Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 13442-13447, December 1997
Biochemistry

The C9 methyl group of retinal interacts with glycine-121

in rhodopsin

MAY HANT, MICHEL GROESBEEKY, THOMAS P. SAKMARTS, AND STEVEN O. SMITHE

fLaboratory of Molecular Biology and Biochemistry, ¥Howard Hughes Medical Institute, The Rockefeller University, 1230 York Avenue, New York, NY 10021;
and ¥Department of Molecular Biophysics and Biochemistry, Yale University, 266 Whitney Avenue, New Haven, CT 06520

Edited by Jeremy Nathans, Johns Hopkins University School of Medicine, Baltimore, MD, and approved October 13, 1997 (received for review

August 21, 1997)

ABSTRACT The visual pigment rhodopsin is a prototypical
G protein-coupled receptor. These receptors have seven trans-
membrane helices and are activated by specific receptor-ligand
interactions. Rhodopsin is unusual in that its retinal prosthetic
group serves as an antagonist in the dark in the 11-cis confor-
mation but is rapidly converted to an agonist on photochemical
cis to trans isomerization. Receptor-ligand interactions in rho-
dopsin were studied in the light and dark by regenerating
site-directed opsin mutants with synthetic retinal analogues. A
progressive decrease in light-dependent transducin activity was
observed when a mutant opsin with a replacement of Gly'?! was
regenerated with 11-cis-retinal analogues bearing progressively
larger R groups (methyl, ethyl, propyl) at the C9 position of the
polyene chain. A progressive decrease in light activity was also
observed as a function of increasing size of the residue at position
121 for both the 11-cis-9-ethyl- and the 11-cis-9-propylretinal
pigments. In contrast, a striking increase of receptor activity in
the dark—i.e., without chromophore isomerization—was ob-
served when the molecular volume at either position 121 of opsin
or C9 of retinal was increased. The ability of bulky replacements
at either position to hinder ligand incorporation and to activate
rhodopsin in the dark suggests a direct interaction between these
two sites. A molecular model of the retinal-binding site of
rhodopsin is proposed that illustrates the specific interaction
between Gly'?! and the C9 methyl group of 11-cis-retinal. Steric
interactions in this region of rhodopsin are consistent with the
proposal that movement of transmembrane helices 3 and 6 is
concomitant with receptor activation.

G protein-coupled receptors (GPCRs) comprise a large family
of integral membrane proteins involved in signal transduction
across cell membranes (1). These receptors share a common
architecture consisting of seven transmembrane (TM) helices.
The cytoplasmic surface of the protein, which provides the
binding site for heterotrimeric G proteins, is formed by the C
terminus and the three loops connecting the transmembrane
helices. The cavity formed within the helix bundle, and in some
cases the extracellular surface of the protein, provide ligand-
binding sites. The range of different GPCRs and their asso-
ciated ligands is staggering. For example, both olfaction and
visual transduction are mediated by multiple GPCRs. Se-
quence differences provide selectivity in binding different
ligands and generate functional differences between receptor
subclasses. In the case of olfaction, there are at least 1,000
distinct genes for putative GPCRs that may recognize the
many structurally diverse odorants (2).

In contrast, all visual receptors, from those of insects to
humans, have 11-cis-retinal or its derivative as their photore-
active chromophore. Differences in the primary structures of
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these receptors give rise to their characteristic functional
differences. For example, the absorption maxima (Amax) Of
cone pigments, which are responsible for trichromatic color
vision in humans, range from about 430 to 565 nm because of
specific amino acid differences (3, 4).

In rhodopsin, the retinal is attached to Lys**® through a
protonated Schiff base bond. The retinal-binding site favors
the bent 11-cis geometry, and when bound, the 11-cis-retinal
suppresses a small but measurable basal activity of the apo-
protein opsin at low pH (5, 6). Linear all-frans- and 13-cis-
retinals are not able to bind efficiently and/or stably in the
dark (7-9). Because the visual receptors all bind 11-cis-retinal,
key residues that are responsible for specific ligand recognition
are expected to be conserved in this subclass of GPCR.

