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Light-Induced Changes in the Structure and Accessibility of the Cytoplasmic Loops
of Rhodopsin in the Activated MStaté
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ABSTRACT. Bovine rhodopsin was specifically labeled on the cytoplasmic surface at cysteine 140 (the
first residue of the loop connecting helices Il and V) or at cysteine 316 (in the loop connecting helix VII
and the palmitoylation sites) with the fluorescent labels fluorescein and Texas Red. These loops are involved
in activation and signal transduction. The time-resolved fluorescence depolarization was measured in the
dark state and in the Mstate, with labeled samples consisting of rhodopsictylglucoside micelles or

rod outer segment (ROS) membranes. In this way the diffusional dynamics of the flexible loops of rhodopsin
were measured for the first time directly on the nanosecond time scale. Control experiments showed that
the large number of weak excitation pulses required in these single photon counting experiments leads to
<5% bleaching of the sample. Rhodopsin was trapped in the activajestdie for the duration of the
fluorescence experiments-20 min) after illumination at pH 6 and 8. For both types of samples and

at both labeled positions the dynamics of the label and loop motion as monitored by the time constants
of the depolarization were not significantly different in the two states of the receptor. The end-anisotropy
increased, however, from 0.09 in the dark to 0.16 in thesthte for ROS samples labeled at C140. The
corresponding numbers for the C316 position are 0.06 and 0.12. Light-induced activatignisntivs
associated with a large increase in the loop steric hindrance due to a changed loop domain structure on
the cytoplasmic surface. These results are supported by fluorescence quenching experiments with |
which indicate a significant decrease in the collisional quenching conlsfamd in accessibility in the

M) state at both positions. The rotational correlation time of the rhodopsin micelles increased from 48 ns
in the dark state to 60 ns in M This increase is caused by a change in volume and/or shape and is
consistent with a structural change. These results demonstrate that time-resolved fluorescence depolarization
is a powerful tool to study the changes in conformation and dynamics of the cytoplasmic loops that
accompany the activation of rhodopsin and other G-protein coupled receptors.

Rhodopsin is the dim-light photoreceptor of vertebrates Recently a high-resolution X-ray diffraction structure was
(1, 2). It is the prototype of the superfamily of G-protein obtained at 2.8 A resolutiors). The N-terminal tail and the
coupled receptors (GPCR)Jnderstanding the mechanism loops connecting the transmembrane helices on the extra-
of activation and signal transduction of rhodopsin is thus of cellular side were fully resolved and shown to adopt a highly
general interest for this class of receptor proteins. Rhodopsinordered tertiary structures). High crystallographic temper-
is the only GPCR for which detailed structural information ature factors observed for the cytoplasmic loop domain and
is available. Cryoelectron microscopy has provided two- and the lack of several amino acids from the C3 loop and the
three-dimensional structural information at an in-plane C-terminal tail, respectively, indicate that this part of the
resolution 6 5 A (3). In these structures the loops that receptor is less structured. Activation, G-protein binding, and
connect the transmembrane helices, and which play ansignal transduction occur on the cytoplasmic surface. There
essential role in the mechanism of activation, could not be are three loops on the cytoplasmic side of the membrane,
resolved. Evidence for a loop tertiary structure was obtained C1, C2, and C3, connecting the following transmembrane
from the interaction between spin labels attached to different helices: | and Il (C1), Il and IV (C2), and V and VI (C3),
loops and from disulfide cross-linking experimen#).(  respectively. A fourth loop, C4, connects helix VII with the

palmitoylation sites at C322 and C323. This loop forms a
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metarhodopsin Il (M) state the distance between spin labels of C2 loop) and C316 (middle of fourth loop, helix VIII) to
at the ends of helices lll and IV increasesb§ A (11) and attach specifically the fluorophores fluorescein and Texas
that cross-linking these helices in the dark, by introducing Red. Measurements of the time-resolved fluorescence de-
either a disulfide bridge or metal ion binding sites, blocks polarization then provide information on loop dynamics and
activation of transducinl(l, 12). Light-induced changes in  structure. These measurements were carried out both in the
the steady-state electron paramagnetic resonance (EPRJlark state and in the signaling state; Mind showed
spectra of single spin labels have also been observed at asignificant differences. A large decrease in motional freedom
number of positions, including C140 and C316 in the C2 was observed in M Fluorescence is a versatile method and
and C4 loops, respectivelyL 8, 14). EPR studies with rod  can also be used to gain complementary information on local
outer segment (ROS) membranes on the millisecond timepolarity and accessibility. Using the wavelength of the
scale showed that these spectral changes were associated wigmission maximum as a polarity probe, it could be shown
the formation and decay of the,Mignaling stateX3). Such that the labels are in a polar environment, as would be
methods are not able to detect the rotational diffusion of the expected when they are attached to the cytoplasmic surface.
loops directly, which occur on a much faster time scale. In In agreement with this surface location we found that both
this study we report the first observation of the dynamics of labels were accessible from the agueous medium, because
the rhodopsin loops in real time on the nanosecond time the fluorescence could be efficiently quenched by the charged
scale. collisional quencher-l. Interestingly, the labels were sig-
Both the structure and dynamics of the cytoplasmic loops nificantly less accessible after light activation in the Mate.
of rhodopsin are expected to change upon photoactivation.This is in accordance with the fluorescence depolarization
Despite the well-defined tertiary structure observed for the results, which indicate increased steric hindrance jn M
three-dimensional structure at 100 B),(the loops will have
some flexibility and domain motion under physiological EXPERIMENTAL PROCEDURES
conditions at room temperature. These reorientational mo-

tions are expected to be anisotropic and sterically constrainede '\élstgr”\?vlsgoﬁlrr:;ggggifovr;e\;e Asodztvsgofrzoéno:re(sgn%%m
by the mutual interactions between the loops as well as y P o P ’

between loops and membrane surface. Time-resolved quo-EIE;}m%%nAKIS;gh?rose |a2(()j Srgﬁga%eex 8(235f vz\;eref (;Tgm
rescence depolarization is an appropriate method to monitorBachem I?he-rmo)I/ ana?uljJ 4—2>t/h'od'8| r'd'(ne I)D'I\'AIID S erre
such anisotropic and sterically restricted motions. It is a well- ) ysl dithiodipyridine ( )W

established and very sensitive metho8, (L6). The principles Elr”ﬁ?asedt frrﬁzg S;gr?(a. 5;030\,?0?@;? '?:fll\l/lj olresclelrn F?Jrq dbC
of this method are simple and theoretically well understood omoacetamido 1 exas ked were 1ro olecuiar Frobes.

