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The visual photoreceptor rhodopsin undergoes a series of conformational
changes upon light activation, eventually leading to the active metarhodop-
sin I conformation, which is able to bind and activate the G-protein,
transducin. We have previously shown that mutant rhodopsins G51V and
G89D, associated with retinitis pigmentosa, present photobleaching pat-
terns characterized by the formation of altered photointermediates whose
nature remained obscure. Our current detailed UV-visible spectroscopic
analysis, together with functional characterization, indicate that these
mutations influence the relative stability of the different metarhodopsin
photointermediates by altering their equilibria and maintaining the receptor
in a nonfunctional light-induced conformation that may be toxic to photo-
receptor cells. We propose that G51V and G89D shift the equilibrium from
metarhodopsin I towards an intermediate, recently named as metarhodop-
sin Ib, proposed to interact with transducin without activating it. This may
be one of the causes contributing to the molecular mechanisms underlying
cell death associated with some retinitis pigmentosa mutations.

Introduction

Rhodopsin is the visual photoreceptor responsible for
dim light vision [1,2]. This receptor is located in the
rod cell of the retina. It has seven transmembrane
(TM) helices and is a prototypical member of the
G-protein coupled receptors (GPCRs) superfamily
[3-5]. Rhodopsin was the first member of this super-
family for which a high-resolution structure became
available by X-ray crystallography [6]. For almost a
decade, it remained as the only tridimensional model
of a GPCR, until other receptors were solved [7,8].
The recent structures of the chromophore free protein,
opsin, and of the opsin bound to a peptide derived

Abbreviations

from the C-terminus of transducin (Gt) unravelled key
features regarding the interaction between the receptor
and the G-protein, as well as the main changes in TM
helices that accompany receptor activation [9,10].

The chromophore, 11-cis-retinal, is covalently bound
through a protonated Schiff base linkage to K296, resi-
due 7.43 according to the Ballesteros and Weinstein
numbering system [11]. The positive charge at the
Schiff base is stabilized by the negatively charged
counterion E113(3.28). The initial process of rhodopsin
activation is a light-induced 11-cis to all-trans isomeri-
zation of the chromophore. Subsequently, the receptor

adRP, autosomal dominant retinitis pigmentosa; BTP, Bis-Tris-Propane; DM, dodecyl maltoside; GPCR, G-protein coupled receptor; Gt,
transducin; Meta, metarhodopsin; RP, retinitis pigmentosa; TM, transmembrane; WT, wild-type.
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thermally relaxes on a millisecond timescale to its
active conformation proceeding through a number of
spectroscopically distinguishable intermediates. A cru-
cial event during this process is the transition from the
inactive metarhodopsin I (Meta I), still with a proton-
ated Schiff base, to the active metarhodopsin II (Meta
IT) state, with a deprotonated Schiff base, which is
reflected in a significant shift of the absorption maxi-
mum from 480 nm (Meta I) to 380 nm (Meta II).
Meta II activates Gt by binding it to its cytoplasmic
domain and thereby triggering the visual cascade [12].

Retinitis pigmentosa (RP) belongs to a group of
inherited degenerative retinopathies that are genetically
and clinically heterogeneous [13,14]. In the past
15 years, more than 150 mutations have been discov-
ered in the opsin gene, most of them associated with
an inheritable form of the disease (autosomal domi-
nant retinitis pigmentosa, adRP), involving mainly
point mutations and a few deletions. Mutations associ-
ated with adRP are spread all over the opsin gene in
the three domains of the receptor: intradiscal, TM and
cytoplasmic. The study of rhodopsin mutants associ-
ated with retinal diseases, such as RP, provides infor-
mation about the molecular mechanism of these
pathologies. The study of GPCRs is also of outstand-
ing pharmacological interest, as this family of recep-
tors is involved in a wide variety of physiological and
pathophysiological processes. Therefore, structural and
functional studies on rhodopsin provide insights into
common structural motifs of GPCRs and allow us to
elucidate the structural basis of a proposed common
activation mechanism.