The retinal-binding pocket is largely defined by conserved
residues on TM helices 3, 5, and 6. Based in part on NMR
constraints, we recently proposed a detailed model for how the
retinal binds in the interior of rhodopsin (10, 11). The counterion
to the protonated Schiff base is Glu!''3, which is located at the
extracellular end of TM helix 3 (12-14). This residue is conserved
in the vertebrate visual receptors (15). A second glutamic acid
(Glu'??) is found on TM helix 3 only in the rhodopsin receptors
and is pairwise conserved with His?'! on TM helix 5 (11, 15, 16).
There are several conserved aromatic residues on helix 6 that
contribute to the retinal-binding pocket. Crosslinking studies with
retinal analogues have shown that Trp?® is near the B-ionone ring
of the retinal (17, 18). Trp®® is strongly conserved in the visual
pigments, as well as in the GPCR family in general. The envi-
ronment of Trp?% changes in the formation of metarhodopsin II
(19). Tyr?8 encloses the retinal-binding pocket on the extracel-
lular side of the receptor and is strictly conserved in the visual
pigments (11, 15, 16).

We recently identified Gly'?! to be a crucial residue in the
retinal-binding site. Gly'?! is strictly conserved in the visual
pigments (20) but not in other GPCRs. Replacement of Gly!?!
by a larger residue causes increased steric interactions with the
chromophore that affect spectral properties of the mutant
pigments (20, 21). In addition, Gly'>! mutants regenerated
with 11-cis-retinal are able to catalyze GTP uptake by trans-
ducin in the dark (29). An increase in the packing volume at
the position 121 side chain is associated with larger levels of
dark activity. We concluded that bulky residues introduced in
place of Gly'?! make van der Waals contacts with the retinal
chromophore, most likely at the C9 position (11, 20).! This
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IAccording to IUPAC-IUB nomenclature, the carbon of the methyl
group on the C9 position is numbered C19, and 9-demethylretinal
would be denoted 19-nor-retinal. Likewise, the common names
9-ethylretinal and 9-propylretinal would formally be 19-methylretinal
and 19-ethylretinal, respectively. For clarity and consistency with
much of the existing biochemical literature, we reluctantly use the
common names in this report.
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conclusion is consistent with the observation of Ganter et al.
(22) that regeneration of opsin with the 9-demethylretinal
analogue resulted in reduced ability of the artificial pigment to
activate transducin.

In this paper, we combine Gly'! mutants with various
retinal analogues to demonstrate the proposed interaction
between Gly'?! and the C9 methyl group of the retinal
chromophore. The hypothesis is that an increase in the packing
volume caused by changing the moiety at the C9 position
should augment dark activity and mimic the effect of replace-
ment of Gly'?!. Retinals bearing ethyl and propyl substituents
at position C9 of the retinal (11-cis-9-ethylretinal and 11-cis-
9-propylretinal, respectively) were synthesized and reconsti-
tuted with opsin and seven opsin mutants with amino acid
replacements at position 121. We show that bulky replace-
ments at either position 121 of the opsin or at C9 of the retinal
hinder ligand incorporation and activate rhodopsin in the dark.
In addition, we compare the ability of different retinal isomers,
B-ionone, and its related compounds (Fig. 1) to activate the
G121L mutant opsin. These studies identify the specific region
of the retinal chromophore that is in steric contact with TM
helix 3 in the vicinity of Gly'?.

121

MATERIALS AND METHODS

Synthesis of C9-Ethyl- and C9-Propyl-11-cis-Retinals. All
reagents were from Aldrich and used without further purifi-
cation. B-Cyclocitral and N-methoxy-N-methyl-3-(2,6,6-
trimethyl-1-cyclohexenyl)-2-propenamide were prepared as
previously described (23). The C9-ethyl- and C9-propylretinals
were prepared from the propenamide by reaction with the
appropriate Grignard reagent, CH3;CH,MgCl or
CH;CH,CH,MgCl, respectively. The ketone products of the
Grignard reaction were converted into the corresponding
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Fi1G. 1. Structures of retinal isomers and synthetic retinal analogues
used in the present study. Individual carbons are numbered for
11-cis-retinal. For simplicity, common names are given for analogues
altered at the C9 position. For example, 11-cis-9-ethylretinal would
formally be 11-cis-19-methylretinal. All compounds are shown in the
6-s-cis conformation.
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retinals by using standard polyene elongation methods (23).
The required 11-cis isomers were obtained by irradiation in
acetonitrile followed by HPLC separation. The structure and
configuration of the retinals were confirmed by '"H NMR and
high resolution mass spectrometry.

