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Light converts rhodopsin, the prototypical G protein-coupled
receptor, into a form capable of activating G proteins. Recent
work has shown that the light-activated state of different rho-
dopsins can possess different molecular properties, especially
different abilities to activate G protein. For example, bovine
rhodopsin is ~20-fold more effective at activating G protein
than parapinopsin, a non-visual rhodopsin, although these rho-
dopsins share relatively high sequence similarity. Here we have
investigated possible structural aspects that might underlie this
difference. Using a site-directed fluorescence labeling ap-
proach, we attached the fluorescent probe bimane to cysteine
residues introduced in the cytoplasmic ends of transmembrane
helices V and VI in both rhodopsins. The fluorescence spectra of
these probes as well as their accessibility to aqueous quenching
agents changed dramatically upon photoactivation in bovine
rhodopsin but only moderately so in parapinopsin. We also
compared the relative movement of helices V and VI upon pho-
toactivation of both rhodopsins by introducing a bimane label
and the bimane-quenching residue tryptophan into helices VI
and V, respectively. Both receptors showed movement in this
region upon activation, although the movement appears much
greater in bovine rhodopsin than in parapinopsin. Together,
these data suggest that a larger conformational change in helices
V and VI of bovine rhodopsin explains why it has greater G pro-
tein activation ability than other rhodopsins. The different
amplitude of the helix movement may also be responsible for
functional diversity of G protein-coupled receptors.

Rhodopsin, the photosensitive G protein-coupled recep-
tor (GPCR),? is responsible for transmitting a light signal
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into an intracellular signaling cascade through activation of
G protein in visual and non-visual photoreceptor cells. Rho-
dopsin consists of a protein moiety (opsin, comprising seven
transmembrane a-helical segments) combined with a chro-
mophore (11-cis retinal) that acts as the light-sensitive ligand.
Photoisomerization of the 11-cis retinal to the all-trans form
induces structural changes in the protein moiety that then
enable it to couple with and activate the G protein.

The crystal structure of inactive bovine rhodopsin has been
extensively investigated (1-3). Recently, a crystal structure of
inactive invertebrate squid rhodopsin was also solved (4), and
crystal structures of the inactive form of B-adrenergic receptors
and A2 adenosine receptor have been reported (5-7). Remark-
ably, all of these crystal structures exhibit a very similar
arrangement for the seven transmembrane helices (4, 8).
Together, these facts suggest that the architecture for the inac-
tive form is conserved among rhodopsin-like GPCRs.

The structural features of an activated GPCR are much less
defined. Thus, a variety of biochemical and biophysical meth-
ods, including cross-linking methods (9, 10) and site-directed
spin and fluorescence labeling methods (10-13), have been
employed to identify the dynamic and structural changes
involved in forming the activated state. The data from these
studies consistently suggest that some kind of movement of
helix VI is involved in the formation of the active state of the
rhodopsins. In particular, the cytoplasmic end of helix VI has
been proposed to rotate and/or tilt toward helix V (10-13).
Remarkably, the recent crystal structures of bovine opsin are
consistent with the widely accepted helix motion model. Both
the structures of opsin (the ligand-free form of rhodopsin that
has partial G protein activation ability) and a complex of opsin
with a peptide derived from the G protein C terminus show a
movement of helix VI toward helix V, compared with the dark
state rhodopsin structure (14, 15). Studies of B-adrenergic and
muscarinic receptors also show that agonist binding promotes
movement of helix VI toward helix V in these receptors (16, 17).
Because the region between the cytoplasmic ends of helices V
and VI in various GPCRs is a main site of interaction with G
proteins (18), it is possible that movement of helices V and VI
leads to formation of a conformation capable of interacting
with G protein (19).

Together, these studies imply that the active state conforma-
tion of GPCRs may be similar. However, a detailed comparison
of the active-state conformation for two different GPCRs has
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never been precisely undertaken in the same laboratory using
the same methods.

In this context we have been investigating rhodopsins with
different functional properties to determine whether their
active states have different conformations. Our goal was to
determine whether any functional or structural differences in
the active states of these GPCRs could be detected under the
exact same experimental conditions.

Previously, we have found that several rhodopsins, such as an
invertebrate rhodopsin and a vertebrate non-visual rhodopsin
parapinopsin (20, 21), can be activated not only by light but also
by exogenous all-¢rans retinal acting as a full agonist (22). This
is in contrast to vertebrate visual rhodopsins, including bovine
rhodopsin, which cannot fully form the active state by direct
binding of all-trans retinal (23), although all-trans retinal can
fully activate some rhodopsin mutants (24). Other invertebrate
rhodopsin (25) and the circadian photoreceptor melanopsin
(26) can also bind all-trans retinal directly.

