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(Background: Constitutively active mutations (CAMs) affect the dynamics of G protein-coupled receptors (GPCRs),
Results: Site-directed fluorescence labeling (SDFL) studies find a CAM (M257Y) alters the dynamics of the GPCR ligand-free

Conclusion: The M257Y CAM alters the dynamics of the conversion between active and inactive opsin conformations.
Significance: SDFL can be used to gain insights into how CAMs affect the dynamics of G protein-coupled receptors.
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G protein-coupled receptors (GPCRs) undergo dynamic tran-
sitions between active and inactive conformations. Usually,
these conversions are triggered when the receptor detects an
external signal, but some so-called constitutively activating
mutations, or CAMs, induce a GPCR to bind and activate G
proteins in the absence of external stimulation, in ways still not
fully understood. Here, we investigated how a CAM alters the
structure of a GPCR and the dynamics involved as the receptor
transitions between different conformations. Our approach
used site-directed fluorescence labeling (SDFL) spectroscopy to
compare opsin, the ligand-free form of the GPCR rhodopsin,
with opsin containing the CAM M257Y, focusing specifically on
key movements that occur in the sixth transmembrane helix
(TM6) during GPCR activation. The site-directed fluorescence
labeling data indicate opsin is constrained to an inactive confor-
mation both in detergent micelles and lipid membranes, but
when it contains the M257Y CAM, opsin is more dynamic and
can interact with a G protein mimetic. Further study of these
receptors using tryptophan-induced quenching (TrIQ) methods
indicates that in detergent, the CAM significantly increases the
population of receptors in the active state, but not in lipids. Sub-
sequent Arrhenius analysis of the TrIQ data suggests that, both
in detergent and lipids, the CAM lowers the energy barrier for
TM6 movement, a key transition required for conversion
between the inactive and active conformations. Together, these
data suggest that the lowered energy barrier is a primary effect of
the CAM on the receptor dynamics and energetics.
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G protein-coupled receptors (GPCRs)? transmit extracellu-
lar signals to intracellular signaling cascades via activation of
heterotrimeric G proteins. During this process they undergo
dynamic transitions between inactive and active (signaling)
states (1, 2). It is thought that the “signal” stabilizes the active
conformation(s) of a GPCR, resulting in elevated G protein
activity.

What is different about the active GPCR conformation that
enablesit to bind and activate G proteins? In the case of the light
sensing GPCR rhodopsin, early insights came from cross-link-
ing and spin and fluorescence labeling studies, which found that
light activation induces an outward movement of sixth trans-
membrane helix (TM6) (3—7), which is preceded by several
sequential intra-molecular events (8). This movement was pro-
posed to expose a “hydrophobic patch” that couples with the C
terminus of the G protein a-subunit (Ga) (9), an interaction
confirmed in subsequent crystal structures (10, 11) (see Fig. 1).
TM6 movement is observed in activation of various rhodopsins
(12) and ligand-binding GPCRs (13, 14), suggesting it may play
a key, universal role in GPCR activation.

What energetic and dynamic aspects control the transition of
a GPCR into an active structure? The answer is not yet clear.
Although it has been known for some time that empty GPCRs
are in equilibrium between inactive and active conformations,
it has been difficult to quantify this dynamic aspect of their
behavior using conventional methods. Instead, traditionally
the relative distribution of each form has been assessed by
measuring the basal level of G protein activity observed for
the apoprotein form (1). Currently more and more GPCR
crystal structures are becoming available that reveal various
static conformations (15). However, it is also becoming increas-
ingly clear that studies using other biophysical, spectroscopic,

3 The abbreviations used are: GPCR, G protein-coupled receptor; BAR, B-ad-
renergic receptor; CAM, constitutively activating mutation; DDM, n-dode-
cyl-B-p-maltoside; Ga-peptide, peptide derived from C terminus of G pro-
tein a-subunit; k', dynamic quenching constant; meta-ll, metarhodopsin
II; SDFL, site-directed fluorescence labeling; TM, transmembrane helix;
TrlQ, tryptophan-induced quenching; PDT-bimane, (2-pyridyl)dithiobi-
mane; TCEP, tris(2-carboxyethyl)phosphine.
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and computational methods will be needed to develop a full
understanding of the role of structural dynamics in GPCR (3, 7,
16-18).

Opsin, the retinal-free form of rhodopsin, illustrates the dif-
ficulty of assessing structural dynamics in GPCRs from bio-
chemical and crystallographic data. Opsin is almost exclusively
present in an inactive conformation, as indicated by its
extremely low G protein activity (19, 20) and infrared spectros-
copy studies that find its spectra are like dark state rhodopsin at
physiological pH, and unlike the photoactivated state metarho-
dopsin II (meta-II) (21). In contrast, the crystal structure of
opsin has the characteristics of an active state receptor, includ-
ing an outward displacement of TM6 (see Fig. 1A4) (22). Thus,
the true conformation of TM6 for opsin in detergent solution
and lipid bilayers is not yet resolved.

Another example of the fluid nature of GPCR structures is
the existence of mutations that elevate G protein activity of the
empty receptor. These so-called constitutively activating muta-
tions, or CAMs, have been identified in numerous GPCRs, and
some are linked to genetic diseases (23). Although CAMs are
generally assumed to somehow affect the dynamics and ener-
getics of ligand-free receptor conformation(s), the mechanism
through which they do so is still unclear.

Thus, in this article we set out to gain insight into an
empty GPCR transition between inactive and active states,
and to resolve the issues discussed above. Our approach was
to use site-directed fluorescence labeling (SDFL). First, we
placed a fluorescent probe (bimane, see Fig. 14) on TM6 of
opsin and on opsin containing a CAM, M257Y (24), and then
compared their spectral properties to look for mutation-
linked changes in the structure. Our results show that both
in detergent micelles and in lipid conditions (using so-called
nanodiscs, or NABBs) (25-27), opsin is constrained to an
inactive conformation, whereas the CAM converts into a
more active shape.

