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ABSTRACT: Heterotrimeric G-proteins interact with
their G-protein-coupled receptors (GPCRs) via key
binding elements comprising the receptor-specific
C-terminal segment of the a-subunit and the lipid
anchors at the o-subunit N-terminus and the y-subunit
C-terminus. Direct information about diffusion and
interaction of GPCRs and their G-proteins is manda-
tory for an understanding of the signal transduction
mechanism. By using single-particle tracking, we show
that the encounters of the o-subunit C-terminus with
the GPCR rhodopsin change after receptor activation.
Slow as well as less restricted diffusion compared to the
inactive state within domains 60—280 nm in length was
found for the receptor-bound C-terminus, indicating
short-range order in rhodopsin packing.

G-Protein-coupled receptors (GPCRs) constitute a large
superfamily of membrane receptors responsible for the
transduction of various external stimuli (/). In rhodopsin,
a prototype of GPCR subfamily A, the reception of light
and subsequent signal mediation across the membrane
leads to conformational changes in the receptor, facilitating
molecular recognition between the active Metarhodopsin-
IT (Meta-II) intermediate and the G-protein transducin on
the cytosolic face of the receptor (2). The specialization of
rhodopsin in phototransduction is reflected in its structure
and cellular arrangement: High concentrations of the
receptor in the stacked disks located in the rod outer
segments (ROS) are combined with a lack of most of the
other proteins involved in cellular function and ultrafast
switching from the covalently bound inactive (11-cis-ret-
inal) to the active ligand (a/l-trans-retinal). The packing
properties of rhodopsin in the disk membrane and the
diffusional characteristics of transducin will affect the
timing of events in the complex signal transduction cascade.
Simulations of stochastic encounters between light-acti-
vated rhodopsin and transducin reveal a clear dependence
on rhodopsin packing and lateral diffusion of transducin; a
respective high lateral diffusion coefficient of transducin
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seems to be sufficient to obtain the fast responses required,
even at high concentrations of immobile rhodopsins (3).
However, the packing of rhodopsin in the membrane and
the related diffusion coefficients are controversially dis-
cussed. While early experiments indicated that rhodopsin
diffuses freely in the lipid bilayer of the disk membrane (4),
recent atomic force microscopy data revealed rows of
rhodopsin dimers in a paracrystalline lattice (5), an ar-
rangement which seems to conflict with a freely diffusing
rhodopsin. Thus, direct information about the diffusion
and interaction properties of rhodopsin and transducin is
mandatory for deducing the underlying microscopic prin-
ciple of action. To the best of our knowledge, direct
measurements of lateral diffusion behavior of transducin
on the single-molecule level were not reported, so we set out
to implement a setup based on single-molecule tracking to
follow the encounters and lateral diffusion of transducin
and its binding elements with the disk membrane.

Here we performed a proof-of-principle experiment to
show the feasibility of the single-molecule spectroscopy
approach to studying the time dependence of the light-
triggered interaction between rhodopsin and transducin.
For a clear-cut discrimination between the different inter-
action modes in the dark and light-activated state of
rhodopsin, we took advantage of the fact that transducin
(Gr)-derived peptides of the Gro-subunit C-terminus
recognize the active form of the receptor and can replace
holotransducin in stabilizing Meta-1II (6). In particular, the
peptide derived from the extreme C-terminus of the Gra-
subunit has supposedly no affinity for dark rhodopsin (7)
but high affinity for light-activated rhodopsin (6,7). Thus,
this peptide is expected to show membrane interaction only
after light activation, in contrast to holotransducin with its
lipid anchors. A recent crystal structure highlights the
interaction of the transducin peptide with an active state
of the receptor (8) (Figure 1C).

For our experiments, we used a fluorescently labeled
variant of the C-terminal segment of the Gro-subunit,
pGro-F (F is the fluorescence label Atto647N). In the
initial experiment, we followed the interaction of pGra-F
with inactive (dark) rhodopsin membranes using single-
molecule wide-field microscopy (9). As rhodopsin mem-
brane sheets are known to form well-defined layer
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FIGURE 1: Fluorescence images of single pGra-F. (A) Interaction with dark
rhodopsin (ROS) membranes. (B) Image series from the time-resolved inter-
action of pGra-F with light-activated disk membranes. Same area as in panel
A but with a reduced amount of fluorescent pGra-F. (C) Structure of opsin
(cyan) in complex with the C-terminal peptide of the transducin o-subunit
(red) (8), together with receptor-unbound fluorescently labeled peptides (blue).
(D) Kinetics of Meta-II formation (20) and increase in the number (V) of
interacting pGro-F molecules after rhodopsin light activation. Conditions:
130 mM NacCl, 10 mM MES, pH 6, 19 °C.

