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Visual phototransduction

Rhodopsin is the visual photoreceptor responsible for dim light vision. This receptor is located in the rod
cell of the retina and is a prototypical member of the G-protein-coupled receptor superfamily. The struc-
tural details underlying the molecular recognition event in transducin activation by photoactivated rho-
dopsin are of key interest to unravel the molecular mechanism of signal transduction in the retina. We
constructed and expressed rhodopsin mutants in the second and third cytoplasmic domains of rhodopsin
- where the natural amino acids were substituted by the human M3 acetylcholine muscarinic receptor
homologous residues - in order to determine their potential involvement in G-protein recognition. These
mutants showed normal chromophore formation and a similar photobleaching behavior than WT rho-
dopsin, but decreased thermal stability in the dark state. The single mutant V138>>3 and the multiple
mutant containing V227°%2 and a combination of mutations at the cytoplasmic end of transmembrane
helix 6 caused a reduction in transducin activation upon rhodopsin photoactivation. Furthermore, com-
bination of mutants at the second and third cytoplasmic domains revealed a cooperative role, and par-
tially restored transducin activation. The results indicate that hydrophobic interactions by V13833,
V227562 V250833, V254537 and 1255538 are critical for receptor activation and/or efficient rhodopsin-

transducin interaction.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Rhodopsin is the visual photoreceptor present in rod cells and
responsible for dim light vision in the vertebrate retina [1,2]. This
receptor has seven transmembrane (TM)? helices and is a prototyp-
ical member of the G-protein-coupled receptors (GPCRs) superfamily
[3-5], being the only member whose structure was resolved by
X-ray crystallography for almost a decade [6], when other GPCRs
structures were also solved [7,8]. This visual receptor has unique
structural features, such as having its ligand, 11-cis-retinal, cova-
lently bound through a protonated Schiff-base linkage to K296743
(where the superscript indicates the consensus numbering according
to Ballesteros and Weinstein [9]). Retinal isomerization, upon light
absorption, induces structural changes in the helical bundle that
are transmitted to the cytoplasmic domain where the interaction
with transducin (Gt) occurs. Upon physical binding to rhodopsin,
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Gt is activated and initiates the visual phototransduction cascade.
Structural and functional studies on rhodopsin, and other GPCRs,
provide clues about common key sequence motifs in this family of
receptors and allow elucidating the molecular bases of the activation
mechanism [10,11].

Muscarinic receptors are prototypical class I GPCRs - belonging
to the same subfamily as rhodopsin — and are located in the para-
sympathic nervous system. The study of muscarinic receptors is of
outstanding pharmacological interest because they have been in-
volved in a wide variety of physiological and pathophysiological
processes like Alzheimer and Parkinson [12,13]. Muscarinic recep-
tors have an orthosteric site for its native ligand acetylcholine
within the TM region. The binding of agonists promotes receptor
activation through specific conformational changes that are ulti-
mately transmitted to the intracellular domain. The newly adopted
conformation of the TM helices, and cytoplasmic loops presenting
its recognition sites, facilitates G protein binding and activation
[14,15]. There are 5 muscarinic receptor subtypes differentially ex-
pressed and associated with various types of G proteins and second
messenger systems [15-20]. M3 muscarinic receptor is preferen-
tially coupled to the G4 family [21].

The knowledge of the structural details accompanying the tran-
sition between the inactive to the active states of GPCRs and the
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subsequent transduction to signaling proteins has increased dra-
matically in the last years. In the case of rhodopsin, different stud-
ies showed two binding clefts in Gt for activated rhodopsin: one in
the C-terminal region of the o subunit (GtoCt) and the other in the
farnesylated C-terminal end of the y subunit [22-25]. Early muta-
genesis studies proposed that GtoCt was recognized by the second
and third cytoplasmic domains, and specifically by residues
Y1363, V137352, V138353, V139334, E247532 1248531, E249532
V250933 and T251534 [26]. The release of two ligand-free opsin
crystal structures that contain features of the putative active states
[27,28], and in particular the structure of opsin in its G-protein-
interacting conformation, paved the way towards a better under-
standing of the specific roles of each specific residue with regard
to G-protein activation and signal transmission. The structures
confirmed the outward movement of the cytoplasmic end of TM6
[29] relative to the TM core that was known to occur upon Meta-
rhodopsin II (Metall) formation. This movement, a conserved fea-
ture of this family of receptors [30], allows that residues involved
in Gt activation become exposed [31-33]. GtaCt has been proposed
to interact with residues in the C-terminal end of TM6, exposed as
a result of the helical movement. In particular, it has been hypoth-
esized that hydrophobic contacts would control Gt-rhodopsin
affinity interaction [34]. V250 would be involved in the slight rota-
tion of TM6 in Metarhodopsin I (Metal) and subsequent transfer to
a more hydrophobic environment, in the interface between TM3
and TM5, upon further movement of TM6. V227°%? was also found
to be involved in the movement of TM5 in Metal triggered by the
ring of the isomerized retinal. This movement in TM5 would pre-
cede the larger scale movement of TM6 in Metall [35].