TM1 and TM2 play an important role in the stabil-
ity and function of rhodopsin. The naturally occurring
mutations at G51 (1.46), G51A and G51V, and G89D
(2.56) of rhodopsin, associated with adRP, were first
reported in the early 1990s [15-17]. G51 (1.46) is found
in ~50% of class A GPCRs, whereas G89 (2.56) is
mostly specific of blue/green vertebrate opsins. G2.56
and G2.57 are present in ~7% of class A GPCRs each
and this GG pair is present in 32% of rhodopsins, all
belonging to the group of blue/green vertebrate rho-
dopsins. G89D was tentatively termed class A in a
clinical study and was proposed to show an earlier
onset and more severity than G51A, which was defined
as a class B mutant showing a milder clinical pheno-
type [18]. The G51V mutant was reported to have nor-
mal intracellular trafficking to the plasma membrane
similar to wild-type (WT) rhodopsin and little accumu-
lation in the endoplasmic reticulum. This seems to be
a common feature of a subset of rhodopsin mutants
that may not be classified as folding-defective, like the
newly reported G90V adRP mutation [19]. The G51A,
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GS1V and G89D mutants were studied in the context
of the folding and packing of the TM domain together
with other adRP mutations in the other TM helices
[20]. These studies showed that G51V was able to
regenerate with 11-cis-retinal to form chromophore-
like WT rhodopsin, whereas G51A and G89D could
form it only partially [20]. Later, these studies were
taken as a starting point for a detailed characterization
of the environment of G51 and G89, analysing a series
of mutants at these positions [21]. The results provided
insights into the structural and functional conse-
quences associated with changes in the size and/or
charge of substituted amino acid side-chains at sites of
naturally occurring mutations in TM helices I and II
[22]. The GS51A, G51V and GS5IL mutant proteins
were thermally less stable compared with WT rhodop-
sin, both in the dark and after photoactivation. Both
the stability of the mutants and their ability to activate
Gt could be correlated with the increase in size of the
side-chain at position 51, pointing to a disruption of
the interhelical packing due to the mutations. In the
case of mutations at position 89, the charge introduced
was found to be more critical than the size of the side-
chain. G89 is located next to another glycine, G90
(2.57), whose mutation to aspartic acid is associated
with the retinal disease congenital night blindness [23].
Both positions are close to the retinal binding pocket,
next to the Schiff base.

There are various important factors that govern rho-
dopsin activation: cis-trans retinal photoisomeration,
thermal relaxation of the complex and the pH- and
temperature-dependent equilibrium between Meta [
and Meta II. At physiological temperature, the equilib-
rium between Meta I and Meta II conformations is
shifted towards Meta II as a result of the rhodopsin—
Gt interaction [24]. Upon illumination, the G51V and
G89D RP mutants show the formation of a nonactive
altered photointermediate that could possibly be in
equilibrium with the species described as Meta II.

In the present work, G51V has been combined with
mutants E134Q (3.49) and V300G (7.47) to further
understand its structural and functional consequences.
E134Q is known to shift the Meta I to Meta II equilib-
rium towards the latter by releasing the neighbouring
R135 (3.50) [25], which directly contacts the Gt C-ter-
minus. On the other side, G300 is in intimate contact
with G51. The double mutants G51V/E134Q and
GS51V/V300G helped to determine to which degree the
effects of G51V are associated with the D(E)RY or
NPxxY micro-switches [26]. Specifically, the additional
introduction of E134Q in the background of the G51V
mutant structure results in a less altered photointer-
mediate formation and improves Gt activation (0.8 for
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the G51V/E134Q double mutant with regard to 0.2 in
the G51V single mutant). In this second case, the
G51V/V300G mutant still presents an altered photo-
intermediate formation and does induce a significant
increase in Gt activation, indicating no reversal of the
GS51V phenotype by V300G. These results reflect that
the altered photointermediate formed by GS51V and
G89D RP mutants could be Meta Ib, described as an
inactive species in equilibrium with Meta II and proba-
bly with a similar conformation to the active state, but
lacking some of the specific structural features that
make the receptor functionally active [27]. Overall, our
current work, together with previous results, suggests
that an alteration in the Meta I to Meta II pathway
could be one of the molecular triggers of RP associ-
ated with some rhodopsin mutations.

Results

Characterization of G51V and G89D mutants

GS51V (1.46) and G89D (2.56) mutants showed an
altered photobleaching behaviour, as previously

Table 1. A, in the dark and after illumination (light) for WT,
G51A, G51V, G89D, GHT1A/E134Q, G5H1V/E134Q, V300G and
G51V/V300G rhodopsin. Data shown here are the average of
several independent purifications.

Rhodopsin hmax (dark) Amax (light)

WT 500 nm 380 nm

G51A 500 nm 380 nm

G51V 502 nm 380 nm/484 nm
G89D 500 nm 380 nm/490 nm
G51A/E134Q 498 nm 380 nm
G51V/E134Q 5017 nm 380 nm/490 nm
V300G 499 nm 380 nm
G51V/V300G 5017 nm 380 nm/484 nm

