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Kinetics of the Initial Steps of G Protein-
Coupled Receptor-Mediated Cellular Signaling
Revealed by Single-Molecule Imaging

Yoriko Lill,"” Karen L. Martinez,'” Markus A. Lill,"™ Bruno H. Meyer,"

Horst Vogel," and Bert Hecht*™

We report on an in vivo single-molecule study of the signaling ki-
netics of G protein-coupled receptors (GPCR) performed using the
neurokinin 1 receptor (NK1R) as a representative member. The
NK1R signaling cascade is triggered by the specific binding of a
fluorescently labeled agonist, substance P (SP). The diffusion of
single receptor-ligand complexes in plasma membrane of living
HEK 293 cells is imaged using fast single-molecule wide-field fluo-
rescence microscopy at 100 ms time resolution. Diffusion trajecto-
ries are obtained which show intra- and intertrace heterogeneity
in the diffusion mode. To investigate universal patterns in the dif-

Introduction

Membrane receptors are of utmost importance for cellular sig-
naling, since they translate extracellular stimuli into intracellu-
lar responses. In this context, G protein-coupled receptors
(GPCRs), which belong to one of the largest family of mem-
brane proteins, play a prominent role." GPCRs are major tar-
gets for therapeutic compounds and, since they are of impor-
tance for smell and taste perception, they are also of great in-
terest to the food industry. GPCR activation by ligand binding
triggers the activation of intracellular heterotrimeric G proteins,
which interact with multiple proteins, resulting in the produc-
tion of secondary messengers. Despite their fundamental bio-
logical significance and the numerous biochemical and bio-
physical experiments that have been performed to date, the
complex reactions associated with GPCR signaling remain
poorly understood. An important open question concerns the
early molecular events occurring after ligand binding.

Previous experiments with ensembles of GPCRs in reconsti-
tuted systems aimed at the exploitation of GPCRs for sensing
purposes™> and allowed the elucidation of molecular interac-
tions in vitro.®” In vivo investigations, in which fluorescent
proteins are exploited to study important phenomena related
to GPCR function, such as dimerization,’®® desensitization,"”
and G-protein behavior upon activation, are also being per-
formed.""'? |n addition, experiments on ensembles of GPCRs,
based on fluorescence recovery after photobleaching, have
been performed to address the question of lateral diffusion of
GPCRs as part of the mechanism for signal transduction.[>'!

Experiments in which single fluorescent molecules act as
markers or local probes for their immediate nanoenvironment
have a distinct advantage compared to ensemble experiments,
since they can 1) unravel dynamical processes on a molecular

ChemPhysChem 2005, 6, 1633-1640 DOI: 10.1002/cphc.200500111

fusion trajectories we take the ligand-binding event as the
common starting point. This synchronization allows us to observe
changes in the character of the ligand-receptor-complex diffu-
sion. Specifically, we find that the diffusion of ligand-receptor
complexes is slowed down significantly and becomes more con-
strained as a function of time during the first 1000 ms. The decel-
erated and more constrained diffusion is attributed to an increas-
ing interaction of the GPCR with cellular structures after the
ligand-receptor complex is formed.

level taking place on various timescales and 2) reveal the pres-
ence of subensembles in complex, heterogeneous sys-
tems.'®"” This is because, by definition, single-molecule experi-
ments avoid ensemble averaging; for example, the properties
of lipid membranes supported on substrates,"®' or in living
cells,™ 2% have been investigated via single-molecule diffusion
studies. Other applications of single-molecule markers and
probes include the investigation of uncorrelated dynamics in
motor proteins,”?® as well as the intermediates and kinetics
of chemical®?” and folding reactions.®**" In the context of
GPCRs, fluorescence correlation spectroscopy®*® and single-
gold-particle tracking!*'® have been applied to study the dif-
fusion of single ligand-receptor complexes in live cells. Howev-
er, recent studies showed that the use of gold beads signifi-
cantly slows down the receptor motion.2*3

Here, we present a single-molecule investigation of GPCR
signaling in living cells. In particular, we take advantage of the
key benefit of the absence of averaging in single-particle ex-
periments, that is, the possibility to select subsets of data with
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desired properties from an ensemble.® In particular, this in-
cludes the possibility to keep detailed timing information for
data obtained from individual particles that can later be used
for offline synchronization.

