducin (Gt) are the same as the conformation required for the recognition of rhodopsin kinase, analysis
of the mutants were carried out with phosphorylation by rhodopsin kinase. Rhodopsin mutants con-
taining combinations of different classes of the mutations showed a strong synergistic effect on the
phosphorylation of the mutants in the dark as similar to that of Gt activation. The results suggest that
at least two or three kinds of segmental and independent conformational changes are required for the
activation of rhodopsin and the conformational changes responsible for activating rhodopsin kinase
and Gt are similar to each other.
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Introduction

G protein coupled receptors (GPCRs) represent one of
the largest membrane receptor families and play an im-
portant role in transmitting various extracellular signals
such as hormones, neurotransmitters, and physiological
(olfactory, taste and visual) stimuli into inside the cells
[9,15]. While GPCRs recognize a variety of signals, all the
GPCRs share a common structural topology, seven trans-
membrane helices, suggesting a common activation mecha-
nism in GPCRs [6,8]. Upon stimulation by their ligands,
GPCRs initiate two signal transduction pathways leading
to the sensitization and desensitization, The former was
triggered by the activation of heterotrimeric GTP/GDP-
binding proteins which in turn activate or inhibit the sec-
ondary effectors leading to the sensitization of the stimuli.
The latter was initiated by the activation of their cognate
kinases which phosphorylate the activated receptors fol-
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lowed by the binding of the other proteins such as arrestin.

Rhodopsin, the vertebrate dim-light photoreceptor, con-
sisting of an apoprotein, opsin, and 11-cis-retinal chromo-
phore, has been employed as a model system for the struc-
tural and functional study of GPCRs [10]. Conformational
changes in rhodopsin were triggered by the photoisomeriza-
tion of 11-cis-retinal of rhodopsin into all-trans- retinal. The
resulting structural perturbation in the TM domain was
then propagated into the cytoplasmic loop region of rho-
dopsin where the interaction between rhodopsin and trans-
ducin (Gt) and rhodopsin kinase (RK) occurs. There have
been indications that one of the photointermediates, meta-
rhodopsin II, is the species responsible for the activation of
the both proteins, Gt and RK [1,2,14].

Conformation changes of GPCRs induced by the recog-
nition of their agonists initiate the signal transduction by
activating heterotrimeric G proteins. In contrast to the rela-
tively more structural information on the basal state
GPCRs largely deduced from the crystal structure of rho-
dopsin [19,28], only a limited amount of information is
available for the activated state conformation of GPCRs
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[6,16]. The phenomena of constitutive activation, leading to
the activation of G protein without ligand binding or in
case of rhodopsin without light activation, have been found
in many GPCRs. Assuming that constitutively active mu-
tants adopt a conformation mimicking the activated state of
GPCRs, structural studies on the mutants may provide
more detailed information for the activation mechanism of
GPCRs. Constitutively active mutant GPCRs are also of in-
terest for their association with human diseases [21].

In rhodopsin, two classes of constitutively active muta-
tions depending on its effect on the salt bridge between
E113 and K296 have been found mostly in the TM domain
[22,25]. One class includes mutations at positions G90,
E113, A292 and K296 with a salt bridge perturbation. The
other includes mutations at E134 and M257 positions
which seems to be distant from directly affecting the salt
bridge. Previous analysis of the mutant rhodopsin using
EPR and Gt activation [11,12] indicated that a “partially’ ac-
tivated state of conformation was adopted in the mutants
due to a perturbation in the TM domain. To study the acti-
vation mechanism of GPCRs and to determine whether the
conformational changes in the mutants are the same, opsin
mutants containing combinations of single point mutations
GI0D, E113Q, E134Q, and M257Y were constructed. The
detailed aspects of activation process of rhodopsin were
further analyzed by binding of an agonist and an inverse
agonist in this study. Constitutive activity analysis of the
mutants using phosphorylation assay was carried out to
determine whether the conformational changes responsible
for Gt activation are the same as the conformational
changes required for activating RK. Two general pheno-
types, one showing a relatively minor, at most additive ef-
fect, and the other showing a strong synergistic effect on
constitutive activity were observed depending upon combi-
nations of mutations from the same or different classes,
respectively. This provides further evidence for at least
two or three kinds of segmental and independent conforma-
tional changes occurred during the activation of rhodopsin.
The similar effects of the combinations on both Gt and RK
activations also support the notion that the conformational
changes in the TM domain required for the activation of Gt
are similar to that required for the activation of RK.