Rhodopsin retinitis pigmentosa mutations

described [15,16]. In contrast to WT protein, G51V
and G89D mutants (with A, at 502 and 500 nm, in
the dark, respectively), were not fully converted to
Meta I (Anax = 380 nm) after illumination. For the
G51V mutant, one band with A, at 380 nm and
another with A, at 484 nm were observed. In the
case of the G89D mutant, the species formed after illu-
mination showed two bands with A, at 380 and
490 nm (Table 1). These results indicate that GS51V
and G89D rhodopsin mutants may be trapped in one
of the photointermediate states along the activation
pathway, and not reaching the active photointermedi-
ate, Meta II. The kinetic parameters of formation and
disappearance of these altered photointermediates were
evaluated. Their stability was determined after 10 s
illumination at 20 °C, as measured by the decay of
the corresponding absorbance band. For the G51V
mutant, the species with A, at 484 nm had a decay
process with a f,, of ~ 11 min, whereas for G89D
t1,» was ~ 25 min (Table 2). In order to investigate
whether these altered photointermediates were in equi-
librium with the species formed with A, at 380 nm,
various experiments were carried out in the presence of
100 um Gto-HAA (Gta-HAA/rhodopsin molar ratio
approximately 100 : 1). This is a very high Gto-
HAA/rhodopsin ratio as compared with native photo-
receptor cells were the Gt/rhodopsin ratio is much
lower, ~0.1. This suggests that in vivo the Gt/rhodop-
sin ratio would not be high enough to shift the
mutants’ altered photointermediates to their Meta II
conformations. The spectra in the dark, after illumina-
tion and acidification for G51V and G89D mutants, in
the presence of Gta-HAA (Fig. 1), showed that this
altered photointermediate was not formed in the case
of the G51V mutant, but it was still formed, although
at lower levels, in the case of the G89D mutant. After
illumination, the dark species were fully converted to
species with Ay.x at 380 nm, suggesting that the altered

Table 2. Retinal release, in the presence and in the absence of the Gta-HAA peptide, Gt activation and t; ,» of the altered photointermediate
decay process, for WT, G51A, G51V and G89D rhodopsin. The experimental conditions used in the different assays were: (a) 50 mm BTP,
pH 7.5, 0.03% DM; (b) 50 mm BTP, pH 7.5, 0.03% DM + 100 um Gt peptide; (c) 10 mm Tris/HCI, pH 7.1, 100 mm NaCl, 2 mm MgCl,,
0.012% DM; (d) 10 mm BTP, pH 6.5, 0.03% DM, T = 20 °C. Percentage values represent the contribution of each species to the retinal

release.
(a) Retinal release, (b) Retinal release + (c) Maximum AF (340 nm) (d) Altered photointermediate
Rhodopsin t1 /o (Min) Gt peptide, t;,, (min) (Gt activation) stability, t;,, (min)
WT 13+0.1 > 83.0 1.00 -
G51A 18 + 0.1 > 83.0 1.0 £ 0.05 -
G51V 32% 2.0 + 0.1 33.0+04 0.2 +0.02 11.0 £ 0.1
68% 38 + 0.5
G89D 19% 2.0 + 0.5 38.0 £ 0.2 0.6 + 0.03 25.0 £ 0.2

81% 23.0 £ 0.1
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Fig. 1. WT, G51V and G89D UV-visible absorption spectra in the
dark, after illumination and after acidification in the presence of
100 um Gto-HAA peptide.

species formed in the absence of peptide were all able
to reach the Meta II state. The retinal release curve for
G51V and G89D mutants at pH 7.5 and 0.03% dode-
cyl maltoside (DM) could be best fitted to a double-
exponential curve, with a slow component and a fast
component of retinal release, as described previously
[21]. The retinal release in the presence of Gta-HAA
was measured and the results for G51V and G89D
were best fitted as single-component exponential rise
curves (Table 2). 71, in the presence of Gta-HAA for
these mutants, compared with #;,, of the WT protein,
indicated that both G51V and G89D had a thermally
unstable active state. This effect can be correlated with
the decrease in Gt activation observed for the mutants.
A possible explanation would be that two distinct spe-
cies in equilibrium are formed after photobleaching:
one that is nonfunctional and another one with capac-
ity to activate Gt. Thus, G51V and G89D would also
exhibit less stable active photointermediates that would
contribute to the reduced degree of Gt activation
observed. In terms of the thermal stability, the active
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conformation of the G51V mutant was less stable than
the active conformation of the mutant G89D and the
ability to activate Gt was lower for G51V than for
G89D (Table 2). Because of the stronger effect of Gto-
HAA in shifting the altered conformation of G51V, we
focused on this mutant for the double mutant studies
described in the following sections. The stronger resis-
tance for the altered photointermediate of the G89D
mutant to be shifted to the Meta II conformation
could be correlated to the more severe phenotype
suggested for this mutation [18].

Characterization of G51V double mutants with
E134Q and V300G

In order to dissect further the effect of G51V, two
double mutants, G51V/E134Q and G51V/V300G,
were constructed. The E134Q (3.49) mutation in the
conserved D(E)RY motif of class A GPCRs is known
to facilitate light-induced Meta II formation [25]. In
the present report, E134Q was combined with G51V
with the aim of restoring part of the activation lost in
the single mutant. A strong relationship between
TMI1-TM2 and TM7 has been suggested in different
reports [21,22,28,29]. Thus, the double mutant
G51V/V300G was generated with the purpose of
assessing whether or not steric hindrance with V300
(7.47) would be the reason for the large decrease in
activation observed for the single G51V, as previously
hypothesized [21]. We also constructed mutants
G51A/E134Q and V300G as control mutations.