and tested. A short (picosecond) linearly polarized excitation _ Méthods. (1) Isolation of Bene ROS and Purification of
pulse creates a highly anisotropic orientational distribution Rhodopsin.ROS membranes were prepared from fresh
of excited transition dipole moments (photoselection). The Povine retinae at low ionic strength as describi€) (and
fluorescence emission is accordingly initially highly polar- purified by dlscontllnuous dens[ty gradient qentrlfugatlon. To
ized. This nonequilibrium orientational distribution decays F€move other peripheral proteins of the visual cascade, the
to equilibrium by rotational diffusion. Due to this rotational ROS membranes were washed with )0 and urea as
motion on the time scale of the lifetime of the excited state described 20). ROS membranes were solubilized in OG,
(typically 10 ns) the high initial fluorescence polarization and the rhodopsin micelles were purified by concanavalin
decays with correlation times that directly reflect the A column chromatography2(). Values of the final absorp-
rotational diffusion constants. If the equilibrium orientational tion ratio Assf/Aseo were 1.9-2.0 and 1.71.8 for purified
distribution is isotropic, the polarization decays to zero. If ROS membranes and rhodopsi@G micelles, respectively.
the equilibrium distribution has some residual order due to  (2) Site Specific Labeling of C140 and C316 with
sterically restricted motion, the polarization does not decay Fluorescein and Texas Rethe fluorescent labels were first
to zero. The end value of the fluorescence anisotmpia dissolved in dimethylformamide (IAF) or dimethyl sulfoxide
more appropriate measure of the fluorescence polarization)(TR). Stock solutions of 25 mM concentration were prepared
for long times is a measure of the order parameter of the in 10 mM Tris-HCI, pH 7.5. Labeling was performed at a
equilibrium orientational distribution1f, 18). The time-  rhodopsin concentration of 26V in 10 mM Tris-HCI, pH
resolved fluorescence depolarization signal thus contains7.5, 150 mM NaCl, and, in the case of OG micelles, in the
dynamic information on the rates at which equilibrium is presence of 30 mM OG. The reaction was started by the
approached as well as structural information on the degreeaddition of the label. The molar ratio between label and
of steric hindrance. The time resolution allows one to separaterhodopsin, the reaction time, and temperature were varied.
these steric and dynamical effects. This is a major advantagel he reaction was terminated by the addition of-300 mM
over steady-state EPR methods in which only the net effectcysteine or gluthatione.
of these two effects can be observed. These EPR methods In ROS preparations excess label was removed by repeated
are thus similar to steady-state fluorescence depolarizationwashing in 10 mM MES, pH 6.0, 150 mM NaCl until no
measurements in which the structural and dynamical effectsfree label could be detected anymore in the supernatant. In
cannot be separated either. Although in principle possible, preparations of OG micelles excess label was removed
no time-resolved EPR measurements on the loop dynamicschromatographically using a Sephadex G25f column equili-
of rhodopsin on the nanosecond time scale have beenbrated with 10 mM MES, pH 6.0, 150 mM NacCl, and 30
reported to date. mM OG. Removal of unbound TR required, because of the
In the present work we use the two accessible and reactivehydrophobic character of this label, purification over a
sulfhydryl groups of the native cysteines C140 (first residue ConA—Sepharose column. The column was washed with 10
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mM MES, pH 6.0, 150 mM NacCl, and 30 mM OG untilno rhodopsin in 150uL) was brought to pH 8.59.0 with
free TR was detectable in the effluent. After solubilization, sodium hydrogen carbonate. AfQ, 2.8 mg of NaBH was
label that was bound to the lipid phase is associated with added. lllumination with yellow light (Schott KL1500 lamp
the dye front on the gels and can be easily detected there bywith cutoff filter OG 515) led to the formation of the
its fluorescence. In this way progress in removal of these N-retinylidene opsin with absorption maximum at 333 nm.
label molecules was monitored. Fluorescein could be re- The absorption spectrum showed that the reaction was
moved entirely. Small traces of TR remained. complete after 10 min. Excess reagent was removed by
The binding stoichiometry was determined from the centrifugation (ROS membranes) or gel filtration over
absorption difference between labeled and unlabeled rhodop-Sephadex G25f (OG micelles).
sin at the wavelength of the label absorption maximum. The (5) Time-Resakd Fluorescence Depolarization Measure-
covalent binding of the fluorescent labels to rhodopsin was mentsThese experiments were performed at the synchrotrons
established by gel electrophoresis. BESSY and HASYLAB. The time-resolved fluorescence
Because of its higher reactivity, cysteine 316 was labeled anisotropy was measured with a home-built setup for time-
specifically under conditions of low temperature, low molar correlated single photon counting9) designed for use with
label/rhodopsin, and short reaction time. synchrotron radiation sources. This special design is required
Site-specific labeling of C140 was achieved by blocking due to the change in the impulse response fundti@yof
C316 with DTP as describe@Z, 23). ROS membranes were the synchrotron pulses with time. Electreglectron interac-
washed and taken up in 10 mM HEPES, pH 6.9, at a tions within a bunch and collisions with residual ions lead
rhodopsin concentration of ¥20 uM. Stock solutions of to a change in pulse shape, intensity, and time position during
DTP of 50 mM concentration were produced in 10 mM the several hours of beam storage in the synchrotron. To
HEPES, pH 6.9. Both solutions were cooled on ice. The avoid artifacts due to these changes, the measurements were
reaction was started by the addition of 1 mM DTP. Reaction performed in short cycles. In each cycle the intensities
of the sulfhydryl group of cysteine leads to the formation of and I, with analyzers parallel and perpendicular, respec-
4-thiopyridone. The absorption maximum of DTP is at 247 tively, to the excitation polarization, were measured for 1
nm, and that of 4-thiopyridone is at 324 n@¥. The course  min, followed by a measurement bft) for half a minute.
of the reaction can thus be monitored spectroscopically by Within such a short measuring cycle of several minutes the
measuring the absorbance at 324 nm due to 4-thiopyridoneslowly varying changes di(t) are negligible. For each cycle
using a reference cuvette with 1 mM DTP in 10 mM HEPES, |, and I were deconvoluted with.(t) for that cycle. By
pH 6.9. The extinction coefficient of 4-thiopyridone at 324 adding the results from a large number of cycles a sufficient
nm is 19000 M?! cm™ (25). During the course of the signal-to-noise ratio was achieved. The excitation wavelength
reaction the temperature of the sample should not exceed Svas selected from the broad emission spectra of the
°C to prevent reaction with C140 (see Results). After the synchrotron storage rings BESSY | and HASYLAB with a
reaction of -1.1 cysteines per rhodopsin, the reaction was Jobin Yvon monochromator (typical spectral bandwieth
stopped by the addition of 10 mM cysteine and the ROS 10 nm). Measurements were performed in the single-bunch
membranes were washed in 10 mM HEPES, pH 6.9. modes of the storage rings at 5 MHz, corresponding to a
Rhodopsin in OG micelles was purified before reaction time interval of 200 ns between subsequent excitation pulses.
with DTP by gel filtration over a Sephadex G25f column in The half-widths of the impulseresponse functioh(t) were
10 mM HEPES, pH 6.9, 30 mM OG. The purpose of this between 600 and 900 ps in BESSY | and00 ps for
was to remove salts and tracesoeb-methylmannose. C316 HASYLAB. A single measuring cycle consisted of consecu-
was blocked with DTP as described for ROS membranes attive measurement ofi, 1, and L(t). Parallel and perpen-
a molar excess of 4:1 DTP/rhodopsin in 10 mM HEPES, dicular refer to the orientation of the analyzer with respect
pH 6.9, 30 mM OG. Excess DTP and 4-thiopyridone were to the polarizer. To correct for polarization-dependent
removed chromatographically using a Sephadex G25f col- differences in sensitivity of the apparatus, the so-calted
umn. factor is required in the calculation of the anisotrogy. G
(3) Digestion with Thermolysin.abeled rhodopsin was is determined with the polarizer parallel to the mounting plate
digested with thermolysin as describ@é)( ROS membranes  (13). The G factor was determined before and after the set
were first extensively washed to remove salts and then of cycles and found to lie between 1.000 and 1.G50.003).
incubated with thermolysin in 10 mM Tris-HCI, pH 7.4, for Usually a time window of 20 ns was selected with a time
4 h at 37°C in the presence of 5 mM CaLIThe rhodopsin/ resolution of 26-25 ps per channel. As a benchmark test
thermolysin ratio was 25:1 (w/w). The reaction was stopped for the performance of this setup for anisotropy measure-
by adding EDTA to a final concentration of 20 mM. ments, the anisotropy of diphenylhexatriene (DPH) in
Rhodopsin in OG micelles was incubated in the same way glycerol was measured at5 °C. An initial anisotropy of
except that the salt was not removed. The peptide fragments0.39 was obtained.
were separated by sodium dodecyl sulfgtelyacrylamide (6) Analysis of Fluorescence Anisotropy DatBata
gel electrophoresis according to the method given ir2ref analysis was performed as describeb)( For micelle
After the electrophoresis, the labeled fragments were visual-samples the anisotropy data were fitted to the model function
ized by their fluorescence, which was documented on a UV
fluorescent screen (Polaroid film 667, UV filter 15 orange).
Afterward, the bands were stained by Coomassie G250.
(4) Reduction of the Schiff Base by Sodium Borohydride.
The Schiff base of rhodopsin was reduced by NaBid For ROS membranes, which do not rotate on the time scale
described 28). An ROS or OG micelle sample (158y of of the fluorescence lifetime, the anisotropy data were fitted

