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ABSTRACT: Rhodopsin is a member of the large family of G protein-coupled receptors (GPCR'’S).
Constitutive activity of GPCR’s, defined as ligand-independent signaling, has been recognized as an
important feature of receptor function and has also been implicated in the molecular pathophysiology of
a number of human diseases. Rhodopsin has evolved a unique mechanism to minimize receptor basal
activity. The chromophore léis-retinal, which acts as an inverse agonist in rhodopsin, is covalently
bound to the receptor to ensure extremely low receptor signaling in the dark. In this study, we replaced
Met?>7 in TM helix 6 of opsin with each of the remaining 19 amino acids. Only mutant opsin M257R
failed to be expressed in COS-cell membranes. Each of the remaining 18 mutant opsins, with the exception
of M257L, was significantly constitutively active. Two mutants in particular, M257Y and M257N,
displayed very high levels of constitutive activity. In addition, the double-site mutants with substitutions

of both Me®%” and GId*3in TM helix 3 tended to be much more constitutively active than the sums of

the activities of the individual single-site mutants. Based on existing structural models of rhodopsin, we
conclude that M&t” may form an important and specific interhelical interaction with a highly conserved
NPXXY motif in TM helix 7, which stabilizes the inactive receptor conformation by preventing TM
helix 6 movement in the absence afl-transretinal. Furthermore, we are able to show that the
pharmacological properties of the large numbeb@) of mutant opsins that we have characterized to

date support the two-state model of GPCR function. These results suggest that rhodopsin and other GPCR'’s
share a common mechanism of receptor activation that involves specific changes-hbakkinteractions.

G protein-coupled receptors (GPCR’'spmprise a large  receptor basal activity. The chromophore di¢retinal,
family of cell surface receptors that transduce information which acts as an inverse agonist in Rho, is covalently bound
from the extracellular environment across the membrane toto the receptor to ensure extremely low receptor signaling
the interior of the cell. Constitutive activity of GPCR’s, in the dark.
defined as ligand-independent signaling, has been recognized ;. tations responsible for certain human diseases have

as an important feature of these receptors since it was firstyaen found to cause constitutive activation of GPCR’s. The

reported to occur in mutant;g-adrenergic receptorsL mutant receptors responsible for these diseases are character-

Certain receptors also have intrinsically high levels of basal j;¢q 1y gain of function in vivo and in vitro. The diseases

activity, which may be important for their physiological jnqide: familial male precocious puberty caused by con-

:‘_unct:jon @, 3?‘ Incre:lats?s in signaling in the a]}bs_?ﬁce tﬁf stitutive activity of the luteinizing hormone recept&@);

rlgggptoc;aqr,]) irs?héeéuprc:tc;ﬁ g)vergéir)]:/eesrzleﬂ; cr)h:(;o;srin e hype'rfunctioning thyroiq adenoma caused by constit.utive

Rho), the visual rod cell photoréceptor respoﬁsible for dim- activity of the th_yro.tropln _re_ceptorgell); hypocalcem|a

I(i ht \;ision has evolved a uni hanism to minimi caused by constitutive activity of the €asensing receptor

9 ' que mechanism to minimize (12); Jansen-type metaphyseal chondrodysplasia caused by
* Support was provided by the Allene Reuss Memorial Trust to constitutive activity of the parathyroid hormone-related

T.P.S., who is an Associate Investigator of the Howard Hughes Medical peptide receptprj@). T_his partial list is likely to grow over
Institute. M.H. is a Charles H. Revson Fellow in Biomedical Research. time. In addition, a virus encoded GPCR, homologous to

>0 Aidress conespondence o s author, Email. sakmar@rockvax, 11e uman interleukin8 receptor, s found to stimulate
rockefeller.edu. ' ' “cellular proliferation by constitutively activating the phos-
¥ Rockefeller University. phoinositide-inositol triphosphate protein kinase C path-

§ Present address: Howard Hughes Medical Institute, Departmentway, qualifying the receptor gene as a candidate viral
of Molecular Biophysics and Biochemistry, Yale University, New

Haven, CT 06520. oncogene 14).
"DYaIe University. _ _ Rho mutants that are constitutively active in vitro have
Howard Hughes Medical Institute. also been found in retinal diseasd$){ Congenital night
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tosa are caused by the mutations K296E or K29@8

21). However, the pathophysiology of these visual disorders
may be different from other diseases listed above in that
elevated basal receptor activation in vivo has not been

documented. One of the differences between Rho and other

GPCR'’s is that the inverse agonist tisretinal, which is
able to suppress the constitutive activity of the mutant opsins
G90D @2) and A292E 16), is present in cells containing

the mutant receptors. The G90D and A292E mutant recep-

tors exist, at least in part, in the inactive ligand-bound form
rather than the constitutively active apo-receptor form.
Interestingly, patients carrying G90D mutation were shown

to have an elevated absolute threshold for visual perception

(17). FTIR spectroscopy of expressed mutant pigment G90D

also suggested a possible increased energy barrier to light-

dependent receptor activatio3j.