Materials and Methods

Materials
Adenosine 5’—7[—32P]-triphosphate (1250 Ci/mmole) was

obtained from Dupont/NEN. The nitrocellulose mem-
branes were obtained from Schlecher & Schnell (Keene,
NH). Dodecyl maltoside (DM) was obtained from Anatrace
(Maumee, OH). Anti rhodopsin mAb, rho-1D4 [17] was
purified from a myeloma cell line provided by R. S.
Molday (University of British Columbia) and was coupled
to cyanogen bromide-activated SepharoseTM4B. Frozen bo-
vine retinae were from J. A. Lawson Co. (Lincoln, NE) and
rod outer segment were prepared by the method of
Papermaster [20]. 11-cis-retinal was prepared from all-trans-
retinal from HPLC based on the procedure [13] using 6%
ethyl ether in hexane as a solvent.

Cloning, expression and purification of rhodopsin
mutants

Plasmids containing the mutations G90D, E113Q, M257Y
or A292E in the opsin gene were cloned into pMT4 as de-
scribed [4,5,7,11]. Plasmids containing double or triple mu-
tations in the opsin gene were constructed by combina-
tions of restriction fragments containing each mutation as
described [12]. Plasmids were prepared by alkaline lysis
method [27]. Wild type and mutant opsin genes were ex-
pressed transiently in Cos-1 cells as described [18]. Cells
were harvested 50 hr after transfection and were incubated
with 10 pM 11-cis-retinal or 20 M all-trans-retinal at 4°C
for 3 hr with agitation. Mutant rhodopsin was solubilized
by addition of 1% DM and purified by using 1D4
Sepharose 4B affinity chromatography as described [24].
Rhodopsin was eluted in buffer containing 2 mM sodium
phosphate (pH 6.0), 0.05% DM and 100 pM C'1-9 peptide.
Purified rhodopsin was divided into a small volume and,
after quick freezing of the samples in liquid nitrogen, stor-
ed at -80°C until its further use. The UV/visible spectra of
purified mutants were taken with a Perkin-Elmer A-6
UV/Vis spectrophotometer. For the measurement of the
chromophore stability, purified mutant rthodopsin was in-
cubated at 55°C. The decay of the chromophore was meas-
ured directly by UV/Vis spectrophotometer in the case of
mutants containing E134Q and M257Y upon incubation at
the designated temperatures. Chromophore decay in the
mutants containing E113Q mutation was carried out after
acid treatment.

Preparation of Rhodopsin Kinase

Rhodopsin kinase was prepared from rod outer segment
of bovine retina using Heparin sepharose column chroma-
tography [29]. Briefly, RK was extracted from ROS in the



buffer containing 10 mM BTP (pH 8.3), 240 mM KCl, 1
mM EDTA, 0.25% Tween 80, 8§ mg/ml soybean phospha-
tidyl choline, 10 mM hydroxylamine and 1 mM benzami-
dine under the illumination. After dialyzing the extracts
against 1 L of 10 mM BTP (pH 7.5) and 0.4% Tween 80 fol-
lowed by loading into the heparin sepharose column, RK
was eluted in the buffer containing 10 mM BTP (pH 7.5),
100 mM NaCl, 1 mM MgCl,, 0.05% DM and 0.2 mM ATP.
The presence of the kinase during and after the purifica-
tion was analyzed by immunoblotting assays using 6D8
antibody [3]. The amount of the purified RK was de-
termined by micro-Bradford assay as well as activity assay
using urea stripped ROS membrane as described [29].