() = 2 e 1)
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to the model function T ———— 1 r
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The rotational correlation timeg; provide dynamical
information on the rotational motion of the label and the
loop to which it is attached. The limiting anisotropyis a
measure of the degree of rotational constraint and can be
used to calculate an order parame$aor cone angled as
described 15’ 17, 30); 100 temperature increase to 25 °C
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o is the initial an'SOtmpY(o)j Ficure 1: Time course of the reaction of rhodopsin with DTP in
(7) Fluorescence Quenching MeasuremeBteady-state oG micelles. The reaction was monitored by the absorbance change

fluorescence quenching experiments were carried out usingat 324 nm due to the formation of 4-thiopyridone. The reaction

a Kratos RRS 1000 spectrofluorometer. The concentrationwas started on ice by adding a 4-fold excess of DTP. After labeling

of the quencher KI was varied from 0 to 70 mM. The of one cysteine (C316) per rhodopsin, the temperature was increased
. ' to 25°C. At this higher temperature a second cysteine (C140) can
monovalent salt concentration was kept constant at 150 MM . 1 Speled. Conditions: 2GM rhodopsin in 10 mM Tris-HCI, pH

by adding a corresponding amount of KCI. To prevent the g g, 80uM DTP.
formation of k=, NaS,0s; was added at a concentration of

0.1 mM. The measurements were performed at pH 6 and 10 kba 1 2 3 4 5 6 7
°C. Because the fluorescence measurements lead to progres- 45— -

sive bleaching of the sample, a fresh rhodopsin sample was ol el ro

used at eachlconcentration. To minimize exposure to the 30—

excitation light, complete emission spectra were measured N

at the maximal scan speed of 200 nm/min. An appropriate 21.5—

slit width was chosen to ensure an adequate signal-to-noise 14,3 —

ratio. For the calculation of the emitted intendityhe spectra —F2—

were numerically integrated. After the dark measuremetit ( 6.5—

min), th mple w. leached for 1 min on i fore th
) the sample was bleached fo on ice before the Ficure 2: Gels of rhodopsin specifically labeled with fluorescein

measurement in th.e mMstate. The collisional quenching at C140 or C316 before and after proteolytic digestion by thermo-
constank, was obtained from a fit of the data to the Stern  |ysin: (lanes 1 and 2) ROS-C140-AF sample before digestion (lane
Volmer equation: 1, Coomassie staining; lane 2, fluorescence); (lanes 3 and 4) ROS-
C140-AF sample after partial digestion (lane 3, Coomassie staining;
lJ/l=1+ kJ[Q] 4) lane 4, fluorescence; “Rho”, 4F. and “F,” mark the positions of
the undigested rhodopsin monomer, theflagment, and the F

In eq 4, [Q] is the quencher concentratidpthe emission féal%‘i“é in the Igel, f[eSpeCtiV|e|¥)?é|.a”et5) ﬂu(?resc‘é;‘%e of an OG-
. . _ Z o -AF sample after complete digestion; (lane 6) fluorescence
intensity at [Q]= 0, andz the mean fluorescence lifetime. of an OG-C316-AF sample after complete digestion; (lane 7)