The spectra of the recombinant proteins in the dark,
after illumination and acidification, indicated that all
the mutants showed normal pigment formation in the
dark (Fig. 2). However, G51V/E134Q and GS51V/
V300G mutants showed an abnormal photobleaching
behaviour. Thus, after illumination, UV-visible spectra
of the G51V/E134Q mutant showed the formation of
two bands, at 380 and 490 nm, respectively. G51V/
V300G also showed the formation of an altered inter-
mediate after photobleaching, exhibiting two bands,
one at 380 nm and a second one at 483 nm (Table 1).
The previous results were obtained with immunopuri-
fied rhodopsins in DM solution, but it is usually a con-
cern that the photobleaching behaviour is different in
a lipid environment. To clarify the effect of the lipid
environment on the photobleaching properties, we
prepared COS-1 cell fragments for the WT and
GS51V/V300G mutant, regenerated them with 11-cis-
retinal and recorded the dark minus light spectra
obtained upon illumination. In spite of the high degree
of light scattering of this membrane system, we could
detect a difference between the behaviour of the WT
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Fig. 2. UV-visible spectra in the dark, after illumination and after acidification in the presence and in the absence of Gta-HAA, of

G51A/E134Q, G51V/E134Q, V300G and G51V/V300G.

and the G51V/V300G double mutant, with the latter
showing two bands in the difference spectrum and only
one for the WT (data not shown). This difference
seems to be consistent with the results obtained in DM
solution.

The altered band of these mutants, in DM solution,
had less intensity than the corresponding band formed
in the case of the G51V single mutant. 7;,, for the
decay process of the altered photointermediate species
of G51V/E134Q and GS51V/V300G mutants were
determined from the decay of A499 nm and Auigs nm,
respectively, at 20 °C. ¢;,, of the photointermediate
formed for the G51V/E134Q mutant was found to be
88 + 0.3 min, whereas in the case of the G51V/
V300G mutant, ¢;,, was 50 £+ 0.3 min. However,
GS51A/E134Q and V300G mutants showed UV-visible
spectra similar to WT, after illumination, with a shift
to Aszgo nm» suggesting that these mutants undergo the
same WT photointermediate pathway. In addition, the
photobleaching and acidification behaviour of G51V/
E134Q and G51V/V300G mutants in the presence of
100 pm Gta-HAA peptide was analysed. After illumi-
nation, both mutants exhibited a single absorption
band at 380 nm, and the altered photointermediate
band disappeared (Fig.2). This fact indicates that
the altered photointermediates are in equilibrium with
the species at 380 nm and that this equilibrium is
shifted by the Gta-HAA peptide towards the species
absorbing at 380 nm, presumably the active Meta 11
conformation.

During the decay of G51V, G51V/E134Q and
G51V/V300G mutants we could observe a shift in the

absorption maximum of the characteristic band for the
altered photointermediate. The difference spectra
between the spectrum recorded at 10 min after illumi-
nation and the one recorded immediately after illumi-
nation of these mutants showed a shift in the altered
photointermediate band from 485-490 nm to 465-
470 nm, suggesting the formation of an additional
photointermediate (Fig. 3). Interestingly, the existence
of equilibria between Meta Ia (485 nm), Meta Ib
(465 nm) and Meta II (380 nm) was recently reported
[27]. For these mutants, an initial formation of Meta
Ta (485 nm), and its decay to Meta Ib (465 nm) before
Meta II formation (380 nm), could be observed. Fur-
thermore, in the case of the V300G mutation, the
formation of a 470 nm band could be detected shortly
after illumination and the progressive disappearance of
this band with time could also be observed. This band
could correspond to Meta III [30]. In fact, a simple
interpretation of the double mutant results would be
that the spectral changes observed are due to the con-
version of the equilibrium mixture of Meta I, Meta Ib
and Meta II to Meta III, which has an absorption
maximum at ~ 460 nm. Therefore, the spectral changes
observed in the double mutants would indicate the
formation of Meta III after establishment of the quasi
equilibrium state among Meta I, Meta Ib and Meta II.
Experiments at lower temperatures (12 and 4 °C) were
carried out to clarify this point. We found a differential
behaviour for G51V/V300G and G51V/E134Q, at these
lower temperatures, with the latter showing a very slow
decay reflected in almost flat difference spectra, but we
could not unambiguously determine the contribution of
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the indicated photointermediates from such experiments
(data not shown).

Gt activation

The ability of GS51A/E134Q, G51V/E134Q, V300G
and G51V/V300G mutants to activate Gt was deter-
mined using fluorescence spectroscopy. The fluores-
cence increase at 340 nm is shown in Fig. 4 for the
different mutants, and the maximum value and the ini-
tial rates of Gt activation were derived from the fluo-
rescence curves (Table 2). The E134Q single mutant
was previously shown to activate Gt at slightly higher
levels than WT rhodopsin [31-33]. The G51A/E134Q
mutant showed a maximum capacity of activation
equal to WT protein, whereas the G51V/E134Q
mutant showed a reduced activation of 0.8. V300G
and G51V/V300G mutants also showed a decrease in
Gt activation with regard to the WT, with maximal
activation around 0.6 and 0.2, respectively (Table 3).
The initial rates of Gt activation were determined, for
each mutant, using the first 100 s from the curve. The
GS51A/E134Q mutant showed a similar Gt activation
rate to the WT protein. Gt activation of the G51V

Wavelength (nm)

500 600 0 min) for the illuminated sample spectra

are shown in the corresponding insets.

mutant was reduced below 30% when compared with
WT. The introduction of the E134Q mutation, in the
G51V mutant sequence background, almost restored
the capacity of the protein to activate Gt (0.8 when
compared with WT taken as 1.0).

