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ABSTRACT The visual photoreceptor rhodopsin is a prototypical G-protein-coupled receptor (GPCR) that stabilizes its inverse
agonist ligand, 11-cis-retinal (11CR), by a covalent, protonated Schiff base linkage. In the visual dark adaptation, the funda-
mental molecular event after photobleaching of rhodopsin is the recombination reaction between its apoprotein opsin and
11CR. Here we present a detailed analysis of the kinetics and thermodynamics of this reaction, also known as the “regeneration
reaction”. We compared the regeneration of purified rhodopsin reconstituted into phospholipid/detergent bicelles with rhodopsin
reconstituted into detergent micelles. We found that the lipid bilayer of bicelles stabilized the chromophore-free opsin over the
long timescale required for the regeneration experiments, and also facilitated the ligand reuptake binding reaction. We utilized
genetic code expansion and site-specific bioorthogonal labeling of rhodopsin with Alexa488 to enable, to our knowledge, a
novel fluorescence resonance energy transfer-based measurement of the binding kinetics between opsin and 11CR. Based
on these results, we report a complete energy diagram for the regeneration reaction of rhodopsin. We show that the dissociation
reaction of rhodopsin to 11CR and opsin has a 25-pM equilibrium dissociation constant, which corresponds to only 0.3 kcal/mol
stabilization compared to the noncovalent, tightly bound antagonist-GPCR complex of iodopindolol and g-adrenergic receptor.
However, 11CR dissociates four orders-of-magnitude slower than iodopindolol, which corresponds to a 6-kcal/mol higher disso-
ciation free energy barrier. We further used isothermal titration calorimetry to show that ligand binding in rhodopsin is enthalpy
driven with —22 kcal/mol, which is 12 kcal/mol more stable than the antagonist-GPCR complex. Our data provide insights into the

ligand-receptor binding reaction for rhodopsin in particular, and for GPCRs more broadly.

INTRODUCTION

The rod cell visual photoreceptor rhodopsin (Rho) found
predominantly in rod outer segment (ROS) disk membranes
consists of an apoprotein, opsin, and a chromophore, 11-cis-
retinal (11CR) (1-4). In the dark state, 11CR is covalently
bound to opsin through a protonated Schiff base (PSB)
linkage with Glu-113 acting as the counterion (5). Light illu-
mination isomerizes the inverse agonist 11CR to an agonist
all-trans-retinal (ATR), which activates the receptor to
initiate the cGMP protein cascade. The deprotonated Schiff
base linkage in the photoactivated rhodopsin (Meta-II) hy-
drolyzes, causing ATR to dissociate from the ligand binding
pocket of Rho. To recycle the photoreceptor, the apoprotein
opsin recombines with 11CR supplied from the retinal
pigment epithelium, a process referred to as “regeneration”
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(6). Regeneration of Rho in the dark after photoactivation is
the fundamental molecular reaction underlying visual dark
adaptation. However, the energetics of the recombination re-
action between opsin and 11CR remains to be understood.
Because Rho is a prototypical member of the class-A G pro-
tein-coupled receptors (GPCRs), a mechanistic understand-
ing of ligand binding in Rho should also provide insights
into the structure-function relationship of this transmem-
brane receptor family.

Here we utilize fluorescence resonance energy transfer
(FRET)-based assays to measure the kinetics of the recombi-
nation reaction between 11CR and opsin. We prepared
expressed recombinant Rho with a genetically encoded p-
azido-Phe (azF) (7) at the second intracellular loop that was
labeled with Alexa488 using a robust bioorthogonal labeling
reaction (8—11). We utilize Alexa488-Rho and unlabeled Rho
purified from bovine ROS to characterize the recombination
of 11CR and opsin. We show that thel-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine/3-[(3-cholamidopropyl) dime-
thylammonio]-1-propanesulfonate (POPC/CHAPS) bicelles
serve as a suitable model system for characterizing
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chromophore binding in Rho. We then measure the binding
kinetics at several temperatures. In an earlier report (12), we
have obtained the temperature-dependent kinetics for its
reverse reaction, i.e., the light-independent, spontaneous
dissociation rate of 11CR from Rho. These kinetics data
enable us to calculate the activation enthalpy and entropic
terms from the Eyring plot. We also measure the overall
enthalpy change of the reaction using isothermal titration
calorimetry (ITC). Based on these kinetic and thermody-
namic measurements, we are now able to derive an energy di-
agram for the reversible recombination reaction between
11CR and opsin (Fig. 1). We compared the energetics of
ligand binding in Rho and adrenergic receptors. Interestingly,
we found that the equilibrium dissociation constant (K4) of
11CR for opsin is similar to that of certain high-affinity diffus-
ible ligands for adrenergic receptors. Nonetheless, the ligand
binding and dissociation for Rho is significantly slower, as
manifested by the high activation barrier in the energy land-
scape. The energy diagram we derive here for the Rho regen-
eration reaction provides a useful guide for interpreting ligand
binding modes for GPCRs in general.

MATERIALS AND METHODS
Materials

n-Dodecyl-3-p-maltoside (DM) and 3-[(3-cholamidopropy 1)dimethylammo-
nioJ-1-propanesulfonate (CHAPS) were obtained from Anatrace (Maumee,
OH). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was ob-
tained from Avanti Polar Lipids (Alabaster, AL). 11-cis-Retinal was a gift
from Drs. P. Sorter and V. Toome, Hoffmann-La Roche (Basel, Switzerland).
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FIGURE 1 Deriving the binding energy landscape from kinetic and ther-
modynamic relations. To see this figure in color, go online.

Energetics of Rhodopsin Regeneration

Purifying the pigments

Rho wild-type (wt) samples were purified from bovine ROS. Opsin samples
were prepared by photobleaching purified Rho. Alexa488-labeled Rho was
prepared by labeling a genetically encoded azido-Phe with Alexa488 fluo-
rophore in a quantitative bioorthogonal labeling reaction (8-10). The
detailed methods for preparing these pigment samples are given in the
Supporting Material.

Assessing the stability of opsin solubilized in DM
micelles

The purified opsin (15 uL, 4.7 uM, solubilized in 0.1% (w/v) DM) was ali-
quoted into 1.5-mL Eppendorf tubes (Hamburg, Germany) and photo-
bleached by irradiating with a 505-nm LED light source (Thorlabs,
Newton, NJ) for 30 s. After photobleaching, the samples were kept in the
dark at 28°C for varied durations before 135 ul. POPC/CHAPS bicelle
buffer A (1% (w/v) POPC, 1% (w/v) CHAPS, 125 mM KCl, 25 mM
MES, 25 mM HEPES, 12.5 mM KOH, pH 6.0, 450 uL) supplemented
with 11CR was added. The final concentration of opsin was 0.47 uM,
and the molar ratio of 11CR to opsin was 1.5:1. The regeneration reaction
was allowed to proceed overnight (>15 h) to reach completion. The dark
and photobleached spectra of the regenerated samples were recorded on a
Lambda 800 UV-Vis spectrophotometer (PerkinElmer, Waltham, MA). In
the presence of 11CR, longer exposure to 505-nm LED light (1 min) was
required to fully photobleach the photoreceptor. The extent of regeneration
was evaluated based on the 500-nm absorbance of the difference spectra.

Assessing the stability of opsin solubilized in
POPC/CHAPS bicelles

The purified opsin (15 uL, 4.7 uM, solubilized in 0.1% DM) was added to
POPC/CHAPS bicelle buffer A (120 uL). After photobleaching and incuba-
tion, 11CR diluted in POPC/CHAPS bicelle buffer (15 uL was added to
the opsin samples ([11CR])/[opsin] = 1.5:1). The regeneration reaction
was allowed to reach completion and analyzed as described above.

Dynamic light scattering experiment to measure
the hydrodynamic radius of POPC/CHAPS
bicelles

Various concentrations of 1:1 POPC/CHAPS (lipids w/v: 10, 4.0, 2.0, 1.5,
1.0, 0.50, 0.40, 0.25, and 0.10%) are prepared freshly. Before the dilution,
the POPC/CHAPS stock solution and the buffer were filtered with an inor-
ganic membrane filter (Anotop 10, 0.02 um pore size, 10-mm diameter;
Whatman, Maidstone, UK) to remove any contamination with scattering mi-
croparticles. Samples were added into a 384-well plate (60 uL each well,
black, clear bottom; Greiner Bio-One, Kremsmiinster, Austria), and then
the plate was sealed on top with an Oracal soft PVC film (Orafol Americas,
Avon, CT) to prevent evaporation. All the samples in this dynamic light scat-
tering (DLS) experiment were measured in triplicate at 28°C, on a DynaPro
Plate Reader II (Wyatt Technology, Goleta, CA). The hydrodynamic radii of
bicelles were monitored for up to 14 h. The calculation of bicelle concentra-
tion is included in the Supporting Material. Each data point in Fig. 3 repre-
sents the average from 15 measurements, with the error bars indicated.