We demonstrate a new approach that provides access to
the kinetics of GPCR signaling in a living cell. Specifically, we
study the first step of the signaling cascade triggered by the
binding of individual fluorescently labeled agonist (substan-
ce P) to individual GPCRs (NK1R) binding sites in living HEK 293
cells. Since we do not detect fluorescently labeled ligands until
they are bound to the membrane receptors, all our observa-
tions begin with the ligand-binding event. Individual bound li-
gands serve as markers for the position of a ligand-receptor
complex allowing us to follow the diffusion trajectories of
ligand-receptor complexes in the cell membrane starting with
the ligand-binding event. Since individual complexes are de-
tected, the individual diffusion trajectories of all the different
complexes can be synchronized in an offline data analysis with
the ligand-binding event serving as the time origin. By doing
this we are able to study the average diffusion characteristics
of the ligand-receptor complexes as a function of time after
ligand binding. We observe a distinct slowing down of the dif-
fusion while, concomitantly, the diffusion already becomes
more confined within the first 1000 ms after ligand binding.
Such behavior may be attributed to increasing interactions of
the receptor with cellular structures. Our findings open the
road for a plethora of detailed investigations of fast time-de-
pendent effects in the GPCR signaling cascade.

[36

Experimental Section

EGFP-NK1R Constructs: NK1R was labeled with enhanced green flu-
orescent protein (EGFP) to allow reliable selection of the cells ex-
pressing the NK1Rs for ligand-binding studies. EGFP was fused to
the extracellular N-terminus of the NK1R. As EGFP is not secreted
by cells, the N-terminal end of EGFP was further fused to the first
32 amino acids of the mouse serotonin receptor type 3A compris-
ing a signal peptide to promote translocation of the amino-termi-
nal domain to the extracellular space. As a mammalian expression
vector we used pCEP4 (Stratagene) with a hygromycin B resistance.
An HEK 293 cell line, stably expressing the EGFP-NK1R, was then
produced by selection with hygromycin B.

Ligand Binding to NK1R Ensembles: The binding capability of tetra-
methylrhodamine-labeled substance P (TMR-SP) to EGFP-NK1R, ex-
pressed in HEK 293 cells, was tested in a bulk assay. HEK 293 cells
transiently expressing EGFP-NK1R were seeded on a coverslip in
Dulbecco’s modified eagle medium (DMEM, Invitrogen) supple-
mented with 2.2% fetal calf serum (FCS, Sigma) one day before
the experiment. Tetramethylrhodamine-labeled substance P (TMR-
SP) (Molecular Probes, Netherlands) was added to the sample at a
final concentration of 100nm. Ensemble fluorescence images were
recorded using a laser scanning confocal microscope (LSM 510,
Zeiss). For the detection of the EGFP-NK1R, the samples were excit-
ed at 488 nm and fluorescence emission was detected with a
band-pass filter (BP 505-550 nm, Zeiss). TMR-SP was excited at
543 nm and its emission was detected with a long-pass filter (LP
560 nm, Zeiss).

Calcium lon Signaling: The presence of an intact signal transduc-
tion chain in the employed system was confirmed through the de-

1634
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tection of a Ca’* response upon ligand binding. HEK 293 cells
stably expressing EGFP-NK1R were seeded into a 96-well plate
(Greiner) in DMEM supplemented with 2.2% FCS one day before
the experiment. The cells were loaded with a calcium-sensitive dye
(Calcium 3 assay kit, Molecular Devices) during 30 min at 37°C.
TMR-SP in buffer (50mm Tris-HCI pH 7.5, 150mm NaCl, 5mm
MnCl,, 0.1% BSA (w/v), 100 ungmL~" Bacitracin) was added to a
final concentration of 3nm. The Ca** response was recorded on a
FLEX station (Molecular Devices) using excitation at 485+4.5 nm
and fluorescence detection at 525 +4.5 nm.

Single-Molecule Experiments: For single-molecule experiments,
cells were grown in DMEM supplemented with 2.2% FCS and
plated on glass coverslips to about 75% confluence. Immediately
before fluorescence imaging, the culture medium was replaced by
phosphate buffered saline and the cells were kept at room temper-
ature throughout the measurement. TMR-SP was added to the cell
culture at a final concentration of 1-2nmM. TMR-SP was selected as
an SP analog because it had been previously shown that it binds
to the NK1R very selectively and activates Ca>* responses in a simi-
lar way as unlabeled SP” which is an indication of the presence
of an intact signaling cascade.

Time-lapse series of fluorescence images of single ligand-receptor
complexes diffusing on the dorsal cell membrane were recorded
continuously at 10 frames per second with a wide-field epi-fluores-
cence microscope equipped with an oil-immersion microscope ob-
jective (Nikon, %100, 1.45NA) and a fast frame-transfer CCD
camera (EMCCD, IXon, Andor, Ireland) as detector. Focusing the
membrane to the camera was possible using the EGFP fluores-
cence of the receptor. TMR-SP was excited at an average power of
1 mW at 532 nm (ps-pulsed frequency-doubled Nd:Van laser GE-
100, Time-bandwidth Products, Zurich, Switzerland, pulse width
8 ps, 80 MHz repetition rate) and EGFP-NK1R with 0.7 mW at
488 nm (Art-laser, SpectraPhysics, Germany). A spot of approxi-
mately 10 um in diameter was illuminated in both cases. TMR-SPs
were detected as soon as they were bound to the cell surface.