Interestingly, the active form of the all-trans retinal-acti-
vated rhodopsins exhibit some striking differences in their
spectroscopic and biochemical properties compared with ver-
tebrate visual rhodopsins (27). In particular, the efficiency of
bovine rhodopsin for activating G protein is ~20~50-fold
higher than that of parapinopsin and invertebrate rhodopsin.
This difference could be related to the difference in position of
a specific amino acid residue counterion that is essential for
rhodopsin to absorb visible light, namely one at position 113 or
181 (28).* Further biochemical analyses using chimeric
mutants combining rhodopsins with lower and higher G pro-
tein activation abilities suggested that the difference in G pro-
tein activation ability was because of a structural difference in
transmembrane helices in the active states but not because of
difference in amino acid sequence of G protein interaction site
(29) (Fig. 1, A-C). In addition, the active states of parapinopsin
and the invertebrate rhodopsin are thermally stable and can be
reconverted to the inactive state by subsequent light absorp-
tion, showing photo-regenerable or bistable nature (21, 28),
unlike the active state of bovine rhodopsin, which is thermally
unstable and cannot revert to the inactive state by subsequent
light absorption (30).

In this study we used site-directed fluorescence labeling (13,
31) to compare the structural features of active states of bovine
rhodopsin with lamprey parapinopsin, a UV-sensitive non-vi-
sual pigment in the pineal organs (21). Parapinopsin shows rel-
atively high sequence similarity (~60%) to bovine rhodopsin,
yet it has a greatly reduced ability to activate G protein (see Fig.
1, A-C) (21, 28). Using established protocols, we introduced
cysteine residues into the cytoplasmic ends of helices V and VI,
the region proposed to rearrange upon activation in GPCRs (11,
12, 14, 18). We then site-specifically labeled these cysteines
with the small, non-polar fluorescent probe, bimane, and used
the spectral properties of these bimane probes to act as reporter
groups for environmental changes around their site of attach-
ment upon formation of the photoactivated state for both
rhodopsins.

“In this paper the residue number of parapinopsin is described by using the
bovine rhodopsin numbering system.
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In addition, we measured changes in the relative proximity of
the cytoplasmic ends of helix VI to helix V in both rhodopsin
and parapinopsin using the tryptophan-induced-quenching of
bimane (TrIQ-bimane) fluorescence method (31, 32). TrIQ-
bimane measures the efficiency of intramolecular fluorescence
quenching of bimane caused by tryptophan (Trp), which occurs
in a distance-dependent manner. The goal of this study was to
determine whether the helices in both receptors moved in the
same way during formation of the active state. Our results show
that whereas movement of helix VI relative to helix V occurs
during formation of the active state for both parapinopsin and
bovine rhodopsin, the “amplitude” of the movement is mark-
edly different between the two rhodopsins.

EXPERIMENTAL PROCEDURES

Construction of Rhodopsins—The coding region of bovine
rhodopsin and parapinopsin tagged with the monoclonal anti-
body rho 1D4 epitope sequence were inserted into plasmid vec-
tors SRa and pcDNA3.1 (Invitrogen), respectively (21). Bovine
rhodopsin mutant C140S/C316S/C322S5/C323S and parapi-
nopsin mutant V138F/C140A/C316A/C323A were used as
respective “background” mutants in which reactive cysteine
residues are substituted according to a previous report (13). It
should be noted that in parapinopsin, the V138F mutation
recovered expression levels that were decreased by the C140A
mutation, and the background mutant of parapinopsin showed
normal photoreaction and light-dependent G protein activa-
tion (supplemental Fig. S1).

Purification and Labeling of Rhodopsins with Bimane—Ex-
pression of the bovine rhodopsin and parapinopsin wild types
and mutants in human embryonic kidney 293S cells were car-
ried out as described (21, 29). The pigments reconstituted with
11-cis retinal were extracted with buffer A (1% n-dodecyl-$-
maltoside, 50 mm HEPES, 140 mm NaCl, pH 6.5) and mixed
with 1D4-agarose for 6 h. Labeling of rhodopsins with mono-
bromobimane or PDT-bimane and subsequent purification
was carried out when the protein was bound to the 1D4 matrix
as previously described (13, 19). It should be noted that labeling
procedures were done at pH 7.8 (bovine rhodopsin) or 6.8
(parapinopsin) for 18 h at 4 °C.

Label incorporation in each mutant of bovine rhodopsin was
roughly estimated from difference spectra between the bimane-
labeled mutant and wild type without label. Difference absorb-
ance at around 380 nm was assumed to reflect absorbance of
attached label, and the labeling efficiency was roughly esti-
mated using excitation coefficients €55, = 5000 for bimane (31).
The labeling efficiencies of parapinopsin mutants were esti-
mated by comparison of the fluorescence intensity after dena-
turation of protein using SDS and removal of the retinal chro-
mophore using hydroxylamine with the intensity of labeled
bovine rhodopsin 250C mutant, of which labeling efficiency
was already estimated, after the same treatment.