The measurement of retinal uptake kinetics based
on quenching of tryptophan or Alexa488
fluorescence

Fluorescence measurement was done on a SPEX Fluorolog tau-311 spectro-
fluorometer (Horiba Instruments, Irvine, CA) in photon-counting mode. An
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aliquot of purified Rho (30 uL) was added to the POPC/CHAPS bicelle
buffer A (1% (w/v) POPC, 1% (w/v) CHAPS, 125 mM KCl, 25 mM
MES, 25 mM HEPES, 12.5 mM KOH, pH 6.0, 450 uL) under constant stir-
ring. In the tryptophan (Trp)-based experiment, the excitation wavelength
was 295 nm with a 0.6-nm bandpass, and the emission was measured at
330 nm with a 15-nm bandpass. The concentration of Rho was typically
0.25-0.30 uM. In the Alexa488-based experiment, the sample was excited
at 488 nm with a 0.2-nm bandpass, and the emission was measured at
520 nm with a 15-nm bandpass. In addition to small excitation bandpass
to reduce the intensity of the exciting beam, photobleaching was further
minimized by integrating the fluorescence signal for 2 s in 30-s intervals,
keeping the excitation beam closed using an automatic shutter. Because
Alexa488 has a greater quantum yield than Trp, the concentrations of
Alexa488-Rho in these experiments were lower, normally in the range of
5-50 nM. After recording the fluorescence signal of dark-state samples,
20 uL of 11CR working dilution (ethanolic stock of 11CR diluted in
POPC/CHAPS bicelle buffer A) was added to the cuvette to give a final
concentration in the range of 1.5-2.0 uM. For each measurement, the con-
centration of freshly diluted 11CR was determined by UV-Vis spectroscopy
(€378 nm = 25,600 M ™! s’]). The decrease of Trp or Alexa488 fluorescence
was fitted with a pseudo first-order exponential decay model to derive the
apparent regeneration rate (kos). The second-order rate constant (k,) for
the recombination reaction between opsin and retinal was calculated as
kr = kop/[retinal].

Determination of the binding enthalpy of 11CR
and opsin using ITC

For each measurement, opsin (9 = 1 uM) and 11CR (250 uM) bicelle so-
lutions were prepared fresh in the POPC/CHAPS buffer B (1% (w/v) POPC,
and 1% (w/v) CHAPS, 137.5 mM NaCl, 0.25 mM EDTA, 25 mM MES, 25

mM HEPES hemisodium salt, pH 6.0). To avoid the dilution heat of ethanol
in water, the ethanolic solution of 11CR was evaporated with dry argon un-
der red light and redissolved in POPC/CHAPS buffer. The solution was
centrifuged (14,000 x g, 10 min) to remove any insoluble fraction. The
baseline curve was generated by sampling the intermediate time points
between each injection. In these plots, the signals were corrected by sub-
tracting the baseline. Due to the very slow binding kinetics compared
with typical ITC studies of a ligand binding to a protein, the experiments
are approximately 10 times longer and the corresponding differential power
signals are severalfold smaller.

RESULTS

POPC/CHAPS bicelles improve the thermal
stability of photobleached Rho

Bicelles are model membranes that consist of long-chain
phospholipids, which form the planar lipid bilayer segment,
and detergents or short-chain phospholipids, which stabilize
the edge of the bilayer. In an earlier report (12), we showed
that dark-state Rho was stable in 1% (w/v) POPC/CHAPS
bicelles over the timescale of weeks. Here, we evaluated
the stability of opsin in POPC/CHAPS bicelles (Fig. 2).
Purified Rho was solubilized in POPC/CHAPS bicelles,
photobleached, and subsequently incubated at 28°C for
various lengths of time. Then the samples were supple-
mented with fresh 11CR and kept in the dark until regener-
ation was complete. As a comparison with the bicelle
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FIGURE 2 Photobleached Rho is more stable in POPC/CHAPS bicelles than it is in DM micelles. (A) The structures of DM and a cartoon of Rho recon-
stituted in DM micelles. (B) The structures of CHAPS and POPC, and a cartoon of Rho reconstituted in POPC/CHAPS bicelle. (C) The procedures for
assaying the stability of bleached Rho in DM micelles or POPC/CHAPS bicelles. (D) The dark-light end-point difference spectral time course of Rho in
DM showed a gradual loss of the 500 nm absorbance, indicating the increase of denatured opsin that failed to bind with 11CR. (E) The spectral time course
shows that bleached Rho in POPC/CHAPS bicelles after incubation could be regenerated close to completion. (F) The time course of the thermal denaturation

of photobleached Rho in DM micelles and POPC/CHAPS bicelles.
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system, we also assessed opsin stability in DM detergent
micelles. The photobleached samples were first incubated
for various lengths of time, then transferred into POPC/
CHAPS bicelles to quench the denaturation process. After
incubation of excess 11CR, the extent of 11CR binding
was assessed based on the recovery of 500-nm absorbance
(Fig. 2, D and E). The denatured, misfolded fraction would
lose the ability to bind with 11CR to recover the 500-nm
peak. We found that the micelle-solubilized opsin lost the
ability to bind with 11CR with a half-life of 2.1 h, whereas
98% of the bicelle-solubilized receptor retained the poten-
tial for regeneration after 18 h of incubation (Fig. 2 F).
We further showed that in bicelles the binding between
opsin and 11CR yielded high-purity Rho, and we deter-
mined the accurate extinction coefficients of opsin and
Rho (Fig. S1; Table S1).

The size and concentration of bicelles changes as
a function of lipid concentration

In the bicelle/water system, the more hydrophilic CHAPS
can exist both as monomeric free detergents at a concentra-
tion close to its critical micelle concentration and as associ-
ated structures in bicelles. The more hydrophobic POPC
molecules essentially completely associate as bicelles.
When POPC/CHAPS are diluted together, more CHAPS
molecules will dissociate from the bicelles, and hence the
ratio of CHAPS to POPC in the bicelle structure would
decrease. The number of CHAPS molecules in the rim
scales with the radius of the bicelle, whereas the number
of POPC molecules in the planar center scales with the
square of the radius. Therefore, dilution of POPC/CHAPS
bicelle would result in an enlarged planar center. When
the ratio of CHAPS to POPC is sufficiently low, the bicelle
structure would become unstable, begin to aggregate, and
form vesicles.

To evaluate the stability of POPC/CHAPS bicelles, we
used DLS to monitor the hydrodynamic radius of POPC/
CHAPS (w/w) bicelles for different lipid concentrations
(Fig. 3 A) over a time course of 15 h. We found that at
the tested concentrations, the hydrodynamic radii of the
POPC/CHAPS bicelles were stable during the measured
period. The critical micelle concentration for CHAPS is
between 6 and 10 mM, corresponding to a w/v proportion
from 0.3 to 0.6%. As a result, a dramatic increase in the
bicelle size was observed when POPC/CHAPS was diluted
below 1% (w/v), suggesting aggregation of lipids as lipo-
somes. We calculated bicelle concentration as a function
of the lipid concentration (Fig. 3 B). For 1% POPC/
CHAPS, the concentration of bicelles was 27 uM. Based
on the above results, we conclude that 1% POPC/CHAPS
results in well-dispersed bicelles that maintain the stability
of ligand-free opsin. We used this condition throughout
the study to characterize the binding between opsin and
11CR.

Energetics of Rhodopsin Regeneration
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FIGURE 3 Dynamic light scattering (DLS) experiment to measure the
hydrodynamic radius of POPC/CHAPS bicelles. (A) The hydrodynamic
radii of bicelles change with the lipid concentration. (B) Bicelle concentra-
tion as a function of the lipid concentration. For 1% POPC/CHAPS, the
hydrodynamic radius of bicelles is 6.46 = 0.05 nm and the concentration
is 27 uM.

FRET-based assays to measure the kinetics of
11CR binding to opsin

In the dark-state Rho, the apoprotein and 11CR are linked
together through a positively charged PSB linkage, which
gives rise to its characteristic 500-nm peak. In the photoac-
tivated Meta-II, the retinal absorption peak shifts from 500
to 380 nm. As ATR is released from the binding pocket,
the ligand-free opsin shows no retinal peak. Taking advan-
tage of the photochemistry of Rho, we employed two
FRET-based assays to measure regeneration kinetics, both
involving a fluorescent reporter as the energy donor and
retinal as the acceptor (Fig. 4, A-C).

The first assay based on the intrinsic tryptophan (Trp)
fluorescence of Rho has been described in Tian et al. (12)
and Farrens and Khorana (13). In brief, Trp fluorescence
can be quenched by 11CR in the dark-state Rho (Fig. 4
A), and by ATR even more efficiently in Meta-II Rho (13)
(Fig. 4 B). Only when retinal dissociates from opsin is there
no energy transfer between retinal and Trp (Fig. 4 C). The
Trp-based assay indicates whether retinal is present in the
ligand binding pocket.

The second assay utilizes an extrinsic fluorescent reporter
Alexa488, which was attached to a Rho mutant at a
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ROS Rho reconstituted in bicelles (1% POPC/CHAPS). (E) ROS Rho in DM micelles (0.1% DM; inset: ROS Rho in 2% DM). (F) Purified S144azF mutant
Rho labeled with an Alexa488 fluorophore (S144-Alexa488 Rho) in 1% POPC/CHAPS bicelles. The FRET efficiency between Alexa488 and dark-state Rho
was calculated to be 0.55+0.04 (53). (G) S144-Alexa488 Rho in 0.1% DM micelles. To see this figure in color, go online.

genetically encoded azF residue in the second intracellular
loop (S144-Alexa488 Rho) using a bioorthogonal azide-
alkyne [3 + 2] cycloaddition reaction (10). The energy
transfer between Alexa488 and retinal is critically depen-
dent on the overlap of the 500-nm absorption peak of
dark-state Rho and the Alexa488 emission spectrum
(Fig. 4 A). Upon photoactivation of Rho, the deprotonation
of PSB results in the instant loss of spectral overlap, and
consequently a decrease in energy transfer efficiency
(Fig. 4 B). Thus the Alexa488-based assay distinguishes
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between a mature pigment with a PSB bond and a noncova-
lent complex of opsin and 11CR.