For phosphorylation assay, the reaction mixture contains
120 pl of 10 mM BTP (pH 7.5), 2 mM MgCly, 100 uM y-*
P-ATP (specific activity ~2,000 cpm/pmole) including the
rhodopsin kinase fraction collected. After the addition of
80 pul of purified rhodopsin (0.1 pM) in the dark, the re-
action was incubated at 20°C and the aliquots were taken
at various time points. The reaction was terminated by the
addition of 180 pl of a solution containing 0.8 M KH,POy,
20 mM ATP and 20 mM EDTA. Aliquots were applied to
nitrocellulose membrane presoaked in 1 M KH,POy and 20
mM ATP. After washing the wells once with 250 pl of 1
M KH,PO,, nitrocellulose membrane was washed three
times with 50 ml of IM KH,PO,. Radioactivity was meas-
ured by Cerenkov counting.

Results and Discussion

Chromophore formation in the presence of 11-cis-
retinal

Constructions of the opsin mutants containing double or
triple combinations of GY0D, E113Q, E134Q, and M257Y
(Fig. 1) were carried out as described [12]. Upon transient
transfection into Cos-1 cells, most of opsin mutants were
expressed to a level comparable to that of wild type opsin
(data not shown). Rhodopsin chromophore regenerated
with 11-cis-retinal was purified by 1D4 sepharose column
chromatography as described [24]. Previous analysis on the
mutant rhodopsin reconstituted with 11-cis-retinal [45,7]
indicated a wild type-like chromophore (absorption max-
ima~500 nm) formation in the mutants E134Q and M257Y.
Rhodopsin mutants G90D and E113Q showed chromo-
phore formation with a slightly altered spectral properties
as described [23,26]. Rhodopsin mutants containing double
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Fig. 1. A secondary structure model of bovine rhodopsin shows
the sites of point mutations (marked as squares) exam-
ined in this study.

or triple mutations exhibited the spectral characteristics of
its composing mutation (Fig. 2) although the level of the
chromophore in some mutants is a slightly lower than that
of single mutation. This is shown by mutants E113Q/
M257Y, E113Q/E134Q, and E113Q/E134Q/M257Y forming
rhodopsin chromophore with absorption maxima around
380 nm as consistent with E113Q mutation. While E134Q/
M257Y formed a chromophore with an absorption maximum
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Fig. 2. UV/Vis spectra of rhodopsin mutants containing double
(A) and triple (B) mutations. Rhodopsin was purified by
1D4 sepharose chromatography after reconstitution with
10 uM of 11-cis-retinal. Rhodopsin mutants eluted in 2
mM sodium phosphate (pH 6.0) and 0.1% DM were
subjected to UV/Vis spectroscopy in the dark.
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of 500 nm, G90D/M257Y formed a rhodopsin chromo-
phore similar to that of G90D [23].

Thermal stability of rhodopsin mutants reconstituted
with 11-cis-retinal

Thermal stability of the mutant rhodopsin was analyzed
by the level of chromophore remained upon incubation at
the designated temperatures. Rhodopsin mutant E134Q/
M257Y was quite stable at temperature 20°C and 37°C as
in the case of wild type rhodopsin and single mutation
E134Q and M257Y (data not shown). However, all the mu-
tants showed a time-dependent decay of the chromophore
at a higher temperature (Fig. 3). In contrast to the rela-
tively slower rate of chromophore decay observed in wild
type rhodopsin at 55°C, mutants F134Q and M257Y showed
a faster rate of chromophore decay. Rhodopsin mutant
E134Q/M257Y exhibited a thermal stability lower than
those of single mutants (Fig. 3A). For the mutants contain-
ing double or triple mutations including E113Q, the stabil-
ity of the chromophore was measured by the formation of
440 nm species upon acid treatments as the absorption
maxima of 380 nm was overlapped with that of the retinal.
All the rhodopsin mutants containing E113Q mutation
showed a lower stability than wild type and E134Q and
M257Y mutants as reflected by its rapid decay upon in-
cubation at 37°C (Fig. 3B). The result indicates that the
E113Q mutation affects more strongly to the stability of
chromophore regenerated with 11-cis-retinal as compare to
those of E134Q and M257Y mutations. The faster decay of
the chromophore in the mutants with a higher constitutive
activity indicated an inverse relationship between the sta-
bility of chromophore regenerated with 11-cis-retinal and
its constitutive activity (see below). Mutants containing
G90D showed a higher rate of thermal unstability as in the
case of G90D single mutation (data not shown).