It is well known that the cytoplasmic segments of GPCRs, par-
ticularly the second and the third cytoplasmic domains - including
the loops and adjacent helix ends, and to some extent the C-termi-
nal tail of the receptor -, play a critical role in the interaction with
G-proteins and in the molecular mechanism of subsequent activa-
tion and signaling. Different studies allowed the identification of
rhodopsin-Gt interacting sites [28,36,37] as well as the M3 musca-
rinic domains involved in G4 recognition [37-41]. The second and
third cytoplasmic domains and proximal membrane region of the
C-terminus are important in this G, recognition. These studies
showed that Y5.62, in the rat M3 receptor, is essential for G4 acti-
vation. This residue is conserved in M1, M3 and M5 receptors,
which signal via G4, whereas M2 and M4 receptors, signaling via
Gijo, exhibit Ser at the equivalent position. It was hypothesized that
Y5.62 amino acid could form, together with A6.33, A6.34, L6.37 and
$6.38, a site for G4 recognition [39]. Additionally, it was described
that the introduction of C-II loop M3 in a M2 receptor background
increased phosphoinositol hydrolysis. In particular, four amino
acid residues of C-II M3 muscarinic loop, S1683°3, R1713%6,
R176%" and R183“", were found to be critical for G, specificity
[39]. A recent study showed that it was possible to modulate G-
protein selectivity by engineering the cytoplasmic domains of the
membrane receptor [42]. In particular, photoactivation of rhodop-
sin—B,-adrenergic chimeric receptors made on a rhodopsin con-
struct containing the cytoplasmic domains of the B,-adrenergic
receptor resulted in cAMP synthesis, supporting the hypothesis
of a possible common mechanism for all Class I GPCRs. In the pres-
ent study we have used an analogous approach using the rhodop-
sin sequence as the main core and replacing amino acids at the
second and third cytoplasmic domains by those of the human
M3 receptor, with the aim of pinpointing specific amino acids in
these regions involved in the formation of defined structural do-
mains backing G-protein recognition specificity.

Rhodopsin/M3 mutants showed chromophore formation and
photobleaching behavior similar to wild-type (WT) rhodopsin.
The hydroxylamine reactivity was not affected suggesting that
the mutants had a dark conformation similar to the WT receptor.

V1385333, 4CI115-33-38, 5C111>-62/6-33-38 1 C[I-5CIIl and 2CII-5CII mu-
tants (Table 1) showed a significant reduction in Gt activation.
Interestingly, mutations at the cytoplasmic end of helix 6 partially
restored the Gt activation capability of the receptor suggesting a
coupling of the second and third cytoplasmic loops in rhodopsin-
Gt optimal interaction. The results provide experimental evidence
that residues V138333, v227°62 v250%33, v254%37 and 1255538 Jo-
cated in the TMs segments adjacent to C-II and C-III rhodopsin
loops participate in receptor activation and/or Gt binding. The
hydrophobic interactions involving these residues would be an
important factor mediating rhodopsin-Gt interaction. Further-
more, based on Gt activation recovery of combined mutants, a con-
joined action of TM3 and TM6 helices studied is proposed.

Materials and methods
Materials

11-cis-retinal was a gift of Prof. P.P. Philippov (Moscow State
University, Russia) and Prof. A.R. de Lera (University of Vigo, Spain).
Purified mAb rho-1D4 was obtained from the National Culture
Center, Minneapolis and was coupled to CNBr-activated Sepharose
4 Fast Flow (Amersham Pharmacia Biotech). n-Dodecyl-B-p-malto-
side (dodecyl maltoside, DM) was purchased from Anatrace. COS-1
cells (ATCC No. CRL-1650) were from American Type Culture Col-
lection (Manassas, VA). Complete™ protease inhibitor mixture
was from Roche Molecular Biochemicals and was used at a concen-
tration of 1 tablet/75 ml of buffer. Purified Gi/qo subunit chimera
was supplied by Calbiochem.

Construction of opsin mutants

Mutations were introduced into the synthetic bovine opsin gene
by site directed mutagenesis on the WT sequence [43]. The correct
sequence of the mutations introduced was confirmed by DNA
sequencing using the dideoxy chain-terminated method. Rhodop-
sin mutants studied are shown in Table 1.