We reconstituted immunopurified wt Rho or S144-
Alexa488 Rho into POPC/CHAPS bicelles (Fig. 4, D and
F) or DM micelles (Fig. 4, E and G). We then photobleached
the samples and allowed the resulting Meta-II photoprod-
ucts to decay to completion. For each of the samples recon-
stituted into bicelles (wt Rho or S144-Alexa488 Rho), after
photobleaching and decay, the addition of exogenous 11CR
initiated a robust monoexponential decrease in the Trp or



Alexa488 fluorescence signals (Fig. 4, D and F). Previously,
we have shown that this monoexponential decay of fluores-
cence signal resulted from pigment regeneration, and that
Alexa488-labeled Rho regenerated in POPC/CHAPS bi-
celles can be repeatedly photoactivated (10).

By contrast, the photobleached pigments could not be
effectively regenerated in DM micelles at room temperature
(Fig. 4, E and G), and we were not able to observe similar
monoexponential fluorescence quenching for wt Rho or
S144-Alexa488 Rho. For wt Rho in 0.1% DM (Fig. 4 E),
a pronounced drop of Trp fluorescence signal occurred
immediately after the addition of 11CR. We hypothesized
that this fast-phase quenching reflected the nonspecific en-
ergy transfer between Trp and retinal that partitioned into
the hydrophobic compartment of DM micelles (14), rather
than the formation of mature pigment. We then reasoned
that increasing the concentration of DM might reduce
such nonspecific quenching. Indeed, in 2% DM the fast-
phase quenching of Trp fluorescence by retinal was only
1/6 as much as in 0.1% DM (Fig. 4 E: inset, corrected for
dilution and inner filter effects).

We further tested S144-Alexa488 Rho in 0.1% DM
(Fig. 4 G). The monotonic decrease both before and after
the addition of 11CR was different from what was observed
in POPC/CHAPS bicelle buffer (Fig. 4 F). Because this
assay unambiguously distinguishes between nonspecific
quenching and real pigment regeneration, the result sug-
gested opsin denaturation in DM micelles rather than real
regeneration. There was no initial fast quenching phase in
the Alexa488-based assay, supporting our conclusion that
the quenching of Trp fluorescence in DM results from
retinal that partitioned into micelles.

We also found that the DM-solubilized photobleached
Rho, after transfer into POPC/CHAPS bicelle, could be
partially regenerated at 28°C (Fig. S2). While at room tem-
perature, opsin in 0.1% DM micelles cannot be regenerated
by 11CR; when the temperature was lowered to 4°C, opsin
can recombine with 1ICR to form a mature pigment
(Fig. S3). Taken together, these results show that the lipid
bilayer environment of bicelles is important for the recom-
bination of opsin and 11CR at room temperature.

The kinetics of the recombination reaction
between opsin and 11CR

To test whether the recombination reaction of Rho and
11CR in bicelles is bimolecular, we conducted the Trp-
based FRET assay for purified wt Rho at various retinal con-
centrations. The pseudo first-order reaction rate (kops) Was
linearly correlated with the nominal retinal concentration,
demonstrating concordance with a second-order rate law
within the tested range of retinal concentrations (Fig. 5 A).

In the regeneration experiment using 1% POPC/CHAPS,
the ratio of bicelle, retinal, and Rho is ~140:8:1, and hence
not every bicelle necessarily contains one molecule of
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FIGURE 5 The kinetics of the recombination reaction between 11CR
and opsin. (A) The k,,s of Rho regeneration was measured at various con-
centrations of 11CR (molar ratio of retinal to the receptor: 8.0 to 64). The
slope of the plot corresponds to the k, ((1.21 + 0.04) x 10> M~' s7! at
28°C). (B) The measured k, of Rho regeneration is inversely correlated
with the concentrations of lipids (o = (1.21 +0.05) x 10* s™). (0) Eyring
plot for the second-order rate constants of three purified Rho samples: 1)
Rho from bovine ROS (ROS Rho, Trp-based assay), 2) Rho heterologously
expressed in HEK293F cells (PMT4 Rho, Trp-based assay), and 3) S144azF
mutant Rho labeled with an Alexa488 fluorophore (S144-Alexa488 Rho,
Alexa488-based assay).

retinal and one molecule of the receptor at the same time.
A prerequisite of regeneration is that a molecule of retinal
diffuses into a receptor-containing bicelle. Thus, we asked
whether the measured kinetics reflects retinal entry into
opsin binding pocket or rather a retinal diffusion among bi-
celles. We reasoned that when the ratio of retinal to bicelles
decreases, it should take longer for retinal to find an opsin-
containing bicelle. Thus the measured second-order rate
constant (k,) should increase as the concentration of retinal
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decreases. On the contrary, Fig. 5 A showed that k, did not
change with the concentration of retinal.

The DLS experiment (compare to Fig. 3) enabled us to es-
timate the concentration of bicelles as a function of lipids. If
retinal diffusion were rate limiting, then when the concen-
tration of retinal was lower than that of bicelles, and it ex-
ceeded the bicelle concentration, the chromophore binding
rate should exhibit two phases. The concentration of retinal
was 1.5-2 uM. Therefore, k, should be dramatically faster
in 0.5% POPC/CHAPS (2 uM) than it is in 1% POPC/
CHAPS (27 uM bicelles). Instead, we found an inverse cor-
relation between the k, and the concentration of lipids
(Fig. 5 B). A simple model can explain this inverse correla-
tion: retinal molecules are practically solubilized in bicelles
due to its high partition coefficient into lipids (15). Because
retinal diffusion among bicelles is fast, the timescale for
reaching equilibrium is negligible compared to that of
ligand binding. Thus the effect of increasing lipids could
be treated as a decrease in the effective concentration of
retinal, even if the nominal concentration of retinal remains
unchanged. Taken together, retinal diffusion among bicelles
is not the rate-limiting step, and the measured kinetics in the
bicelle system reflects the actual ligand-binding process.

The activation energy (E,,on) for 11CR binding in ROS
Rho was 20.8 = 0.9 kcal mol ™! (Table S2). To our knowl-
edge, the activation energy for 11CR diffusing in lipids has
not been determined. When compared to an earlier study

that reported an E, of 8.8 = 0.3 kcal mol ' for a hydro-
phobic drug in POPC (16), 11CR binding with opsin re-
quires an activation energy higher by 12 kcal mol~'. This
distinctly higher energy barrier suggests that the chromo-
phore binding process measured here is rate limited by pro-
tein dynamics instead of 11CR diffusion.

Taken together, retinal diffusion among bicelles is not the
rate-limiting step, and the measured kinetics in the bicelle
system reflects the actual ligand-binding process.

The reaction enthalpy of the recombination
reaction between opsin and 11CR

We conducted an ITC experiment to measure the overall
change in enthalpy (AH®) between the two steady states.
Opsin was directly purified into POPC/CHAPS bicelles.
Three independent ITC measurements (Fig. 6, A—C) gave
a stoichiometry of 1.15 =+ 0.14 for retinal binding to opsin,
slightly greater than the expected 1.0. We obtained an
average AH° of -21.6 * 1.3 kcal mol ! (Fig. 6 D). Due
to the limitations of the sensitivity of the ITC instrument
(17), we could not determine Ky from the shape of the titra-
tion curve.

In the ITC experiment, the ligand binding kinetics for
opsin was comparable to the binding rates measured in
the fluorescence quenching experiments. The reaction
time for each injection increased as the concentration of
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FIGURE 6 Reaction enthalpy for the binding of 11CR to opsin was determined from ITC experiments. (A—C) Raw ITC data plots from three independent
experiments. The signals were corrected by subtracting the baseline. (D) The integrated reaction heat per mole of injectant versus the stoichiometry
for three independent experiments (A, dots; B, squares, and C, triangles). The calculated AH® were —24.2 + 1.5 kcal molfl, —19.4 + 0.5 kcal mol ",
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ligand-free opsin decreased, and correspondingly the
maximal differential power for each injection decreased
with slower reaction kinetics. The differential power peaks
after the titration point showed faster decay time with a
negligible integrated area (Fig. 6 E), which were likely
due to the mixing heat.

The energy diagram of ligand binding in Rho

To describe an energy diagram for the ligand-receptor bind-
ing reaction with a single transition state, at least two of the
following three parameters need to be determined: 1) the
activation energy of the forward reaction AiXon X =G,
H, or §); 2) the activation energy of the reverse reaction
AiXoff; and/or 3) the energy difference between the products
and the reactants of a particular state AX°. We derived the
energy diagram based on the forward and reverse kinetic
studies and the calorimetry experiment (Fig. 7 A. See the
Supporting Material for the calculation). We assumed a
modified biochemical standard state: 1% POPC/CHAPS bi-
celles in aqueous solution, at 28°C, pH 6.0, under ambient
atmospheric pressure, and with the concentrations of reac-
tants and products all at 1 M.