Rhodopsin chromophore formation in the presence
of all-trans-retinal

To examine the agonist binding affinity of mutant op-
sins, rhodopsin was reconstituted in the presence of
all-trans-retinal. Spectral analysis of purified chromophore
indicated that all the rhodopsin mutants containing a sin-
gle mutation as well as wild type rhodopsin showed a low
(less than 5% comparing to the chromophore formed in the
presence of 11-cis-retinal) level of chromophore formation
with absorption maxima around 380 nm (Fig. 4). In contrast,
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Fig. 3. Thermal decay of rhodopsin chromophore regenerated
with 11-cis-retinal. (A) Chromophore decay in wild
type rhodopsin (closed circle) and the mutants E134Q
(open circle), M257Y (closed triangle) and E134Q/
M257Y (open triangle) were measured by the extents of
500 nm chromophore remained upon incubation at
55°C. (B) Decay of rhodopsin chromophore with an ab-
sorption maxima of 380 nm were measured by the lev-
el of 440 nm species appeared upon acidification.
Tested were wild type rhodopsin (closed circle),
E134Q/M257Y (closed square), E113Q (open circle),
E113Q/E134Q (closed triangle), E113Q/M257Y (open
triangle), and E113Q/E134Q/M257Y (open square).

rhodopsin mutants E113Q/E134Q and E113Q/M257Y
formed a chromophore to the level similar to that of chro-
mophore regenerated with 11-cis-retinal. In particular, rho-
dopsin mutant E134Q/M257Y formed a chromophore with
absorption maxima around 380 nm in the presence of
all-trans-retinal although the same mutant formed a wild
type-like (500nm, Fig. 2A) chromophore in the presence of
11-cis-retinal. The shift of absorption maxima from 380 nm
to 440 nm upon treatment with acids (dotted line) in-
dicated the Schiff’s base formation between all-trans-retinal
and opsin. In addition, rhodopsin chromophore regen-
erated with all-trans-retinal was more stable in the mutant
with a higher constitutive activity (data not shown).
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Fig. 4. UV/Vis spectra of rhodopsin mutants reconstitute with
all-frans-retinal Rhodopsin reconstituted with 20 pM
all-trans-retinal were purified by 1D4 sepharose
chromatography. Rhodopsin were eluted in 2 mM so-
dium phosphate (pH 6.0) and 0.1% DM. UV/Vis spec-
tra were taken in the in the dark (solid line) and after
acidification (broken line).

Activation of rhodopsin kinase by mutant rhodopsin

Differences in the conformational changes occurred in
the mutants can be examined by the its level of the con-
stitutive activity. Previous analysis of the mutant rhodop-
sin using Gt activation in the dark [7,12] indicated that
rthodopsin mutants with a single point mutation may
adopt only a limited conformational change required for
Gt activation as reflected by a low level of constitutive
activity. In particular, combination of mutations from dif-
ferent classes resulted in a rather drastic conformational
change close to that of the activated state, To further con-
firm the conformational differences amongst mutants and
to test whether the conformational changes responsible for
the activation of Gt leading to the sensitization are the
same as that required for the desensitization, the effect of
combination was analyzed by its ability to be phosphory-
lated by rhodopsin kinase. For this, rhodopsin mutants
were incubated with rhodopsin kinase in the dark and
their phosphorylation were measured by the incorporation
of *P using a filter binding assay. For comparison, the lev-
el of dark activity exerted by wild type rhodopsin was set
as 1 and the activity after the light activation was set as
100, respectively (Fig. 5 & Table 1). Rhodopsin mutants
containing single mutations regenerated with 11-cis-retinal
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Fig. 5. Comparison of initial rates of phosphorylation of mu-
tant rhodopsin using filter binding assay. Reaction was
carried out in 10 mM BTP (pH 7.5), 2 mM MgCl, 100
uM y-"P-ATP (specific activity ~2,000 cpm /pmole)
and RK. After the addition of purified rhodopsin (0.1
pM) in the dark, aliquots taken at various time points
were subjected to filter binding assay. Initial rate of
®P-incorporation in the mutants was compared to
those of their constituent mutation as well as light-acti-
vated wild type rhodopsin (open circle).