Rho mutants K296E and K296M, however, do not bind
11-cisretinal due to the lack of the lysine for Schiff base
attachment40, 21). Therefore, significant amounts of these

Han et al.
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FicurRe 1: Schematic representation of bovine Rho secondary

structure. The seven transmembrankelical segments are boxed

and numbered. The N-terminus and intradiscal (extracellular)
surface of the receptor are toward the bottom and the C-terminus

mutant opsin apo-receptors may be present to activate the;ng cytoplasmic surface are toward the top of the figure. Amino

retinal G protein, transducin ¢ independently of either
light or ligand. The visual system is also equipped with an
extremely efficient turn-off pathway, which is triggered even
before the activation process reaches peak pote@dal ih

transgenic mice expressing K296E, the mutant opsin was

found to be constitutively phosphorylated and to bind
arrestin, which prevents constitutive; @ctivation @5).
Therefore, constitutively active Rho mutants may not neces-
sarily manifest a gain-of-function phenotype in vivo.

Most, but not all, of the constitutively active mutants in
GPCR’s other than Rho are located in TM helix 6 and in
the cytoplasmic loop connecting TM helices 5 and16, (
26—28). The sites in GPCR’s where activating mutations

acid residues highlighted with black circles were studied in this
report: GI43, Gly'?% Glu3, Metf>’, and Phé&l Amino acid
residues indicated by squares correspond to sites where mutation
of the residue at the equivalent position in another GPCR caused
constitutive activity: GI&*’ (9, 10), Thr?51 (9, 10, 39, 64), ValP>*

(65), 11e2%5 (66), 1125 (10), Ala?®0 (10), Phest (6, 8, 10), Cyse

(28), Lew?®6 (66), and Préf” (67). Amino acid residues indicated

by diamonds correspond to sites where replacement of the residue
at the equivalent position in another GPCR by proline abolished
ligand binding and/or G protein signaling: Pfg(8), 1le27® (60),

and Phé’6 (68). Note that Ph&is found in all of the categories
listed above.

of the large number~50) of mutant opsins that we have
characterized to date support the two-state model of GPCR

have been reported are highlighted in Figure 1 at positions function 30, 31). In summary, these results suggest that

corresponding to those in bovine Rho. In contrast, most
activating mutations of Rho have been shown to disrupt a
salt bridge between Gltf in TM helix 3 and Ly$%in TM
helix 7 (15). This salt bridge is not conserved in GPCR’s
in general. We recently reported two additional constitu-
tively active Rho mutants, M257A and F261¥9]. The

mechanism of activation in these mutant opsins was appar-

ently not related to breaking the Gl&—Lys?% salt bridge
(29). Both Met5” and Phéf! are located in TM helix 6 in
Rho, in the same region where activating mutations in many
other GPCR'’s have been identified (Figure 1).

In this study, we replace M& in opsin with each of the
remaining 19 amino acids. Each of the 18 mutant opsins
that were expressed in COS-cell membranes, with the
exception of M257L, was significantly constitutively active.
In addition, the combination of the M&t mutation with
activating mutations of residues Gléior Glut34in TM helix
3 produced double mutants with synergistic levels of activity.

Rho and other GPCR’s share a common mechanism of
receptor activation that involves specific changes in helix
helix interactions.

EXPERIMENTAL PROCEDURES

Construction of 19 Mutant Opsin Genes with Replacements
of Mef%”. Site-directed mutagenesis was achieved using
restriction fragment replacemerd) in a synthetic gene of
Rho @3) cloned into an eukaryotic expression vectd)(

The first set of Me®®” mutants was constructed substituting
a 103 base paiMlul—Apd restriction fragment with a
synthetic duplex containing NNC at codon 257 and a silent
mutation at codon 267 to removeNald site for the purpose

of screening. The codon NNC codes for 16 different amino
acids. The nucleotide sequences of multiple independent
clones were determined using the chain termination method
(United States Biochemical). Thirteen of the expected 16

The double-site mutants tended to be much more active thancodons were identified by sequencing 41 recombinant

the sums of the activities of the individual single-site mutants.
These findings are reconciled with existing structural models
of Rho. We conclude that M& may form an important
and specific interhelical interaction that stabilizes the inactive
receptor conformation by preventing TM helix 6 movement
in the absence dll-transretinal. This stabilizing interaction
may occur between M& and the NPXXY motif in TM
helix 7, which is highly conserved in GPCR'’s. Furthermore,

transformants. The three mutants not found in the first screen
(M2571, M257V, and M257Y) and the mutant M257W were
constructed using two additional synthetic duplexes, one
containing codon KKG coding for M257W and M257V, and
the other containing codon WWC coding for M2571 and
M257Y. The three Mét” mutants not encoded by the NNC
codon (M257E, M257K, and M257Q) were constructed using
the Mlul—Apa restriction fragment containing VAG at

we are able to show that the pharmacological characteristicscodon 257. These 3 mutants were identified by sequencing
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Table 1. G Activation by Opsin Met®” Mutants in COS-Cell