Expression of Opsins, Regeneration with Retinal Ana-
logues, and Measurement of Transducin Activity. The proce-
dures for mutant construction, expression, and characteriza-
tion of the opsin Gly'?! replacement mutants have been
described previously (20). COS cell membrane suspensions
containing wild-type or mutant opsins (30 ul) were incubated
with 1 ul of either native retinal or retinal analogues (5 mM
ethanolic solution) in the dark at room temperature for 30 min
before assaying for transducin activity. The transducin activa-
tion assays of COS cell membrane samples were carried out as
previously described (20).

RESULTS AND DISCUSSION

Activation of Opsin by 11-cis-9-Ethyl- and 11-cis-9-
Propylretinal in the Dark. We have previously shown that an
increase in the volume of the residue side chain at position 121
roughly correlated with an increase in transducin activity in the
dark on the addition of all-frans-retinal, the natural agonist for
rhodopsin activation (20). The size of the residue at position
121 also correlated with the degree of blue shift in the Amax Of
the pigment and its reactivity with hydroxylamine in the dark.
These changes suggested that a specific steric interaction exists
between the retinal chromophore and Gly!?!. The interaction
between Gly'?! and retinal appears to be specific, because
similar bulky replacements at Gly!'* and Ala!’, two and one
helical turns away on TM helix 3, respectively, show no such
effects (20).

Recently, we have shown that 11-cis-retinal, normally an
inverse agonist of rhodopsin activation, can serve as a partial
agonist for the Gly!?! mutant opsins (24). Gly'?! mutants
regenerated with 11-cis-retinal are able to catalyze GTP
uptake by transducin in the dark (Fig. 2 and Table 1).
Furthermore, the relative dark activity correlates with the size
of the side chain at position 121. The first question we posed
in this study was whether an increase in the molecular volume
of the side chain at the C9 position of retinal would also lead
to similar transducin activity in the dark. To address this
question, retinal analogues with an ethyl or propyl substituent
at C9 were synthesized. The structures of 11-cis-retinal, 11-
cis-9-ethylretinal, and 11-cis-9-propylretinal analogues are
shown in Fig. 1. The volume occupied by the methyl group at
position 9 increases from ~25 A3 to ~50 and 75 A3 in the ethyl-
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F1G.2. Activation of transducin by opsin-retinal complexes in COS
cell membranes in the dark. Numerical values are given in Table 1. (4)
Dark activity of G121A, G121S, G121T, G121V, G121L, G121, and
G121W mutant opsins incubated with 11-cis-retinal. (B) Dark activity
of wild-type opsin incubated with 11-cis-retinal, 11-cis-9-ethylretinal,
and 11-cis-9-propylretinal.
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Table 1. Transducin activation by mutant opsins in the presence of C9-retinal analogues measured in COS

cell membranes

11-cis-9-Ethylretinal

11-cis-9-Propylretinal

11-cis-Retinal,

Mutant Dark* Dark* Lightf Dark* Lightf
Wild type 08=0.2 54+ 12 80.2 = 19.5 112+ 53 55.9 £10.5
GI121A 23+13 46+ 12 86.1 = 6.3 7.6 = 0.6 786+ 72
G121S 5.0=x26 77+ 23 624 154 72x 32 539 111
G121T 5.6+ 1.8 104 = 35 412 = 15.0 175+ 6.8 16.4 = 7.9
G121V 7.8 3.7 88 0.9 47.0 = 16.4 44+ 12 198 = 94
G121L 14.6 = 2.5 321 % 48 49.7 + 16.4 651+ 6.8 16.1 £ 6.3
G1211 21.1 =48 47.7 = 125 322 +10.8 789+ 6.2 145+ 4.6
GI121W 300 =62 299 £ 4.0 154 = 47 414+ 153 10.2 = 4.0

All of the values are presented as the mean = SE from at least three measurements using at least two independent membrane

preparations.

*The dark activities are given as a percentage of transducin guanosine 5’'-[y-thio]triphosphate (GTP[yS]) activity measured
in the dark normalized to the GTP[yS] uptake of the sample measured under continuous illumination.

TThe light activities of the mutant opsins in the presence of retinal analogues are percentages of the transducin activation by
the opsin-retinal analogue complex in the light normalized to the transducin activation by the same opsin regenerated with

retinal.

and propylretinal analogues, respectively (25). These three
retinals were incubated with COS cell membranes containing
wild-type opsins to generate opsin—-retinal complexes. Recep-
tor activation was determined by the ability of opsin in the
presence of each retinal analogue to catalyze guanine nucle-
otide exchange by transducin with a filter-binding assay (20).