‘We present the complete enthalpy profile for the conversion
of Rho in the photocycle (Fig. 7, B and C) based on our kinetic
and calorimetric data and literature values (18). Because the
cis-trans isomerization of retinal only has a small AH® of
0.15 kcal mol~' (19), the changes of enthalpy in the photo-
cycle essentially reflect the conversion between photon en-
ergy and chemical energy stored in the ligand-receptor
complex. The enthalpy of formation (AH®) was -21.6 =+
1.3 keal mol™', and the entropic contribution (—7AS°) was
7.3 + 1.3 kcal mol™'. Thus, the recombination reaction
between 11CR and opsin is enthalpy driven.

DISCUSSION
Detergent micelles impede ligand binding in Rho

To analyze the binding of opsin and retinal, we need a
reconstitution method to maintain the stability of opsin.
Dodecylmaltoside (DM) micelles have been routinely em-
ployed in the purification of rhodopsin from recombinant
sources (20). However, a previous report (21) and our
results (Fig. 2 F) showed that detergent micelles are
ineffective for stabilizing ligand-free opsin. By comparison,
a bicelle system better mimics the native membrane
environment and effectively stabilizes free opsin at its
functional state (12,22,23). Compared with liposomes
(24), bicelles are easier to prepare, show much less light
scattering, and are more compatible with UV-Vis and fluo-
rescence spectroscopy.

Based on the denaturation kinetics (compare to Fig. 3 F)
at room temperature, there was >50% of opsin that remains
functional within 2 h after photobleaching and could still

Energetics of Rhodopsin Regeneration

regenerate after being transferred into bicelles (Fig. S2).
This observation implies that limitations of the detergent
system were not simply a lack of thermal stability of opsin
at room temperature. Another relevant piece of evidence is
that Rho with an engineered N2C/D282C disulfide bond,
even when solubilized in DM, can be readily regenerated
with 11CR (25,26). This additional disulfide bond connects
the N-terminus and the third extracellular loop but does not
make contact with the chromophore binding pocket. It is
improbable that the N2C/D282C mutation can dramatically
alter the interaction between detergent and receptor. There-
fore, the most plausible explanation is that DM might
inhibit the binding of opsin and 11CR by modulating the
conformation and energetics of opsin and that the disulfide
bond alters the receptor conformational dynamics in a
manner that offsets the effect of DM. In line with this
notion, molecular dynamic simulation on an adenosine re-
ceptor suggested that DM and POPC gave slightly different
receptor conformations (27). Two more experimental obser-
vations also support a crucial role of conformational ener-
getics. First, the structure of opsin crystallized from a
detergent with similar properties to DM (28) shows helix
movements relative to the rhodopsin ground state that are
characteristic of the light-activated state of rhodopsin
(29,30). Second, opsin in 1% DM could be regenerated at
4°C (compare to Fig. S3). Although we cannot rule out
the possibility that detergent may penetrate into the ligand
binding site of the receptor, which has been suggested by
structure studies (31) and molecular dynamics simulations
(27), and thus may compete with 11CR binding, the rele-
vance of such a scenario awaits direct experimental evi-
dence. We propose that POPC/CHAPS bicelles stabilize a
conformation of opsin that is similar to the rhodopsin
ground state, which facilitates binding of 11CR. Our find-
ings in the context of previously published literature should
prompt a rethinking of the validity of measurements of
GPCR activity in detergent systems.

Several studies on Rho regeneration in DM micelles have
reported a large decrease in Trp fluorescence immediately
upon the addition of 11CR, followed by a slower phase
of fluorescence decrease (24,32,33). Our experiments
comparing high (2%) and low (0.1%) concentration of
DM (Fig. 4 E) suggested that this initial fast quenching re-
sulted from retinal partitioning into DM micelles. The
implication of this fast-phase quenching was discussed in
greater detail in the Supporting Material.

Rho regeneration in bicelles exhibited
single-phase kinetics

Electrophysiological studies suggested that the pigment
regeneration process involves a transient noncovalent com-
plex between retinal and opsin, which is followed by the for-
mation of the mature pigment with the PSB bond (34). The
formation of the noncovalent complex can be reversible, i.e.,
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there is a theoretical probability of retinal dissociation from
the ligand binding pocket. In our earlier article, we have
estimated the rate of spontaneous break of the PSB linkage
to be as slow as 10~ s~ (12). Thus when the retinal binding

68 Biophysical Journal 113, 60-72, July 11, 2017

reaction is concerned, the second step can be treated as
virtually irreversible.

The tryptophan fluorescence assay indicated whether the
retinal resides in the binding pocket or somewhere else in



close proximity to opsin, whereas the Alexa488 fluores-
cence assay reflected overall kinetics from retinal entry to
PSB bond formation. If there is significant reversible disso-
ciation of retinal in the first step, the retinal binding rates
measured by the Alexa488-based assay should be slower
than the rates measured by the Trp-based assay. However,
we found that these two assays gave statistically indistin-
guishable results (Fig. 5 C). Besides direct observations of
a noncovalent complex, the presence of a noncovalent
intermediate product should yield a nonlinear second-order
kinetic plot (35). Nonetheless, we have not found any devi-
ation from linearity of the overall reaction rate with the con-
centration of retinal. Thus the formation of the noncovalent
intermediate and the formation of PSB bond are tightly
coupled.

The ITC experiment corroborates the kinetic
measurements

The principles of microscopic reversibility and detailed bal-
ance indicate that the forward and the reverse reactions tra-
verse through the same energy barrier. The fluorescence
quenching studies provided a value for the energy barrier
for the recombination reaction (A*G,,). Previously we ob-
tained the activation energy for the reverse reaction (A*Gop)
by measuring the kinetics of 11CR dissociation from Rho
(12). However, because more than one molecular pathway
might contribute to retinal dissociation, it is important to
verify whether these two measured barriers actually corre-
spond to the same transition state.

Due to the technical challenge of measuring the reaction
enthalpy (AH®) from the temperature dependence of the equi-
librium constant (Ky) and the associated change in free energy
(AG"®) following van 't Hoff’s relation, we chose to directly
determine the enthalpy of formation by ITC. Ordinarily, opsin
rapidly denatures in detergent micelles. Here the ITC experi-
ment for ligand binding in Rho was made possible by utilizing
POPC/CHAPS bicelles to stabilize the apoprotein over the
timescale of the experiment (15~30 h). The principle of
microscopic reversibility predicts that the difference between
the activation enthalpy of the forward and reverse reac-
tions should have the same value as the enthalpy of formation
(A*H,, — A*H, ¢ = AH®). Indeed, the Kinetics experiments
(A'H,, — A'Hye = —18.2 + 4.5 kcal mol ') and ITC exper-
iment (AH®° = —21.6 = 1.3kcalmol ") yielded consistent re-
sults; within the stated errors these two values are statistically
indistinguishable. Therefore, the calorimetric measurement
substantiated the accuracy of the kinetics data. More impor-
tantly, the ITC result supports our analysis that the direct
breaking of the PSB linkage, rather than thermal isomeriza-
tion of 11CR to ATR, is the primary pathway for the sponta-
neous dissociation of 11CR from Rho (12).

The ITC result was used to derive a complete enthalpy pro-
file of Rho regeneration and photoactivation (Fig. 7 C). In our
diagram, the change of enthalpy of (ATR + opsin) relative to
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Rho (+22 kcal mol " at pH 6.0) differs from an earlier study
(412 kcal mol ' at pH 5.4) (18). We contend that the ITC
experiment in this study gives a more accurate value because
it directly measures the binding enthalpy and does not rely on
complicated thermodynamic cycles involving hydroxyl-
amine-dependent reaction steps.

The dissociation constant of Rho in disc
membrane

Our kinetics measurement was done in 1% (w/v) of POPC
(13 mM), whereas the concentration of lipids in the ROS
disc membrane is ~150 mM (36). The inverse correlation
between regeneration kinetics and lipid concentration
(Fig. 5 B) predicts that the k, in ROS would be ~8.7%
of that in 1% POPC/CHAPS (60 M™' s™' at 25°C or
235 M ' 5! at 37°C). This value is close to the regenera-
tion rate measured in ROS membrane (3.0 x 10 to 4.0 x
10> M ' s7'at 35°C) (37). To estimate the dissociation con-
stant between opsin and 11CR in the dark-adapted retina, we
assumed that Rho regeneration in ROS membrane has a &,
of 300 M~ " s~ " at 37°C. Based on the measured dissociation
rate (kg of 2.2 X 1077 sfl), the dissociation constant (Kg =
kot /ko) for the 11CR-opsin covalent complex (i.e., Rho) is
0.73 nM at 37°C in the ROS membrane. Note that the
dissociation constants in 1% POPC/CHAPS at 25 and
37°C were 25 and 82 pM, respectively (compare to
Supporting Material). In a previous study of 11CR binding
to opsin using surface plasmon resonance (SPR), a dissoci-
ation constant of 130 nM has been inferred (38). However,
we contend that estimate because the binding times in the
surface plasmon resonance study were orders-of-magnitude
too short to ensure equilibration.