structures (/0), we deposited disk membrane layers at the
surface of a glass coverslip in a buffer-filled sample com-
partment. The fluorescently labeled pGra molecules are
visible as bright spots when added to the nonlabeled
rhodopsin disk membranes. With increased pGro-F con-
centrations, areas of high pGra-F localization were
observed (Figure 1A), consistent with the outline of in-
dividual membrane patches. In control experiments with-
out membranes, we observed a homogeneous interaction
pattern (data not shown). To allow for a visualization of
the expected increase in the number of pGra-F molecules
interacting with the activated rhodopsin, we reduced the
number of fluorescent pGra-F molecules sufficiently
(Figure 1B, first image). Figure 1B presents an image series
from the first time-resolved observation of the interaction
and diffusion characteristics of pGro-F with disk mem-
branes and their changes upon light activation. An inte-
gration time of 31 ms per frame (32 Hz) was used. The
image series starts with the frame before the green flash
activates rhodopsin and clearly shows that rhodopsin
activation triggers an increase in the number of interacting
pGra-F molecules. This increase was absent without
rhodopsin membranes (Figure 1D). Within the first frame
after the flash, the highest number of pGro-F molecules
was observed at the membrane surface. Thus, initial bind-
ing occurs within the formation time of Meta-11
(Figure 1D). This is fast compared to the binding kinetics
in the time range of seconds observed for mass-tagged C-
terminal segments in classical light scattering experi-
ments (7), but comparable with the binding time constant
of Gt (40 ms) in earlier reports (/7). The observation of
light-induced binding of single pGro-F molecules to rho-
dopsin disk membranes was a crucial test for the successful
application of single-molecule fluorescence spectroscopy.
To further quantify the wide-field single-molecule fluor-
escence experiments, we analyzed the mobility of pGra-F
molecules. As the Gp-derived peptide interacts tightly with
the receptor after rhodopsin light activation (6), it is
expected to report on the mobility of the active Meta-11
molecule. Mean square displacements ((+*)) obtained from

pGra-F trajectories are presented for several molecules
before and after rhodopsin light activation (Figure 2B,E).
The distribution of the distances r (step length) a mole-
cule moves in a given time allows for the detection of
subpopulations in nonhomogeneous populations (12, 13).
Nonhomogeneous populations are suspected from the ()
plot and are indicated in Figure 2B,E with different
colors. The step length distributions for inactive and
light-activated rhodopsin membranes can be satisfactorily
described by a biexponential fit, yielding two subpopula-
tions (Figure 2C,F). In the dark state of rhodopsin, we
observed that ~70% of the pGra-F molecules interact
only for one frame with the disk membranes (Figure 2A),
consistent with the vanishing affinity of the peptidic bind-
ing element for inactive rhodopsin. Less than 20% of the
molecules contribute to the trajectories and the step length
distribution shown in Figure 2B,C. The time dependence
of the coefficients from the distribution functions reveals
that the * values of the major fraction are constant and
close to the displacement accuracy of our experiment, thus
indicating immobile pGto-F. As a fit to the decaying
residence time histogram (Figure S3A) results in a time
constant of 49 ms, those molecules which interact for
two frames were analyzed separately. They display a
higher mobility: 1} = (6.0 + 1.2) x 10~ um?, and 13 =
(47 £ 1.2) x 107% um?. According to the relationship > =
4Dt for normal diffusion, this yields the following diffusion
constants: D; = 0.05 /,tmz/s, and D, = 0.38 umz/s. The
situation is different after light activation of rhodopsin.
The percentage of molecules, which interact for only one
frame, is reduced to ~40% (Figure 2D), consistent with the
fact that the majority of pGra-F tightly binds to active
rhodopsin. However, rhodopsin light activation surpris-
ingly results in an increased heterogeneity in pGra-F
mobility (Figure 2E). More mobile components are evi-
dent from the step length distribution histogram
(Figure 2F, orange fit) and the corresponding cumulative
distribution function (Figure 3A). The fractional ampli-
tude of the fast component is increased from ~0.2 in the
dark to ~0.5 after light activation (Figure 3A,B). While for
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FIGURE 2: Residence times and time dependence of (+?). Dark rhodopsin
membranes. (A) Residence times of interacting pGra-F with dark disk
membranes. (B) Mean square displacements: thick lines, mean of respectively
colored time traces; inset, selected tracks. (C) Step length distribution. Fit
(dashed line): 1§ = 0.0009 + 0.0001 «m? (green); 3 = 0.003 £ 0.001 #m? (blue).
Light-activated rhodopsin membranes. (D) Residence times of interacting
pGra-F with light-activated disk membranes. (E) Mean square displacements:
bold, mean of respectivelg colored time traces; inset, selected tracks. (F) Step
len%th distribution. Fit: § = 0.001 £ 0.0001 um? (green); 3 = 0.005 =+ 0.001
um~ (orange).
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FIGURE 3: Time dependence of distribution function coefficients. (A) Prob-
ability distribution function for square displacements of pGro-F interacting
with dark (black; fit, 1 = 0.0009 um?, 3 = 0.0037 um?, A, = 0.81) and light-
activated (red; fit, 17 = 0.001 um?, 3 = 0.0047 um> A, = 0.42) rhodopsin
membranes. For immobile pGro-F, r* = 0.0002 um?. (B) Time lag depen-
dence of amplitude 4; (slow fraction) after rhodopsin light activation. (C)
Time lag dependence of r* (slow component) after rhodopsin light activation
from a selected experiment (fit, L; = 61 =2 nm, Dy = 0.01 um~/s). (D) Time
lag dependence of r? (fast component) after rhodopsin light activation from a
selected experiment (fit, L, = 130 £ 2 nm, Dy = 0.1 um?/s). The dotted
horizontal line in panels C and D represents the mean displacement accuracy.