RESULTS fluorescence of an ROS-C316-AF sample after complete digestion.
Selectie Labeling of C140 or C316 with Fluorescein and Stoichiometries between 0.15 and 0.50. The low stoichiom-
Texas RedBy a proper choice of the reaction conditions, in  etry is an advantage in the fluorescence experiments, because
particular of the temperature, pH, ionic strength, and reaction it reduces the probability of homo energy transfer in ROS
time, either cysteine C140 or C316 could be labeled membranes29). To label the second cysteine (C140, see

selectively. The temperature strongly affects the relative below) selectively, cysteine C316 was first quantitatively
reactivity of C140 and C316. This is illustrated in Figure 1, blocked by the reaction with DTP at’C as described above
which shows the time course of the reaction of rhodopsin and under Materials and Methods. The second less reactive
with DTP. The formation of free 4-thiopyridone is monitored site was then labeled at 2& under conditions of high molar
by the absorbance at 324 nm. On ice only one cysteine react&xcess of label to rhodopsin.
and the reaction goes to completion 42 h. Using the The labeling specificity was established by proteolytic
absorbance change of 270 mOD at 324 nm, the labeling digestion with thermolysin. Thermolysin cleaves rhodopsin
stoichiometry at this point is about 1:1. Figure 1 shows that in the dark mainly at S240 in two fragments 26 kDa)
increasing the temperature to 25 allows the labeling ofa  and i (12 kDa) @1). The larger k- fragment contains C140,
second cysteine. The final absorbance change (540 mOD)the smaller Efragment C316. Evidence for selective labeling
corresponds to a stoichiometry of approximately 2:1. A very of C316 or C140 with fluorescein is provided by the gels in
similar time course was observed in 3. Figure 2. Lanes 14 are for an ROS sample labeled at C140
To label either of the two sites specifically with fluorescein with fluorescein. Lanes 1 and 2 are the Coomassie staining
or TR, the following procedure was used. The most reactive and fluorescence, respectively, before thermolysin digestion,
cysteine (C316, see below) is labeled under conditions of indicating labeling of the native rhodopsin (38 kDa). Partial
low temperature (on ice), low molar ratio label/rhodopsin, digestion leads to three bands marked by Rho,aRd F
and short reaction time. This led to samples with low labeling (lane 3). The degradation products &nd F, have the
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expected molecular weights of 26 and 12 kDa, respectively. - - ' ' T
Lane 4 shows that of the two fragments onfyis=fluorescent,
thus proving that only C140 was labeled. Lane 5 shows the
corresponding fluorescence result for a micelle sample OG-
C140-AF that was completely digested and indicates that
again only C140 was labeled. The corresponding results for
the specific labeling of C316 in micelle (OG-C316-AF) and
membrane (ROS-C316-AF) samples that were completely
digested with thermolysin are shown in lanes 6 and 7,
respectively. In this case only the ffagment was fluores-
cent, consistent with C316 as the labeling site.

Time-Resaled Fluorescence Depolarization in ROS Mem- 300 200 500 800 700
branes and OG MicellesThe time-resolved fluorescence Wavelength (nm)
depolarization experiments were carried out at the synchro-gigyre 3: Absorption spectra of a fluorescein-labeled rhodopsin
trons BESSY | and HASYLAB. These synchrotrons provide sample OG-C316-AF before (thin line) and after (thick line) a
short light pulses with widths of 700 and 200 ps for BESSY complete fluorescence depolarization experiment at the synchrotron
| and HASYLAB, respectively. One advantage of experi- HASYLAB. The spectrum is the sum of contributions from

. L I rhodopsin and bound fluorescein with maxima at 498 and 492 nm,
ments at synchrotrons is the almost unlimited tunability of respectively. The shoulder near 460 nm is due to fluorescein. The

the excitation light, allowing experiments with a wide range  amplitude of the difference spectrum (dotted line) at 498 nmis
of dyes. This was of particular value for the current mOD. This shows that the sample was bleache®Po by the
Yy P D : : ok
investigation because we wanted to test the effect of the labelexcitation pulses during the 40 min of data acquisition at the
size on the depolarization. A further advantage of synchrotron Synchrotron. Conditions: 2M rhodopsin in 10 mM MES, pH 6.0,
S . ; . . .~ 150 mM NacCl, 30 mM OG, 15C.
radiation is that the light is already completely polarized in

Absorbance (mOD)

M At AR SRS,
ARSI YWY

the plane of the synchrotron. The high pulse frequency of 5 04

MHz in the single-bunch mode is another important advan- 03] ~ ROSCU40AF A
tage of synchrotron radiation sources. This allows the rapid = 02]

acquisition of data of sufficient signal-to-noise ratio. This is " 01

of particular advantage in the present case with a short-lived 0.0 i i . . |

My intermediate, which may be trapped for only 20 min. A
key question for experiments with the light-sensitive pho-
toreceptor rhodopsin is whether the large number of short

w. res.

excitation pulses required in single photon counting depo- 0 3 86 9 12 15

larization experiments (typically 1®pulses) leads to sig- 04 t [ns]

nificant bleaching of the sample. The most probable situation 0'3_- ROSC140-AF bleached B

for bleaching occurred in our experiments with the fluores- - 0'2_-

cein label, because its absorption (492 nm) and emission (516 = 0'1_-

nm) maxima are closest to the absorption maximum of o

bovine rhodopsin (498 nm), thus leading both to efficient uso'g_ AL M ' !

direct excitation of rhodopsin and to indirect excitation 2 O:WWWWWM
. 2z 4 T T T T 1

through energy transfer from the label. Figure 3 shows o 3 6 9 12 15

absorption spectra of a typical sample of rhodopsin labeled 0.4 L [ns]

with fluorescein before (thin line) and after (thick line) 03] OCC140-AF C

completion of the fluorescence depolarization measurements. 3 O_Z_M

The dotted line labels the difference spectrum and indicates 0.1

that no significant bleaching occurred. The experiments were 0.0 : : : :

after a fresh electron injection in the storage ring at a ring
current of 124 mA. The results of Figure 3 show that
negligible bleaching €5%) occurred during the 40 min of "0 3 6 9 12 15
the experiment. t, [ns)