Membrane%
;\:‘ 30 1ll<cisretinal/ all-trans 1l<isretinal/
2 mutant  opsirf (%) dark (%) retinaf (%) lightd (%)
2 wild-type 0.9+0.2(5) 0.8+£0.3(5) 14+5(4) 100
< M257A 105+ 1.2 29+1.0 112+ 16° 102+ 3¢
£ 20 M257C  3.9+06  1.0£0.1 73+ 10 110+ 26
o"- M257D 9.7+ 0.7 1.8+ 0.2 80+ 3 60+ 9
o M257E 6.4+ 0.9 0.8+ 0.4 86+ 2 90+ 6
s M257F 3.3+ 0.7 3.1+ 1.8 67+ 3 113+ 6
T 10 M257G 3.6+ 0.2 1.9+ 0.6 66+ 8 72+ 7
M257H 5.0+ 0.5 1.4+ 04 80+ 9 85+ 4
M2571 44+1.1 1.0+ 0.2 71+ 20 109+ 5
M257K 7.1+ 3.0 1.4+ 0.6 91+ 12 96+ 8
0 C oA D AR PO HDREDGE DD M257L 0.8+ 0.1 0.9+ 0.0 17+5 1124+ 14
RBESTEIVEFLTETKEPFTL 6§ M257N  22.9+7.4  0.8+0.4 93+ 10 7249
& M257P 5.8+ 1.3 2.7+ 0.6 47+ 14 14+ 1
. " M257Q 2.6+ 0.3 1.3+ 0.1 81+ 3 94+ 2
Residue on Position 257 M257S  16.2+2.7  42+16 99+ 16 87+ 9
Ficure 2: Constitutive activities of 18 individual opsin mutants  M257T 8.5+ 0.8 3.8+ 1.6 62+ 5 98+ 13
with substitutions of Méf”. Each of 18 opsin mutants was assayed M257V 9.6+ 1.6 2.1+ 0.7 83+ 13 81+ 6
in COS-cell membranes for the ability to activate ®o chro- M257W 4.2+ 0.9 1.7£ 05 39+ 11 69+ 6
mophore was added to the membranes. M257L displayed the sameM257Y 32.6+ 2.0 22+1.2 98+ 6 101+ 3

basal level of activity as wild-type opsin. Other replacement — - - — -
mutations resulted in mutant opsins with significant constitutive ., alues indicate the ability of opsin alone, opsin withdigetinal

activity. Mutant M257Y displayed activity greater than 30% of the " the dark, opsin withll-transretinal in the dark, and opsin with
value measured in light after the addition of di-retinal. licisretinal in the light to activate GValues are given as meah

Numerical values are presented in Table 1. Mutant M257R failed SE:N = 3 unless otherwise specifiedMutant opsin M257R was not

to be expressed at detectable levels in the COS-cell membranesd€tected in membrane preparations due to low expression f&pkin,
11l<cisretinal/dark, andll-transretinal activities are normalized to the

. . . licisretinal/llight activity of the corresponding mutant measured in
10 recombinant transformants. The identity of each of the parallel. Light activities in the presence of Iis-retinal are normalized

19 mutant opsin genes was confirmed a second time byto the light activity of wild-type opsin measured in paralfeV/alues
Sequencing_ from Han et al. 29).

Expression and Characterization of M&tMutants Ex-
pression, purification, spectroscopic characterization, andof 2.6% for M257Q to a high of 32.6% for M257Y. Only
biochemical assay procedures were carried out as previouslymutant opsin M257L failed to display constitutive activity
described §5). (0.8% versus 0.9% for wild-type opsin). Leucine is the most

conservative substitution for methionine in terms of size and

RESULTS hydrophobicity. We considered possible quantitative cor-

Constitutve Actiity of Mutant Opsins with Substitution ~ relations between the physicochemical properties of the
of Me#. Membranes were prepared from transiently amino acid side chain at position 257 and the level of
transfected COS cells expressing each of the mutant opsinsconstitutive activity of the mutant opsin. There is no readily
No retinal chromophore was added to the membranes. Thediscernible correlation between the level of constitutive
membrane samples were assayed for the ability to catalyzeactivity and either the hydrophobicity scal87f or the
GTPyS uptake by purified ROS G Mutant opsin M257R ~ volume @8) of the side chain at position 257 when all the
was not studied since it was not found at detectable levelsdata are considered. A moderate correlation with size
in membrane preparations due to poor expression. A large(correlation coefficient 0.67) can be derived when some of
number of other opsin mutants with substitutions of arginine the mutants are not considered (i.e., M257Y, M257N,
for amino acids in the membrane-embedded domain of the M257W, and M257G). Itis interesting to note that mutants
receptor have also failed to be expressed at detectable level®257Y and M257N display the highest levels of opsin
(36). The activities of 18 Mé&F” mutant opsins and the basal activity among those tested.
activity of wild-type opsin are presented in Figure 2. The In the presence of 1tisretinal in the dark, the consti-
opsins in Figure 2 are arranged in order of decreasing tutively active Met5” mutant opsins, with the exception of
constitutive activity. Numerical values are presented for each M257F, exhibit lower activity than when measured without
of the opsins in Table 1. The values are given as a added chromophore. The ZIisretinal dark activity of
percentage of the activity of the same membrane preparationM257F is equal to that of its opsin activity. As previously
assayed in parallel in light after regeneration withclg- shown for mutant opsin E113Q1), ll<isretinal can
retinal. This method of normalization allows a direct suppress basal opsin activity. It functions as an inverse
comparison of constitutive activity relative to the maximal agonist in Met®” mutant opsins with constitutive activity.
light-induced activity for different opsins29, 35). For Activity of Mutant Opsins with Substitution of M&tafter
example, the activity of wild-type opsin in membranes is Incubation with 11-cis-Retinal followed by Illumination
0.9% of the activity of wild-type opsin regenerated with 11- Membranes were prepared from COS cells expressing each
cisretinal and measured under illumination, and M257Y of the mutant opsins. The Idis-retinal chromophore was
exhibits an opsin activity that is 32.6% of its light activity. added to the membrane preparations in the dark. The
Seventeen of the M& mutant opsins display significant regenerated membranes were then assayed for the ability to
constitutive activity. The levels of activity range from a low catalyze GTRS uptake by Gunder continuous illumination.
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Twelve of the Met” mutant opsins (M257A, M257C,
M257E, M257F, M257H, M2571, M257K, M257L, M257Q,
M257S, M257T, and M257Y) display essentially the same
activity as Rho. Five of the mutant opsins (M257D, M257G,
M257N, M257V, and M257W) display moderately reduced
light activity (60—81%) relative to that of Rho. Only mutant
opsin M257P is significantly impaired in its ability to activate
Gt upon illumination. The M257P mutation may cause a
kink in thea-helical secondary structure that disrupts normal
helix—helix interactions necessary for; @ctivation. To-
gether these results imply that the methionine residue at
position 257 is not specifically required for Xisretinal
binding nor G activation in response to light. 0 , , , : ‘ :