Meta Il stability

For each mutant, the Meta II decay was measured by
fluorescence increase after illumination of the protein
sample. G51V/E134Q, V300G and GS51V/V300G
mutants showed an exponential curve of retinal release
with two components, a slow component and a fast
component, like the G51V mutant (Table 2). A corre-
lation could be established between the maximum
capacity of Gt activation of these mutants and the sta-
bility of their corresponding active states. The mutants
showing a higher percentage of unstable component,
e.g. fast retinal release component, also showed lower
Gt activation levels. Therefore, the G51V/V300G and
G51V mutants with a fast component of ~45% and
32%, respectively (#;,, ~ 2.0 min), also showed the
least Gt activation (0.2) when compared with WT. The
unstable component of the G51V/E134Q mutant rep-

WT
V300G
Fig. 4. Gt activation for WT, G51V,
G51V/V300G GB1A/E134Q, G51V/E134Q, V300G and
G51V/V300G rhodopsin mutants. The
fluorescence increase for all mutants and

1.2 1.2
WT

__ 10 __ 10

E o8 G51A/E134Q| E (4

e G51V/E134 =)

S o6 Q g oo

w 04 w 04

5 0 G51V 5 0

< 02 a— T——" 5 02

['4 v
0.0 0.0
025 10 15 20 25 30 * 0 5 10

Time (min)

1498

Time (min)

WT rhodopsins was normalized to
WT, taken as 1.00.

15 20 25 30
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Table 3. Initial rates and maximum fluorescence at A = 340 nm for
Gt activation and t;,, for the retinal release of WT, G51V and
V300G single mutants and G51A/E134Q, Gb51V/E134Q and
G51V/V300G double mutants. The fluorescence assay was per-
formed at 20 °C with the following conditions: (a) 50 mm BTP, pH
7.5 containing 0.03% DM; (b,c) 10 mm Tris/HCI, pH 7.1. Initial
rates and maximum fluorescence signal for Gt activation are nor-
malized to WT. Data represent the average of at least two indepen-
dent experiments.

(a) Retinal (b) Maximum
release, AF (340 nm) (c) Initial rate
Rhodopsin t1 /2 (Min) (Gt activation) (Gt activation)
WT 12+04 1.00 1.00
G51V 32% 2.0 £ 0.1 0.2 +0.02 0.3 £ 0.03
68% 38.0 + 0.5
GB1A/E134Q - 1.0+ 0.2 0.8 £ 0.1
G51V/E134Q  20% 8.0 + 0.3 0.8 + 0.04 0.5 + 0.02
80% 29.0 + 0.2
V300G 45% 2.0+ 0.2 0.6 = 0.02 0.4 +0.02
55% 12.0 + 0.4
G51V/V300G 45% 2.0 £+ 0.4 0.2 + 0.04 0.2 £ 0.01

55% 12.0 + 0.4

resents 20% of the total fluorescence curve with ¢;,, of
8 min, and Gt activation for this mutant is 0.8 with
regard to WT.

Mutational effects in the context of the crystal
structures

Figure 5(A,B) displays the location of G/V51 (1.46) in
the crystal structures relative to functionally important
residues. Position 51 lies just one turn away from the
fully conserved N55'. (1.50) in class A GPCRs. 1GZM
crystal structure reveals that the NH of NS55 forms
two hydrogen bond interactions with the backbones of
A299 (7.46) and G51, which stabilize the distorted con-
formation of TM7 around the NPxxY motif. The same
crystal structure contains one water molecule that
bridges two additional highly conserved residues: D83
(2.50) (96% of human nonolfactory receptors) and
N302 (7.49) (77%) plus the free carbonyl of S298
(7.45). Although not resolved in rhodopsin, two water
molecules that have been resolved in the B2-adrenergic
crystal structure are probably conserved through this
class of receptor [34]. One of these molecules connects
N55 with D83 and also interacts with the water mole-
cule between D83 and N302, thereby providing a link
between NS5 and N302.

G89 (2.56) is part of the GG motif responsible for
the kink of TM2 in the bovine rhodopsin structure,
which has been proposed to be conserved [35], and it
was proposed that the extracellular portion of TM2

Rhodopsin retinitis pigmentosa mutations

could adopt different conformations depending on the
specific features of a receptor [36]. Figure SD shows
how a small change in this segment, by G89D, could
change the helix kink and ultimately affect interactions
in the vicinity of the retinal (Figure 5D), namely at
residues T94 (2.61) and E113 (3.28), decreasing both
thermal stability and activation.