Typical results for rhodopsin labeled with fluorescein at Ficure 4: Decay of the time-resolved fluorescence anisotgpy
cysteine 140 are presented in Figure 4. The data wereof bovine rhodopsin labeled with fluorescein at cysteine 140: (A)
collected at 15°C and pH 6. Panel A shows the decay of ROS membranes; (B) bleached ROS membranes; (C) OG micelles

. . (30 mM OG). Conditions: 10 mM MES, pH 6, 150 mM NacCl, 15
the anisotropy for ROS membranes labeled at cysteine 1405¢ The fitted curves are least-squares fits to eq 2 for (A) and (B)

with fluorescein (ROS-C140-AF). Several phases can be and to eq 1 for (C). The weighted residuals are shown below each
distinguished in the decay. The anisotropy first decays rapidly panel. For (A) the upper set of residuals is for a fit to one
from an initial value of~0.39 with a sub-nanosecond €xponential and a constant; the lower set of residuals is for the fit
correlation time of 0.19 ns (the fit parameters are collected © €9 2. In (B) the residuals refer to the fit to eq 2. In (C) the upper
. ble 1). For IAF btained under th . set of residuals is for a fit to two exponentials; the lower set is for
in Table 1). For IAF we obtained under the same experi- e fit o eq 1. The fit parameters are collected in Table 1.
mental conditions a single-exponential decay with a rotational

correlation time of 0.19t 0.02 ns (data not shown). This fluorescein and can be assigned to the fast rotational diffusion
time is thus close to the rotational correlation time of free of the label itself. This rapid decay is followed by a slower

w.res

performed under conditions of maximal light intensity, just . gwﬂwwww
P
0
4
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Table 1: Fluorescence Anisotropy Decay Parameters of Fluorescein

Bound to Cysteine 140 of Bovine Rhodopsin ROSC316-AF
B B2 Bz re ¢1(ns) ¢2(ns) ¢s(ns) |

ROS-C140-AF  0.18 0.11 0.10 0.19 29 .

ROS-C140-AF bl 0.22 0.08 0.09 0.17 2.00 i1

OG-C140-AF 0.07 0.06 0.22 0.10 091 30

aConditions: pH 6.0, 150 mM NaCl, 1%C.

phase with a decay time of 2.9 ns. Aftel0 ns, there is no
further decay, and the anisotropy remains constant at a value
of ~0.1. The fact that the anisotropy does not decay to zero
is direct evidence that the rotational motion of the label is
sterically hindered on the nanosecond time scale. The fit with
eq 2, two exponentials, and a constant end value,aé
adequate, and the residuals are unifomly distributed around
zero. These residuals are displayed in the lowest subpanel
of Figure 4A. The reduceg was 1.13. A fit with only one
exponential and a constant leads to a significantly higfer
value of 2.31 and systematic deviations in the residuals. This

r(t)

is apparent from the middle panel in Figure 4A, which shows 0.0
the residuals for this model. Systematic deviations occur in 0.4
the time domain from O to 4 ns. For an adequate fit the ROSC140-AF

second exponential is clearly required. In panel B the ROS
sample was bleached irreversibly (see Materials and Meth-
ods), thereby eliminating the energy transfer between fluo-
rescein and the retinylidene chromophore. As a result the
mean fluorescence lifetimeincreased from 1.79 ns in (A)
to 3.43 ns in (B). As a consequence there are more counts
in the later channels and the signal-to-noise ratio beyend
ns is significantly improved in (B) with respect to that in
(A). Comparison between panels A and B shows that
bleaching and elimination of the energy transfer have no t, [ns]
significant effect on the anisotropy decay. This qualitative Fgyres: Decay of the time-resolved fluorescence anisotrdly
observation is supported quantitatively by the comparison of bovine rhodopsin labeled with fluorescein at C140 or C316 in
of the corresponding fit parameters in Table 1. This is an the dark and M states: (A) ROS-C316-AF; (B) OG-C316-AF,
important control experiment which shows that hetero energy gt-"gtg{%%;]%ﬁ)or;?':iénmﬁcl\?Epsane||_| té‘ % ul%poe:nﬁ\aarcxleaci:sr’gngtRs M
transfer .(between label and the retinylidene chromophorg Ofdata are fitted to eq 1 for micelllg samf)les oreq?2 for’ membrane
rhodopsin) does not affect the fluorescence depolarizationgamples. The fit parameters are collected in Table 2.
of the label. The advantage of conditions B is that the value
of r, can be determined with greater precision. The results jifetime of M, sufficiently so that the system remained
for the corresponding OG micelle sample OG-C140-AF are mostly in M, for the duration of the fluorescence experi-
shown in panel C. With micelles there is a third slow decay ments. For the investigation on;Mhe rhodopsin samples
phase, because the micelles rotate on the fluorescence timgvere bleached on ice for 2 min with a cold-light lamp (Schott
scale. The anisotropy therefore does not reach a constankL 1500 with cutoff filter OG 515). Immediately afterward
value at the end of the observation window. In this case the the absorption spectra were measured. Using the extinction
fit was made with eq 1, a sum of three exponentials. The coefficients of M and M, [em, (478 nm)= 44000 Mt cmt
necessity of three exponentials is again documented by aandey, (380 nm)= 38000 M1 cmt (33)], the equilibrium
substantial drop irpgzR in going from a two- (1.21) to a ratio M/M,;, was calculated to be 0.06 for OG micelles and
three-exponential (1.02) fit. The residuals in Figure 4C are 0.11 for ROS membranes. The decay of & pH 6 and 5
again only uniformly distributed if we fit to three exponen- °C was monitored using the absorbance decrease at 380 nm
tials. The fit parameters are collected in Table 1. The first (data not shown). Under these conditions the decay halftime
time of 0.1 ns is again due to the rapid rotational motion of 7, was 90 min for the OG micelle samples and 108 min
the label. The last time of 30 ns can be assigned to thefor ROS membranes. This means that during the period of
rotational diffusion of the OGrhodopsin micelle. The  15-20 min necessary for the measurement of a fluorescence
middle time of -2 ns is most likely due to the flexible  anisotropy decay curve, onk8% of the M, population
domain motion at C140. decayed. Figure 5 shows typical data for ROS and micelle
Light-Induced Changes in Anisotropy at the Cytoplasmic samples. The parameters of the fit curves are collected in
Surface of Rhodopsin at Positions C140 and C3lltese Table 2. In all three panels the anisotropy decay curve for
experiments were carried out at pH 6, because at this pHM, is above that of the dark state. At both positions C140
the M/M,; equilibrium is far on the side of M(e.qg. ref32). and C316 the depolarization in;Ms significantly reduced
The measurements were performed &C5to prolong the compared to the dark state. This is true irrespective of the