Fig. 2 shows that extension of the C9 methyl group to ethyl
or propyl leads to increased receptor activation in the dark—
i.e., without chromophore isomerization—similar to that ob-
served in Gly'?! mutants regenerated with 11-cis-retinal. In-
creasing the size of the side chain at position 121 of opsin by
mutagenesis or increasing the size of the group at position C9
of 11-cis-retinal by analogue synthesis results in transducin
activation in the dark. These observations are consistent with
the hypothesis that there is a direct steric interaction between
Gly'?! and the C9 methyl group of retinal in rhodopsin.

Synergistic Activation of Opsin by Increasing the Molecular
Volume at Both Gly'?! and Retinal C9. Twenty-four opsin—
retinal complexes were prepared by combining COS cell
membranes containing either wild-type opsin or one of the
seven Gly'?! mutant opsins (G121A, V, S, T, L, I, and W) with
11-cis-retinal, 11-cis-9-ethylretinal, or 11-cis-9-propylretinal.
Each complex was tested for its ability to activate transducin
in the presence (light activity) and the absence (dark activity)
of light. The ability of the 24 opsin-retinal complexes to
activate transducin in the light is shown in Fig. 3. All of the
activities are normalized to the light activity of wild-type
rhodopsin. The light activity reflects both the degree of
binding of the retinal analogue with each opsin and the
intrinsic ability of the analogue to activate the receptor after
isomerization. The relative contributions of these two effects
are difficult to quantitate because the complexes between
9-ethyl or 9-propylretinal and the Gly'?! opsins are typically
not stable enough to be purified in dodecyl maltoside deter-
gent. Detergent-solubilized pigment is needed to assess the
level of regeneration through measurements of the spectral
ratio (20).

The Gly!?! mutants regenerated with 11-cis-retinal in most
cases can fully activate transducin (Fig. 3). This observation
suggests that a bulky side chain at position 121 can be tolerated.
The kinetics of the retinal regeneration, however, are greatly
reduced for G121L opsin compared with wild-type opsin (20).
In contrast to the results with 11-cis-retinal, there was a
decrease in the ability of the Gly'?! opsins to activate trans-
ducin when regenerated with 11-cis-9-ethylretinal (Fig. 3). This
decrease was even more marked for the Gly'?!' opsins regen-
erated with 11-cis-9-propylretinal. Based on the observation
that the 11-cis-9-ethyl- and 11-cis-9-propylretinal analogues
are capable of significantly activating wild-type and G121A

opsin in the light (Fig. 3), these retinals seem to be intrinsically
capable of full light-induced activation. If, in general, the
bound 11-cis-9-ethyl- and 11-cis-9-propylretinals can fully ac-
tivate rhodopsin on illumination, then lowered ligand incor-
poration is most likely the primary cause for the decreased
transducin activity observed in Fig. 3 and likely results from an
increase in the size of the side chain at position 121 and/or in
the size of the group at the C9 position of the retinal.

The transducin activities of the 24 opsin-retinal complexes
in the dark are presented in Fig. 4. The dark activity of any
given complex is lower than 30% of the light activity of
rhodopsin. However, in a few cases (e.g., 11-cis-9-propylreti-
nal-G121I) the dark activity is very close to the light activity
of the same complex. By normalizing the dark activity to the
light activity measured for the same opsin-retinal complex in
COS cell membranes, differences in regeneration levels and

Relative Light Activity (%)

F1G. 3. Three-dimensional plot of light-dependent transducin ac-
tivation by 24 opsin-retinal analogue complexes in COS cell mem-
branes. The level of light-dependent transducin activation is plotted as
a function of the amino acid at position 121 in the recombinant opsin
and the chromophore used for regeneration in the membranes. In the
case of wild-type rhodopsin, glycine is located at position 121 and the
chromophore is 11-cis-retinal. The size of the amino acid side chain at
position 121 is varied in combination with the size of the aliphatic
group on the C9 position of the retinal polyene chain. Transducin
activities are all normalized to the light activity of wild-type rhodopsin and
are directly comparable. Numerical values are presented in Table 1.



Biochemistry: Han et al.