Expression and purification of WT and mutant rhodopsins

WT and mutant opsin genes were expressed in transiently
transfected monkey kidney cells (COS-1) as described [44]. After
the addition of 30 uM 11-cis-retinal in the dark, the transfected
COS-1 cells were solubilized in 1% DM, and the proteins were puri-
fied by immunoaffinity chromatography using the Rho-1D4 mono-
clonal antibody [45]. Rhodopsins were eluted in 2 mM Na,HPO,,

Table 1

Rhodopsin-M3 muscarinic mutants used in this study. The rhodopsin-M3 muscarinic
mutants listed here were designed, constructed, expressed and characterized as
described under Materials and Methods. We also studied the stability of both inactive
and active states of the mutant receptors. The mutations are located on the second
cytoplasmic loop (C-II), the third cytoplasmic loop (C-III) and combinations of C-II and
C-III mutations (C-II/C-III). The abbreviation system used to name the rhodopsin-M3
muscarinic mutants is original residue - amino acid number in the rhodopsin
sequence — mutated residue (single point mutants); and number of mutations - loop
where the mutations are located, either CII or CIII (multiple mutants).

Mutant Location ~ Abbreviation
V138S C-lI V138S
K141R C-lI K141R
H152R C-lI H152R
V138S/K141R/H152R C-lI 3Cl

V227Y C-1II V227Y
V250A/T251A/V254L/[1255S C-lI 4CIl
V227Y[V250A/T251A/V254L/[1255S C-IIl 5CIII
V138S/V227Y[V250A/T251A[V254L/[1255S C-I1/C-IIl 1CII-5CII1
V138S/K141R/V227Y[V250A/T251A[V254L[1255S  C-1I/C-IIl  2CI-5CII
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pH 6, 0.05% DM and the completely folded fractions of these
mutants were the ones used in this study.

UV-visible absorption spectra of WT and C-II, C-IIl and C-II/C-III
mutant rhodopsins

Spectra were performed at 20 °C with a Varian Cary 100Bio
spectrophotometer equipped with water-jacketed cuvette holders
connected to a circulating water bath. All spectra were recorded
with a bandwidth of 2 nm. For photobleaching experiments sam-
ples were illuminated with a 150-watt fiber optic light equipped
with a >495-nm long-pass filter for 10 s, and the corresponding
bleached spectrum were recorded immediately after illumination.
Acidification of the samples was carried out with 10 ul 1 N HCl
(1/10 dilution).

Thermal stability in the dark and hydroxylamine reactivity for WT and
rhodopsin mutants

Rhodopsin thermal stability in the dark was followed by mon-
itoring the loss of the maximum absorbance band in the visible
region (Asgonm) as a function of time, at a constant temperature
(55 °C). Scans were collected every 5 min and data were normal-
ized and fit to single exponential functions using SigmaPlot to de-
rive the ty, values. Here, thermal stability stands for the stability
of the chromophore covalently linked to the opsin apoprotein in
the binding pocket. The overall thermal stability of the protein
should be determined by other approaches. In any case, our
experiments provide an indirect measurement of the degree of
conformational similarity for dark structures of the rhodopsin
mutants in comparison to the WT receptor. Hydroxylamine treat-
ment was performed by adding this reagent (pH 7.0) to the sam-
ple to a final concentration of 30 mM at 20 °C. Hydroxylamine
reactivity was determined by monitoring overtime the decrease
of Asoonm.

Meta II stability for the C-II, C-1ll and C-II/C-Ill rhodopsin mutants

In order to determine the stability for the rhodopsin mutants
active state, we monitored the stability of the Schiff Base cova-
lent binding between the retinal and K296 [46]. To do that, rho-
dopsin samples purified in 2 mM Na,HPO,, pH 6, 0.05% DM were
illuminated for 10 s and acidified with 1% 2 N H,SO, at different
intervals of time. Ag4onm, corresponding to the remaining Schiff-
base linkage [47], was recorded overtime, plotted, and ¢, values
were determined from the curves and compared to that for WT
rhodopsin.

G-protein activation assay

Gt activation levels were determined by measuring the binding
of radioactive GTPY>S to Gt molecules induced by WT and mutant
rhodopsins as described previously [48,49]. Briefly, the reaction
mixture, containing 1 pM Gt or Gi/qot chimera, 20 nM rhodopsin,
10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM MgCl,, 2 mM DTT,
0.012% DM, and 3 pM GTPy>°S, was bleached for 30 s by using a
150-watt power source with a 495 nm cutoff filter. Samples were
incubated at room temperature for 1h, and the reactions were
stopped by the addition of 10 mM Tris-HCI (pH 7.4), 100 mM Nadl,
and 10 mM EDTA. Unbound GTPy3°S was removed by microfiltra-
tion. The amount of GTPY>>S bound to the G-protein was deter-
mined by using a TRI-CARB 2100TR scintillation counter from
Packard Instrument Co. Basal Gt activation was determined as de-
scribed above but keeping samples in the dark.