r{t)
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Table 2: Fluorescence Anisotropy Decay Parameters of Fluorescein 1.0 ROSC316-AF
Bound to Cysteine 316 or Cysteine 140 of Bovine Rhodopsin in the
Dark State and in the Mintermediate 0.8 -
B P2 Bz Te ¢1(nS) ¢2(ns) ¢3(ns) “
ROS-C316-AF 0.6+ .
dark 0.08 0.17 0.06 041 459 AN
My 0.09 0.11 012 026 4580 = dark state  u
ROS-C140-AF =04+
dark 0.08 0.14 0.09 0.44 5.02 - o
My 0.07 0.08 0.16 0.37 6.48 0.2
OG-C316-AF '
dark 0.05 0.05 0.24 0.16 1.34 44 Mll-intermediate
My 0.08 0.26 0.41 50 0.0 ° — :
OG-C140-AF 0 10 20 30 40 50 60 70
dark 0.06 0.24 0.78 64 [KI], mM
My 0.05 0.26 0.74 74 ’

FIGURE 6: Sterrn-Volmer plot for the sample ROS-C316-AFE)
dark state; ©) M,, state. Conditions: 10 mM MES, pH6, IC.
The KI concentration was varied between 0 and 60 mM. The sum
type of sample, ROS membrane or OG micelle. For the label of the concentrations of Kl and KCI was kept constant at 150 mM.
at position 316 in ROS membranes (panel A), the data show
that the end value af, is about twice as large in Mas in

a Conditions: pH 6.0, 150 mM NaCl, &C.

Table 3: Collisional Quenching Ratg of Fluorescein Bound to
Position C140 or C316 of Bovine Rhodopsin by(In Units of 10

the dark state, whereas the time constants appear to bg-i s-ua
unaffected. This is borne out by the fit parameters in Table 0G.C316.AF OG-CLA0AF ROS.C316.AF ROS.CLA0-AF
2, which show that. increases from 0.06 in the dark state - ' - ' ' ' . §
i irecti ight-i ig dark 5.7+0.7 6.2+0.8 5.6+£0.7 5.9+ 0.4
to 0.12 in M,. The direction of the light-induced effect is 15102 560t 0o 331 04 At 04

the same in ROS membranes at position 140 (panel C). In="
a Conditions: pH 6.0, 150 mM salt (KC+ KIl), 10 °C.

this caser. increases from a substantially higher value of
0.09 in the dark state to 0.16 in;MBecause the, values
are very nearly the same in these four experiments with ROSdescribed under Materials and Methods the total salt
membranes, we can reach the following conclusions. (1) The concentration was kept constant at 150 mM. At a fixed
degree of orientational constraint in the dark is considerably quencher concentration the same sample was used for the
larger at position C140 than at position C316. This result is measurements in the dark state and in theskate. Between
not so surprising because C140 is at the membrane interface® and 11% of the sample was bleached by the excitation
at the end of helix Il and the beginning of the C2 loop, light during the measurements in the dark state. The sample
whereas C316 is apparently in a more mobile part of the C4 was then put on ice and bleached using a Schott 1500 light
loop. (2) In the activated lyistate the degree of orientational source with an OG515 cutoff filter. Because the measurement
constraint is greatly increased with respect to the dark state,of one data point takes only 20 s, the sample stayed in the
at both positions. Similar results were obtained with OG M, state for the duration of the measurement at pH 6 and
micelles. Typical results for position C316 are shown in panel 10 °C. The slope of the SterfiVolmer plot of Figure 6 is
B. Again the depolarization is less injMThe effectis mainly ~ clearly smaller in the activated \Mstate than in the dark
in the amplitudeds, which increases in Mfor both positions ~ state. For the samples ROS-C140-AF, OG-C316-AF, and
(see Table 2). Because thevalues are smaller for the C140 OG-C140-AF (data not shown) the results were similar in
than for the C316 measurements, thevalues have to be the sense that the quenching was always less in Rér
normalized byr, to properly compare the orientational dynamic quenching the slope of the Stelvolmer plot is
constraint at the two positions. In the dark sk, is larger equal to the product of the collisional quenching conskant
for C140 than for C316, confirming conclusion 1 for micelle and the lifetime in the absence of quencher (eq 4). Using
samples. The decay tingg is due to the rotation of the whole  the measured mean lifetimes in the dark angdtates, the
rhodopsin/OG micelle. From Table 2 we conclude ihais slopes of the SterAVolmer plots were converted into
larger in M, than in the dark state. This effect was also quenching constants, The results are presented in Table
observed with micelles labeled with TR (data not shown) 3. The numbers in this table are averages of at least two
and, indeed, with any micelle sample investigated. This result sets of measurements. The errorgjtake into account the
shows that the rotational correlation time is larger in,M uncertainty in the slope of the linear fit and the error in the
suggesting a volume increase or a change in shape. lifetime. Except for the sample ROS-C140-AF the results
Light-Induced Changes in Collisional Quenchinghe ~ Show a significant decrease kfin My. The values in the
charged collisional quencher as used to investigate the ~dark state are within experimental error the same and indicate
accessibility of the label at position C140 or C316. The & high accessibility of the label for the quencher at both
experiments were carried out with OG micelles and ROS Positions. The accessibility is clearly smaller inyMrhe
membranes. Typical results for the sample ROS-C316-AF largest effect occurs at position C316.

are shown in Figure 6. Approximately linear Steiolmer
plots were obtained in all cases over a wide range of
quencher concentration. The good linearity of the Stern
Volmer plots both in the dark and in | MFigure 6) suggests
the presence of a single population of fluorophores. As

DISCUSSION

Our results clearly demonstrate that it is possible to carry
out single photon counting fluorescence experiments with
light-sensitive photoreceptors such as rhodopsin without
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significant bleaching of the sample (Figure 3). Moreover, at precisely, labels with a longer lifetime are more appropriate.
a pulse repetition rate of 5 MHz data of sufficient signal- We note that the micellar rotational correlation times in
to-noise ratio can be collected in 20 min, thus allowing the Tables 1 and 2 are in the right ballpark. Using the known
study of short-lived trapped photointermediates such as thevolume of rhodopsin and assuming a single shell of OG
signaling state M. detergent molecules, we arrive at a rotation time-8R ns