=]
o

[<2]
[~

Relative Dark Activity (%)
8 8

3
L/

FiG.4. Three-dimensional plot of activities of the 24 opsin—retinal
analogue complexes in COS cell membranes in the dark. The level of
transducin activation in the dark is plotted as a function of the amino
acid at position 121 in the recombinant opsin and the chromophore
used for regeneration in the membranes. In the case of wild-type
rhodopsin, glycine is located at position 121, and the chromophore is
11-cis-retinal. The size of the amino acid side chain at position 121 is
varied in combination with the size of the aliphatic group on the C9
position of the retinal polyene chain. The relative dark activity is
defined as the percent activity measured in the dark vs. that measured
in the light. Numerical values are presented in Table 1.

the intrinsic ability of each analogue to activate the mutant
opsins are mitigated. Normalization allows a reasonable com-
parison of the ability of each opsin-retinal complex to activate
transducin in the dark. The relative dark activity is presented
as a function of both the residue at position 121 and the retinal
analogue in a three-dimensional plot in Fig. 4. A striking trend
of increased dark activity is observed as a function of increas-
ing molecular volume at both position 121 on TM helix 3 and
at C9 of the retinal (the only exceptions being 9-ethylretinal—
G121W and 9-propylretinal-G121W). The dark activity ranges
from undetectable for native rhodopsin to 80% for the 9-
propylretinal-G1211I complex. The trend strongly suggests that
the high levels of dark activity result from the increased steric
interaction between the side chain at position 121 and the
group at the C9 of retinal. These two factors appear to act
synergistically, implying a direct interaction between the two
positions. In contrast to 11-cis-9-ethyl and 11-cis-9-
propylretinals, 11-cis-9-demethylretinal did not activate any of
the Gly'?! mutant opsins (unpublished results).

Activation of G121L Opsin by -Ionone. Retinal analogue
studies have shown that B-ionone can competitively inhibit the
binding of 11-cis-retinal (26). Moreover, the binding of B-
ionone is faster than the formation of the Schiff base linkage
to 11-cis-retinal when both ligands are co-incubated with opsin
(26). These studies led to the suggestion of a high affinity
B-ionone ring-binding site in rhodopsin. Additional support
for this idea has come from studies with acyclic retinal
analogues, which reveal a requirement for the cyclohexyl ring
for binding of the chromophore and forming activated rho-
dopsin (27, 28). Moreover, Oprian and coworkers (29) have
shown that the Schiff base linkage is not necessary for receptor
activation. Together these studies argue that the hydrophobic
B-ionone ring drives the binding of retinal to opsin.

We measured transducin activation by wild-type and G121L
opsin in the dark in the presence of B-ionone and other related
compounds, 9-demethyl-B-ionone and B-cyclocitral (Fig. 1).
The aim of the experiment was to identify the region of
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11-cis-retinal that is necessary for conferring dark activity on
G121L opsin. B-Ionone, 9-demethyl-B-ionone, and B-
cyclocitral do not significantly activate wild-type opsin (Fig. 5
and Table 2). This is consistent with the finding that B-ionone
is capable of relieving the desensitization on bleaching of cone
cells (30). In contrast, G121L opsin can be significantly acti-
vated by B-ionone. The extent of activity was similar to that
induced by 11-cis-retinal. Therefore, B-ionone, like 11-cis-
retinal, serves as a partial agonist for G121L mutant opsin.
Because B-ionone has slightly higher agonist activity than
11-cis-retinal, the polyene segment from C10 to the Schiff base
does not contribute to the partial agonism of 11-cis-retinal.
The agonist activity is greatly reduced when the C9 methyl
group of B-ionone is removed (9-demethyl-B-ionone). The C9
methyl group of B-ionone must play a role in the agonist
activity of B-ionone. In contrast, the removal of the C9 methyl
group from 11-cis-retinal (11-cis-9-demethylretinal) abolished
the agonist activity of 11-cis-retinal. This observation, together
with the B-ionone results, suggests that the polyene chain from
C10 to the Schiff base of 11-cis-retinal may serve to antagonize
the basal activity of the receptor. The agonist efficiency of
B-cyclocitral, which can be viewed as B-ionone further short-
ened by removing C8 and C9 (Fig. 1), is again lower than that
of 9-demethyl-B-ionone. The activity of G121L opsin in the
presence of B-cyclocitral is only slightly higher than that of
G121L opsin alone. In summary, the order of the efficiency of
these compounds for activating G121L opsin in the dark is:
B-ionone > 11-cis-retinal >> 9-demethyl-B-ionone > B-
cyclocitral. The C9 methyl group appears extremely important
for conferring partial agonist activity of both B-ionone and
11-cis-retinal in the Gly'?! mutants.