For bovine rhodopsin, the labeling efficiencies for mutants
227C, 244C, 250C, and 251C were estimated as ~0.4, ~0.8,
~1.1, and ~1.6 label per the rhodopsin, respectively. The small
increase in the number of labels with the 251C mutant may be
because of the contribution of labels bound to cysteine residues
in the population of non-functional rhodopsin proteins, which
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do not possess a retinal chromophore, as we routinely noticed a
slightly lower efficiency of reconstitution with retinal for the
mutant. In the case of parapinopsin, the labeling efficiencies for
mutants 227C, 244C, 250C, and 251C were estimated as ~0.7,
~1.0, ~0.9, and ~1.1 label per parapinopsin, respectively. The
background mutants of bovine rhodopsin and parapinopsin
were labeled with bimane at less than 0.1 and 0.2 label per rho-
dopsin, respectively. Importantly, the labels did not appear to
inhibit formation of the active state, as all of the labeled mutants
showed almost the same absorption spectra as respective wild
types before and after photoactivation. In particular, all bovine
rhodopsin and parapinopsin mutants in this study were almost
completely converted to their active states.

Spectrophotometry—Absorption spectra of purified samples
were recorded with the Shimadzu UV2400 spectrophotometer,
and irradiations of the samples were carried out as previously
described (21, 28). UV and yellow lights were supplied by the
light source with a UTVAF-50S-36U glass filter (Sigma-Koki)
and a Y-52 glass filter (Toshiba), respectively.

Steady-state Fluorescence Assays—Steady-state fluorescence
measurements were carried out using the Jasco FP-6300 fluo-
rescence spectrophotometer. Measurement temperature was
10 °C. Excitation was set at 380 nm using a 2.5-nm bandpass
setting. Excitation light was attenuated to ~1/50 by a neutral
density filter (Sigma-Koki) to avoid photoactivation of the pig-
ments by excitation light. The fluorescence spectra of buffer
were subtracted. In the KI quenching assay (Fig. 3) the salt con-
centration was keptat 25 mm by the addition of a corresponding
amount of KCl, and Na,S,0, was added to 0.1 muM to inhibit
formation of I .

Fluorescence Lifetime Measurements—Fluorescence lifetime
measurements were carried out using a PTI Laserstrobe fluores-
cence lifetime instrument (13) and a PTI EasyLife LED fluores-
cence lifetime instrument. Measurements were taken at 10 °C
using 380-nm excitation pulses while monitoring the emission
through long pass filters. Measurements used 100 ul of 250~500
nM samples placed in 2-mm cuvette and represented two averages
of 5 shots (Laserstrobe) or three averages of 0.3-s integration
(EasyLife), collected in 150 channels. Each measurement took less
than 5 min to minimize a time-dependent decay of photoproducts.
The fluorescence decays were fit to a double exponential using the
commercial PTT program FeliX32, and average fluorescence life-
times (1) were determined as previously described (1) = a1, +
a,T,, where a; and «, are the fractional amplitudes of each lifetime
7, and 7,, respectively) (33).

Cleavage of Bimane from PDT-bimane-labeled Rhodopsins to
Enable Normalization of Comparison of Spectra—Reduction of
the disulfide bond between PDT-bimane and rhodopsin and
parapinopsin was carried out as previously described (32).

G Protein Activation Assays of Loop-replaced Mutants—Bo-
vine rhodopsin and parapinopsin mutants in which the second
and/or third cytoplasmic loop were swapped between each
other was prepared as previously reported (29). The second
cytoplasmic loop is the region from position 134 to position 152
in bovine rhodopsin numbering system, and the third loop is
the region from position 231 to position 252 (see Fig. 14).

Functionality was measured using a radionucleotide filter
binding assay, which measures GDP/guanosine GTPYyS ex-
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change by G; (29). The assay mixture consisted of 50 mm
HEPES, pH 6.5, 140 mm NaCl, 8 mm MgCl,, 1 mum dithiothrei-
tol, 1 um [**S]GTPYS, and 4 um GDP. The samples were either
irradiated or kept in the dark and then mixed immediately with
G; solution (final concentration of 600 nm).

RESULTS

A cysteine residue was introduced at position 227, 244, 250,
or 251 of bovine rhodopsin (Rko) and parapinopsin (Para) (Fig.
1, A and D) in a background mutant in which reactive cysteines
were mutated to alanine or serine. These sites were chosen
because spin labels at these positions in bovine rhodopsin were
previously shown to detect conformational changes upon light
activation (11). Each cysteine was labeled with the fluorescent
probe monobromobimane (mBBr), as this probe has previously
been used to detect conformational changes in bovine rhodop-
sin (13) and the B-adrenergic receptor (5). As described under
“Experimental Procedures,” these cysteine mutants were
expressed and purified, and mBBr was attached to the cysteine
residue (Fig. 1E). The labeling efficiency of each mutant indi-
cated specific bimane labeling (see “Experimental Procedures”).
Hereafter, the mutants labeled with mBBr are named by the
number of the residue and the suffix B;.