We further resolved the effect of the CAM on TM6 move-
ment through use of a novel SDFL method called TrIQ (tryp-
tophan-induced-quenching), which involved assessing the abil-
ity of a tryptophan residue on TM5 to quench the bimane probe
on TM6. Interestingly, the TrIQ studies find that CAM M257Y
causes a significantly increased population of receptor with a
rearranged TM6, but only in detergent.

Importantly, the TrIQ studies also provide a key insight into
how the CAM induces activation of opsin. Arrhenius analysis of
the TrIQ data measured at different temperatures suggests that
the CAM reduces the energy barrier for TM6 movement, both
in detergent and lipids. Based on these results, we discuss the
mechanism how a CAM can affect the conformational dynam-
ics of a ligand-free GPCR.

EXPERIMENTAL PROCEDURES

Materials—The Ga-peptide 23V (NH,-VLEDLKSVGLE-
COOH) used in this study is a variant of the high affinity ana-
logues of transducin C-terminal 11 residues 340-350 (9, 28).
The peptide was synthesized by GenScript. PDT-bimane ((2-
pyridyl)dithiobimane) (see Fig. 1A4) was purchased from
Toronto Research Chemicals. All of the remaining materials
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used in this study are similar to those described previously (9,
12, 26).

Construction and Expression of Opsin Mutants—The back-
ground opsin (rhodopsin) mutant 6 (C140S/C316S/C322S/
C323S) was prepared as described previously (6). The muta-
tions N2C, K231W, Q244.C, M257Y, or D282C were introduced
into 0 using the QuikChange mutagenesis kit (Stratagene). The
mutants were transiently expressed in COS-1 cells, and the cells
were harvested 48 h after transfection.

PDT-bimane Labeling—Purification of the samples labeled
with PDT-bimane was carried out on the 1D4 antibody Sephar-
ose as described previously (9, 12), except all procedures were
carried out in the absence of retinal. Label incorporation in
opsin was estimated by comparing its absorbance at ~380 nm
before addition of 11-cis-retinal for the bimane amount and
using the absorbance at ~500-nm after the addition of 11-cis-
retinal to quantify the amount of opsin. An excitation coeffi-
cient of €54, = 5,000 for bimane and €,,, = 40,000 for 11-cis-
retinal bound opsin (rhodopsin) were used for all calculations.
The labeling efficiencies for 244B-opsin, M257Y/244B-opsin,
231W/244B-opsin, and M257Y/231W/244B-opsin were esti-
mated as ~1.1, ~1.2, ~1.1, and ~1.2 label/opsin, respectively.
The background opsin mutant was labeled with bimane at less
than 0.1 label/opsin (Fig. 2, A-C). Labeled samples were pre-
pared in 0.05% DDM, 5 mm MES, 40 mm NaCl, pH 6.

Preparation and Purification of Nanodiscs—Nanodisc sam-
ples were prepared as described previously, using a lipid mix-
ture previously found in our hands to produce optimal rhodop-
sin functional and spectroscopic properties (26, 27). Briefly,
labeled sample (solubilized in 0.05% DDM), MSP, and lipid
(mixture of 1-palmitoyl-2-oleoyl phosphatidylcholine and
1-palmitoyl-2-oleoyl phosphatidylglycerol at a 3:2 ratio solubi-
lized in 0.5 M sodium cholate) were mixed with ~2/3 volume of
Bio-Beads SM-2 (Bio-Rad) overnight at 4 °C. The molar ratio of
Rh:MSP:lipid was set to 0.1:1:75. The Bio-Beads were removed
by centrifugation. After reconstitution into nanodiscs, the sam-
ples were injected onto a Superdex 200 column (GE Health-
care) with a column volume of 23.55 ml. The fraction contain-
ing nanodiscs that corresponds to a diameter of ~12 nm was
collected (26). The diameter of nanodisc was determined by a
Gel Filtration Calibration Kit HMW (GE Healthcare). The col-
lected sample was concentrated by Amicon Ultra 0.5-ml Cen-
trifugal Filters (10,000 MWCO, Millipore). Nanodisc samples
were prepared in 5 mMm MES, 40 mMm NaCl, pH 6.

Spectrophotometry—Absorption spectra of samples were
recorded at 10 °C with a Shimadzu UV-1601 spectrophotome-
ter, and photoactivation of the rhodopsin samples were carried
out as previously described (26).

Steady-state Fluorescence Measurements—Fluorescence
emission spectra were recorded using a PTI steady-state fluo-
rescence spectrophotometer. Emission spectra were measured
by excitation at 380 nm (0.5-nm slit) while scanning the fluo-
rescence intensity of 405 to 605 nm (12-nm slit).

Release of PDT-bimane from Labeled Samples to Enable Nor-
malization and Comparison of Spectra—The disulfide bond
between PDT-bimane and rhodopsin/opsin was reduced using
TCEP as previously described (Fig. 2, D-F) (9). This procedure
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enabled comparison between samples by normalizing the spec-
tra to that of the TCEP reduced sample.

Fluorescence Lifetime Measurements—Fluorescence life-
times for labeled opsins were measured using a FluoTime 200
TCSPC system (PicoQuant), with excitation from a 405-nm
diode laser. Emission was monitored at 480-nm using a 1-nm
slit and a >470-nm long pass filter. The instrument response
function was determined using a solution of Ludox, with a
FWHM (full-width at half-maximum) of ~60 ps.