Discussion

GS51V (1.46) and G89D (2.56) adRP mutants showed
an altered photoactivation pathway, forming an abnor-
mal photointermediate that is in equilibrium with
Meta II species with Ap.x 380 nm. Moreover, the
active conformation of these mutants was found to be
less thermally stable than the active conformation of
WT rhodopsin, a fact that correlated with the changes
observed for Gt activation. The G51V mutant, forming
a less stable Meta II intermediate than G89D, also
showed lower Gt activation (0.20 and 0.57, respec-
tively). Additional mutations E134Q (3.49) and V300G
(7.47) were introduced to unravel the nature of the
altered photointermediate. On the one side, it has been
reported that the E134Q mutation facilitates light-
induced Meta II formation [25], as R135 (3.50) has
more freedom to adopt the extended conformation
that optimally interacts with Gt [9,10]. Figure 5B sug-
gests that E134Q does not require the formation of the
hydrogen bond network that connects TM1 to the
G-protein for signalling, and thus it becomes almost
independent of the structural defects of G51V. Accord-
ingly, the experiments show that E134Q could partially
revert the effect of G51V, suggesting that the single
mutant G51V would be trapped in an altered photo-
intermediate prior to Meta II formation. On the other
side, we added V300G to the G51V mutant to assess
whether a valine residue at position 51 could cause ste-
ric hindrance with V300 in TM7 [20]. G51V/E134Q
and G51V/V300G double mutants formed pigments
with dark ground state similar to WT. However, they
showed an abnormal photoactivation process, like the
G51V single mutant, with the formation of an altered
photointermediate, but exhibiting a lower band when
compared with G51V. Additionally, in G51V, G51V/
E134Q and G51V/V300G, another altered photointer-
mediate (Apnax = 470465 nm) was found prior to
Meta II (Amax = 380 nm) formation. Recently, the
existence of an equilibrium between Meta I species,
renamed Meta Ia (Ap.x = 485 nm) and Meta Ib
photointermediates (Ap.x = 460 nm), and Meta I
(Amax = 380 nm) was reported [27]. We propose
that our results probably reflect that these muta-
tions influence such equilibrium. Thus, during the
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Fig. 5. Mutational effects of G51V and G89D in the context of the crystal structures of dark rhodopsin (A, C and D) and opsin in its Gt bind-
ing conformation (B), showing the region around V51 (1.46) (A, B) and around D89 (2.56) and the protonated Schiff base (C, D). Helices are
shown as cylinders except in (A), where they are represented with a cartoon; side-chains are sticks coloured by atom-type and crystallo-
graphic water molecules are spheres. Hydrogen bond interactions are represented by dashed lines. A van der Waals surface has been added
to the mutated residues. Some helices have been omitted for better clarity. (A) The network of hydrogen bond interactions that involve the
conserved N55 (1.50) and the backbone of G51. The colour code for the TM helices is TM1 (blue), TM2 (yellow) and TM7 (white). Brown
spheres correspond to water molecules taken from 2RH1, whereas those present in 1GZM are displayed in red. (B) The proximity of V51
to the network of polar residues connecting TM1 (blue), TM2 (yellow), TM3 (red), TM5 (green) and TM7 + helix 8 (white) with the Gt
C-terminus (grey). A van der Waals surface has been added to Y306 to outline the different conformation compared with the inactive state
(represented with a dotted surface). (C) Polar residues and crystallographic water molecules that participate in association with the proton-
ated Schiff base. The colour code of the helices is: TM2 (gold), TM3 (red), TM1 and TM7 + short helix 8 (white). (D) Different conformations
of the extracellular part of TM2 in various crystal structures: Todarodes pacificus rhodopsin [pdb:1GZM, 56] (green), B, adrenergic

[pdb:2RH1, 57] (blue) and adenosine A, [pdb:3EML, 60] (magenta).

photoactivation process of these mutants, we would be
observing the initial formation of the Meta Ia photoin-
termediate and its decay to the Meta Ib before Meta
II formation.

Meta II stability for these mutants was measured by
retinal release, and the functionality of the process was
determined by means of Gt activation assays. All
mutants showed a double-exponential curve for retinal
release with a fast and a slow component. The Gt acti-
vation and the fast retinal release component corre-
lated well for these mutants: more unstable mutants
with a fast retinal release also showed lower Gt activa-
tion rates. Therefore, G51V/V300G and GS51V, in
which the fast component contributes 45 and 32%,
respectively, to retinal release, produced the lowest Gt
activation (0.2 when compared with WT). The unstable

component of the G51V/E134Q mutant represents
~20% of the total protein with #;,, = 8 min, and its
maximum Gt activation is ~0.8 with regard to WT
rhodopsin. E134Q mutation partially reverted to the
GS51V phenotype, partially recovering the receptor
functionality. By contrast, introduction of the V300G
mutation in the G51V mutant structure did not
improve receptor functionality. Both mutants involving
V300G showed a reduction in the ability to activate
Gt. The specific initial rates of activation were 0.4 for
G51V/V300G and 0.2 for V300G. This suggests that
alterations associated with N55 (1.50) would be more
important than the possible steric clashes between
TM1 and TM7. Thus, the introduction of the V300G
mutation in G51V protein did not increase the
activation of the single mutant. Indeed, molecular
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models reveal that the V300G mutant can be tolerated
both in the inactive and in the G-protein binding
states.