We first analyzed light-dependent changes in the wavelength
of maximum emission intensity (Amax) for the bimane-labeled
mutants, as the Amax value of bimane reflects the local polarity
surrounding its attachment site on the surface of a protein (32,
34). Photoactivation of the bovine rhodopsin mutants pro-
duced an ~14-nm red-shift in the Amax for mutant 244B, and
an ~7-nm blue-shift in the Amax for mutant 227B, (Fig. 2, A
and B). Essentially no shift was observed for mutants 250B, and
251B, (Fig. 2, Cand D). A qualitatively similar pattern of shifts
was observed upon photoactivation of the parapinopsin
mutants, except that wavelength shifts were smaller (Fig. 2,
E-H), with the parapinopsin mutant 244B, showing an ~4-nm
red-shift and mutant 227B; showing an ~1-nm blue-shift.
These results suggest a similar, but not identical light-induced
conformational change occurs in both rhodopsins, with the
magnitude of change appearing smaller for the parapinopsin
mutant. Interestingly, upon activation, a relatively small red-
shift (~5 nm) was observed for a bimane probe at the equivalent
244 site on the B-adrenergic receptor under similar conditions (5).
There are subtle differences in absolute Amax values of the respec-
tive mutants between two rhodopsins, which might either be
because of differences in environment around the introduced flu-
orescent probe or may be partially caused by the differences in the
conditions of the ionic lock between helices III and VI (see “Dis-
cussion”). Because our data cannot rule out either interpretation,
here we focus on light-induced changes of Amax.

We further investigated these light-induced structural
changes by measuring the susceptibility of each probe to colli-
sion with the water-soluble fluorescence quenching agent KI.
Probe accessibility is often analyzed using a Stern-Volmer plot,
which shows the ratio of fluorescence intensity in the absence
(Fo) and presence (Fi) of quencher as a function of quencher
concentration. The slope of the plot is named Ksv. Indeed,
changes in the Ksv upon photoactivation of bovine rhodopsin
and parapinopsin were detected (Fig. 3, A—H). In rhodopsin

VOLUME 284 +NUMBER 31+JULY 31, 2009

6002 ‘£z 1snBny uo A¥vHEIT SIONIIDS HLTH ¥e B10°ogl-mmm woly papeojumod


http://www.jbc.org

ASBMB

The Journal of Biological Chemistry

Different Conformational Changes in Two Different Rhodopsins

A Helix |
Rho ENGTEGPNFY VPFS Kﬂ EEFEAE\Y]Y I mi EAMLII E sﬁFLT
Para WM------——= —— - P vV TIANIE TRIA STVIUT B C
Helix Il Helix Il 30 - .
rar MR SN Mo RN TR R 2 I
ZES W VT LIS HRO LR MPLNER LVNLANVAD L EVIRY L NAV NLER AFF '801 I 11 1
S =
Helix IV 9 g 20 a1 7]
Para [€IAkNIC] IAVDREVVVCEKPLGISRYF TS HALLGIAWA JAMUNT PP LIACWEE Yil DP_-E
L2 =3 10(] 0 7
Helix V (O
e R RN R W ZE IERE il '
Para P TSYIAF Cigahey KLGM 0
f&b

i T i R

Helix VI HelleII N \j/ \:5 RNV

oure RN R GSDFEE e a9
Para GST‘ VSRMVVVMVV AFLVCWLPYA IVVASSP DVYT Q Q Q% \ &
244 250251 . .