The fluorescence decays were analyzed by three different
ways using the FluoFit program (PicoQuant), with all three
approaches yielding x” values ranging from 0.9 to 1.3. For use in
calculating the amount of static and dynamic quenching, the
data were subjected to a three-exponential fit, and the average
fluorescence lifetimes (7), calculated as: (1) = a;7;, + a,7, +
a,75, where o, a,, and a are the fractional amplitudes of each
lifetime 7, T,, and 7, respectively. For the Arrhenius analysis,
the data were fit to a single lifetime using a stretched exponen-
tial function (I(f) = aexp(—t/7)®) (29). For comparison, the
decay data were also fit using bimodal Lorentzian distribution,
and the longer lifetime component (~10 ns) used for subse-
quent Arrhenius analysis (data not shown).

Calculations of Parameters for TrIQ Study and Arrhenius
Analysis—Detailed theory and method to calculate the param-
eters (Figs. 5-7) are described in Ref. 35. Briefly, the relative
fraction of non-static fluorescence quenching components is
defined as (F, /F,)({t,)/{T,)), and the static quenching fraction
is simply calculated as (1 — (F,,/F,)({,)/{7,))). The fraction of
the dynamic quenching component is calculated as (F,/
F)(t)/({T,)) — F,IF, = F,J/F,({t,)/({7,) — 1). In these calcula-
tions, the (7,) and (7,,) values represent the averaged lifetimes
obtained from the three exponential fits (see above). Note that
F,, and (t,) represent the fluorescence intensity and average
lifetime in the presence of the quenching tryptophan, and F,
and (7,) represent the corresponding values in the absence of
the tryptophan.

The dynamic quenching rate constant, k,, used in the Ar-
rhenius analysis (see Fig. 7 and supplemental Table S1) was
determined as k', = (1/7,, — 1/7,). For these calculations, the 7,
and 7, lifetime values were obtained by fitting the decay data to
a single lifetime using a stretched exponential function, I(¢) =
aexp(—t/7)P (29). The 7, and 7, values used in Fig. 7 are shown
in supplemental Table S1.

RESULTS

Structural changes accompanying GPCR activation can be
studied by placing spectroscopic probes at site 244°%” on TM6
(the superscript gives the Ballesteros-Weinstein numbering
(18)) (Fig. 1). In rhodopsin, activation causes a spin label at
position 244°%” to show increased mobility (3). Similarly, when
the fluorescent label bimane is attached to the same site, acti-
vation causes a red-shifted fluorescence emission A, .., both in
rhodopsin (12) and in the B-adrenergic receptor (BAR, labeled
at position 265°27) (30). These spectroscopic changes are con-
sistent with crystal structures of dark and meta-II states of rho-
dopsin (10, 11, 31, 32), which show the residue at position
244527 moves from the interior of the protein to outside the
protein in meta-II state (Figs. 14 and 3A). We therefore placed
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FIGURE 1. Comparison of TM5 and TM6 in the crystal structures of opsin,
rhodopsin, and photoactivated (meta-Il) form. Cytoplasmic view (A) and
side view (B) showing the relative displacement of TM5 and especially TM6 in
the active (meta-ll) and inactive forms of rhodopsin. Note that the crystal
structure of opsin appears more like the active form of rhodopsin. Also indi-
cated are the sites of the bimane labeling (position 244%%’), the quencher
tryptophan (position 231°%%) used for the TrlQ studies discussed in the text,
and a constitutively activating mutation M257Y (position 257°4°). The super-
scripts of the respective positions refer to Ballesteros-Weinstein numbering
(18). The models were constructed using the structures of bovine opsin (light
blue, PDB code 3CAP) (22), rhodopsin in the dark (green, PDB code 1GZM) (31),
and rhodopsin in meta-Il state (magenta, PDB code 3PQR) (10).

a bimane label at this site in opsin to monitor conformational
changes.

The Fluorescent Probe PDT-bimane Can Be Specifically
Attached on TM6 at Position 244°°” in Opsin without Perturb-
ing the Receptor Structure—QOur SDFL studies required us to
uniquely and specifically attach a fluorescent probe on TM6 of
opsin. To achieve this, we introduced mutation Q244C into a
non-reactive background opsin mutant called “6” (see “Experi-
mental Procedures”), and we also introduced two cysteine sub-
stitutions, N2C and D282C, which Oprian and colleagues (33)
have shown to form an intra-molecular disulfide bond that
makes opsin highly stable in detergent. The resulting opsin
mutant Q244C/N2C/D282C/6, was expressed, purified, and
labeled with PDT-bimane (see Fig. 1A4).

PDT-bimane was used because it attaches to the protein with
a disulfide linkage that can be cleaved with a reducing agent
TCEP (Fig. 2D). This feature makes possible quantitative com-
parison between samples (34). As shown in Fig. 2, E and F, to
enable comparison, we thus normalized the fluorescence inten-
sity data for the different labeled opsin to their fluorescence
intensity after release of probe by TCEP reduction.

The PDT-bimane-labeled 244C/2C/282C/6 opsin mutant,
hereafter referred to as 244B-opsin, showed two absorption
peaks, a protein peak at ~280 nm and a bimane peak at ~380
nm (Fig. 2A4). In contrast, the labeled “background” mutant,
2C/282C/60 opsin, showed only a single absorption peak at
~280 nm (Fig. 2B), and negligible fluorescence (Fig. 2C). These
results indicate specific attachment of the bimane to Cys-244
on 244B-opsin, and no significant background labeling of
2C/282C/6. In a similar fashion, we also prepared the PDT-
bimane-labeled opsin containing the CAM M257Y (24), here-
after referred to as M257Y/244B-opsin.