Activity of Mutant Opsins with Substitution of M&tafter o 5 10 15 20 25 30
Incubation with all-trans-Retinal In these experiments, the Relative Opsin Activity (%)
chromophoreall-transretinal was added to membrane FiGURe3: Activities of opsin Met>” mutants plotted according to
preparations from COS cells expressing each of the mutantthe two-state model of GPCR activatioBOJ. Each of the opsin

. ... mutants was assayed in COS-cell membranes for the ability to
opsins. The membranes were then assayed for the abllltyactivate G The level of activity in the presence of ATR is plotted

to catalyze GTPS uptake by Gin the dark. The activities  as a function of the activity when no chromophore was added to
were normalized to the activities of the same membrane the membranes. Each mutant is designated by the single-letter code

samples incubated with 1dis-retinal in the dark and then  of the amino acid substituted for M&t Numerical values are

; ; ; ; ] presented in Table 1. The relationship between opsin activity and
illuminated as described above. The resultis definellas 7 -2 activity can be described by the two-state model. The two-

transre_ti_nal activity (Tab_le 1)_' For all ‘?f the_(_)psins te_sted, state model predicts that the maximal fraction of receptor in the
the addition ofall-transretinal increases its ability to activate  active form {s+) is related to the equilibrium constaht (L =

Gt. It was noted previously that mutant opsins with high [R]/[R*], where [R]and [R*].are the concentrati.ons of apo-receptor

constitutive activity might also binall-transretinal with in the inactive and the active states, respectively) by the formula

. g . . . fre = 1/(1 + LKa+/Kp), WhereKa- and K are the equilibrium
higher affinity @9). The possible relationship between the - -, \2nts of receptor binding to ligand A in its active and inactive

level of basal or constitutive opsin activity and the ability states Ky = [RY[AV[ARY], Ka = [RIAJAR]). In our system,
of all-transretinal to act as an agonist ligand was explored. L is related to the level of opsin activity for each mutant by the
In Figure 3, relativeall-transretinal activity is plotted as a  formula: L = 1/(opsin activity)— 1. ATR activities represent the

function of opsin activity for each of the 19 opsins tested maximal receptor activity under the experimental assay conditions
© since the opsin is fully saturated with agonist ligand at the

In the case of wild-type opsin and mutant M257L opsin, the concentration of ATR used to measure ATR activeg)( Therefore,
all-transretinal binding only results in a fraction of the the two-state model defines the following relationship between ATR
activity observed after 1tis-retinal binding followed by activity and opsin activity: ATR activity= (opsin activity)/[(1—
illumination. As presented in Figure 2 and Table 1, neither K)(opsin activity)+ k], wherek = Ka./Ka. The curve represents

; e . the best fit of this equation to the experimental data points where
of these two opsins showed significant constitutive or basal kis assumed to remain constant for each mutant. The opsin mutants

activity. Each of the other M& mutant opsins, all of which  ¢losely follow the curve predicted by the two-state model, with a
are constitutively active, displaydl-transretinal activity that k of 0.027 and a standard error of 16%.

is significantly higher than its respective constitutive activity.
The all-transretinal activities for these 17 mutants range
from 39% for M257W to 112% for M257A (Table 1).
Relative all-transretinal activity increases rapidly at rela-
tively low levels of constitutive activity and reaches a plateau
of full activation when constitutive activity is above 10%.
This relationship can be interpreted further in the context of
the two-state model of GPCR function by plotting the ideal

case predicted by the model as a smooth line in Figure 3 oy init relative spectral ratios equal to or smaller than 1.20,

(see Discussion). several mutants display higher relative spectral ratios (Table
Spectral Properties of Purified Mutant Pigments with 2). These mutants either contain a polar side chain at

Substitution of M&F’. The Met>” mutant pigments were  position 257 [M257D (1.28), M257N (1.33), and M257T

Relative ATR Activity (%)

influence G binding do not perturb the retinal-binding
pocket.