Previous psychophysical studies on dark adaptation
showed that the exponential phase of Rho regeneration in hu-
man retina has a pseudo-first order ks of 1.5 X 103s7 ! or
0.09 min~! (6). Then the concentration of intracellular free
11CR is calculated to be 5 uM ([11CR] = kgpe/ks), only a
tiny fraction (0.1%) of the pigment content in rods
(4.6 mM) (39). This value is consistent with the observation
that Rho regeneration at high photobleaching level is rate
limited by the diffusion of 11CR through retinal pigment
epithelium cells (6). The estimated concentration of 11CR
in the ROS is 6800-times larger than the dissociation con-
stant. Following Le Chatelier’s principle, the concentration
of 11CR is sufficient to drive the opsinRho equilibrium far
to the side of Rho, and the concentration of opsin is only
~0.015% of Rho (12).

Comparison of ligand binding in Rho and other
GPCRs

Among GPCRs, visual pigments, including Rho, are unique
in that they form covalent bonds with their inverse agonist
(11CR) and agonist (ATR) ligands in the receptor active
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site. Protease-activated receptors are somewhat similar in
that they encompass a tethered-ligand as a part of their
N-terminal tails that is released upon the action of a serine
protease. However, most other GPCRs, if not all, are acti-
vated by endogenous diffusible agonist ligands, or inhibited
by exogenously added ligand drugs. One might assume that
the covalent linkage between opsin and 11CR would
dramatically alter the energetics of ligand binding in Rho
as compared with ligand binding in other GPCRs.

Relevant literature values are available for three high-
affinity ligands in complex with (-adrenergic receptor:
B-adrenergic receptor (BAR)-carazolol (40), BAR-iodopin-
dolol (41), and BAR-BI-167107 (42) (Table 1). We compared
the values for the energetics of ligand binding to opsin with
the published values for BAR. Surprisingly, the Ky values
and the overall change of free energy (AG®) for the ligand-
binding reaction for the two systems are on the same order
of magnitude. Despite similar AG®, the change of enthalpy
(AH®) is much higher for Rho, possibly due to the formation
of the SB bond, which provides an example of enthalpy-en-
tropy compensation in ligand-receptor binding (43). This
comparison shows that the underlying energetics that defines
high-affinity ligand-receptor interactions might be conserved
among visual pigments and GPCRs utilizing diffusible
ligands.

The role of the PSB linkage in Rho is to lock retinal inside
the ligand-binding pocket near to the center of the receptor.
The buried binding pocket, in turn, protects the PSB from
hydrolysis. Thus, Rho is evolved to increase the lifetime
of the inactive ligand-receptor complex. The energy barrier
for ligand dissociation (AiGoff) in Rho is notably higher than
in BAR that has no endogenous inverse agonist. The energy
barrier for ligand binding (A'G,y) is correspondingly higher
in Rho, explaining the slow ligand-binding kinetics for Rho
compared with other GPCRs.

Ligand binding in Rho was proposed to proceed through
an intramembranous pathway (44-46), whereas in the case
of the BAR, it occurs through the aqueous exposed extra-
cellular surface (47). The higher AiGon for Rho suggests

that retinal entry into the ligand-binding pocket of opsin in-
volves greater conformational change, as inferred from the
structures. The viscosity of lipid bilayer also contributes
to the free energy barrier of ligand binding to GPCRs in
an additive fashion (48). Therefore, the difference in AiGun
between opsin and AR might be correlated to the distinct
ligand binding modes utilized by the two receptors.

GPCRs constitute the largest category of small-molecule
drug targets (49). Pharmacologists are accustomed to using
the equilibrium dissociation constant (K,) as a guiding
principle for drug design. Recently, there is increasing
appreciation in the GPCR pharmacology field for the rele-
vance of receptor residence time (= 1/kqg) of ligand (50),
and hence a growing need to develop new assays for quan-
tifying ligand binding and dissociation kinetics. In this
study, we harnessed the unique photochemistry of Rho to
develop energy transfer-based kinetic assays. Although
most GPCRs do not utilize chromophores as ligands, the
rapid development of fluorescent ligands for GPCRs (51),
combined with our site-specific labeling strategy, may
facilitate the study of ligand binding kinetics for a variety
of receptors.

CONCLUSIONS

We present here a comprehensive analysis of the kinetics
and thermodynamics of the recombination reaction be-
tween opsin and 11CR to form the mature visual pigment,
Rho. We found that the lipid bilayer environment is
important for ligand binding in Rho. We also show that
despite the covalent linkage between 11CR and opsin in
Rho, the equilibrium dissociation constant of 11CR for
opsin is similar to affinities of diffusible ligands for
GPCRs. The higher energy barrier for ligand binding in
Rho underlies the slower ligand binding and dissociation
kinetics for Rho compared with other GPCRs. We suggest
that the energy diagram derived in this study provides a
useful guide for interpreting ligand binding modes for
other GPCRs.

TABLE 1 The Kinetic and Thermodynamic Parameters for AR and Rho with Their Ligands at 25°C

Receptor B2AR B62AR BAR Rho
Ligand BI-167107" Carazolol” Todopindolol® 11CRY

b M 's™h 7.6 x 10* >6.3 x 10* 8 x 10° 6.9 x 10?
koge (s 1) 6.4 x107° 63 x107° 42 x 1074 1.7 x 1078
K4 (pM) 84 <100 53 25¢

AG® (kcal mol ™) —13.7 <—13.6 —14.1 = 0.1 —14.4 = 0.04
AH° (kcal mol ™) — — —93 + 0.1 —21.6 =13
—TAS® (kcal mol ™) — — —47 0.1 72+ 13
A'G,, (kcal mol™) 10.8 >10.9 8.0 13.5
A¥Gogr (keal mol™") 245 245 22.0 27.9

“Kq and kg taken from Rasmussen et al. (42); other values are calculated based on the transition state theory.

K4 and ko taken from Rosenbaum et al. (40); other values are calculated based on the transition state theory.

ky, kotr K4, AG®, and AH® taken from Contreras et al. (52); other values are calculated based on the transition state theory.
dCalculated for 25°C from the Eyring plot (Fig. 4 C), so the values are different from the values indicated in Fig. 7 A.

°Calculated as Ky = kogilks.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Preparation of the POPC/CHAPS bicelles buffer and dynamic light scattering characterization

The POPC lipids were dissolved in 20% (weight/volume) CHAPS solution at 1:1 POPC(weight)-to-
CHAPS (weight) ratio. The solution was frozen in liquid nitrogen, then thawed and vortexed repeatedly to
facilitate the dissolving of POPC. The dissolved POPC/CHAPS solution was diluted with water to a final
concentration of 10% (w/v). Here we refer to the concentration of the POPC/CHAPS bicelle buffer in term
of the (w/v) percentage. For example, 1% POPC/CHAPS contain 10 mg/mLPOPC and 10 mg/mL CHAPS.
Note that the concentration of amphiphiles (POPC and CHAPS) is twice that value of the percentage. The
10% stock solution was kept at —20°C and thawed prior to use. For dynamic light scattering experiment,
10% POPC/CHAPS stock solution was freshly diluted with Buffer A (25 mMm MES, 25 mM HEPES, 125
mM KCI, 12.5 mM KOH, pH 6.0). Before the dilution, the POPC/CHAPS stock solution and the buffer
were filtered with inorganic membrane filter (Whatman, Anotop 10, 0.02 pm pore size, 10 mm diameter) to
remove any contamination of particles. Samples were added into a 384-well plate (60 puL each well, Greiner,
black, clear bottom), and then the plate was sealed on top with an Oracal soft PVC film (Orafol) to prevent
evaporation. All the samples in this DLS experiment was measured in triplicate at 28°C, on a DynaPro
Plate Reader II (Wyatt).

Immunoaffinity Purification of Rho from ROS membrane.

All the procedures involving dark-state Rho were performed in a dark room under dim red light.
Native rod outer segment (ROS) membranes were isolated from frozen bovine retinas (W. L. Lawson Co.,
Lincoln, NE) as described before (1, 2). The 1D4-Sepharose 2B resin was prepared from 1D4 monoclonal
antibody and cyanogen bromide-activated Sepharose 2B as described before (3, 4).

The detailed protocol for immunopurifying ROS Rho has been described in full details in the
preceding report (5). Briefly, bovine ROS were lysed with the solubilization buffer (1% (w/v) DM, 50 mMm
HEPES or Tris-HCI, pH 6.8, 100 mM NaCl, 1 mM CaCl, with Complete EDTA-free Protease Inhibitor
Cocktail, Roche). The lysate was cleared by centrifugation at 100,000xg. The supernatant was mixed with
1D4-Sepharose-2B resin and incubated overnight at 4°C. The resin was transferred in a centrifugal filter
unit with a 0.45-um microporous hydrophilic PVDF membrane (Ultrafree-CL; Millipore) to enable
efficient removal of buffer. The resin was first washed with Wash Buffer (DPBS containing 0.1% (w/v)
DM) for three times (30 minutes incubation each time), and then with a low-salt buffer (0.1% (w/v) DM, 2
mM phosphate buffer, pH 6.0). The receptor was eluted with low-salt elution buffer (0.1% (w/v) DM, 2 mM
phosphate buffer, pH 6.0, 0.33 mg/mL nonapeptide (sequence TETSQVAPA)). Then 150 mM salt was
supplemented into the sample to restore the ionic strength. The preparation of ROS membranes were
aliquoted and stored at —80°C.