The 244B-opsin and M257Y/244B-opsin were prepared both
in DDM micelles and incorporated into small lipid particle
nanodiscs (25). The samples showed normal ability to bind
11-cis-retinal to form 244B-rhodopsin and M257Y/244B-
rhoodpsin, and they form the meta-II state (244B-meta-II and
M257Y/244B-meta-II) upon light irradiation (indicated by the
decrease in 500 nm and increase in 380-nm absorbance, data
not shown).
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FIGURE 2. PDT-bimane labeling on opsin mutants. A-C, example of specific incorporation of PDT-bimane label into position 244 in opsin mutant. Opsin
mutants 244C/2C/282C/60 and 2C/282C/0 were labeled with PDT-bimane as described under “Experimental Procedures.” A, absorption spectrum of 2C/282C/6
opsin in DDM after labeling with PDT-bimane. B, absorption spectrum of 244C/2C/282C/6 opsin in DDM, after labeling with PDT-bimane (244B-opsin). C,
fluorescence emission spectra using the same amount (500 nv) of both labeled opsins. Spectra clearly show that fluorescence of labeled 244C/2C/282C/6 opsin
(244B-opsin, black) is much greater than that of labeled 2C/282C/6 opsin (red). This result indicates that PDT-bimane is specifically incorporated into Cys-244
not Cys-2/Cys-282 in opsin. Note that nonspecific bimane labeling on 2C/282C/6 opsin is less than 0.1 bimane/opsin. D, schematic representation of reduction
of disulfide linkage between PDT-bimane and protein by a reducing reagent TCEP. E and F, normalization of fluorescence emission spectra by comparison to
bimane emission after release from protein due to reduction of disulfide linkage. Solid lines indicate fluorescence emission spectra of 244B-opsin (black) and
M257Y/244B-opsin (red) in DDM (E) and in nanodiscs (F). The red and black broken lines indicate the spectra of these same samples after release of the bimane
label from the protein by reduction of the disulfide bond by TCEP (see “Experimental Procedures”). All fluorescence spectra are normalized to the fluorescence

intensity after TCEP treatment.

The Bimane Probe on TM6 Detects Differences between the
Inactive and Active Receptor Forms, in Both Detergent and
Lipids—W e first assessed TM6 conformations by comparing
the fluorescence emission A, of the labeled opsins. In general,
when a bimane fluorophore is brought into a more polar envi-
ronment, the A, of the fluorescence spectrum is red-shifted
and the fluorescence intensity decreases (30, 34). However, for
the rhodopsin samples, we had to first take into account the fact
that binding of 11-cis-retinal to 244B-opsin and M257Y/244B-
opsin caused a decrease in fluorescence intensity, and photoac-
tivation to meta-II caused an increase in intensity (Fig. 3, D, G,
J, and M). We have previously established that these dramatic
changes in fluorescence intensity are primarily due to varying
amounts of fluorescence energy transfer from the bimane to the
retinal in the different rhodopsin forms (6, 7, 12). In dark-state
rhodopsin, the fluorescence of bimane overlaps substantially
with the retinal absorbance, resulting in significant energy
transfer, whereas in the meta-II form, this overlap is diminished
(but not completely abolished), resulting in the partial increase
in bimane fluorescence (see Fig. 3, D, G, J, and M). Thus,
because of this additional complication, when we studied reti-
nal containing samples, we did not compare intensities, but
rather assessed the environment around the bimane label by
comparing shifts in the A, of emission, which are not affected
by the amount of energy transfer but are representative of local
environmental polarity (34). We compared fluorescence inten-
sities only for opsin samples that contained no retinal.

In DDM micelles, the emission A, value of 244B-rhodopsin
was almost identical to that of (retinal-free) 244B-opsin (inset of
Fig. 3D). However, 244B-meta-1I showed a substantial red shift
in the bimane emission A, (inset of Fig. 3D), indicating a

max
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change in the environment around the bimane label, as we have
seen previously (12). Interestingly, the bimane emission A,
for M257Y/244B-opsin was between those of M257Y/244B-
rhodopsin and M257Y/244B-meta-II (inset of Fig. 3G), suggest-
ing that the M257Y CAM produces an intermediate state
and/or a mixture of inactive and active conformations.

In nanodiscs, the bimane emission A, for 244B-opsin was
similar to that of 244B-rhodopsin, although the latter possessed
abroader spectral shape (inset of Fig. 3)). Interestingly, in nano-
discs, M257Y/244B-opsin had a similar A, to the M257Y/
244B-rhodopsin (inset of Fig. 3M), suggesting that in lipids,
conformational differences between ligand-free and 11-cis-ret-
inal bound states of M257Y/244B are less than in detergent.
244B-meta-1I and M257Y/244B-meta-II showed a red-shifted
Aoy (see insets of Fig. 3, Jand M), although the light-dependent
shifts were smaller in nanodiscs than in DDM.

As shown in Fig. 4, these results are even clearer when opsin
(non-retinal containing) fluorescence spectra are compared.
The spectra show that the M257Y mutation moves the bimane
at position 244°2” on TM6 into a more polar environment, as
indicated by the red-shifted A, and a decreased intensity of
M257Y/244B-opsin compared with 244B-opsin, in both DDM
and nanodiscs (Fig. 4, A and D).