Molecular modeling

The computational models of inactive rhodopsin mutants were
constructed on the basis of crystal structure 1GZM [50], whereas
the active models relied on the opsin structure crystallized with
a peptide based on GtoCt, PDB entry: 3DQB [28]. The conforma-
tions of the mutated side-chains were selected based on a library
of rotamers implemented in PyMol [51] All systems were energy
minimized in bulk using the Amber99sb force field [52]. All figures
were created using PyMol [51].

Results
Characterization of the C-1l mutants

V138S, K141R, H152R, and triple mutant V138S/K141R/H152R
(3CII) were purified in 2 mM Na,HPO4, pH 6 containing 0.05%
DM and spectra were recorded in order to determine their final
protein yield. All C-II mutants showed a lower yield, especially
for the triple mutant 3CII with a fifteen-fold lower yield, when
compared to WT rhodopsin (Fig. 1B, Table 2). The photobleaching
and acidification behavior of the purified mutant rhodopsins were
also WT-like, suggesting that these mutants underwent the same
photoactivation pathway than WT rhodopsin (data not shown).
In the dark, they all showed a very similar visible absorption band
with a Anax around 500 nm, indicating that the introduction of
these mutations did not affect the retinal binding pocket configu-
ration (Fig. 1B, Table 2). However, thermal stability in the dark
state — measured at 55 °C - showed differences with regard to
WT. All the single mutants showed a slightly increased stability
in the dark, especially in the case of H152R. Upon combination of
these single mutants in the 3CII triple mutant, the resulting recep-
tor showed a decrease in the thermal stability. All C-II mutants
showed no hydroxylamine sensitivity in the dark, reflecting a com-
pact structure around the Schiff-base linkage (data not shown).
These experiments, taken together, indicated that the mutations
introduced did not cause gross structural perturbations in the rho-
dopsin dark structure compared to the WT. In addition, we also
determined the Metall stability of the purified mutants by means
of a fluorescence spectroscopic assay which measures retinal re-
lease (Table 2). V138S mutant showed Metall stability similar to
WT, and a slight decrease was observed in H152R mutant (0.8).
On the other hand, K141R mutant showed only a Metall stability
of 0.6 when compared to WT, meaning that the introduction of this
mutation destabilized the active receptor conformation (values are
relative to those for WT rhodopsin taken as 1.00).

Characterization and Meta Il stability of C-1ll mutants

V227Y, V250A/T251A/V254L[1255S (4CIll), and V227Y/AALS
(5CIII) mutants were expressed and immunopurified as described
in the Experimental Procedures section. These single and multiple
mutants showed similar yield and spectroscopic features to those
of WT rhodopsin (Fig. 1C, Table 2) with the A.x around 500 nm.
These results indicate that these mutants showed a dark state
and a retinal binding pocket similar to WT protein. The thermal
stability (Table 2) and hydroxylamine reactivity in the dark for
these mutants were also determined. None of the C-III mutants
showed chemical reactivity towards hydroxylamine, indicating
that the receptor structure around the Schiff-base linkage is com-
pact for these mutants (data not shown). On the other hand, single
mutant V227Y, showed a slightly decrease on the thermal stability
in the dark (0.8), and a dramatic decrease was observed in both
4CIII and 5CII mutants (around 0.2 in both cases). One of the
explanations for the acute changes detected in the dark receptor
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Fig. 1. UV-visible spectra for WT and 3CII, 5CIII, 1CII-5CIII and 2CII-5CIII rhodopsin mutants. WT and rhodopsin mutants were expressed into COS-1 cells and
immunopurified in 2 mM Na,HPO,4, pH 6, 0.05% DM. The spectra correspond to the correctly folded fractions, recorded at 20 °C. (A) WT rhodopsin spectra. (B) UV-Visible
spectra of the C-II rhodopsin-M3 mutant, where the single mutations on the second cytoplasmic domain studied here were combined. (C) Spectra of the C-Ill mutants,
containing the changes introduced on the third cytoplasmic domain. (D) Spectra of the C-II/C-III rhodopsin-M3 muscarinic mutants, where the mutations located at the

second and third cytoplasmic domains were combined.

Table 2

UV-Visible characterization, thermal stability, Metall Stability and Gt activation of the Rho-M3 muscarinic mutants. WT and mutant rhodopsin were
expressed in COS-1 cells and immunopurified in 2 mM Na,HPO,, pH 6 containing 0.05% DM. Only the correctly folded fractions were used for the
assays. After purification, spectra were recorded at 20 °C for each mutant and the /,,x was determined. Chromophore thermal stability, in the dark
state, was measured by the decrease of /. overtime at 55 °C. Spectra were recorded on a spectrophotometer equipped with a water-jacketed
cuvette holder connected to a circulating bath to keep stable the temperature. Metall stability of WT and mutant rhodopsins was determined by
monitoring the stability of the Schiff-base linkage between retinal and K296, upon rhodopsin illumination [46]. Briefly, WT rhodopsin and
rhodopsin-M3 muscarinic mutants were illuminated for 10 s and acidified at different intervals of time with 2 N H,SO4. A440nm Was monitored
overtime and values were plotted in a graph. t;); were obtained from the plot. Gt activation was performed as described under Materials and
Methods section. All results are normalized to the WT value taken as 1.00. All values are from three different independent rhodopsin purifications.