The spectral ratio of a pigmenfsdA at Amay) reflects its
ability to bind 11eis-retinal and to remain stable during the
purification procedure. Gives the spectral ratio of a mutant
pigment can be normalized to that of Rho. The higher the
relative spectral ratio, the more free opsin is copurified with
a pigment. While the majority of the M&t mutant pigments

also purified in DM detergent solution. The WWisible (1.23)] or contain a side chain with extreme properties among
absorption spectra of these mutant pigments were measuredhe 20 amino acids [M257G (1.42), M257P (1.39), and
and parameters such as the., extinction coefficient ¢), M257W (1.66)]. Even through M&t does not interact

and relative spectral ratio were derived (Table 2). Each of directly with the chromophore, it is not surprising that drastic
the Me®5” mutant pigments displays essentially the sdmg substitutions would cause a decrease in the ability of the
as that of Rho (500 nm). Only th&nax Of mutant pigment mutant to bind chromophore and/or in the stability of the
M257W (497 nm) varies slightly from the wild-type value. resulting pigment.

These results imply that the residue at position 257 does not  Activation of G by Purified Met>” Mutant Pigments The
participate in spectral tuning and is not likely to interact ability of the purified Met®>” mutant pigments to activate;G
directly with the chromophore in the receptor ground state. upon illumination was also measured and normalized to that
This suggests that the effects of MRt mutation that of Rho assayed under the same conditions. A plot of
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Table 2: Properties of M& Mutant Pigments Purified in Dodecyl
Maltoside

Table 3: G Activation by Control Mutants and Double-Site
Mutants in COS-Cell Membrangs

G lilcis all-trans 1ll<cis

€ (x10 relative activation opsi?  retinal/dark retinaP  retinal/light
pigment  Amax(nNmM) M~tcml)  spectral ratié (%)° mutant (%) (%) (%) (%)
Rho 500 42.7 1 100 E113Q 23+ 0.8 1.3+ 05 111+17 97+ 18
M257A" 501+ 0.2 (4) 40.2+-0.2(2) 1.09+0.03 (2) 52+2 E134Q 3.0+£12 1.2+04 51+26 98+14
M257C 500+ 0.3 41.3+£ 0.8(2) 1.01£0.02 87+ 8 F261V 76+1.6 25+04 43+ 11 99+ 14
M257D 499+ 1 36.8+£2.2(2) 1.28+0.05 55+ 5 E113Q/E134Q 3% 11 11+ 8 98+ 5 78+ 6
M257E 500+ 0.3 43.3£2.6(2) 1.17+£0.06 58+ 6 E113Q/M257A 68+ 8 18+ 4 98+ 11 73+ 11
M257F 500+ 0.3 41.7+ 0.7 (2) 0.92+0.08 86+ 6 E113Q/M257N 74t 11 20+ 3 133+ 7 74+ 6
M257G 499+ 0.6 43.6 (1) 1.42+ 0.02 51+ 2 E113Q/M257Y 81+ 7 39+ 9 83+ 10 78+ 14
M257H 500+ 0.3 43.8+3.3(2) 1.07+0.09 55+ 6 E113Q/F261V 33t 4 45+29 104+8 78+ 8
M2571 500+ 0.3 41.3+ 0.03 (2) 1.08£0.08 (2) 74+ 6 E134Q/M257A 47+5 10+ 3 1064+ 12 60+ 3
M257K 499+ 0.7 39.4+2.3(2) 1.19+0.21 58+ 6 E134Q/F261V 28t 2 19+09 96+10 69+4
mgg;k‘ iggi 88 gégzit 282(2()2) ggg; 883 “) ggi g aValues indicate the ability of opsin alone, opsin withdig&retinal
M257P 498+ 0'7 42.1ﬂ: 1'1 1'3% 0.10 4) 4806 in th_e da_rk, c_)psin V\_/itkall—transretinal in the dark, _and opsin with
M257Q 500+ 0:3 42:0i 1:2 @) 0299i 0:04 @) 82{ 7 ’ 1l<cisretinal in the light to activate GValues are given as meah
M257S 500+ 0.0 42 64+ 0.3 1.06+ 0.10 67+ 5 SE.n=3 u_nless ot_ht_er_wise specifiebIstin, 11ei&retinal/<_3|ark,_ and
M257T 500+ 0.3 427416 1.23+ 0.09 62+ 5 all-transretinal activities are normalized to the tisretinal/light
M257V 500+ 0.0 4144+ 11 1.13+ 0.08 55+ 3 activity of the corresponding mutant measured in pardleight
M257W 497+ 2.4 43.9+ 2.1 1.66+ 0.08 60+ 2 activities in the presence of Ids-retinal are normalized to the light
M257Y 500403  44.0+1.1 1.03+0.14 (2) 92+ 10 activity of wild-type opsin measured in paralléiData values from

2 The data values are given as mefr8E, n = 3 unless otherwise
specified.? Mutant pigment M257R could not be purified due to low
expression® Molar extinction coefficient ) was determined as
described5). ¢ Relative spectral ratio i82g0/Amax Of a given pigment
relative to that of Rho prepared in parallel. Thgyvalues of the mutant
pigments are corrected for differences ifzg andAmaxare absorbance
values of a given pigment at 280 nm and its visiblg, respectively.
€ G activation of a pigment under illumination is normalized to that of

(29) and 63).