In view of all this experimental evidence, we propose
that the mutants in the present study follow an acti-
vation pathway that includes the initial formation of a
Meta [ photointermediate, renamed Meta la, and
the decay to Meta Ib [27]. The Meta Ib photointermedi-
ate would display structural differences compared with
the Meta Ia state that could probably make it more sim-
ilar to Meta II, but without its functional capacity [27].
GS51V affects packing between TM1, TM2 and TM7
and modulates the interactions between important
amino acids in the Meta I to Meta II equilibrium
[37,38]. D83 (2.50) has an important role in Meta II for-
mation; mutations in this amino acid affect such an
equilibrium and the D83 environment changes during
the photoactivation process [37,39]. This amino acid
interacts with the NPxxY motif, in helix 7, through a
cluster of water molecules and forms a hydrogen bond
with the neighbouring N55 (1.50) [39—41]. The crystal
structure of opsin bound to Gt shown in Fig. 5B reveals
that a large movement of the 91% conserved Y306
(7.53) extends this network of hydrogen bond interac-
tions, providing a direct link between N55 and the
G-protein C-terminus (Fig. 5A). The cartoons illustrate
how the increasing side-chain volumes at G51 would
necessarily lead to distortions at the preceding network
associated with the NPxxY motif, a fact that would be
compatible with the experimental features of the G51V
mutant. Reduced G-protein activation, due to mutation
of D83 (2.50) pivot to asparagine or alanine, is known
for a large number of opsin-like nonvisual receptors.
The creation of a second switch by a change at G89
(2.56), from glycine to aspartic acid, may point to a
difference in bundling of TM helices in visual and non-
visual A-GPCRs, perhaps due to the lack of the opsin-
obligatory interaction K296 (7.43) in the latter.

In the context of the crystal structures (Fig. 5), the
G51V mutation changes the environment of DS§3,
thereby modifying the interactions involved in the Meta
I to Meta II equilibrium by shifting it towards an inac-
tive photointermediate, which could alter photoreceptor
cell proteostasis. Thus, the lack of signalling may not be
the triggering cause of photoreceptor cell death, but
light-induced accumulation of the analysed photointer-
mediate. If that hypothesis is correct, dark rearing of
mice carrying these mutations could rescue rods from
degeneration. Further studies with transgenic animals
would be needed to confirm this.

A recent study on the pharmacological rescue of
rhodopsin RP mutants has proposed that abnormal
photoactivity, characterized by Meta I-like photoprod-
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ucts, would contribute to the phenotype [42]. Another
recent study detected four metastable states in the
transition between inactive and opsin-like structures,
with at least two activated conformations characterized
by a different extent of separation between TM3 and
TMG6 [43]. Although protein misfolding has been pro-
posed as the molecular cause of RP for many rhodop-
sin mutations [42], other mechanisms have also been
suggested [44]. Spectroscopic studies classify rhodopsin
mutations as misfolding mutations on the basis of an
altered A,go/Asoo ratio in the absorbance spectra [20].
This would mean that the misfolded protein is unable
to correctly bind the 11-cis-retinal chromophore. How-
ever, it is well known that rhodopsin is more stable
when inserted into the membrane than in a detergent-
solubilized state [45]. Mutant analysis requires purifica-
tion in detergent, which can cause instability of the
chromophore, resulting in higher A,30/As00 ratios,
which may not necessarily reflect misfolding of the
protein. Furthermore, many studies claiming that
mutations in rhodopsin cause RP mainly by protein
misfolding are based on the detailed characterization
of a subset of mutants and no subcellular localization
has been reported for many of these mutations [44]. In
our case, the nonfunctional Meta I-like photointer-
mediates here observed would form upon rhodopsin
photobleaching and would abnormally accumulate,
causing toxic effects on photoreceptor cells, leading to
their degeneration. Our study unravels the nature of
these photointermediates in in vitro-purified mutants
and adds on the complexity of molecular mechanisms,
other than protein misfolding, associated with RP
retinal degeneration.