Basal Gt activation is shown between brackets.

Rhodopsin Amax (NM) Dark state thermal stability Metall stability Gt activation

WT 500 1.00 1.00 1.00 (0.1 £ 0.05)

V138S 500 1.2 £0.02 1.0 £0.04 0.5+0.07 (0.02 £0.16)
K141R 499 1.1+0.05 0.6 £ 0.05 1.07 £0.07 (0.01£0.11)
H152R 501 1.3+0.03 0.8 £0.03 0.9+0.1 (0.06 +0.02)
3CI 501 0.8 +0.02 N.D.? 1.1 £0.09 (0.36 + 0.06)
V227Y 501 0.8 £0.03 0.8 £0.05 0.7 £0.2 (0.05 £ 0.01)
4CII 500 0.2 £0.02 1.0+ 0.04 0.3 £0.02 (0.03+0.01)
5ClIII 501 0.2+0.03 1.2 £0.02 0.1+0.05 (0.03 £0.02)
1CII-5CII 501 0.5+0.01 N.D.x 0.04 + 0.04 (0.06 £ 0.03)
2CI-5CII 500 0.5 £ 0.01 N.D.x 0.4 £0.15 (0.09 + 0.05)

4 N.D.: not determined.

conformation stability on these multiple mutants could be the
introduction of a large number of mutations on the same protein
construct. On the other side, we measured Metall stability for these
intracellular C-III mutants and we did not observe changes in ac-
tive receptor conformation stability. However, we noticed that
when alone, V227Y mutant showed a slightly decrease on the sta-
bility of its active conformation (0.8), whereas when combined
with 4-CIII mutant, the stability increased 1.5-fold.

Characterization and Metall stability of the C-II-C-IIl mutants
C-II and C-III mutants were combined with the aim to deter-

mine if these C-II and C-lll amino acids formed a common site
for G-protein recognition and/or activation. V138S/V227Y/V250A/

T251A/V254L/1255S (1CII-5CI) and V138S/K141R/V227Y/V250A/
T251A/V254L[1255S (2CII-5CIII) combined mutants were regener-
ated with 11-cis-retinal and showed a sixfold lower protein yield,
but chromophore regeneration levels similar to WT (Fig. 1D,
Table 2). These mutants showed no hydroxylamine sensitivity in
the dark, and their photobleaching and acidification properties
were very similar to those of WT rhodopsin (data not shown).
Intrinsic chromophore thermal stability of the 1CII-5CIII and
2CII-5CIII mutants was determined by monitoring the decrease of
Asponm Values at 55 °C overtime. Both mutants showed about 50%
reduction in the dark state stability similarly to what was seen
for the C-II mutants (Table 2). The introduction of a large number
of mutations could likely affect the receptor inactive conformation
stability.
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Gt activation for the C-II, C-1ll and C-II/C-IIl mutants

The Gt activation experiments were carried out with detergent-
solubilized and purified rhodopsins in 2 mM Na,HPOy,, pH 6, 0.05%
DM by means of a radioactive binding assay (Fig. 2 and Table 2).
After light activation, K141R, H152R mutants showed Gt activation
levels comparable to WT but V138S mutant showed up to a 50%
reduction in Gt activation. It was previously reported that V138, to-
gether with Y136, V137 and V139, forms a crucial cluster for Gt
interaction and mutations in these amino acids were expected to
significantly reduce Gt activation [26,29,53]. The level of Gt activa-
tion for the triple mutant 3CII was 1.1 (with regard to WT) indicat-

| =ssmm Dark T
| == Light

—

Relative Gt activation 3>

S 8 2 o 8 = =
o N B O ®©® O N

1 [ I i

WT V138S K141R H152R 3ClI

E 1.2 | wsm Dark
S == Light
w 1.0 —
=
2 0.8
O 06+
[}
Z 04}
©
202} ﬂ
0.0 _ﬁ - = irrTT
WT V227Y  4ClIl 5CII
g 1.2  wmm Dark
9 == Light
w 1.0+ —
=
S 0.8}
® o6}
)
2= 04¢
©
& 0.2} .
0.0
WT 1CII-5CII - 2CII-5CHI