Mutations E113Q and E134Q in TM helix 3 cause relative
constitutive activities of 23% and 3%, respectively (Table
3). Mutations M257A, M257N, M257Y, and F261V in TM
helix 6 cause constitutive activities of 10%, 23%, 33%, and
8%, respectively (Tables 1 and 3). These mutants were

Rho measured in parallel. The pigment concentrations were determinedcombined to make the following double-site opsin mutants:

by the absorption &tmaxande. f Data values for mutant pigment M257A
are from Han et al.Z9).

pigment-catalyzed GT)5 uptake by @Gas a function of time
was used to determine the specific activity of each mutant
(35. The numerical value for &ctivation for each of the
mutant pigments relative to that of Rho is given in Table 2.
As was observed in COS-cell membranes, mutant M257P
exhibits low (4.8%) relative Gactivation in detergent
compared to the other M&t mutants. All of the other Mét’
mutants display moderate Ectivation of between 51% and
92%. It is interesting to note that relative light activities

were always higher in COS-cell membranes than in detergent

for a given mutant. Both sets of activity data (i.e.,

membranes and detergent-purified pigments) were normal- . .
d These results demonstrate a synergistic effect of combining

ized to the values obtained for Rho prepared and measure
in parallel (Tables 1 and 2). Light activities measured in
COS-cell membranes are not corrected for effects of the
mutation on expression levels. However, it is our experience
that most mutations result in either no change or a decreas
in opsin expression. This effect would cause an underesti-
mation of the relative light activity measured in membranes.
Therefore, the differences in light-induced activity observed
in DM relative to that in COS-cell membranes may be
understated in this study.

Synergistic Effects of Two Mutations in Conferring High
Levels of Constitutie Actiity. We previously reported that
individual activating mutations in TM helices 3 and 6
sometimes behave synergisticalBg). A double-site mutant
opsin could have constitutive activity that was higher than
the sum of the respective two individual single-site mutant
opsins. In this study, we systematically constructed a panel
of double-site mutants to explore the possibility of obtaining
mutants with very high levels of constitutive activity.

E113Q/E134Q, E113Q/M257A, E113Q/M257N, E113Q/
M257Y, E113Q/F261V, E134Q/M257A, and E134Q/F261V.
A synergistic effect of a pair of mutations on constitutive
activity can be evaluated by comparing the sum of the
constitutive activities of two single-site mutant opsins with
the experimental value of the double-site mutant. This
comparison is demonstrated in a bar graph (Figure 4). The
constitutive activities of the two single-site mutants and their
sum are represented as stacked black and white bars. The
constitutive activity of the corresponding double-site mutant
is shown as a hatched bar. Any synergistic effect can be
readily appreciated from the difference between the top of
the stacked black and white bars and the top of the hatched
bar.

activating mutations in TM helix 3 with M&t” mutations.
In some cases, this synergistic activation by double-site
mutations is remarkably high. For example, three of the
utant opsins have constitutive activities that are close to
their activities in light after reconstitution with 1dis-
retinal: E113Q/M257A (68%), E113Q/M257N (74%), and
E113Q/M257Y (81%) (Table 3). They all consist of the
counterion mutation E113Q in TM helix 3 and an activating
Met?®” mutation in TM helix 6. There is only a small
synergistic effect when both activating mutations occur in
TM helix 3 in mutant E113Q/E134Q. The mutant opsin
E134Q/F261V also displays synergistic constitutive activity,
while the mutant opsin E113Q/F261V does not (Table 3).

DISCUSSION

The Role of M& in Rho Function The results described
above show that M&t’in TM helix 6 of Rho is not critical
for proper receptor folding, nor does it participate directly
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FIGURE 4: Replacement of both M&F and a residue in TM helix

3 produces opsin mutants with high levels of constitutive activity.
The bar graph shows the levels of constitutive activity for five
opsins with single-site mutations and seven opsins with double-

site mutations. The opsin mutants are grouped in sets of three so
that the effects of single mutations can be compared to the effects

of double mutations. Black bars and white bars show the constitutive
activity levels of opsin mutants with single-site replacements. The
bars are stacked so that the sum of the activities of the two single-
site mutants can be compared to the activity of the corresponding
double-site mutant. Hatched bars represent the constitutive activity
levels of opsin mutants with double-site replacements. The differ-
ence between the hatched bars and the sum of the stacked blac

and white bars represents a synergistic effect of the double mutation

on the level of constitutive activity. For example, the constitutive
activity of opsin mutant E134Q/M257A is much higher than the
sum of constitutive activities of opsin mutants M257A and E134Q.
Significant synergistic effects are noted when simultaneous muta-
tions of Me#%” and a residue in TM helix 3 are introduced.
Numerical values for the double mutants are summarized in Table
3.

in defining the ligand-binding site. However, mutagenesis
of Met?>” has a dramatic effect on the basal activity of the
resulting mutant opsin. Any amino acid replacement at
position 257 other than leucine results in a receptor with
elevated basal activity in the absence of retinal chromophore
(Figure 2). Thus, Mé&b” can be included with other sites in
Rho where certain amino acid substitutions result in constitu-
tive activity: Aspg® Glu® Glut®4, and Lyg%°® (15). The
relative constitutive activities of the 17 mutant opsins with
substitutions of Mé&b” ranged from 2.6% to 32.6%, compared
to the 0.9% relative basal activity of wild-type opsin assayed
under the same conditions (Table 1).