Materials and methods

Materials

11-cis-retinal was a gift from Professor A. R. de Lera
(Universidad de Vigo, Spain) and Rosalie Crouch (Univer-
sity of South Carolina and the National Eye Institute,
National Institutes of Health, USA). Purified mAb rho-1D4
was obtained from the National Culture Center (Minne-
apolis, MN, USA) and was coupled to CNBr-activated
Sepharose 4 Fast Flow (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). DM (n-dodecyl-B-D-maltoside;
dodecyl maltoside) was purchased from Biomol (Hamburg,
Germany). COS-1 cells (ATCC no. CRL-1650) were
obtained from American Type Culture Collection (Manas-
sas, VA, USA). Complete™ protease inhibitor mixture was
obtained from Roche Molecular Biochemicals (Mannheim,
Germany) and was used at a concentration of one tablet in
75 mL buffer.
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Construction of opsin mutants

Mutations were introduced into the synthetic bovine opsin
gene [46] by replacement of a Bc/l-HindIIl restriction frag-
ment by synthetic DNA duplexes containing the required
codon changes in the case of the mutants at position 51.
For the mutants at position 89, the restriction fragment
replaced was Bg/lI-Ncol. The mutant genes were cloned in
the pMT4 vector [47] as described previously [20,48,49].
Mutations at position 89 were carried out using a pSK vec-
tor [50] derived from the vector pCMVS5 [51]. V300G muta-
tions were introduced by site-directed mutagenesis on WT
and G51V sequences. G51A/E134Q and GS51V/E134Q
were constructed by cassette mutagenesis from the initial
mutations G51A, G51V and E134Q. The correct sequence
of mutations introduced was confirmed by the dideoxy
chain-terminated method.

Expression and purification of WT and rhodopsin
mutants

WT and mutant opsin genes were expressed in transiently
transfected monkey kidney cells (COS-1) as described previ-
ously [33]. 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 purified by immunoaffinity
chromatography. Rhodopsin was eluted in 10 mm Bis-Tris-
Propane (BTP) pH 6.5, 0.03% DM and the correctly folded
fractions [48] of these mutants were the ones used in the
present study.

UV-visible absorption spectra of WT and
rhodopsin mutants

Spectra were acquired at 20 °C with a Varian Cary 50 UV-
visible spectrometer or with a Varian Cary 100Bio spectro-
photometer 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, samples were illuminated with a 150 W fibre-
optic light equipped with a > 495 nm long-pass filter for
10 s, and the corresponding bleached spectrum was
recorded immediately after illumination. Acidification of
the samples was carried out with 10 pL HCI 1M (1/10 dilu-
tion). Preliminary tests at different pHs, ranging between 5
and 8, revealed that the formation of the altered photo-
intermediate species is not dramatically influenced by pH.

Rate of Meta Il decay as measured by retinal
release

The rate of retinal release, which parallels the Meta II
decay of the protein in the case of the WT under the condi-
tions used, was studied using fluorescence spectroscopy,

L. Bosch-Presegué et al.

essentially as described previously [52]. Typically, 2.4 pg of
pigment in a volume of 120 pL 200 mm BTP pH 7.5 and
0.03% DM was used. For the assay, the excitation and
emission wavelengths were 295 nm (slit, 0.2 nm) and
330 nm  (slit, respectively. The samples were
bleached for 10 s, and the fluorescence increase was mea-
sured. The assay was also performed in parallel using the
same conditions except that the retinal release was mea-
sured in the presence of 100 um Gto-HAA, a high-affinity
peptide consisting of residues 340-350 of the Gt a-subunit
C-terminal domain. This peptide, with sequence
VLEDLKSCGLF, is known to efficiently stabilize the
active Meta II state [53,54]. Spectra obtained were normal-
ized and fitted to single- or double-exponential functions
using SIGMAPLOT (Jandel Scientific, Chicago, IL, USA).

4 nm),

Gt activation assay

Gt was purified from bovine retina and stored in 20 mm
BTP, pH 7.1, 130 mm NaCl, 1 mm MgCl,, 1 mm dithio-
threitol. Fluorescence measurements were performed using a
Fluorolog 2 (Spex Industries, Metuchen, NJ, USA) fluo-
rescence spectrophotometer, as previously described [55].
Briefly, 2 nMm pigment and 250 nm Gt in 20 mm BTP (pH
7.5), 130 mMm NaCl, 1 mMm MgCl,, containing 0.01% DM
and 5 pm guanosine 5-[y]-thio triphosphate in a final volume
of 650 pL; spectra were normalized to the fluorescence inten-
sity of the sample before illumination. For determining the
rates of Gt activation, the initial slopes of the first 30-60 s of
data after illumination were fitted by linear regression.

Molecular modelling

Models of inactive rhodopsin mutants were constructed on
the basis of the crystal structure PDB:1GZM [56], whereas
the active models relied on the opsin structure crystallized
with a peptide based on Gt C-terminus:3DQB [10]. All
crystallographic water molecules were kept and additional
ones, present in 2 adrenergic structures 2RH1 [57] that are
probably present in rhodopsin and other class A GPCRs,
were incorporated into the working models. The conforma-
tions of the mutated side-chains were selected based on a
library of rotamers implemented in pYmMoOL [58]. All systems
were energy minimized in bulk using the AMBER99SB force
field [59]. All figures were created using PYMOL [58].
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