Helix Vil Bovine rhodopsin

B xR R e N Se— Cises
Para Naeidgel ROFRD IICGRN. A T} VTLA SAPGONEISS

E Monobromobimane -S-B1 side chain

S~ Protein

Parapinopsin

PDT-bimane -S-S-B2 side chain

A%E :/§7°H3 + Protein-SH— H&‘%& :/§7

S_S \S/Proteln

VIl Vi

/

FIGURE 1. Molecular properties and sites of fluorescent probe attachment for bovine rhodopsin and parapinopsin. A, sequence alignment of bovine
rhodopsin and parapinopsin. Amino acid residues to which cysteine and fluorescence label were introduced are marked with red. The amino acid residues
identical and similar between bovine rhodopsin and parapinopsin are shown with white characters with black and gray background, respectively. Bovine
rhodopsin and parapinopsin show 41% sequence identity and 61% similarity. In this paper the residue number of parapinopsin is described by using the
bovine rhodopsin numbering system. B and C, comparison of G protein activation ability of rhodopsin and parapinopsin wild type (WT) proteins and loop-
replaced mutants. In these mutants the second and/or third cytoplasmic loop was swapped between the two receptors. Paral2 and Paral 3 indicate mutants
of bovine rhodopsin in which second and third loops were replaced with the corresponding loop of parapinopsin, respectively. RhoL2 and RhoL3 indicate
mutants of parapinopsin in which the second and third loops were replaced with the corresponding loops of bovine rhodopsin, respectively. Paral2L3 and
RhoL2L3 are mutants of bovine rhodopsin and parapinopsin in which both the second and third loops were swapped, respectively. See Terakita et al. (29) for
more details. Data are presented as the means = S.E. of three separate experiments except for mutants RholL3, RholL2L3, and Paral2L3 (n = 2). D, model of
bovine rhodopsin. Amino acid residues which were mutated to cysteine to enable attachment of the fluorescent probe bimane or mutated to tryptophan are
indicated. Positions 226,227,244, 250,and 251 in the crystal structure of the dark state of bovine rhodopsin (PDB code 1GZM) are shown. £, reaction of the mBBr
label with a sulfhydryl group. The mutants labeled with mBBr are named by the number of the residue and the suffix B,. F, reaction of the PDT-bimane with a
sulfhydryl group. The mutants labeled with PDT-bimane are named by the number of the residue and the suffix B,. The disulfide linkage between the label and
protein can be cleaved using Tris(2-carboxyethyl)phosphine (32).

studies Ksv values provide only limited information on probe addition to Ksv values for each bimane-labeled mutant to cal-

accessibility as Ksv depends not only on the collision rate of the
probe with quenching agent but also on the fluorescence life-
time of the probe. In rhodopsin samples the fluorescence life-
time of bimane can vary depending on the amounts of spectral
overlap between the emission spectrum of the bimane probe
and retinal absorption spectrum (see supplemental Fig. S2,
A-D for further explanation). For rhodopsin studies, a better
measure of probe accessibility to quencher is to determine the
bimolecular quenching constant kq. The kg value is simply the
ratio of Ksv over the fluorescent lifetime 7 (kg = Ksv/7), and
the kq value reflects the true collision rate of quencher with the
probe. For these reasons we measured fluorescence lifetimes in
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culate kg and, therefore, directly compare probe accessibility
for the different rhodopsin mutants.

The kg values obtained from these Ksv values and fluores-
cence lifetimes are reported in supplemental Table S1 and are
plotted in Fig. 3, I-N.?> For bovine rhodopsin mutants 227B,

> The lifetime measurements were not carried out for the 244B, mutants
because of low yields of the parapinopsin 244B, mutant. It should be noted
that differences of kq values between the dark states of bovine rhodopsin
and parapinopsin may be partially because of differences in the conditions
of the ionic lock between helices Il and VI or because of differences in the
polarity of the surrounding amino acid sequence or differences in accessi-
bility to solvent.
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FIGURE 2. Fluorescence emission spectra of the mBBr labeled mutants of bovine rhodopsin and parapinopsin. Emission spectra of mBBr labeled mutants
227C (A), 244C (B), 250C (C), and 251C (D) of bovine rhodopsin and parapinopsin mutants 227C (E), 244C (F), 250C (G), and 251C (H) are shown. Spectra are
normalized by maximal fluorescence intensity as 1.0. Solid and broken lines indicate spectra before and after photoactivation, respectively. Experimental
conditions are described under “Experimental Procedures.” Amax values for the labeled bovine rhodopsin mutants are 466 nm (2278, in the dark), 459 nm
(2278, after photoactivation), 457 nm (244B, in the dark), 471 nm (244B, after photoactivation), 464 nm (2508, in the dark), 462 nm (2508, after photoactiva-
tion, 464 nm (251B, in the dark), and 464 nm (251B, after photoactivation). The emission Amax values for the labeled parapinopsin mutants are 462 nm (227B,
in the dark), 461 nm (227B, after photoactivation), 464 nm (244B; in the dark), 468 nm (244B, after photoactivation), 466 nm (250B, in the dark), 462 nm (2508,
after photoactivation, 463 nm (251B, in the dark), and 463 nm (251B, after photoactivation). The insets show the difference in the emission spectra of before
versus after photoactivation. The spectral changes in 244B, mutants upon photoactivation of bovine rhodopsin and parapinopsin were not changed between
pH 6 and 8 (see supplemental Fig. S5), suggesting that differences of conformational changes between the two rhodopsins are not because of differences in