the dark rhodopsin membranes strongly confined diffu-
sion and immobilization of interacting pGra-F were ob-
served, the time dependence of the r* values after light
activation indicates less restricted diffusion (Figure 3C,D).
Restricted diffusion behavior (/4) may be explained by a
confined diffusion model (/5). The confinement lengths
(L) are between 60 nm (subpopulation 1) and 280 nm
(subpopulation 2), depending on the sample, with the
following initial diffusion constants: D, = 0.01 um?/s,
and Dy = 0.1 um?/s, respectively. More interestingly,
subpopulation 1 displays an increase in > with time,
starting about 200 ms after light activation of rhodopsin.
This suggests a change to normal diffusion with a D of
0.002 um?/s (Figure 3C). This phenomenon was observed
in all experiments (three different samples). We propose
that the observed transition to normal diffusion after
rhodopsin light activation is caused by slow diffusion of
the receptor detected through rhodopsin-bound pGra-F
molecules. The change in diffusion behavior is probably
induced by alterations in rhodopsin packing, supported by
the observed increase in confinement length after light
activation, and by structural changes in activated rhodop-
sin. Studies on rhodopsin oligomerization suggest that
rhodopsin tends to oligomerize, and simulations predict
short-range order in rhodopsin membrane assembly (/6,
17). A recent fluorescence recovery after photobleaching
study (/8) on Gt and rhodopsin in tadpole rods found high
mobility for activated, G-protein-devoid rhodopsin, but
sequestration into cholesterol-dependent microdomains
for the Gr-bound receptor. The diffusion constant of the
latter (0.05 um?/s) is within the range of the D, values
found here for the activated receptor-bound pGro-F. Only
those pGra-F which briefly interact with the inactive
membrane display higher mobility (D ~ 0.4 um?/s). We
suggest that these high-mobility molecules probably inter-
act with the lipid phase, as mobile G-protein lipid anchors
displayed diffusion coefficients in the same range (/9).
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Taken together, our single-molecule tracking data sup-
port the conclusion that membrane microdomains play a
role in the organization of GPCRs. In the case of rhodop-
sin, single light-activated receptors diffuse in membrane
domains of different sizes at a time scale of milliseconds to
seconds. This suggests disk membrane inhomogeneity and
is compatible with a semiordered packing of rhodopsin
over a time range which corresponds to the millisecond
activation time scale of rhodopsin. The successful visuali-
zation of the light-induced interaction of a single transdu-
cin binding element with rhodopsin opens the possibility to
further investigate diffusion characteristics and interac-
tions of holotransducin and its subunits on the single-
molecule level to provide deeper insights into the regula-
tion of receptor—G-protein activation. Within a greater
scheme, the interaction and the mutual interference with
molecules controlling the multistep shutoff of activated
rhodopsin can be directly visualized, and their dynamics in
the signaling cascade can be studied in the future.
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