Table 1. Activity analysis of representative rhodopsin mutant

Phosphorylation by RK*

Rhodopsin Mutants

Dark Light
Wild type 1 100
G90D 1.2+0.2 50+10
E113Q 1.610.2 1025
E134Q 1.3£0.2 1055
M257Y 1.4+0.2 11015
G90D/E134Q 5+0.5 105+10
G90D/M257Y 2515 105+10
E113Q/M257Y 4015 12045
E134Q/M257Y 25405 11545
E113Q/E134Q 7.50.5 1055
E113Q/E134Q/M257Y 80+10 11045

*Activity comparison was based on the total protein amounts
as measured by absorbance at 280nm.

showed only a low level of dark activity. Upon photo-
activation, all the single mutants showed light-dependent
phosphorylation by RK to a level comparable to that of
wild type rhodopsin.

Rhodopsin mutant E134Q/M257Y containing double
mutations distantly related to the salt bridge perturbation
showed only a moderate (~2.5% of the activity exerted by
light-activated wild type rhodopsin) increase in the level of
phosphorylation in the dark (Fig. 5). This is at most an ad-
ditive effect between two mutations, E134Q and M257Y as



788 YBULLIX] 2007, Vol. 17. No. 6

compared to that of single mutation (Tablel). In contrast,
rhodopsin mutants containing double mutations of differ-
ent classes such as E113Q/E134Q and G90D/E134Q showed
a dark phosphorylation activity 4-6 folds higher than the
sum of the activity from each mutation. The level of syner-
gistic effects became much stronger when one of the salt
bridge-perturbed mutations was combined with M257Y.
This was clearly evident in the mutant E113Q/M257Y
showing a level of phosphorylation approaching to 40% of
the activity exerted by the light-activated rhodopsin. A
strong synergistic effect on the constitutive activity was al-
so observed in the mutant G90D/M257Y containing a sim-
ilar combinations of mutations. The results suggest that the
conformational changes occurred in the mutants with per-
turbed salt bridge (E113Q or G90D) may be different from
that of E134Q and, to a larger extent, that of M257Y.
Previous analysis of the mutants using Gt activation in the
dark also indicated weak additive effects on constitutive
activity upon combination of the mutations from the same
class [7,12] and a strong synergistic effect on Gt activation
upon combination of two classes of mutations. Structural
evidence for the conformational changes obtained from
EPR analysis [11] showed the activated state-like conforma-
tional changes around helix III and helix VI in the mutants
E134Q and M257Y, respectively. In addition, rather large
conformational changes were detected in all the rhodopsin
mutants with perturbed salt bridges [12]. These results are
consistent with the notion suggesting that the mutants of
the same class adopt only a partially activated conforma-
tion that may be similar or partially overlapped each other.
Hence, the combination of the double mutations from the
same class still generates only a limited conformational
change resulting in a low level of constitutive activity while
the combinations of mutations from two classes resulted in
a synergistic effect on constitutive activity.