We next investigated spectral changes in the bimane-labeled
opsins caused by binding of Ga-peptide, a high-affinity G pro-
tein mimetic of the transducin Ga C terminus (9, 28). The
Ga-peptide binds to a hydrophobic patch on the inner face of
TMB6 that is exposed upon meta-II formation (9-11) (see Fig.
3B). We anticipated that interaction of opsin with the peptide
could induce (or stabilize) conformational changes around
position 244°%” on TM6. In both DDM and nanodiscs, no shifts
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FIGURE 3. Fluorescence spectra of opsin, 11-cis-retinal bound rhodopsin, and the photoactivated form (meta-Il) of 244B and M257Y/244B in DDM and
nanodiscs. A, schematic model indicating the different relative orientations of TM5 and TM6 between 11-cis-retinal bound rhodopsin (black) and the photo-
activated meta-ll (red). B, schematic model indicating where meta-Il interacts with the Ga C terminus peptide. C, the interaction site is absent in the inactive
rhodopsin. D, comparison of fluorescence emission spectra of the retinal-free 244B-opsin (blue, A, = 451 nm), 11-cis-retinal-bound 244B-rhodopsin (black,
Amax = 451 nm), and the photoactivated 244B-meta-Il (red, A,,,,x = 463 nm) in DDM. Inset, the spectra normalized by maximal fluorescence intensity as 1.0. E,
fluorescence spectra of 244B-meta-Il in the absence (red, A,,., = 463 nm) and presence (purple, A, = 470 nm) of Ga-peptide in DDM. F, fluorescence spectra
of 244B-rhodopsin in the absence (black, A, = 451 nm) and presence (purple, A, = 451 nm) of Ga-peptide in DDM. G, comparison of fluorescence spectra
of M257Y/244B-opsin (blue, .., = 456 nm), M257Y/244B-rhoodpsin (black, A,,., = 452 nm), and M257Y/244B-meta-ll (red, A,,,, = 462 nm) in DDM. Inset, the
spectra normalized by maximal fluorescence intensity as 1.0. H, fluorescence spectra of M257Y/244B-meta-Il in the absence (red, A,,,,, = 462 nm) and presence
(purple, A, = 469 nm) of Ga-peptide in DDM. , fluorescence spectra of M257Y/244B-rhodopsin in the absence (black, A, = 452 nm) and presence (purple,
Amax = 452 nm) of Ga-peptide in DDM. J, comparison of fluorescence spectra of 244B-opsin (blue, A, = 454 nm), 244B-rhodopsin (black, A, = 455 nm), and
244B-meta-ll (red, A, = 464 nm) in nanodiscs. Inset, the spectra normalized by maximal fluorescence intensity as 1.0. K, fluorescence spectra of 244B-meta-l|
in the absence (red, A, = 464 nm) and presence (purple, A, = 468 nm) of Ga-peptide in nanodiscs. L, fluorescence spectra of 244B-rhodpsin in the absence
(black, A, = 455 nm) and presence (purple, A, = 455 nm) of Ga-peptide in nanodiscs. M, comparison of fluorescence spectra of M257Y/244B-opsin (blue,
Amax = 460 nm), M257Y/244B-rhodopsin (black, A,,., = 460 nm) and M257Y/244B-meta-ll (red, A, = 464 nm) in nanodiscs. Inset, the spectra normalized by
maximal fluorescence intensity as 1.0. N, fluorescence spectra of M257Y/244B-meta-Il in the absence (red, A,,,,, = 464 nm) and presence (purple, A, = 469 nm)
of Ga-peptide in nanodiscs. O, fluorescence spectra of M257Y/244B-rhodopsin in the absence (black, A,.,., = 460 nm) and presence (purple, A, = 460 nm) of
Ga-peptide in nanodiscs. To enable direct comparison, all spectra are normalized to the spectrum of free bimane released from the protein by TCEP reduction
of the attaching disulfide (see Fig. 2, D-F, and “Experimental Procedures”). Concentrations of labeled opsin and Ga-peptide are 500 nm and 100 uM, respec-
tively. The experiments were carried out at 10 °C.

were seen when the Ga-peptide was added to (inactive) 244B-  decrease in intensity for the M257Y/244B-opsin (Fig. 4, B and
rhodopsin or M257Y/244B-rhodopsin (Fig. 3, F, I, L, and O),but  E), indicating the bimane probe had moved into a more polar
shifts were observed when it was added to 244B-meta-II and environment. These shifts also show the Ga-peptide can bind
M257Y/244B-meta-II (Fig. 3, E, H, K, and N). to M257Y/244B-opsin, but not 244B-opsin, consistent with the

Similarly, addition of the Ga-peptide caused no effect to flu-  extremely low inherent G protein activity (20) of opsin and the
orescence emission of 244B-opsin (Fig. 4, C and F). In contrast, ~dramatically elevated activity previously observed for the CAM
the Ga-peptide caused a red-shifted emission A, and M257Y (24).
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FIGURE 4. Comparison of fluorescence spectra of 244B-opsin and M257Y/244B-opsin in DDM and nanodiscs. A, fluorescence emission spectra of
244B-opsin (black, A, = 451 nm) and M257Y/244B-opsin (red, A, = 456 nm) in DDM. B, fluorescence spectra of M257Y/244B-opsin in the absence (red, A, =
456-nm) and presence (purple, A, = 462-nm) of Ga-peptide in DDM. C, fluorescence spectra of 244B-opsin in the absence (black, A,,,,, = 451 nm) and presence
(purple, A,.x = 451 nm) of Ga-peptide in DDM. D, fluorescence spectra of 244B-opsin (black, A, = 454 nm) and M257Y/244B-opsin (red, A« = 460 nm) in
nanodiscs. E, fluorescence spectra of M257Y/244B-opsin in the absence (red, A, = 460 nm) and presence (purple, A.,,., = 463 nm) of Ga-peptide in nanodiscs.
F, fluorescence spectra of 244B-opsin in the absence (black, A,,,,, = 454 nm) and presence (purple, A, = 454 nm) of Ga-peptide in nanodiscs. The experiments

were carried out at 10 °C.

Taken together, these data demonstrate the ligand-free
244B-opsin, as well as 11-cis-retinal bound 244B-rhodopsin
and M257Y/244B-rhodopsin are highly constrained to an
inactive conformation (Fig. 3C), whereas the ligand-free
M257Y/244B-opsin as well as photoactivated (all-trans-ret-
inal bound) 244B-meta-II and M257Y/244B-meta-II can
interact with the Ga-peptide, resulting in a stabilization of
the active conformation.