There is no readily discernible correlation between the
level of constitutive activity and any chemical property of
the amino acid side chain at position 257. This is similar to
the case observed with mutagenesis of?®lan the oyp-
adrenergic receptor3@). Ala®® is located near the N-
terminus of TM helix 6, equivalent to the position of FHr
in Rho (Figure 1). These findings are in contrast to a
complete mutagenesis study of A&plocated at the C-
terminus of TM helix 3 of thea;g-adrenergic receptor,
equivalent to the position of Gléfin Rho (Figure 1), where
the level of constitutive activation was best correlated with
the hydropathy index of the amino acids evalua#@).(In
addition, a careful study of activating mutations of Rho at
positions Glé®*and Ly$° found that neutralizing the charge
at position 134 and increasing the size at position 296
correlated positively with constitutive activit¢dl). Neutral-
izing the charge at position Gitf was consistent with the

Han et al.
Tyr 306

Met 257 Pro 303

Phe 261 Asn 302
Trp 265

Retinal
Pro 267
Helix 6 Helix 7

Ficure 5: Molecular graphics model of Rho. TM helices 6 and 7
Rf Rho are viewed from the interior of the protein. The retinal
chromophore is covalently atttached to E3fson TM helix 7 with

its cyclohexenyl ring packed between PHeand TrF® on TM
helix 6. Me#5 is one helical turn toward the cytoplasmic surface
from Pheé®l and is predicted to pack among a cluster of residues:
Asné2 1le305 and TyP%, The sequence motif NPXXY, correspond-
ing to Asr?9%Prg*03-Val30411e305-Tyr3%in Rho, is conserved in the
GPCR family and may be involved in receptor activation.

hypothesized role of GI§*in proton uptake in forming the
active MIl state of Rho42, 43).

Possible Interactions between MEtand the Consered
NPXXY Motif in TM Helix 7 The lack of strong correlation
between the level of constitutive activity and any single
physicochemical property of the entire set of amino acid side
chains tested at position 257 suggests that?Menay be
involved in a precise intramolecular interaction that can be
disrupted by nearly any mutation. Side chain volume is
correlated with opsin activity, but only for a subset of the
replacements tested. In this context, it is interesting that
mutant opsin M257L, the most conservative amino acid
substitution possible, displays a wild-type phenotype for
nearly all properties tested.

One of the most highly conserved sequence motifs in
GPCR'’s is NPXXY near the cytoplasmic surface of TM helix
7 (48). Although the third and fourth positions of the
pentapeptide are not conserved, they always consist of large
hydrophobic residues such as valine, leucine, isoleucine, or
phenylalanine48). In bovine Rho, the conserved pentapep-
tide corresponds to A8, Pra®, Val®4 11e3%5, and Tyg.
Molecular graphics models of Rho, based on high-resolution
cryoelectron microscopy and sequence homolchi-46)
(Figure 5), show that the M#&f side chain is situated in the
interface between TM helices 6 and 7, and is tightly packed
among side chains of A, 11e3%%, and Ty#%in TM helix
7. The close proximity of TM helices 6 and 7 near their
cytoplasmic borders can also be appreciated in the recent
projection structure of frog Rhal). Any substitutions other
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than leucine may be expected to disrupt the interface between(58). Changes in any of these determinants can shift the
TM helix 6 and the NPXXY motif in TM helix 7. This in equilibrium between the active and inactive states of the
turn would allow flexibility or movement in the TM helical  receptor. According to this model of receptor activation,
bundle to cause constitutive activation of the receptor. Helix activating mutations in TM helices 3 and 6 could act
movement has already been implicated in the molecular synergistically to give very high levels of constitutive activity
mechanism of Rho photoactivatioA?). if combined. This is the case observed for opsin mutants

Interactions between TM Helices 3 and 6 in Receptor E113Q/M257A, N, and Y, which display levels of constitu-
Function A series of elegant studies using site-directed tive activity as high as 80% of the level of light activation.
mutagenesis of Rho in combination with spin-labeling and The highest level of constitutive activity that we measured
EPR spectroscopy has revealed that the molecular mechanisnfor any single-site mutant was 33% for mutant M257Y. A
of receptor activation after chromophore isomerization similar synergistic effect was observed in theadrenergic
involves outward rigid-body movements of TM helices 3 receptor for mutations in TM helices 3 and 58).

and 6 relative to the center of the helix bund@,(50, 51). Effects of Introducing Proline Residues in TM Helix 6 in
Cross-linking of these helices near the cytoplasmic surface gpcr’s The opsin mutant M257P is severely impaired in
of the receptor by engineered disulfide bondg){ or by light-induced G activation after 11cis-retinal regeneration

chelated metal ion$5@), prevents receptor activation. Itis 55 measured both in COS-cell membranes and in DM. In

reasonable to assume that such a molecular mechanism fog,me other GPCR’s. substitution of TM helix 6 residues by
receptor activation may apply to constitutive activation as proline has been found to cause loss of function. For

well. In this context, it is interesting to note that the majority example, the D578P mutant of the LH receptor, correspond-
of activating mutations reported in GPCR'’s are found in TM ing to Phés! in Rho, displays neither agonist binding nor

helix 6 (Figure 1), the same helix that contains Met  gfector response, possibly due to lack of receptor expression
Furthermore, Cohen et abd showed for Rho that disrup- i the cell membranes8]. The G273P mutant of the
tion of a salt bridge between Gffin TM helix 3 and Lys® neurokinin 2 receptor, corresponding to?lfein Rho, can