Further evidence for the differences in the conforma-
tional changes was provided by the phosphorylation level
of the triple mutant E113Q/E134Q/M257Y as compared to
that of its constituent single or double mutants. If the con-
formational change in the mutant E113Q, E134Q, or M257Y
is the same or partly overlapped to the conformational
change in the mutants containing the other two mutations,
there may be a little change on constitutive activity upon
combinations of the third mutation. In comparison to the
level of constitutive activity exerted by the mutants con-
taining double mutations E134Q/M257Y, E113Q/E134Q,

and E113Q/M257Y, the triple mutant showed a further
synergistic effect on phosphorylation activity upon addi-
tion of the third mutation such as E113Q, M257Y, or E134Q,
respectively (Table 1). The result provided a further sup-
porting evidence for an independent conformational change
adopted in each mutant. The level of constitutive activity
in E113Q/E134Q/M257Y is the highest among the mutants
and nearly equivalent to that of photoactivated wild type
rhodopsin. This indicated that the conformation changes
required for full activation of RK may be achieved by com-
bination of the all the changes from each mutation.

In summary, constitutively active rhodopsin mutants
were analyzed by their binding to agonist/inverse agonist
and by their ability to be phosphorylated by rhodopsin
kinase in the dark. While rhodopsin mutants with a stron-
ger constitutive activity showed a higher binding affinity
with an agonist in an activity dependent manner, an in-
verse relationship was found between constitutive activ-
ities and binding with an inverse agonist. Rhodopsin mu-
tants with a single mutation showed only a little phos-
phorylation in the dark. While rhodopsin mutants contain-
ing double mutations from the same class showed only a
little increase in constitutive activity upon combination,
other mutants containing combinations of two class muta-
tions showed synergistic effects on phosphorylation. The
relative level of phosphorylation activity amongst double
mutants are in the order of E113Q/M257Y > G90D/M257Y
> E113Q/E134Q, G90D/E134Q > E134Q/M257Y. The re-
sults are consistent with their activity analysis using Gt ac-
tivation suggesting that the conformational change in the
TM domain of rhodopsin responsible for the activation of
Gt is similar to that of conformational changes required for
RK activation. Rhodopsin mutant E113Q/E134Q/M257Y
exerting the highest constitutive activity amongst all
known rhodopsin mutants may provide a good model sys-
tem for obtaining the crystal structure of the activated state
of rhodopsin.
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%2 : Chromophore 81} rhodopsin kinase EAME 0|28 SN 2FA mutant?| E4

G protein-coupled receptor (GPCR)& A E9H9 AEE U4 A G A S FAAA NS HEsir
kinased] 93 Q141318 Eate] A&HQ AT HALS AAFch Y7 AEEHo] Qe 2ANME S-S e
£ 384 SAH0|HCAM) GPCRY Az A oj4dl 7jQg AW A5y 843 Fxgd] £ d7UY
ojt}. 3m)at WG AsE A Z5EAQ 2EAS] CAMO 2+ salt bridgeo] A3 #< 93S v]xE E9Wo
¢l G9OD, E113Q, &) I K296ES}, HA A9 gao] gle SAwold E134Q ¢ M257Y 5 F 7HA A% F+7
7b el A k. B dFdAe Ztzte] Eddolrt BEE mutantS T433te] agonists} inverse agonistol] gk
Az 2EA kinased] g B4E 2AM8IY 74 FolA g F2ste] Aols A8 AT 254 mutants]
constitutive activity’= all-frans-retinall] that 23}z ol w39 1l-cis-retinale] & Atz 3T dAE
Bz, 2L ASq &3l Sddolrt A 2 mutants @Y mutants] BlEte] ulokd o] ZEA
kinase 843l 2718 RdZFY, & A% &l F 71X 9807 $X7 mutante FEA437L 2A
2798 HFgth o] Ae 0 AF &3t mutant] ME Fold TSI dojur 2FA
SAF FAste] o]z YsME FAF F /A FFHY EQM dato] Ayl FERHSE] A oyt
o}3te 9u|atth, G protein B39} FAHE &2A 3L B A= rhodopsin kinasert A4 ke 2719 84
e FZ7} G proteino] A4ste TR FAES ujaith 53 7MY A9 84S dehle E113Q/
E134Q/M257YE @484 e GPCR @¥id9) A4 Axd o]& € 4 & Aot