Fig. 2. Gt activation for the WT rhodopsin and the C-II, C-III, and C-II/C-IIl rhodopsin
mutants. The activation of Gt for the single and multiple mutants studied here was
determined by the incorporation of radioactive GTPy>®S in Gt upon rhodopsin
photoactivation. WT rhodopsin and rhodopsin-M3 muscarinic mutants were
purified in 2 mM Na,HPO,, pH 6, 0.05% DM and mixed to a final concentration of
20 nM with 1 uM Gt in 10 mM Tris-HCI (pH 7.4), 100 mM NacCl, 5 mM MgCl,, 2 mM
DTT, 0.012% DM, and 3 uM GTPy>S. Upon illumination, samples were incubated at
room temperature and the reaction was quenched by the addition of EDTA. Free
GTPy*>S was washed by filtration and the GTPy>>S bound to Gt amount was
measured. Data were compared to WT rhodopsin. Basal Gt activation was
performed as indicated above but keeping the samples always in the dark. (A) Gt
activation for the C-Il rhodopsin-M3 muscarinic mutants in the dark (black) and the
light (grey), (B) Gt activation upon illumination of the C-III rhodopsin-M3
muscarinic mutants, (C) Basal Gt activation (dark, in black) and after photoactiva-
tion (light, in grey) of the C-II/C-IIl rhodopsin-M3 muscarinic mutants.

ing that the combination of V138S, K141R and H152R single
mutations restores the V138S phenotype. We also analyzed basal
Gt activation, i.e. Gt activation in the dark, by the purified mutants.
3CII showed a significant increase in Gt activation in the dark (0.4)
with regard to the basal Gt activation for the WT (0.1) suggesting
that some of these mutations can cause structural changes in the
receptor resulting in a partially active receptor in the dark. In the
case of the 3CII mutant, the basal activity seems to be related to
the contributions of the K141R and H152R mutations. In this case,
Arg introduction at C-II would cause a conformational change in
this intracellular loop allowing the interaction with Gt in the dark.

The ability of intracellular C-III loop mutants to activate Gt was
also analyzed. A reduction of about 30% on Gt activation was ob-
served for mutant V227Y (0.7). In the case of the 4CIIl mutant
the maximum activation value was found to be 0.3 and for the
combined 5CIII mutant, this was dramatically reduced (0.1). In
the M3 muscarinic receptor, the homologous amino acids have
been described to be in close contact possibly forming a common
site for G protein interaction [39]. We also examined the effect of
C-II and C-llI conjugated mutations on Gt activation capacity.
1CII-5CII mutant showed a maximal Gt activation value of 0.04
with regard to WT protein. The V138S single mutant showed a
50% reduction in Gt activation, and the 5CIII mutant did not show
any detectable functionality. Thus, combining these mutations re-
sults in a non-functional receptor. On the other side, 2CII-5CIII mu-
tant presented a Gt activation level of 0.4 after photoactivation.
R141 K partially restored Gt activation, probably as a result of a
structural change in the 1CII-5CIII mutant receptor directly affect-
ing the rhodopsin-Gt interaction pattern. No detectable increase in
the Gi/qa protein activation was detected over basal WT rhodopsin
levels for any of the mutants studied (data not shown).

Modeling of the second and third cytoplasmic domains

Fig. 3, shows a model of the opsin - GtaCt complex that is in
agreement with the current knowledge regarding GPCR-G protein
interactions [28,37,54]. Positions mutated in the TM5-6 region
(C-III domain mutations) lie close to GtaCt, whereas those at the
TM3-4 segment (C-1l domain mutants) exhibit contacts with either
the C-terminus or the o5 helix and the adjacent p-sheet of the Gto
subunit. A more detailed localization of residues V13833, K14136
and H152%4! both in the dark-state and in the Gt-interacting con-
formation opsin crystal structures, is shown in Fig. 4A and B. In the
inactive model, V138 flanks the ionic lock but does not participate
in hydrophobic interactions with other helices, whereas in the ac-
tive model, V138 interacts with L72 at the most C-terminal part of
C-1, but not with the highly conserved hydrophobic residues of
GtoCt. Table 3 summarizes some of the features derived from the
molecular models suggesting that the close proximity to GtoCt re-
quires a small side-chain at the 138 position. K141 forms hydrogen
bond interactions with residues in the C-III loop in the inactive
form and probably contacts E342 and N343 (Gt residues are dis-
played in italics for clarity) in the active state. This position con-
tains polar/charged residues in most class I GPCRs. The model in
Fig. 3 suggests that K1413°% could contact the a5 helix and the
adjacent B-sheet of the Gtol subunit in addition to the C-terminus.
H152%4! does not face Gt although it interacts with two aromatic
residues at the C-II loop both in the inactive and in the G-protein
interacting opsin structure that are close to E134%4°, However,
none of these interactions seems to be functionally important as
H152R did not show any significant effect on Gt activation.