Time-resolved fluorescence depolarization is an appropri- In Water.
ate method to monitor the dynamics and steric constraints Due to the very broad absorption spectrum of rhodopsin,
of the loops of rhodopsin. The anisotropy decay of the bound the decay of the anisotropy may be affected by radiationless
labels is characterized by a number of decay times. Theseenergy transfer, which occurs on the same time scale. Energy
components reflect a hierarchy of diffusional rotational transfer may lead to increased depolarization. Because we
motions. In the case of ROS membrane fragments theare interested in the true anisotropy decay due to loop
anisotropy decays with two components with rotational motions, the possible effects of energy transfer need to be
correlation timesp, and ¢, to a nonzero end value of, properly understood. In control experiments the effects of
(Figure 4A,B). These ROS anisotropy decays are well- energy transfer on the anisotropy decay were thus investi-
described by the model function of eq 2. Twovalues are  gated. By reducing the chromophore with sodium borohy-
required as judged by the criterium. The fastest time, dride, we found that hetero energy transfer (between label
describes the rotational motion of the small label itself. The and retinylidene chromophore) had no significant effect on
intermediate timap, of several nanoseconds is due to the the fluorescence anisotropy decay (Figure 4A,B). Homo
motion of the loop and is in good agreement with NMR energy transfer, between labels, on the other hand, can lead
measurements for flexible domains of other protei® 84). to substantial depolarization. The effects of homo energy
Because ROS membrane fragments do not rotate on thetransfer could be entirely prevented in our experiments. No
fluorescence time scale, the nonzero value.ofs due to intramolecular homo transfer can occur with rhodopsin
the restricted rotational motion of the labeled loop. The steric micelles that are selectively labeled at either C140 or C316.
hindrance may be due to interactions with adjacent loops or With ROS membranes intermolecular homo energy transfer
with the membrane surface. In the case of monomeric could be avoided by working at sufficiently low label
rhodopsin micellesy(t) decayed, in addition to the two  stoichiometry.
components withp; and ¢,, with a third slow component Recently the structure of the dark state of rhodopsin was
characterized by (Figure 4C). The micelle anisotropy  solved by X-ray diffraction at a resolution of 2.8 A)( At
decays are well-described by the model function of eq 1. the |ow temperature (100 K) of these experiments the
Three exponential components are required based ogfthe  extracellular and cytoplasmic loops have a fairly well-defined
criterium. The longest time describes the depolarization duetertiary structure §). Ten amino acids in this part of the

to the rotation of the whole micelle.

Using the blocking reaction with DTP, we could selec-
tively label either C140 at the beginning of loop C2 or C316
in the middle of the fourth loop C4. Both of these regions
are believed to be involved in molecular recognition and
binding of transducing, 7, 9, 10). The positions of C140
and C316 were recently determined by X-ray diffraction with
two-dimensional orthorhombic crystals of rhodopsin that
were heavy-atom labeled witlp-chloromercuribenzoate
(46). At both positions we found that the loop wobbling
motion is sterically constrained, with the effect being
more pronounced at C140. Light activation led to a very

structure could not be localized at all, and the last 15 amino
acids of the carboxyl terminal tail could only be modeled as
alanine. The cytoplasmic loops are characterized by high
temperature factorss), which are most likely due to the
particular crystal packing and the high flexibility of these
loops in the inactive state. The diffraction measurements with
three-dimensional crystals at 100 K provide a static picture.
Our fluorescence depolarization experiments at 15 at@ 5
provide a dynamic picture in real time without the steric
constraints due to the crystal contacts. The label rotational
motion at C316 is expected to be constrained by the
neighboring side chains of N315 and M317 in helix VIII as

significant increase in steric hindrance at both positions. This well as by the membrane surface and the neighboring
is clear evidence for a change in tertiary structure of the C-terminal tail. The labeled side chain of C140 may likewise
cytoplasmic loop domain with the binding site becoming be constrained by the membrane surface, as well as by the
more constrained. The fact that the three-dimensional side chain of K141 and the neighboring loops. The decrease
rhodopsin crystals decompose upon illuminatidb) (indi- in motional freedom at both positions upon photoactivation,
cates that a structural rearrangement has to take place to fornas deduced from the fluorescence depolarization experiments,
the transducin binding site. This is consistent with our suggests that conformational changes occur near C140 and
observations of increased steric hindrance in omple- C316. This is in agreement with spin label work and disulfide
mentary evidence was obtained from fluorescence quenchingbond formation, which indicated a light-induced distance
experiments with the collisional quencher At both C140 increase between the ends of helices IIl and 1¥)( Using

and C316 the fluorophores become less accessible in thethe same methods, a distance increase was detected upon
activated M state. Finally, the rotational correlation time activation between C316 in helix VIl and H65C in the C1
of the micelles was larger in Mthan in the dark state, loop connecting HI and HI14). Further evidence for light-
indicating an expansion or a more asymmetric shape afterinduced structural changes was recently obtained fiém
light activation. Because the fluorescence lifetimes of NMR with rhodopsin labeled with GEH,S at positions
fluorescein and TR are small compared to the micellar C140 and C316 35). Light-induced changes in th&F
tumbling times (50 ns), the latter have considerable errors. chemical shift were observed with the largest effect occurring
To measure the micellar rotational correlation time more at C140 85).
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According to the X-ray structure, the fourth loop connect- of the immobilized population was observed in Megard-
ing helix VII and the palmitoylation sites is largely helical. less of whether there was palmitoylation at C322 and C323
This amphiphilic helix VIII runs from K311 to L321 and is  or not @, 14, 37, 38). In our experiments we observed both
almost parallel to the membrane surfacs). (C316 is with OG micelles and with ROS membranes a clear increase
approximately in the middle of this helix with the cysteine in r, in My corresponding to a more sterically constrained
side chain about parallel to the membrabg {This could loop motion. This is in agreement with the spin label studies
explain the high reactivity of C316 for SH labels and the with micelles.
high accessibility of labeled C316 for the collisional quencher ~ We used the small negatively charged dynamic quencher
I~. The increased steric constraint in;Mould be caused |~ to probe the accessibility of the fluorescence labels
by a small rotation of helix VIl around its helical axis. The fluorescein and TR bound to the cytoplasmic surface of
C316 side chain would be turned toward the membrane rhodopsin. As a control we measured the quenching for
surface, decreasing the angular freedom and decreasing théuorescein bound to the amino acid cysteine (C-AF) and
accessibility by T. obtained a collisional quenching constant of 2.40° M1