pH effects.
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FIGURE 3. Accessibility of mBBr labeled bovine rhodopsin and parapinopsin mutants for fluorescence
quenching agent Kl. Top panels, A-H, Stern-Volmer plots of bovine rhodopsin mutants 227B, (A), 244B, (B),
2508, (C), and 251B, (D) and parapinopsin mutants 227B, (E), 244B, (F), 2508, (G), and 251B; (H) are shown.
Stern-Volmer plots report the ratio of fluorescence intensity in the absence (Fo) and presence (Fi) of quencher
as afunction of quencher concentration. All of the mutants were labeled with mBBr. The closed and open circles
indicated Fo/Fivalues in the dark state and after photoactivation, respectively. Bottom panels, I-N, bimolecular
guenching constant (kq) of respective mutants. The kg value was determined as the ratio of the slop of Stern-
Volmer plot Ksv over the fluorescent lifetime 7 (kg = Ksv/7) (see supplemental Table S1). Black and white bars
indicate kq values before (D) and after (L) photoactivation, respectively. Data are presented as the means =+ S.E.
of at least three separate experiments.
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and 250B, the kg values changed
0.35- and 2.6-fold upon photoacti-
vation, respectively (Fig. 3, I and J,
and supplemental Table S1). In con-
trast, the kg values at mutants 227B,
and 250B; of parapinopsin changed
only 0.9- and 1.3-fold, respectively
(Fig. 3, L and M, and supplemental
Table S1). The kg values of 251B;
mutants of bovine rhodopsin and
parapinopsin did not change signif-
icantly upon photoactivation (Fig. 3,
Kand N). The kg values clearly show
that whereas large light-induced
changes in KI accessibility occur at
several sites on bovine rhodopsin,
more moderate changes occur in
parapinopsin. Together, these re-
sults indicate that the environment
around the labeled residues in heli-
ces V and VI changes more dramat-
ically in bovine rhodopsin than
parapinopsin upon photoactivation.

We next set out to determine
whether these differences are
because of differences in the rear-
rangement of helices V and VI upon
photoactivation. To do this we
employed an intramolecular fluo-
rescence quenching approach. This
approach exploits TrIQ-bimane
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FIGURE 4. Fluorescence emission spectra of the mutants containing
251B, of bovine rhodopsin and parapinopsin. A and B, emission spectra of
PDT-bimane labeled bovine rhodopsin mutants in the dark (A) and after pho-
toactivation (B). Cand D, emission spectra of PDT-bimane labeled parapinop-
sin mutants in the dark (A) and after photoactivation (B). Spectra are normal-
ized to the fluorescence intensity after reductive cleavage of the disulfide
linkage between bimane label and rhodopsin using the reducing agent
Tris(2-carboxyethyl)phosphine (see “Experimental Procedures”). The +226W
and +227W indicate the introduction of a Trp residue at positions 226 and
227, respectively, to act as a local quencher group.

technique to assess the proximity between the bimane-label
and Trp residue on proteins, based on the ability of the Trp
residue to quench bimane fluorescence in a distance dependent
manner (31, 32, 35).

For these studies we labeled a cysteine residue at position 251
in helix VI with bimane and introduced a Trp residue at posi-
tion 226 or 227 in helix V (see Fig. 1D). For these measurements
it was critical to develop a procedure to enable comparison of
the fluorescence intensity between different samples as well as
to take into account differences in background energy transfer
to the retinal chromophore. Thus, rather than using mBBr, we
labeled the samples using the bimane derivate PDT-bimane
(32). Hereafter these mutants are named by the residue number
with B,. We used PDT-bimane because it attaches through a
reducible disulfide linkage that can be cleaved to release free
bimane from the protein (Fig. 1F). After reduction, one can
directly compare the intensity of the released free label from
two different samples to easily and precisely obtain a normaliz-
ing factor that can be used to subsequently compare the total
original starting fluorescence intensity for the probe bound to
each protein sample (32). In our analysis we employed this
approach to reliably compare the extent of fluorescence
decrease by normalizing the sample spectra, correcting for any
differences in the amount of attached fluorescent probe
between the two tryptophan mutants or differences in energy
transfer to the retinal chromophore.

The results of the TrIQ-bimane studies are shown in Fig. 4.
In the dark state of bovine rhodopsin, the bimane probe at posi-
tion 251 was quenched slightly more effectively by Trp-226
than by Trp-227 (Fig. 4A4). This small but clear difference is
reproduced in separate experiments and likely reflects the
closer distance between positions 226 and 251 (Ca-Ca distance
is ~9 A) than between positions 227 and 251 (Ca-Ca distance is
~11 A) in the bovine rhodopsin crystal structure (2, 3) (see Fig.

JULY 31, 2009-VOLUME 284+NUMBER 31

A Bovine rhodopsin

dark +light

B Parapinopsin
dark

FIGURE 5. Model of conformational changes in helices V and VI upon pho-
toactivation of bovine rhodopsin and parapinopsin. The models (blue)
represent the proposed arrangement of helices V and VI in the inactive and
active forms as viewed from the cytoplasmic surface of bovine rhodopsin (A)
and parapinopsin (B), based on the intramolecular quenching data on amino
acid residues at positions 226, 227, 250, and 251 (blue circles). The presumed
original position of helix VI in the dark models is also shown (gray) in the
+light models. For the bovine rhodopsin model, the actual arrangement of
helices V and VI based on the crystal structures of bovine rhodopsin (PDB
code 1GZM) and bovine opsin (PDB code = 3CAP) has also been included for
both the dark and +light models of bovine rhodopsin, respectively (gray rib-
bon models). It should be noted that the relative arrangement of the helices
and residues shown in the right panel of A are consistent with other experi-
mental data. These include the crystal structures of bovine opsin, which show
residues at positions 250 and 251, forming van del Waals contacts with resi-
dues at positions 226 and 227, respectively (14, 15), and recent models based
on double electron-electron resonance spectroscopy (42). The models also
explain the differences we observe in environmental changes around residue
at position 244 (green circles) upon photoactivation of bovine rhodopsin and
parapinopsin (Fig. 2, Band F).