Tryptophan-induced Quenching (TrlQ) Studies Show Differ-
ent Amounts of TM6 Movement for the CAM M257Y Opsin in
Detergent and Lipids—Figs. 3 and 4 suggest that CAM M257Y
causes some conformational changes of TM6 in opsin. To bet-
ter resolve this phenomena, we next studied TM6 movement
using the TrIQ method, which we have extensively calibrated
(34-36), and used to study various rhodopsins (12) and the
BAR (14).

Briefly, the TrIQ method measures how efficiently a Trp can
quench the fluorescence of a nearby bimane probe. TrIQ only
occurs over short distances (within ~15 A), and is distance-de-
pendent. To assess how the M257Y CAM causes TM6 to move
relative to TM5, we introduced a Trp at position 231%°¢ (231W)
on TM5 for both 244B-opsin and M257Y/244B-opsin. The
Ca-Ca distance between these sites goes from 12.6 A in the
inactive rhodopsin crystal structure (31) to 8.5 A in the active
meta-II structure (10) (Figs. 1A and 5A). Thus, more TrIQ
should occur between a Trp at site 231°°® and a bimane at site
244°?7 in the active receptor conformation, and be observed as
lower fluorescence intensity.

We first confirmed that the introduction of Trp-231 does not
alter the 11-cis-retinal binding or photobleaching properties
for the regenerated rhodopsin mutants (data not shown). In
DDM, the bimane fluorescence was quenched by Trp-231 more
efficiently in M257Y/244B-opsin than in 244B-opsin (Fig. 5, B
and C), but in nanodiscs, the quenching efficiency is almost the
same for both opsins (Fig. 5, D and E), suggesting that in the
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FIGURE 5. TrlQ studies detect that opsin with a constitutively activating
mutation induces movement of TM6 toward TM5. A, a bimane label at
position 24427 (on TM6) and a tryptophan at position 231%°¢ (on TM5) are
expected to show more TrlQ in the active form (and thus decreased fluores-
cence intensity), based on the respective crystal structures (Protein Data Bank
codes 1GZM, 3CAP, and 3PQR). B-E, the emission spectra show ligand-free-
labeled opsins in the absence (black) and presence of a Trp at position 231°%¢
(red). B, M257Y/244B-opsin in DDM; C, 244B-opsin in DDM; D, M257Y/244B-
opsin in nanodiscs; E, 244B-opsin in nanodiscs. The ratio values of fluores-
cence intensity in the absence and presence of 231W (F,,/F,) are also indi-
cated. The experiments were carried out at 10 °C.

detergent micelles, the M257Y mutation induces a significant
rearrangement of TM5 and TM6 that is not observed in lipids.

The M257Y CAM Increases the Relative Population of Active
Receptor Conformation in Detergent, as Indicated by the Amount of
Static and Dynamic Fluorescence Quenching—We next more
precisely assessed the proximity between residues at positions

VOLUME 288+NUMBER 39+-SEPTEMBER 27,2013



A K
(&) T (8) &y
— O D e- (>
dynamic
unquenched quenching quenching
B DDM C nanodisc
1.0

244B-opsin vs
M257Y/244B-opsin |

244B-opsin vs
M257Y/244B-opsin |

Relative fraction
o
(4]
T
1
T
1

FIGURE 6. The M257Y CAM shifts the population of receptor conforma-
tions toward active ones, as indicated by the changes in the amount of
static and dynamic quenching of the bimane at site 244%27 by the Trp at
site 231°-%¢, A, schematic scheme of the different quenching species that can
be detected by TrlQ analysis; unquenched, dynamic quenching, and static
quenching. B and C, steady-state fluorescence data in Fig. 5 with the fluores-
cence lifetime data allows calculation of the relative fraction of unquenched,
dynamically quenched, and statically quenched in 244B-opsin (black) and
M257Y/244B-opsin (red) in DDM micelles (B) and in nanodiscs (C). The error
bars represent the S.E. for three independent experiments. The calculation of
different quenching fractions is described under “Experimental Procedures,”
using the F,/F, values shown in Fig. 5, and the following ratio of average
fluorescence lifetimes ((7,)/(,,) obtained from three exponential fitting of
the decay data: 244B in DDM (1.09 = 0.02), 244B in nanodiscs (1.04 = 0.01),
M257Y/244B in DDM (1.13 = 0.01), M257Y/244B in nanodiscs (1.07 = 0.01).
The experiments were carried out at 10 °C.

231°°¢ and 244°*” by quantifying the amount of dynamic and
static quenching caused by the Trp residue on the bimane
probe. Dynamic quenching occurs when the bimane interacts
with the Trp quencher after excitation of the fluorophore,
whereas static quenching occurs when the two form a complex
before light excitation (35) (see Fig. 6A). Thus, static quenching
is especially useful in TrIQ studies as it identifies species where
the fluorophore and quencher are within contact distance dur-
ing the time of light excitation (35).

Quantifying the amount of dynamic and static quenching
requires measuring the fluorescence lifetimes of the samples
and comparing this data with the steady-state fluorescence
data. Thus, the fluorescence lifetimes of the samples were
measured using an instrument with an excellent time resolu-
tion (~60 ps). These data were then used to calculate the rela-
tive fraction of static quenching species, defined as (1 — (F,,/
F)({T,)/{T,))) (see “Experimental Procedures”) (35), where F,,
and (7,,) represent the fluorescence intensity and average life-
time in the presence of the quenching tryptophan, respectively,
and F, and (,) represent the corresponding values in the
absence of the quenching tryptophan.