It is of great interest to compare our time-resolved results s™* (data not shown). This agrees with the value for free
with those obtained from steady-state EPR experiments withfluorescein 89). With typical values between 5% 10° and
spin labels at positions C140 and C3%6 13, 14, 36, 37). 6.2 x 10° M~ s71 the quenching constant for surface-bound
In these studies the dynamic state of the side chain wasfluorescein in the dark state of rhodopsin is even larger (Table
described in a qualitative way by the term “mobility”. With ~ 3). In the activated M state there is a significant decrease
this measure of the dynamics the separate effects of thein quenching and accessibility at both positions C140 and
amplitudes and of the rates of motion could not be distin- C316 (Table 3). The observed difference in slope of the
guished in the spectral simulations. Our time-resolved Stern-Volmer plot (Figure 6) cannot be due to the difference
fluorescence depolarization experiments have the advantagén energy transfer, because due to the reduced spectral
that the amplitudes’) and rates of motiong() are directly overlap the mean fluorescence lifetime is larger in Mhese
determined from a fit of the anisotropy according to eq 1 or results indicate that some conformational change occurred
2. In contrast to the existing steady-state EPR measurementsat these positions. The reduced accessibility jnrivhy well
time-resolved fluorescence depolarization is able to measurebe associated with the observed reduction in rotational
the rotational dynamics directly on the nanosecond time freedom as detected by the increaserdn A small axial
scale. Because extensive data exist with spin labels at bothrotation of helix VIII, which is approximately parallel to the
positions and with preparations of ROS membranes and membrane surface, could, for example, increase the label
lauryl maltoside (LM) and dodecyl maltoside (DM) micelles, steric hindrance at C316 and at the same time decrease the
a direct comparison with our data is possible. For the micelle accessibility. It is unlikely that the reduced accessibility can
samples preparative differences exist, however. Our experi-be explained as an electrostatic effect, because a proton is
ments were performed with wild-type rhodopsin in OG taken up in the formation of ¥ making the cytoplasmic
micelles with the native palmitoylation at C322 and C323 surface less negatively charged. We note in this connection
intact. The spin label experiments were performed with DM that a reduced quenching constant with labels on the
or LM micelles and initially used samples in which C322 cytoplasmic surface was also observed in Mith the
and C323 were not palmitoylated as well as various base positively charged quencheé¥-benzylpicolinium 40). In
mutants. In all spin label studies reported for positions C140 these studies the labeling sites were not known. Recently
and C316, two populations were observed: an immobilized position 250 was labeled with bimane using the mutant
and a more mobile population. The presence of an im- V250C @1). Using I" as the quencher, these authors found
mobilized component in the EPR spectra is in good agree-in M, an increased accessibility at this position near the
ment with our results of a positive (nonzero) end anisotropy cytoplasmic end of helix VI. There is no contradiction with
r- at C140 and C316, indicating considerable steric constraintour results, as the nature of the structural change |jnsv
and limited rotational freedom. unknown and expected to be different in various regions of

With a spin label at C140 in ROS membranes a clear light- the loop domain.
induced increase was observed in the relative amount of the We detected a significant light-induced increase in the
immobilized populationX3). This is in agreement with our  slowest rotational correlation time of rhodopsi@G micelles
results with both fluorescein and TR (Figure 5), which show in M, (¢3 in Table 2). This time is due to the tumbling of
a significant light-induced increase in. In later spin label the whole detergentprotein complex. The observed effect
work with LM and DM micelles, however, the opposite result can be interpreted as a volume increase or as an increase in
was obtained: a light-induced increase in mobility at C140 the asymmetry of the shape. Previous pressure relaxation
(14, 36, 37). The reason for this remarkable dependence of measurements on the M, equilibrium have already
the observed light-induced spectral change on the preparatiorindicated that the formation of Mis associated with a
is unclear. One possibility is that the change is lipid positive volume change4® 43) and that this probably
dependent and that the difference is due to the unique andnvolves lateral expansion of rhodopsin in the membrane.
unusual lipid composition of the disk membrane. With our Our results are consistent with these studies and indicate that
fluorescence labels we found, however, both with ROS volume changes that are associated with conformational
membranes and with OG micelles an increase in steric changes may be detected by time-resolved fluorescence
constraint at C140 upon photoactivation. depolarization.

With the spin label at C316 in ROS membranes no  Bovine rhodopsin was recently labeled at C316 by Alexa
significant light-induced change was observég) (With DM 594, a bulky fluorescent label similar to TR with an
micelle samples, on the other hand, an increase in the amounabsorption maximum of~588 nm @4). Due to its high
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extinction coefficient, this label could be excited at 605 nm,

that is, to the red of the rhodopsin absorption maximum.
This allowed steady-state fluorescence intensity measure-

ments for as long as 30 min witkk4% bleaching of

rhodopsin. Using their fluorescence assay, these authors

showed that the labeled rhodopsin had a normaMyi
equilibrium with a K, of ~6.8 (@44). Moreover, in the
presence of the fluorescent label at C316, they observed the 14.
extra-M, effect upon transducin binding. From competition

10.
11.
12.
13.

affinity was comparable. These functional assays thus 17.

demonstrate that labeling of C316 by Alexa 594, and 18. I ;
19. McDowell, J. H., and Klan, H. (1977)Biochemistry 164054~

presumably also by the smaller fluorescein used in our

studies, does not impair the activation of rhodopsin.

CONCLUSIONS AND OUTLOOK
Our experiments have clearly shown the feasibility of

doing time-resolved fluorescence depolarization experiments

with the light-sensitive photoreceptor rhodopsin both in the
dark state and in the signaling statg@.N¥loreover, with this

method the diffusional motion of the flexible loops that are  24.
involved in signal transduction is detectable directly on the

nanosecond time scale. This allowed for the first time a clear

separation of dynamical and steric effects in the mobility.
Light-induced increases in the steric constraints of the o7
cytoplasmic loops were detected in the Mtermediate at

positions C140 in the C2 loop and C316 in the C4 loop.

These changes were accompanied by a reduction in acces-

sibility to quencher. In future studies of this kind with

rhodopsin it will be of interest to investigate the effects of
phosphorylation, transducin binding, and pH on the loop
dynamics. The same method of site-directed fluorescence 32.

labeling may also be used to study the loop dynamics of

other GPCRs.
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