1D). As already noted, the general arrangement of transmem-
brane helices are almost identical among all of the GPCRs
whose inactive structure have so far been determined (4, 7, 8). If
one assumes the structure of inactive (dark-state) parapinopsin
follows this trend, then position 251 should be closer to posi-
tion 226 than to position 227. Indeed, we find in dark-state
parapinopsin the bimane at position 251 is more efficiently
quenched by Trp-226 than Trp-227 (Fig. 4C). Taken together,
these results suggest a similar relative arrangement of helices V
and VI in dark-state bovine rhodopsin and parapinopsin.®

In contrast to their dark-state similarities, the bovine rho-
dopsin and parapinopsin mutants showed different TrIQ-bi-
mane quenching profiles upon photoactivation. For the bovine
rhodopsin mutants, photoactivation caused the bimane at posi-
tion 251 to be more effectively quenched by Trp-227 than by
Trp-226 (Fig. 4B), consistent with previous models proposing a
tilting and/or rotation of helix VI relative to helix V during
formation of the active state (see Fig. 5A4). In contrast, photoac-
tivation of the parapinopsin mutants produced a different pat-
tern of TrIQ-bimane quenching in which both Trp-226 and

% The slight differences in the quenching profiles between bovine rhodopsin
and parapinopsin in the dark may be because of subtle differences of the
relative arrangement of helices V and VI and/or subtle differences of the
local environment around the bimane-label and the tryptophan (see
“Discussion”).
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Trp-227 showed about the same ability to quench 251B, (Fig.
4D). Thus, these results suggest that in parapinopsin a different
extent of helix V/VI movement occurs. In particular, the amino
acid residue at position 251 moves to a position equidistant
from positions 226 and 227 (Fig. 5B). This arrangement differs
from the arrangement in bovine rhodopsin, in which position
251 is farther from position 226 and closer to position 227 (Fig.
5A). We also attempted to test the model in Fig. 5 by studying
changes in a bimane probe placed at position 250. Unfortu-
nately, parapinopsin mutant 250C does not efficiently label
with PDT-bimane, and we, thus, had to use mBBr, which can-
not be reduced off the protein to enable quantification. How-
ever, the studies with mBBr at position 250 (shown in supple-
mental Fig. S3) are in complete agreement with the model
proposed in Fig. 5 (see the supplemental text) and previous
studies (35).

Together, these results strongly suggest that the active state
is different for parapinopsin compared with bovine rhodopsin.
Our data suggest that for both rhodopsins, movement of helices
V and VI does occur during photoactivation, but the movement
is smaller for parapinopsin. In other words, we propose that a
similar relative movement of the helices V and VI occurs for
both, but the amplitude of movement is larger in bovine rho-
dopsin than in parapinopsin. This interpretation is also consist-
ent with our data on the emission maximum and fluorescence
quenching. Both studies showed the polarity and quenching for
labeled residues in helices V and VI changed upon photoacti-
vation, and the extent of the changes was larger in bovine rho-
dopsin than in parapinopsin (Figs. 2 and 3).

DISCUSSION

In this study we set out to determine whether protein dynam-
ics might explain why two similar GPCRs would possess differ-
ent abilities to activate the same G protein. Specifically, we
tested bovine rhodopsin and parapinopsin to determine
whether their marked difference in ability to activate G protein
is related to a difference in conformational change between
helix V and helix VI upon photoactivation. Our approach was
to use a site-directed fluorescence labeling in which we intro-
duced bimane residues at specific sites on both proteins and
then compared the fluorescence properties before and after
light activation. Several lines of evidence indicate that upon
photoactivation both rhodopsins undergo a conformational
change that is similar but different in magnitude. At several
positions we observed clear differences in the Amax of the flu-
orescence emission spectra as well as differences in accessibility
to water-soluble quencher agents (Figs. 2 and 3). We further
defined the differences in movement by using TrIQ-bimane
method (Fig. 4). A model consistent with our results is schemat-
ically summarized in Fig. 5.

One possibility for these differences could be a partial break-
ing of the ionic lock between helices III and VI in the inactive
state, as has been observed for the crystal structures of B-adre-
nergic receptors (36). In this line of thinking, if the status of the
ionic lock differed for the inactive state of bovine rhodopsin
versus parapinopsin, it might result in differences in their rela-
tive arrangement of helices V and VI. However, we feel this
possibility is unlikely. All of the main amino acid residues par-

20682 JOURNAL OF BIOLOGICAL CHEMISTRY

ticipating to the ionic lock in both bovine and squid rhodopsin
(Arg-135 and Glu-247 in bovine rhodopsin) are conserved in
parapinopsin. And for both bovine rhodopsin and squid rho-
dopsins (an invertebrate rhodopsin which shares similarities in
photoreaction to parapinopsin), the crystal structures show an
intact ionic lock in the inactive (dark) form (2—4). Thus, based
on these observations, we feel it is reasonable to assume the
ionic lock is likely present in the dark state of parapinopsin,
with perhaps a slight difference in its strength.