The purified product was characterized by UV-Vis spectroscopy. The dark-state absorption spectrum
of Rho was recorded in a 50-pL micro-cuvette with 10-mm path length on a Lambda-800
spectrophotometer (PerkinElmer Life Sciences). To acquire the absorption spectra of the photobleached
Rho, the sample was supplemented with NH,OH and irradiated for 30 seconds with a 335-mW 505-nm
LED light source (Thorlabs) placed on top of the cuvette.

Preparation of Alexa488-labeled Rho

The expression of azF-tagged Rho was done using HEK293F cells (Invitrogen). Before transfection,
the cell culture was resuspended at a density of 10° cells/mL in a 30-mL culture supplemented with 1 mm
azF. For amber codon suppression, HEK293F suspension cells were transfected with a mixture of plasmid
DNAs (38.6 pg in total, 18.4 ug of pMT4.Rho containing the amber codon, 18.4 pg of pSVB.Yam, and
1.84 pg pcDNA.RS) that have been described before (6). To maximize the yield of azF-Rho mutants, the
cells were harvested 96 hours post-transfection. The cells were then resuspended at a density of 10
cells/mL in DPBS and regenerated by overnight incubation with 5 uM 11CR at 4°C (7). The regenerated
cells were centrifuged and frozen at —20°C (wrapped light-tight in aluminum foil).



To label the azF-tagged Rho, the 11CR-regenerated cells were lysed with 1% DM, and the cleared
lysate was incubated overnight at 4°C with 1D4-mAb-sepharose 2B (100 pL). The resin was transferred
into a 1.5-mL Eppendorf tube, washed with Reaction Buffer (DPBS, pH 7.2, 0.1% (w/v) DM; 0.5 mL x 3,
30 minutes each time), and brought to a total volume of 300 uL. Alexa488-dibenzocyclooctyne (Molecular
Probes/Thermo Fisher Scientific, 0.3 uL. of 5 mM stock solution in DMSO) was added into the slurry to a
final concentration of 5 uM. The reaction was allowed to proceed overnight (approximately 18 hours). The
next day the reaction was stopped by centrifugation and removal of the supernatant fraction. The resin was
transferred into a centrifugal filter with a 0.45-pum microporous hydrophilic PVDF membrane (Ultrafree-
CL; Millipore) to facilitate washing. Alexa488-Rho was eluted as described for ROS Rho. The low-salt
buffer elutes from the resin preferably the retinal-bound Rho, rather than the misfolded opsin (8). Based on
our experience, the low-salt buffer was not essential for obtaining high-quality Rho from ROS membranes,
in which the fraction of misfolded receptor was low. However, for wt or mutant Rho heterogeneously
expressed in the HEK293F cells, the low-salt buffer served to increase the fraction of correctly folded,
retinal-bound Rho. Purified samples were stored at —80°C and thawed on ice before use.

Immunoaffinity purification of opsin using 1D4-sepharose resin for the ITC experiment

In a typical experiment, an aliquot of ROS membranes (0.25 mL, ~1.4 mg Rho) was solubilized using
Solubilization Buffer (2.5 mL; 7.5 mg/mL CHAPS, 1 mg/mL POPC, 137.5 mM NaCl, 25 mMm MES, 25 mmMm
hemisodium HEPES, 0.25 mM disodium EDTA, pH 6.0, supplemented with 0.14 mL 10% (w/v) CHAPS in
water). The mixture was gently agitated for 30 minutes at 4°C. The insoluble fraction was removed by
centrifugation for 30 minutes at 100,000xg. The supernatant fraction was incubated at 4°C for 3 hours
under gentle agitation with 1.6 mL packed 1D4-Sepharose 2B resin (with 4 mg 1D4 mAb per mL packed
resin) pre-equilibrated with Wash Buffer (10 mg/mL CHAPS, 10 mg/mL POPC, 137.5 mM NacCl, 25 mMm
MES, 25 mM hemi sodium HEPES, 0.25 mM disodium EDTA, pH 6.0). The resin was washed with Wash
Buffer (6 mL x 4, 20 minutes each time), and then transferred into a 0.45-um microporous centrifugal
filtering unit, washed once with Wash Buffer (1 mL), and re-hydrated with 1 mL Wash Buffer
supplemented with 50 mM hydroxylamine. The sample in the filtration unit was illuminated with a 500-nm
long-pass filter equipped fiber optics coupled microscope illuminator (Dolan) for one hour with gentle
head-over-head mixing. After the illumination, the resin was extensively washed with the POPC/CHAPS
bicelle buffer (1.0 mL x 15). The large number of washing cycles ensured that the concentration of
hydroxylamine is reduced below a level that could interfere with the ITC experiments. The Wash Buffer
was removed by centrifugation and opsin was eluted (POPC/CHAPS bicelle buffer supplemented with 0.33
mg/mL nonapeptide, 1 mL x 2). Typically, the opsin concentration was in the range 9 £ 1 um
(corresponding to 0.36 + 0.04 mg/mL opsin).

Determination of molar extinction coefficients of 11CR, opsin and Rho in POPC/CHAPS bicelles

The analysis of the results from titration calorimetry experiments in terms of molar binding enthalpies
is critically dependent on a precise knowledge of the concentrations of ligand and protein solutions.
Therefore it is necessary to determine the molar extinction coefficients under the experimental buffer
conditions. The molar extinction of 11CR in ethanol was known (€376 5 nm = 24,935 M 'em™) (9). The
buffer effect on the absorption spectrum of 11CR was determined by diluting 11CR ethanolic stock
solution into POPC/CHAPS bicelles (Figure S2A). The absorption maximum of 11CR in POPC/CHAPS
bicelle buffer was observed at 378 nm, similar to the maximum in ethanol. The linear serial dilution
experiment showed that in POPC/CHAPS bicelles, the absorbance of 11CR increased by 2.6% compared
with the value in ethanol. The molar extinction coefficient (373 nm) of 11CR in POPC/CHAPS bicelles was
thus calculated to be 25,574 M ! em ™ !. The A254/A378.5 ratio of the 11CR stock solution in ethanol was
0.73, slightly higher than the literature value of 0.69 (10) or 0.70 (9). This A254/A378.5 ratio indicated a
high isomeric purity of the sample, as contamination of other retinoid species, such as ATR and 9CR,
would lower this ratio. Reverse phase HPLC using an analytical C18 column demonstrated that the 11CR
stock solution contained 2.4% impurities (Dr. Shixin Ye, personal communication).

To determine the molar extinction coefficients for opsin and Rho in POPC/CHAPS bicelles, a linear
dilution series of 11CR (120 pL; 16 different concentrations ranging from 0 to 31.5 uM) were mixed with



purified opsin, as described for the ITC experiment (200 uL; 10.2 um). The samples were incubated at
room temperature for 4 hours in the dark. After the regeneration of opsin was complete, the UV-Vis spectra
were recorded. The absorption of 11CR in buffer at 378 nm (corrected for a dilution factor df = 0.375) and
the absorption of Rho at 499 nm yielded a perfectly linear correlation at sub-stoichiometric ratios (Figure
S2B, C), giving the molar extinction coefficient of Rho at 499 nm (€40 ym = 42,742 M ' ¢cm™'). The molar
extinction coefficients of Rho and opsin at 279 nm were calculated using 499 n, Of Rho as a reference.

SUPPLEMENTAL DATA ANALYSES
Calculation of bicelle concentration

We assumed that the bicelles took the shape of cylinder, with L as the length and d as the diameter.
The head group area of phosphatidylcholine (area per lipid, Apopc) is 0.71 nm?’ and lipid bilayer thickness
(L) is 5 nm. CHAPS is a bean-like detergent and it is difficult to estimate its geometrical dimension. Here
we assume that each CHAPS molecule stretches a length of 0.26 nm (d;) along the circumference of the
bicelle.

If bicelles took the shape of an equivalent sphere, the radius of the sphere (Rg) would be given by

4 e md’L

N

4 Eq.(1)

The dynamic light scattering experiments treated cylindrical bicelles as spheres. The correction factor
of hydrodynamic radius of cylinder versus equivalent sphere is calculated by the following equation (11)

R
— =1.0304 +0.0193x + 0.06229x° + 0.00476 x" +0.00166x" +2.663x10° x
RS
Eq.(2)
Where

x=In(p)andp=L/d Eq.(3)

Ry is given by dynamic light scattering experiment. Substitute Rg with

3 , 1/3
R =| —d’L
16 Eq.(4)

d can be resolved numerically from the experimentally determined hydrodynamic radius (Ry) and
estimated bicelle thickness (L). The bicelle diameter d yields an estimate for the number of POPC
molecules (npopc) in one bicelle:

n-dz 2 52
n,_ = =221nm d

POPC Eq(s)

The concentration of bicelles can be given by

Coope _ 0.452nm ¢,
2
nPOPC d Eq(6)

Cbicelle =

In the experiments for deriving the energy diagram (cf. Figure 7A), the concentrations of POPC and
CHAPS were both 1% (10 mg/mL), and their molar concentrations were 13 mM and 16 mM, respectively.
CHAPS has a critical micelle concentration (CMC) of 6 to 10 mM. However, CMC is strictly valid only in
the absence of any other binding partners. Even if the concentration of CHAPS is below its CMC, there is a
small fraction of CHAPS available for stabilizing POPC. Because the ratio of available CHAPS to POPC



decreases dramatically, the size of the bicelles increases accordingly, and the concentration of bicelles also
decreases.