Localization of residues V22752, v250°33, 1251834, v254537
and 1255%3% is shown in a corresponding molecular model
(Fig. 4C and D). In the inactive state, T251 and V254 are strongly
packed to TM3, V250 faces TM2 and 1255 points to TM5. T251 is
known to be part of the ionic-lock between TMs 3 and 6 [49],
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Fig. 3. Residues located at the TM3-C-1I-TM4 and TM5-TM6 and their interaction
with Gt. (A) Model of the opsin-Gt complex by superposition of 1GOT and 3DQB
with helices displayed as cylinders. Opsin helices and loops are shown in white
except TM3 in red, TM4 in grey, TM5 in green and TM6 in blue. For the G-protein
subunits the color code is: Gta (yellow), G¢f (magenta), and Gy (cyan). Mutated
residues are highlighted with a van der Waals surface. (B) and (C) Models show in
detail the two regions mutated in this study: TM3-C-II-TM4 and TM5-TMS6,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

but interacts also with L2266, V250 and V254 exhibit a large con-
tact surface with residues L7223° and L1313, respectively; 1255
contacts the functionally important Y223%°% and V227 does not
interact directly with TM5. In the Gt-interacting opsin, all residues
except V250 and V254 are facing out of the bundle and do not con-
tact GtaCt. Thus, V227, T251 and V254 form a large surface of
interaction between TMs 5 and 6. Importantly, V250 binds L344
and L349 of Gt via hydrophobic interactions (Gt residues are dis-
played in italics for clarity). These correspond to two fully con-
served residues in all G-proteins, whereas V254 seems to be too
short to contact Gt even though its side chain is facing inside.

Discussion

The rhodopsin mutants at the second and third cytoplasmic do-
mains presented here, showed normal chromophore formation, no
hydroxylamine sensitivity in the dark and photobleaching and
acidification properties very similar to those of WT (Fig. 1, Table 2).
None of the single mutants studied here showed dark state
instability at 55 °C, but when these single mutants were combined
(4CIII, 5CIHI, 1CII-5CHI and 2CII-5CIII), their stability was

dramatically reduced (Table 2). Regarding the active state, only
the single K141R mutant exhibited a decreased stability, although
without affecting its ability to activate Gt.

So, the results suggest that these mutants follow the same
photoactivation cascade as the WT but the introduction of these
mutations affects the helical packing and reduce the stability of
the inactive state. With the exception of V138S, all C-II mutants
exhibited a similar degree of Gt activation than the WT. V138 pro-
vides hydrophobic contacts at the junction of TM3 and loop C2,
according to the recent crystal structure of opsin in its G-protein
interacting conformation [28]. Additionally, it has previously been
described that this amino acid, together with residues Y136, V137
and V139 would form a common important site for Gt interaction
and|/or activation [26]. We showed that V138S causes a 50% reduc-
tion in receptor functionality as a result of this motif perturbation.
In a comparative study between rhodopsin and M2 muscarinic
receptor C-II domain sequences, the related mutant V138C was
found to markedly decrease the levels of Gt activation (75%) when
V137 was simultaneously mutated to Phe. The effect was attributed
to the different molar volumes of the two amino acids [36]. GtaCt
exhibits two sides, a hydrophobic one that contacts the ends of
TMs 5 and 6 and another, which contains polar and charged resi-
dues. V138 does not face the hydrophobic part, and consequently
the effects of the V138S mutant are likely to be associated to the
network of hydrogen bonds that connects the neighboring K141
with E342, N343 and E346 in GtoCt. Thus, the 2-fold decrease in acti-
vation for the mutant can be understood from the ability of S138 to
interfere with such a network. This would be compatible with the
lack of effect previously reported for the V138C mutant [55]. The re-
duced Gt activation shown by V138S could be reversed when it was
conjugated with the K141R mutation. The increased volume of the
Arg side-chain would compensate for the smaller Ser volume in cre-
ating an optimal site for Gt coupling. The combined mutant 3CII did
not show the same effects as the single V138S mutant. So, even
though the specific details are not fully understood, this behavior
may be explained by the fact that both V138S and K141R mutants
are affecting the network of interactions cited below.