Activation of G121L Opsin by Various Isomers of Retinal.
The retinal isomers 9-cis-, 11-cis-, 13-cis-, and all-trans-retinal
were tested in parallel for their ability to activate wild-type and
GI121L opsins in the dark (Fig. 5). Interestingly, 13-cis-retinal
activates wild-type opsin in COS cell membranes although it
has been reported to be unable to form a stable pigment with
opsin (31). The behavior of 13-cis-retinal is very similar to that
of all-frans-retinal. No activation of opsin in the dark was
observed for 11-cis- and 9-cis-retinal. Palczewski et al. (32)
observed a similar correlation for transducin activation as well
as for opsin phosphorylation by rhodopsin kinase. In contrast
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FiG. 5. Transducin activation by G121L mutant opsin in the
presence of different compounds in the dark. The relative dark activity
is presented as the percent activity measured in the dark vs. that
measured in the light for each opsin regenerated with 11-cis-retinal.
Numerical values are presented in Table 2.



13446  Biochemistry: Han et al.

Table 2. Transducin activation by wild-type or G121L mutant
opsin in the presence of various retinal isomers and analogues

Retinal analogue Wild type GI121L
None (opsin alone) 09 =02 1.9+0.3
B-Cyclocitral (V) 05x02 3.0x1.2
9-Demethyl-B-ionone (X) 03 x0.1 6.6 =04
B-Ionone (IX) 1.0 =04 20.5 2.9
11-cis-9-Demethylretinal (IV) 0.4 +04 1.9+03
9-cis-Retinal (VIII) 0.4 +0.2 59=x0.7
11-cis-Retinal (I) 0.8+0.3 14.6 £ 2.5
13-cis-Retinal (VII) 16.3 = 0.1 554 x7.6
All-trans-retinal (VI) 143 =48 56.2 4.8

All of the values are presented as the mean * SE from at least three
measurements using at least two independent membrane preparations.
The activities measured in the dark are given as a percentage of
transducin guanosine 5'-[y-thio]triphosphate (GTP[yS]) activity mea-
sured in the dark normalized to the GTP[yS] uptake of the sample
measured under continuous illumination. Structures of the analogues
are shown in Fig. 1.

to the case of wild-type opsin, all of the retinal isomers above
can activate G121L opsin and therefore can act as partial
agonists. The order of the agonist efficiency of the retinal
isomers is: all-trans ~ 13-cis > 11-cis > 9-cis. The trend
suggests that the more similar an isomeric structure is to the
all-trans conformation, the higher its agonist efficiency. It is
noteworthy that in every aspect tested, 13-cis-retinal and
all-trans-retinal behave nearly identically. Although the all-
trans conformation is the only chromophore normally formed
after illumination of the 11-cis-retinal in the binding site of
rhodopsin, wild-type opsin and G121L mutant opsin may not
distinguish between the 13-cis and all-frans isomers when
added exogenously.

Steric Interactions in the Retinal-Binding Site of Rhodop-
sin. In this study, we identified a specific steric interaction
between the C9 methyl group of retinal and Gly'?! on TM helix
3 of opsin. This structural constraint can be incorporated into
a molecular model proposed earlier (11), which was based in
part on the position of the retinylidene Schiff base relative to
its counterion (10) and the complementarity between Gly!?!
and Phe?! on TM helix 6 (20, 21). Fig. 6 shows the molecular
model of rhodopsin illustrating the interaction between Gly'?!
(green) and the C9 methyl group (yellow) of the retinal
chromophore. The B-ionone portion is thought to be tightly
packed in the interior of the protein between TM helices 3, 5,
and 6. Key residues surrounding the chromophore from the
B-ionone ring to C9 are Gly'?! and Glu'?? on helix 3, His?!! on

Gly 121

Glu 122

3
S His 211
@ .

Phe 261 T 265

F1G. 6. Molecular model of the 11-cis-retinal (red) binding site in
rhodopsin centering on the B-ionone ring region and demonstrating
the interaction of the retinal C9-methyl group (yellow) with Gly!2!
(green). The view is from above the plane of the membrane. Several
of the residues forming the B-ionone-binding pocket (Glu'?2, His?!!,
Trp2%5, Phe?¢!) are shown in light blue.