Our analysis finds that the fraction of static quenching spe-
cies increased for M257Y/244B-opsin in DDM (Fig. 6B) but not
in nanodiscs (Fig. 6C), indicating that at any given moment,
positions 231°°° and 244°? are closer together in the M257Y
mutation when in detergent rather than lipids. The results sug-
gest that the M257Y mutation induced significant rearrange-
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FIGURE 7. The M257Y CAM appears to lower the activation energy for
TM5/TM6 movement. A and B, Arrhenius plots of the dynamic quenching
constants (k’,) of the Trp at position 231°°¢ and the bimane probe at position
244527 in opsins as a function of temperature. Calculation of k', values were
obtained using the single lifetime values obtained from analyzing the decay
using a stretched exponential function (I(t) = aexp(—t/7)?) (29). The 7,,and 7,
values used are reported in supplemental Table S1. Black and red circles indi-
cate 244B-opsin and M257Y/244B-opsin, respectively, in DDM (A) and nano-
discs (B). The calculated E, values of 244B-opsin (black) and M257Y/244B-
opsin (red) are provided. The error bars represent the S.E. for three
independent experiments. Further details are provided under “Experimental
Procedures.” C, simplified two-dimensional energy landscape of opsin with or
without M257Y CAM. This schematic shows the energy of the receptor con-
formations is plotted along the activation pathway (2). Note that virtually the
same conclusion was obtained from Arrhenius plots based on k, values that
were calculated using either averaged lifetime values ((1)), or the long-life-
time component obtained from a bimodal Lorentzian distribution.

ment of TM5 and TM6 in detergent reflecting a shift of the
relative population of “active” and “inactive” conformations
(see “Discussion”), but the CAM had much less effect for opsin
in lipid membranes, at least at 10 °C.

Arrhenius Analysis of the TrIQ Data Suggests M257Y CAM
Lowers the Activation Energy for TM5/TM6 Movement—We
next assessed how the CAM affected the energetic barrier to
TM6 movement in opsins. To do this, we measured the rate
constant for the formation of a dynamic quenching complex
between the bimane on TM6 (position 244°27) by the Trp res-
idue on TM5 (position 231°°°) as a function of different tem-
peratures, and analyzed the results using an Arrhenius plot (Fig.
7, A and B) (37). Specifically, we determined the dynamic
quenching constant k., (defined as ((1/7,) — (1/7,))) (35) from
fluorescence lifetime measurements made at different temper-
atures, and plotted this on the y axis and the inverse tempera-
ture on the x axis. For these calculations, the 7 values were
determined using a stretched exponential function, to enable
calculation of single &, values for the Arrhenius analysis (29).

We stress that the k., values do not directly represent the
formation of an active, stable receptor conformation, R*, nor
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tell how long R* would remain in that state. The k_, values only
report how often the Trp residue on TM5 collides with the
probe on TM6. Because each movement does not necessarily
produce R*, neither the amount of R* formation nor its stability
can be determined from absolute values of k',. However, the
temperature-dependent changes of k., values do provide a
unique way to assess the underlying energetic barrier (E,) to
TM6 movement that must be overcome so that this key, initial
step in R* formation can occur.

Interestingly, these analyses show that for both DDM (Fig.
7A) and nanodiscs (Fig. 7B), the M257Y mutation decreases the
slopes of the plot, indicating a lower activation energy for the
dynamic quenching complex formation. The same effect was
observed in our other Arrhenius plots calculated using dynamic
quenching k, values obtained from different fitting approaches
for the lifetime data (see “Experimental Procedures”).* Because
positions 231°%® and 24427 are closer in an active conforma-
tion (see Fig. 5A), the lower activation energy strongly suggests
that the M257Y CAM lowers the energy barrier for the TM5/
TM6 movement that must occur before an inactive receptor
can be converted into an active conformation. A possible mech-
anism underlying the CAM-induced changes on the conforma-
tional dynamics is discussed below.

DISCUSSION

In this study, we probed the mechanism and energetics
underlying dynamic transitions involved in GPCR activation,
by using SDFL to compare the dynamic features of opsin with or
without a CAM in both solution and lipid membranes. As dis-
cussed below, our data reveal differences in how a CAM can
affect receptor dynamics in detergent compared with lipids,
and provide new insights into how a CAM can change a ligand-
free GPCR structure.

Opsin Conformation in Detergent Micelles and Lipid
Bilayer—Previous infrared spectroscopic (21) and biochemical
studies (19, 20) have concluded that opsin has an inactive con-
formation under physiological conditions, yet surprisingly, the
recent crystal structures of opsin possess many features of an
active conformation (22) (see Fig. 1). In our present study, we
find that features of ligand-free opsin are more similar to an
inactive form rather than to an active form in both detergent
and lipid environments, at least regarding the environment of a
probe on TM6. The probe at position 244°>” in opsin showed a
very similar A to the 11-cis-retinal bound (inactive) state
(insets of Fig. 3, D and J), and both 244B-rhodopsin and 244B-
opsin were insensitive to Ga-peptide (Figs. 3, Fand L, and 4, C
and F). In contrast, the light-activated 244B-meta-II showed a
red-shifted A, from 244B-rhodopsin (insets of Fig. 3, D and J),
and a further red shift was induced by the Ga-peptide (Fig. 3, E
and K). Taken together, these results suggest that opsin is highly

4 During the preparation of this manuscript, we fit the fluorescence decay
data using three different approaches (stretched exponential function
(Fig. 7, Aand B), three exponential fit and bimodal Lorentzian distribution,
see “Experimental Procedures”), and used these values to calculate k.
Although the different fitting procedures produced slightly different k,
values, the same trend of temperature-dependent changes in k', values
and Arrhenius values were observed in all cases (data not shown).
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constrained to an inactive conformation in both detergent and
lipid environments.

Why then do the crystal structures of opsin possess features
of an active conformation, with a movement of TM6 (22)? One
possibility is that the solubilized opsin used for the crystalliza-
tion possesses a more flexible structure than membrane-em-
bedded opsin, and the active conformation is stabilized in the
crystals. This idea is consistent with the result from Hubbell
and co-workers (38) that found the lipid environment reduces
flexibility of rhodopsin conformations. The higher flexibility of
opsin in detergent is more prominent in the presence of the
CAM M257Y, resulting in larger conformational changes in
TM 5/6 (Figs. 5 and 6, see below).