The ionic lock in parapinopsin may contribute to keeping the
relative arrangement of the residues at positions 226, 227, and
251 similar to the arrangement in bovine rhodopsin. In fact, the
arrangement of helices V and VI in the inactive (dark) state are
highly conserved among the crystal structures of bovine and
squid rhodopsins. The slight differences we observed in the
TrIQ-bimane profiles between bovine rhodopsin and parapi-
nopsin in the dark (Fig. 4, A and C) may be because of subtle
differences of relative arrangement of helices V and VI and/or
subtle differences of local environment around the bimane-la-
bel and the tryptophan.

In the case of the active state, differences are much more
dramatic; the quenching efficiency of 227W on 251B,, fluores-
cence is much greater in bovine rhodopsin than in parapinopsin
(Fig. 4, B and D). Because we experimentally eliminated the
possibility that this difference could be because of differences in
polarity between the two positions (see supplemental Fig. S4),
the only explanation left is that the difference in the quenching
efficiency is caused by a different relative arrangement of amino
acid residues at positions 227 and 251 between the active states
of bovine rhodopsin and parapinopsin. Thus, based on our data,
we propose that during photoactivation of both rhodopsins, a
similar relative movement of helix VI toward helix V with tilting
and/or rotation takes place, but the amount or amplitude of
these helical movements differ, with the amount of movement
being larger for bovine rhodopsin. One intriguing possibility is
that this difference in the helical movement could be because of
a difference in the status of the ionic lock between helices III
and VI in the active state, because the status of the ionic lock is
reported to be important in the active state formation based on
structural studies of bovine rhodopsin (14, 37).

Interestingly, the region between the cytoplasmic ends of
helices V and VIis important for interacting with G protein (15,
18, 29, 38). It has been proposed that one key aspect of receptor
activation is to expose a “hydrophobic patch” in this region
which provides a critical site for high affinity binding of the G
protein a-subunit C terminus (19). It is, thus, possible that the
larger amplitude of light-induced conformational changes we
detected for bovine rhodopsin makes this binding site more
accessible for G protein binding, thus explaining the ~20-50-
fold greater ability of bovine rhodopsin to activate G protein
compared with parapinopsin and invertebrate rhodopsin (see
Fig. 1, Band C) (28).

The difference in the amplitude of the light-induced confor-
mational change may also be related to another difference
between the two rhodopsins, namely the difference in their
photoreversibility. The larger conformational change observed
in bovine rhodopsin might enable so much internal rearrange-
ment within the protein that it cannot be converted back to a
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dark state structure by further light-induced photoisomeriza-
tion of retinal. Therefore, it is tempting to speculate that during
molecular evolution of rhodopsins, vertebrate visual pigments
including bovine rhodopsin acquired higher G protein activa-
tion ability through acquisition of the larger conformational
change, a byproduct of which also resulted in abolishment of
photoreversibility in the rhodopsins at the same time. Interest-
ingly, metarhodopsin I, the precursor of the active state of
bovine rhodopsin (metarhodopsin II), can be converted back
to the dark state by subsequent light absorption (39). Com-
parison of conformation between metarhodopsin I and the
active state of parapinopsin would provide a further evolu-
tionary suggestion.

It has been suggested that invertebrate rhodopsins have the
counterion glutamic acid at position 181 (Glu-181) and verte-
brate rhodopsins acquired Glu-113 counterion during the
molecular evolution (28, 40). Parapinopsin has both Glu-113
and Glu-181, but the Glu-181 serves as the counterion. There-
fore, the difference in the amplitude of the light-induced con-
formational change may be related to differences in the position
of counterion, although it is still unclear how the large confor-
mational change is generated. Detailed mechanisms of the large
conformational change will be revealed by future studies.

Rhodopsin is the best understood member of the GPCR fam-
ily. A detailed analysis of the human genome reveals more than
800 unique GPCRs, of which ~700 are rhodopsin-like GPCRs
(41). These receptors receive various extracellular signals and
drive the intracellular signaling cascade through various G pro-
teins. Diversity of GPCRs is considered to be generated by
diversity in ligand binding sites and G protein interacting sites.
On the other hand, there are different receptors that bind the
same ligand and activate the same G protein. Our findings open
the possibility that G protein activation efficiency (signal trans-
mission efficiency) may be regulated by amplitude of conforma-
tional changes in the multiple receptors, leading to generation
of functional diversity of GPCRs.
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