in TM helix 7 by neutralization of either residue by g antagonist, but not neurokinin A peptide0). The
mutagenesis leads to increased opsin activity. These findingsas93p mutant of the LH receptor, corresponding to%he
imply that decreasing interhelical stabilizing interactions may ;, Rho, causes male pseudoherﬁaphroditism. The mutant

lead to constitutive activity. o , receptor can bind choriogonadotropin with normal affinity
In apo-receptors with low basal activities, helix movements , ; tails to increase cAMP productioBY). These positions,
are prevented by stabilized hetikelix interaction that can  yhere the introduction of a proline disrupts the structure or

be further enhanced by the binding of an inverse agonist 4,nction of the receptor, are shown in Figure 1 as diamonds.
ligand. Activating mutations may cause protein structural

changes that shift the equilibrium between the inactive and The Rglatilonghip between Constit@tiActbity andhall—
the active conformations of the receptor. It is also possible {fans-Retinal Binding by Mutant Opsins Supports the Two-
that some mutations cause cytoplasmic interhelical loops toState Model of GPCR Function The aI_I-tran&retlnaI
adopt a conformation similar to that of the active state by chromophore, when converted from gis-retinal by photon
disrupting helix-helix interactions. According to some absorption in thg Ilgand—blndmg site, is the natural agonist
induced-fit models of recepteiG protein interaction, this ~ ©f Rho. The activation of Goy Rho under these conditions
might be expected to allow G protein binding to further C¢&n be defined as 100%. However, when added exogenously
stabilize the receptor active sta®4(. It is not surprising  © membranes containing opsial-transretinal only acti-
that the cytoplasmic border of TM helix 6 is one of the hot Vates the apo-receptor to 14% of the light-induced activity
spots for activating mutations given the important role for Of Rho. In this contexall-transretinal functions as a partial
this cytoplasmic region in G protein coupling5, 56). agonist in opsin. This observation is not surprising given
A synergistic effect on constitutive activity was noted that the physiologic function of Rho is to detect photons
when separate mutations were introduced on each of the TM'ather thanall-transretinal. - Opsin binds 1tisretinal
helices 3 and 6. The level of constitutive activity in several Preferentially oveall-transretinal, ancall-transretinal does
double-site mutants was significantly higher than the sum NOt compete for 1is-etinal incorporationg?2). The ligand
of the activities of each of the single-site mutants (Figure 4, preference for different retinal isomers can be altered by
Table 3). Numerous studies have shown that both the mutagenesis of residues in the retinal-binding site. We
cytoplasmic loops linking TM helices 3 to 4 and helices 5 eported previously that the opsin mutant G121L biads
to 6 are directly involved in Gbinding and activationss, transretinal preferentially over the 11-cis isomer and that
57). Movements of TM helices 3 and 6, as revealed by site- mutant opsins .Wlth substitutions of Gfy have S|gn|f|cantly
directed spin-labeling studies, are likely to cause conforma- €levated activity in the presence afi-transretinal 35).
tional changes in the connecting loog). Interestingly, Fur_thermore, opsin mqtan'g M257A was shown to be fully
it has also been shown that peptides corresponding to panactlvated byall—transretl_nal in C_OS—ceII membranes and to
of the 3-4 and 5-6 loops can synergistically compete with form a covgllent pond with the ligand t_hat was stable enough
R* for G, binding G4). This finding implies that the t0 be purified in DM @9). In opsin mutant M257A,
conformational changes in both loops concomitant with exoggnously addedll-transretinal can function as a full
receptor activation may function cooperatively to bind and 2gonist.
activate G Activating single-site mutations in TM helices In this study, we measured the ability of each of theFet
3 or 6, for example, at Gl or Mef’, respectively, may  mutant opsins to activate @ the presence oall-trans
switch only some of the receptor determinants of the active retinal in membranes. There is a striking correlation between
state from “off” to “on” as has been previously hypothesized basal opsin activity and activity in the presencalbftrans
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retinal (ATR activity) as shown in Figure 3. For the set of model for receptor activation documented for GPCR’s with
19 opsins tested, relative ATR activity increases rapidly as diffusible ligands. This observation suggests that the
the relative basal opsin activity increases. A plateau in proposed mechanism of Rho photoactivation involving
relative ATR activity of nearly 100% is reached when the movements of TM helices 3 and 87 52) applies as well
relative basal activity is above about 10%. The relationship to some constitutively activating mutations. Helix 6 move-
between constitutive activity and agonist ligand binding and ment may be prevented in the inactive state by a specific
activation can be described by the two-state model of GPCRinteraction between M& and TM helix 7. The site of
function first proposed by Lefkowitz and co-workef&l). interaction between M& and TM helix 7 is likely to involve
The results presented in Figure 3 are a quantitative the highly conserved NPXXY sequence. Taken together,
experimental test of the two-state model of GPCR function these results further strengthen the notion that the family of
as described quantitatively by JefBQ). Namely, the GPCR'’s shares a common molecular mechanism of receptor
equilibrium constant. (L = [R]/[R*], where [R] and [R*] activation.
are the concentrations of apo-receptor in the inactive and
the active states, respectively) is related to the level of basaACKNOWLEDGMENT

opsin activity listed in Table 1 by the formula: 1/(opsin  \yg thank Dr. Steve Lin for many helpful discussions, Dr.
activity) — 1. We showed previously that at the concentra- pogajie Crouch and the NEI for the tis-retinal, and Cliff
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