In the experiment for measuring Rho regeneration kinetics (cf. Figure 5C), we used 1% (w/v)
POPC/CHAPS (1:1), corresponding to 27 uM bicelles. In a typical Trp fluorescence-quenching experiment
for purified ROS Rho, the concentration of 11CR was 1.5-2.0 uM, and the concentration of Rho was 0.2 pM.
Therefore, the ratio of bicelle-retinal-Rho was approximately 140:8:1.

Comparing Trp-based and Alexa488-based FRET assays

In the Trp-based experiments, we observed varying degree of fluorescence quenching upon the
addition of 11CR, which we attributed to: 1) the inner filter effect, 2) the dilution effect, and 3) the
partitioning of retinal into the DM micelles or POPC/CHAPS bicelles. Here the slight change in the cuvette
position due to pipetting or touching, and pipetting technique errors should be random and minor. Their
contributions to the initial quenching are calculated as follows.

Inner filter effect. At 295nm 11CR has an extinction coefficient of 26,000 M ' cm . Based on the
shape of the cuvette chamber, the effective path length for fluorescence excitation in the center of the
cuvette is 0.5 cm, while the emission light path is negligible. The concentration of retinal is about 1.5~2.0
puM. The loss of excitation intensity at 295 nm is given by Beer-Lambert Law

A=e, (W] =26000 M'em™ x2x10" Mx0.5 cm=0.026 Eq.(7)

The transmittance is given by
T=10"=0942 Eq.(8)

Therefore, the absorbance (A) due to the inner filter effect reduces the transmission (7)) in the middle
of the cuvette (I = 0.5 cm) and accounts for 5.8% reduction in the Trp fluorescence. Experiments at a higher
concentration of retinal would cause greater inner filter effects in the Trp fluorescence-quenching
experiment.

Dilution effect. Adding retinal working solution (20 pL) into the assay buffer (480 pL) resulted in 4%
reduction of the fluorescence signal.

Partitioning effect. The inner filter effect and the dilution effect together cause a reduction of the Trp
signal by 9.6% (=1-0.942x0.96). In the 1% POPC/CHAPS bicelles (cf. Figure 4D), we observed 7.7% loss
of signal, slighter smaller than the expected 9.6%, but within the error range of pipetting technique. The
absence of the initial fast quenching step was not surprising, if we consider that in a typical experiment the
concentration of bicelles (27 uM) was much higher than that of Rho (0.25-0.30 uMm). In the case of 0.1%
(w/v) DM (cf. Figure 4E), we observed a 44% decrease in Trp fluorescence, while in 2% (w/v) DM (cf.
Figure 4E: inset) we only observed 15% loss of signal. After correcting for inner filter and dilution effects,
the quenching in 0.1% (w/v) DM was 38% and in 2% (w/v) DM it was 6%.

By comparison, the Alexa488 signal from the engineered S144-Alexa488 Rho only suffered a 4% loss
of signal due to the dilution effect. The Alexa488-based assay is more compatible with a high concentration
of retinal and more suitable for measuring the ligand binding kinetics for “slow” mutants that would require
much higher retinal concentrations to drive regeneration to completion.

Comparing regeneration-independent quenching in bicelles and micelles

We have estimated that the concentration of bicelles for 1% POPC/CHAPS (27 uM) is one order of
magnitude higher than the concentration of retinal (1.5-2 puM). The chance that retinal randomly co-inhabits
the same bicelle as opsin was 7%. Therefore, the maximal regeneration-independent quenching of Trp
fluorescence by retinal should be 7%.



The critical energy-transfer distance is dependent on the wavelength of the donor (Trp) and the acceptor
(retinal). In the case of Trp fluorescence (ex. 295 nm, em. 330 nm), the critical distance is short, typically
less than 30 A based on literature values (12). Our DLS experiment showed that the hydrodynamic radius
of 1% POPC/CHAPS bicelles is 64.7 + 0.5 A. We observed an apparent 7.7% initial fast quenching (Figure
4D). Our calculation showed that the inner filter effect and the dilution effect together could cause a
reduction of the Trp signal by 9.6%, which is even slightly higher than the observed 7.7%, but within the
error range of pipetting. These numbers indicated that the energy transfer efficiency between retinal and
Trp residues within in one POPC/CHAPS bicelle should be far below 100%, practically negligible.

In the 0.1% DM micelles we observed 44% initial fast quenching in 0.1% (w/v) DM, and after
correcting for the inner filter and dilution effects it was 34%. We calculated the aggregation number of DM
micelles based on a study that used small-angle X-ray scattering to determine the size and shape of
detergent micelles (13). Based on these published parameters, 0.1% DM corresponds to DM micelles is
approximately 20 to 25 uM micelles, about the same concentration of bicelles in our 1% POPC/1%CHAPS
system. Therefore, the probability that retinal randomly co-inhabits the same micelle as opsin was similar
to the case of 1% POPC/CHAPS bicelles. However, in 0.1% DM, the regeneration-independent quenching
of Trp is at least one order of magnitude higher than in 1% POPC/CHAPS. We infer that retinal in
DM micelles does associate with opsin more closely, possibly as non-covalent complexes. In this case,
retinal will have a higher probability residing in the same micelle or bicelle as the opsin. The remaining
question is where retinal is bound in these non-covalent complexes, whether 11CR is docked into the
ligand-binding pocket or it is associated with an external, secondary binding site at the outer surface of
opsin. As we ruled out with the Alexa488 assay the formation of the covalent complex of the fully
regenerated mature pigment, it would be hard to understand why a non-covalent complex with 11CR inside
the ligand-binding pocket would not progress to the normal covalent Schiff base. Unless the conformation
of the receptor would be very different from that of the rhodopsin ground state or the non-covalent binding
site is outside of the orthosteric binding pocket.

In 2% DM, the fast initial drop in fluorescence indicates a quenching efficiency between opsin and
retinal of 6% (after correcting the dilution and inner filter effect). The simplest explanation would be that
the non-covalent opsin/retinal complex also formed in 2% DM, but since the local concentration of retinal
in 2% DM decreases, the equilibrium shifts away from the non-covalent complex.

Deriving the values in the energy diagram

Strategy for deriving the energy diagram (c.f. Figure 7)

In order to draw the energy diagram for a ligand-receptor binding reaction with a single transition state
(TS), minimally two out of three of the following measurements need to be made: 1) the activation energy
of the forward reaction (A*G,,), 2) the activation energy of the reverse reaction (A*G,), and 3) the energy
difference between the reactants and the products under a particular state (AG®). Based on the transition
state theory:

kT 2 kT
e = e

h h Eq.(11)

k=

Where A*G is the Gibbs energy of activation, A*H is the enthalpy of activation, A*Sis the entropy of
activation, kg is Boltzmann's constant, and /4 is Planck's constant. A*G,, and A:‘*'Goff need to be obtained by
kinetic measurements, while G° requires a method to measure the energy difference between the reactants
and the products.

Based on the linear form of the Eyring-Polanyi equation:
k AH 1k AS
In—=- —+In—"+—
T R T h R Eq.(12)




By measuring the temperature-dependent reaction kinetics, it is possible to separate the enthalpic and
entropic contribution to free energy.

In our case, the kinetics of the forward reaction, i.e., the recombination reaction between opsin and
11CR, was obtained using FRET-based assays. The kinetics of the reverse reaction, i.e., the dissociation
reaction of 11CR from Rho, was obtained by monitoring the exchange rate of the bound 11-cis-retinylene
chromophore with 9CR. The enthalpy of reaction was measured by isothermal titration calorimetry (ITC).

Note that all the following calculations are done with 28°C data.

The free energy (4G)

1. The free energy of activation of the forward reaction (A*Go,= 13.4 + 0.02 kcal mol ") was obtained from
the retinal binding kinetics (k> = (1.08 £ 0.04)x10°> M s™!) with a standard state ligand concentration (c°)

of I musing k= cok2 :

: k h y
A'G, = —RT In—— =134 kcal mol
k,T Eq.(13)

The error was given by:

o(k.)

> =0.02 kcal mol™

o(A'G,)=RT
ke, Eq.(14)

2. The activation energy of the reverse reaction (A:::Goff =27.9+0.03 kcal mol_l) was obtained from the
chromophore exchange kinetics (ko = (0.328 £ 0.016)x107 s")

. kh I
A'G,, =—RT In—2— =279 kcal mol’
k,T Eq.(15)

The error was given by:

M =0.03 kcal mol™

o(A'G
kg Eq.(16)

)= RT

off

3. The free energy difference between the reactants and the products under a particular state (AG° =—14.5
+ 0.04 kcal mol ") was obtained by dissociation constant:
K,=k,/k, 6 =30pM Eq.(17)
AG’ = RT InK, = —14.5 kcal mol”' Eq.(18)

The error is given by:

1/2

O_(Kd):Kd |:O—(koff):| +|:O-(kon):| =05 pM
k.. k
° - Eq.(19)
o (AG®) = RTM =0.04 kcal mol™'
Kq Eq.(20)

In the energy diagram (cf. Figure 7A) we only indicated A*G,, and AG®.