Gt activation assay for C-III mutants showed an important
reduction in receptor functionality. V227Y single mutant showed
a 25% decrease of Gt activation, whereas the combined 4CIIl mu-
tant decreased up to a 75%. The crystal structure-based models
suggest that activation observed for V227Y>%% would be caused
by alterations at the interface between TMs 5 and 6. In particular,
one possibility is that V227Y causes an alteration in K231°%°, the
counterpart of E247%3° in the active state, which is located one
turn above [28]. Regarding 4ClIIl, the individual contributions of
each amino acid is difficult to determine because the result would
be influenced by the change in inter-helical interactions in both the
inactive and active states as well as in their ability to interact with
the G-protein. In a preceding study, the individual mutation of the
four residues involved in 4ClIII to Cys resulted in proteins that had a
slightly larger activation (1.1-1.4 times) than the WT [55]. The
crystal structures do not reveal a specific role for residue R252, a
fact that, together with the present results, suggests that V250A
and T251A are critical contributions to the 4CIII mutant behavior.
Indeed, the crystal structure of opsin bound to GtaCt showed that
V250 interacts with the two fully conserved Leu residues in the G-
proteins, L344 and L349, a fact that is also supported by the pres-
ence of a hydrophobic residue at this position in 91% of human
non-olfactory Class A GPCRs [56]. The lack of significant increase
for Gi/qo activation, when compared to WT rhodopsin, for any of
the mutants, indicates that the mutations introduced are not en-
ough for changing the specificity for the G-protein. This is consis-
tent with the previous finding that it is necessary to replace the
complete second and third intracellular loops for partially chang-
ing the selectivity for the G-protein [42].
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Fig. 4. Localization of the mutated residues in the crystal structures of inactive rhodopsin (panels A and C) and in the Gt-interacting opsin (panels B and D). Panels A and B
show the C-Il domain: V1383433, K141% and H152**! and panels C and D the C-IIl domain: V2272, v250%33, T251634, V254537 and 1255538, Helices are shown as light gray
cylinders except: TM3 (red), TM4 (dark-grey), TM5 (green in panels C and B), TM6 (blue in panels C and D) and GtaCt (yellow). Mutated residues are shown as sticks and
highlighted with a van der Waals surface. Dashed lines represent hydrogen bond interactions. All panels are views from the cytoplasmic side. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Summary of structural and sequence features of the single mutants used to construct the rhodopsin-M3 muscarinic mutants. From left to right: mutant name; numbering
according to Ballesteros and Weinstein scheme [9]; main contact region of the residue in rhodopsin and in opsin; percentages of human class I GPCRs and (rod) opsins containing
the original and the mutated residue; the preferred residue type at this position: hydrophobic: LIMPVAT, small: GSTCAV, bulky: LIM, H-bond: TSCHQNEDRK, aromatic: FHWY.

Mutant B-wW Main contact Main contact % Class 1 % (rod) % Class 1 % (rod) Pref. Type in Class | human
in rhodopsin in opsin human opsins human opsins

V138S 3.53 T™M6 GoaCt \% 7 88 N 14 1 Small: 83%

K141R 3.56 C-III loop GaCt K 9 78 R 13 11 H-bond: 74%

H152R 4.41 C-II loop GocCt H 7 57 R 24 8 H-bond: 62%, Hydrophobic: 31%

V227Y 5.62 T™6 T™M6 \% 8 38 Y 14 1 Hydrophobic: 51% (Bulky 32%),
aromatic 31%

V250A 6.33 TM3 GoalCt \Y 16 70 A 33 0 Hydrophobic 84%

T251A 6.34 ™3 T™M5 T 16 54 A 22 26 Hydrophobic 78%

V254L 6.37 T™3 T™M5 v 23 67 L 36 1 Hydrophobic 93% (Bulky 60%)

12558 6.38 T™5 - I 7 36 S 5 0 Hydrophobic 67%

Regarding T251%34, additionally to being involved in the ionic-  Conclusions

lock in the inactive state, it is also linked, in the active state, to
the E247-K231 salt-bridge described above. The additive decrease
of V227Y and 4ClIII in the combined mutant is in agreement with
the existence of two independent effects, which result in virtually
no Gt activation. This finding suggests that V227, together with
residues in TM6 (V250, T251, V254 and 1255), forms a Gt recogni-
tion site and that the conjugation of these mutations completely
alters the conformation of this interacting site resulting in a non-
functional receptor. In the case of the combined mutations in C-II
and C-IIT we observed that 1CII-5CIII mutant did not show any abil-
ity to activate Gt, whereas the addition of K141R (2CII-5CIII) mod-
ulated the rhodopsin-Gt interaction pattern in a way that partially
restored the ability to activate the G protein, suggesting that K141R
could be compensating by the mutations at the C-III cytoplasmic
loop.

Overall, our results indicate that hydrophobic residues in TMs
3-6 of rhodopsin loops are involved in Gt activation by directly
binding to the C-terminus or by modulating the interactions be-
tween TMs 3 and 6. We show that hydrophobic amino acids
V13833, V227, V250533, v254%37 and 1255%32 play a crucial role
in Gt activation. These residues, which change their environment
during the transition to the active state, form a Gt recognition site
together with additional residues such as V137 and V139 [26].
These hydrophobic interactions play a critical role in efficient rho-
dopsin-Gt coupling and in modulating TMs movements. Similar
kind of hydrophobic interactions, involving conserved hydrophobic
residues [56], could also determine the specificity of other GPCR-G
protein complexes, in addition to well established electrostatic
interactions [49].
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