Effect of a Constitutively Activating Mutation on Receptor
Dynamic—Our results indicate that the M257Y CAM converts
opsin into a species with enough active-state features to bind
the Ga C terminus. Opsin containing this mutation shows a red
shift and decrease in intensity for a bimane probe at site 244°>”
on TM6 (compare M257Y/244B-opsin with 244B-opsin in Fig.
4, A and D). These changes are further enhanced upon addition
and binding of Ga-peptide (Fig. 4, B and E). Interestingly, stud-
ies of BAR find that a bimane probe on the equivalent site
exhibits a similar red shift and decrease in intensity upon G
protein binding, even when no CAM is present in the receptor
(30). In contrast, opsin requires the M257Y CAM to show
Ga-peptide-dependent fluorescence changes (compare Fig. 4,
C and F, with B and E). These differences are consistent with
observations that, like M257Y opsin (24), wild-type BAR pos-
sess a significant basal G protein activity (1), whereas wild-type
opsin does not (20).

How does the CAM exert its effect on the conformational
dynamics of opsin? One way to address this question is through
the use of a simplified two-dimensional energy landscape (Fig.
7C), where the energy of the receptor conformations is plotted
along the activation pathway (2). As described by Deupi and
Kobilka (2), this representation of the receptor energy land-
scape has the following characteristics. 1) The energy minima
correspond to inactive (R) and active (R*) conformations that
are separated by a region of higher energy (energy barrier). 2)
The rate of transition between R and R* is determined by the
height of the barrier. 3) The relative population of R and R* is
determined by their relative difference in energy levels (2).

For normal opsin, the R and R* states are drawn separated by
an energy barrier (Fig. 7C, left). Note that the energy level of Ris
also drawn as significantly lower than R*, to reflect our results
and previous studies (19-21) that find opsin is constrained to
the inactive R state. The combination of these two factors
would mean transition from R to R* is very unlikely.

This model can be used to explain the effect of M257Y CAM
on opsin dynamics and the constitutive activity. We propose
the M257Y CAM works by decreasing the energy barrier
between R and R* (Fig. 7C, middle and right), resulting in more
frequent productive transitions between R and R*. If the differ-
ence in energy levels of R and R* is also sufficiently decreased,
the result will be an increase in the relative population of R*.
Such a change in receptor dynamics was observed in a recent
NMR and simulation study for agonist-induced activation of
BAR in detergent solution (17).
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Interestingly, the effect of the M257Y CAM is more dramatic
in detergent than in lipids. For M257Y opsin in detergent, the
apparent energy barrier to TM5/TM6 movement is substan-
tially decreased (Fig. 7A), and significant movement is observed
(Figs. 5 and 6). Together, these two factors, the decrease the
energy barrier and the difference in energy level between R and
R*, result in an increase of the R* population.

In contrast, in nanodiscs, although the CAM does lower the
energy barrier, the effect is less than in detergent (Fig. 7, B and
C), and little CAM-induced movement of TMS5/TM6 is
observed (less than detection limit of our TrIQ method) (Figs.
5D and 6C). Together, these data suggest that in lipids, M257Y
CAM significantly affects opsin dynamics, but does not signif-
icantly alter the relative stable population of R and R*.

How then is it possible for the M257Y CAM opsin to still be
constitutively active in lipids? The lower energy barrier for
TM6 movement for M257Y opsin in lipids would still result in
an increase in the transition rate between R and R*, thus result-
ing in the adoption of enough constitutively active form (R*) to
enable binding of the Ga-peptide and the shift of the fluores-
cence emission spectra we observed for M257Y/244B-opsin
(Fig. 4, B and E). It is important to not overgeneralize about
these observations. Without further studies, we cannot rule out
the possibility that the M257Y CAM effect is specific to opsin in
this combination of lipids in nanodiscs. Certainly the magni-
tude of the effect could vary with different lipid combinations,
as well as different CAMs, and different GPCRs. However, we
feel the results noted here are generally relevant for rhodopsin,
because rhodopsin under these exact same conditions shows
optimal arrestin binding (26) and photoactivation processes
like native rod outer segment membranes (27). Thus, it is
unlikely that the effect seen here for M257Y is due to some
distortion of opsin structural features caused only by the spe-
cific combination of lipids and nanodiscs used in the present
study.

Why does the M257Y mutation affect the energetics and
dynamics of opsin conformations? Photoactivation of rhodop-
sin involves relocation of water molecules inside the proteins
and rearrangement of a hydrogen-bonding network around
TM6 (11, 39, 40), leading Deupi et al. (40) to propose “muta-
tions of Met-257 thus likely reduces the energy barrier between
the active and inactive states by disturbing the hydrophobic
barrier between the intramolecular water-mediated hydrogen
bond network and the cytoplasmic side that prevents helix
movement.” Our experimental data obtained on ligand-free
M257Y opsin are in full agreement with this concept.

Insight into CAMs in Other GPCRs—A number of CAMs
have been identified in different GPCRs, and some are known to
be involved in genetic diseases (23). Our results here provide
new insights into how some CAM:s can result in G protein acti-
vation. They show that it may not be necessary for a CAM to
induce dramatic new changes in the static conformation of a
receptor. Rather, under some conditions, a CAM can exert its
effect by altering the energetics and dynamics of receptor con-
formations, for example, by decreasing the activation energy
barrier in conversion of the inactive to active receptor con-
formations. As seen in our detergent experiments, such a
primary effect of a CAM on receptor dynamics can lead to
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shifting the relative population of active and inactive recep-
tor conformations.

Finally, we note that the novel approach described here
should prove applicable to the study of other proteins. The use
of static crystallographic structures to guide fluorescence TrIQ
studies can provide a unique, powerful way to gain mechanistic
insights into the role of dynamics and energetics underlying
protein function.
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