Proc. Natl. Acad. Sci. USA 94 (1997)

helix 5, and Phe?¢!, Trp?%3, and Tyr?% on helix 6 (11, 15, 16, 20,
21). Gly'?! is strictly conserved in the visual receptors, Glu'??
and His?!! are pairwise conserved in the vertebrate rhodopsin-
like receptors, and the three aromatic residues on helix 6 are
largely conserved across the GPCR family. Residue 211 is a
serine in insect rhodopsins, which interestingly may interact
with a 3-OH group on the ionone ring in these pigments (33).
In the B-adrenergic receptor, two serines that are essential for
ligand binding and receptor activation are found at positions
204 and 207, also on TM helix 5 (34). These residues interact
with the hydroxyl groups on the catechol ring, whereas a
phenylalanine on TM helix 6 is thought to interact with the
catechol ring itself through m-orbital interactions.

Our model reveals that replacement of the Gly'?! with
leucine leads to overlap of the leucine side chain with the
B-ionone portion of the retinal chromophore between C4 and
C9. This interaction results from the fact that the retinal is
tightly packed in the vicinity of position 121 and the C>—CPF
bond is oriented toward the extracellular surface. Similarly,
replacement of the C9 methyl group of the retinal with a propyl
group leads to overlap of the propyl group carbons with TM
helix 3. The overlap between TM helix 3 and retinal is even
more exaggerated when there are bulky substitutions on both
position 121 and C9 of retinal, such as in the 11-cis-9-
propylretinal-G121I complex. Such molecular overlap in the
model may have two possible consequences in the actual
receptor that are not mutually exclusive. First, the ligand
cannot fully occupy the overcrowded binding site. Second, if
the ligand does bind, then there has to be outward movements
of the relevant helices to relieve the increased steric interaction
in the binding site. It is indeed observed that no pigment can
be purified in detergent when wild-type, G121A, G121V, and
GI121L opsins are regenerated with 11-cis-9-ethyl- or 11-cis-
9-propylretinal. Furthermore, light-independent transducin
activation of Gly'?! mutant opsins in the presence of 11-cis-
9-ethylretinal in COS cell membranes decreases when the size
of the side chain at position 121 increases (Fig. 3). This
decrease in transducin activation is even more pronounced
when 11-cis-9-propylretinal is used (Fig. 3). As discussed
above, we believe that the decreased transducin activity pri-
marily reflects the decreased level of ligand incorporation in
these opsin-retinal complexes.

The increased steric interaction between opsin and retinal
either by a leucine substitution at 121 or by the presence of a
C9 propyl group on retinal can cause the outward movement
of TM helix 3. Because we have shown that Phe?®! on TM 6 and
Gly'?! on TM helix 3 interact with retinal in a complementary
manner (21), it is also possible that the increased steric
interaction between TM helix 3 and retinal can be partially
relieved by the outward movement of TM helix 6. Site-directed
spin labeling studies of rhodopsin demonstrate that outward
rigid body movements of TM helices 3 and 6 are involved
during receptor activation (35-37). The partial movements of
TM helices 3 and/or 6 caused by bulky substitution on position
121 of opsin, or C9 of retinal, or both, are likely to be the
mechanism for the partial receptor activation observed in the
dark (Figs. 2 and 4). The role of TM helices 3 and 6 (relative
to 1, 2, and 7) is consistent with the higher dark activity of
B-ionone relative to 11-cis-retinal.

Finally, we propose that the specific interaction between the
strictly conserved Gly'?! in visual pigments and the retinal
ligand is important for receptor activation. Because the in-
creased steric interaction between the two positions can cause
partial receptor activation in the dark, it is likely that they are
both involved in the formation of R* (the active state of
rhodopsin) during light activation. In several other GPCRs, the
functional importance of the residue at the equivalent position
of rhodopsin Gly'?! has been demonstrated (38). Studies on the
dopamine D2 receptor show that this site is water-accessible
and forms part of the ligand-binding pocket (39, 40). Val!® in
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the NK-1 receptor confers species selectivity for several non-
peptide antagonists (41, 42), whereas Ser™™ in the 5-HT,a
receptor is involved in agonist binding (43). It is therefore
conceivable that this position in the middle of TM helix 3 may
be important for ligand binding and/or receptor activation of
GPCRs in general.
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