The enthalpic term (AH)



4. The activation enthalpy of the forward reaction (A*H,, = 20.2 + 0.9 kcal mol ') was obtained from the
Eyring plot of the retinal binding kinetics (cf. Table S2). The error was derived from the fitting error.

k ANH 1 k, AS
In—==- - —+In—+

T R T h R Eq.(21)

5. The activation enthalpy of the reverse reaction (A*H ;= 38.4 + 4.4 kcal mol ") was obtained from the
Eyring plot of the chromophore exchange kinetics (cf. Table S3). The error was derived from the fitting
error.

k ANH 1 k. A'S

11,1 off off B off

T R T h R Eq.(22)

6. The reaction enthalpy (AH® =-21.6 + 1.3 kcal mol ") was directly measured by the ITC experiment (cf.
Figure 5). The error for the reaction enthalpy was obtained based on three independent measurements.

Ideally the difference between the activation enthalpy of the forward and reverse reactions should have the
same value as the enthalpy of formation:

ANH -ANH, - AH°=0 Eq.(23)
Insert the values above, we obtain:
AN'H_ -AH,_ - AH°=34+47 kcal mol” Eq.(24)

Therefore, the apparent discrepancy of the reaction enthalpy from isothermal titration calorimetry and from
kinetic transition state theory analysis is with 3.4 + 4.7 kcal mol ' statistically indistinguishable from zero
considering the experimental errors.

The entropic term (—TAS)

7. The activation entropy of the forward reaction (A*S,, =22 + 3 cal mol ' Kfl) was obtained from the
Eyring plot of the retinal binding kinetics (Eq.(21)). The entropic term (—TA*S,, = — 6.7 = 0.9 kcal mol ")
was calculated for 28°C. The error was derived from the fitting error.

8. The activation entropy of the reverse reaction (A*Sy;= 34 + 14 cal mol ' K™') was obtained from the
Eyring plot of the chromophore exchange kinetics (Eq.(22)). The entropic term (—TA*S,z=—10.4 + 4.4 kcal
mol ") was calculated for 28°C. The error was derived from the fitting error.

9. The reaction entropy was calculated by

—~TAS°= AG°—-AH°= 7.3 kcal mol™ Eq.(25)

The error was derived by:
o) _ o 2 0\2 172 — —1
o(TAS®)= [O'(AG ) +o(AH?) ] 1.3 keal mol Eq.26)

10. The change of reaction equilibrium constant can be calculated from Van’t Hoff equation assuming a
temperature-independent reaction enthalpy:

)
In| = |=——| ———
K, RATL T, Eq.(27)

Assuming the reaction enthalpy measured at 28°C remains a constant between 25°C and 37°C, for the
formation reaction AH® = —21.6 % 1.3 kcal mol ™', then the K at 25°C and 37°C are 21 pM and 86 pM,
respectively.




The equilibrium constant can also be estimated by extrapolating the reaction kinetics. At 25°C, k; is
6.9x10° M ' s, and ko is 1.7 x10 ™ s ', At 37°C, ky is 2.7x10° M ' s and ko is 2.2 107" s™". Thus K at
25°C and 37°C are 25 pM and 82 pM, respectively.

11. The effect of lipids on the dissociation constant

The regeneration reaction is bimolecular and its kinetics (k;) is inversely correlated to concentration of
lipids. The k, extrapolated from our experimental results would be 235 M ™' s at 37°C, slightly smaller
than the value measured in ROS membrane (k, = 3.0~ 4.0x10* M ' s at 35°C) (14). In the calculation
below, we assume a k> of 300 M ' s™! at 37°C. The dissociation reaction is unimolecular, and the rate (kotr =
2.2 x 107"s™" at 37°C) should be independent of lipids. Because the dissociation constant Ky = kog/k, then
in ROS membrane

Kiros = (22x107s)/300M's)=0.73 nm Eq.(28)

Therefore, the Ky in ROS membrane is 9-fold larger than that in 1% (w/v) POPC/CHAPS bicelles,
corresponding to a difference of 1.3 kcal in AG°. On the energy diagram, the barrier for the forward
reaction would be higher by 1.3 kcal, and for the reverse reaction unchanged.



>
w

0.5
0.4
(O] (0]
2 2
3 g o034
o o
8 8
< < 0.2
0.14
0.0
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
c D 0.5
0.30 A1
0.4
£ 0.251
c
& 0.20 1 @ 0.3-
Y 2
® i @
§ 0.15 g 0.2-
g 0.101 2
Q 0.1
£ 0.051 \
0.00 A 0.0~
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 300 400 500 600 700
Retinal absorbance at 378 nm Wavelength (nm)

Figure S1. Characterization of the recombination product between opsin and 11CR. (A) 11CR ethanolic
stock solution was diluted in POPC/CHAPS bicelles to evaluate the buffer effect on 11CR absorption. The
extinction coefficient of 11CR in POPC/CHAPS bicelle buffer (£375 nm) Was determined to be 25,574 M
cm . (B) Aliquots of 11CR (120 pL, linear dilution series with 16 concentrations in the range from 0 to
31.5 uM) was mixed with aliquots of purified opsin (200 uL, 10.2 um). The UV-Vis spectrum of each
sample was recorded after the binding reaction was complete. (C) The 378-nm absorbance of 11CR (Panel
A, corrected for a dilution factor of 0.375) was plotted against the 499-nm absorbance of Rho (Panel B).
The perfect linear correlation before the saturation of the retinal-binding site yielded the molar extinction
coefficient of Rho at 499 nm (499 m = 42,742 M ' cm ). (D) The absorption spectra of opsin (black) and
Rho (red) are compared. The resulting A279/A499 ratio of Rho at the equivalence point is 1.58 + 0.01,
which indicates the recombination product between opsin and 11CR has a slightly higher purity than
previously best results obtained by column chromatography: 1.65-1.75 (15), and 1.60—1.70 (16). Thus
opsin in POPC/CHAPS bicelles is fully regenerable. The extinction coefficients of Rho and opsin at 279
nm were calculated by using the 499-nm absorbance of Rho as the reference.
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Table S1. Molar extinction coefficient of opsin and Rho in POPC/CHAPS bicelles.

-1
€279mm, M = CM

-1

-1
€499 nm, M~ CM

-1

Opsin

56,057 + 184

Rho

67,532 £221

42,742
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Figure S2. The regeneration of micelle-solubilized Rho after transfer into bicelles, measured by the Trp
fluorescence-quenching assay. (A) Dark-state Rho solubilized in 0.1% DM (30 pL) was photobleached to
form the active Meta-II state. The sample was incubated at 28°C for 40 min (not shown), 60 min (Panel A)
or 13 hours (Panel B). Then the sample was added into the POPC/CHAPS bicelle buffer (450 uL, arrow a’).
Exogenous 11CR solution (20 puL) was added later (arrow b”). (B) No regeneration can be observed for the
13-hour sample, indicating complete denaturation of opsin. For the 40-min sample and 60-min sample, the
second-order rate constant for Rho regeneration (k) at 28°C was 1.0 + 0.2 x10° M ' s '. This value is in
agreement with the results obtained for Rho reconstituted in bicelles (1.08 + 0.04 x10°> M ™' s', at 28°C).
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Figure S3. The regeneration of micelle-solubilized Rho at 4°C, measured by the Trp fluorescence-
quenching assay. The sample compartment was cooled to 4°C by water bath. Dry air was blown through
the sample compartment to prevent condensation on the cuvette. Dark-state Rho solubilized in 0.1% DM
(30 puL) was added into the 1% DM micelle buffer (450 uL, arrow a”). 11 hours after photobleaching (arrow
b’), exogenous 11CR solution (20 pL) was added (arrow c’). After overnight regeneration, 50 mm NH,OH
was added (arrow d’), and then the sample was photobleached again (arrow e’). The increase in Trp
fluorescence in response to illumination indicates formation of mature pigment. At the end of acquisition,
the shutter was closed to record the dark count (arrow f”). Inset: the change of Trp fluorescence signal after
the addition of 11CR was fitted with a mono-exponential model. The second-order rate constant for Rho
regeneration in 1% DM at 4°C was 1.4x10° M" s
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Table S2. Second-order rate constants (k) for the recombination reaction between opsin and 11CR, and the
thermodynamic parameters calculated from Eyring and Arrhenius plot.

ROS PMT4 S144-Alexa488
Rho ? Rho? Rho®
k, (36°C, 10° M ' s7h) 22+02 24+0.6 2.8+05
k, (28°C, 10° M ' s 1.08 + 0.04 0.91+0.31 1.2+02
k> (20°C,10° M ' 571 0.37 £ 0.03 0.28 £ 0.06 0.57+0.13
ky (12°C, 10° M' s 0.13+£0.3 0.13+£0.2 0.19+0.4
A*H,, (kcal mol ™) 20.2+0.9 213+13 18.8+ 1.0
—TA*S,, (28°C, keal mol ") —-6.7+0.9 ~77+13 ~54+1.0
A*G, (28°C, keal mol ) 13.4 +0.02 13.5+0.2 13.4+0.1
Eqon (kcal mol ") 20.8+0.9 219+1.3 19.4+1.0
In(4/(M's™)) 416+ 1.6 43.4+22 395+ 1.7

"Measured by Trp fluorescence-quenching assay

"Measured by Alexa488 fluorescence-quenching assay
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