To test nonspecific binding of TMR-SP to the cell surface, control
experiments were performed with cells not expressing EGFP-NK1R.
The respective cells were identified by the absence of EGFP fluo-
rescence. No TMR-SP was detected at the surface of such HEK 293
cells, which indicates an absence of ligand binding. In a second
control experiment, the binding of TMR-SP to EGFP-NK1R was suc-
cessfully blocked by adding 10 um of the nonfluorescent competi-
tive antagonist, L-732,138 (Tocris Cookson Inc., Ellisville, MO).

Data Analysis: Series of single-molecule fluorescence images were
analyzed using the software Igor Pro (WaveMetrics Inc., Lake
Oswego, OR). First, a cross-correlation filter with a Gaussian kernel
was applied to each image to facilitate the discrimination of fluo-
rescent spots from the background for subsequent analysis.®®
Then, to determine the position, width, amplitude, local back-
ground, and orientation of the spots which represent the ligand-
receptor complexes, an asymmetric 2D Gaussian was fitted to a 7 x
7-pixel subregion of the original unfiltered images that contained
the selected spot (and in most cases no other fluorescent spots)
using the Levenberg-Marquardt algorithm. Only those spots that
appeared in at least three consecutive images were selected for
further analysis. From the positions of a ligand-receptor complex
in subsequent frames, diffusion trajectories were constructed ac-
cording to standard procedures."®* In addition to the numerical
values of the fit parameters, the nonlinear fit routine also provides
estimates for the uncertainty of the parameters. Fits that resulted
in position errors relative to the spot size of larger than 35% were
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discarded from further analysis and with them the corresponding
diffusion trajectories. Typical fluorescence spots sat on an auto-
fluorescence background of about 1000 counts per second and ex-
hibit signal amplitudes of ~200 counts per second. Using these
parameters and assuming a Gaussian error distribution, the posi-
tion accuracy was estimated to be ~50 nm. The experimentally
observed position accuracy for individual ligand-receptor com-
plexes appears to fall nicely into this range [see insets of Figur-
es2b and 2d].

Results and Discussion
Characterization of NK1R Ensembles

Binding of TMR-SP to the NK1Rs was determined on cells tran-
siently expressing the receptors fused to the EGFP construct.
Confocal microscopy images [see Figure 1a] show that the
EGFP-NK1R are well expressed and localized at the cell mem-
brane. The fluorescence signal of TMR-SP is co-localized with
the EGFP signal [see Figures 1b and 1c]. In addition, the ab-
sence of TMR-SP signal on cells not expressing EGFP-NK1R in-
dicates specific receptor binding of the TMR-SP. The function
of the EGFP-NK1R was verified independently by measuring
the increase of intracellular calcium ion concentration upon re-
ceptor activation by adding the fluorescently labeled agonist
TMR-SP [Figure 1d].
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Figure 1. Ensemble fluorescence studies on the NK1 receptor in live HEK 293
cells. a)-c) Laser scanning confocal micrographs of HEK 293 cells expressing
the EGFP-NK1R. a) Fluorescence image arising from the EGFP moiety of the
receptor (excitation at 488 nm, emission with BP 505-550 nm); b) fluores-
cence image arising from TMR-SP bound to the receptors observed in (a)
(excitation at 543 nm, emission with LP 560 nm); c) white-light transmission
image of the same area with fluorescence images (a) and (b) superimposed;
d) time course of the normalized fluorescence intensity of calcium-sensitive
probes inside the HEK 293 cells after stimulation of NK1Rs by addition of

3 nmM TMR-SP (at &220 seconds on the time axis). The fluorescence signal in-
creases steeply reflecting an increase of the intracellular calcium-ion concen-
tration (bars =20 um).
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Diffusion of Single-Molecule NK1Rs.

For the single-molecule fluorescence investigation, the EGFP
signal enabled the reliable selection of the cells that expressed
NK1R. Figure 2a shows a histogram of the lengths of the 176
measured trajectories which contribute to the analysis of the
diffusion of single ligand-receptor complexes. The probability
density function of the spot sizes resulting from the nonlinear
fits is shown as apparent spot size in the inset of Figure 2. For
each spot, the widths in the x and y directions were averaged.
The most probable spot size is consistent with the diffraction-
limited resolution of our system of about 230 nm. The finite
asymmetric spread of the distribution has three contributions:
1) the appearance of elongated spots that occur due to fast
movements of the ligand-receptor complexes averaged over
the integration time of 100 ms, 2) spots that are slightly out-of-
focus due to a deviation of the cell membrane shape from an
ideal plane, and 3) a contribution from the signal and back-
ground noise.

The two-dimensional diffusion trajectories of individual
ligand-receptor complexes were analyzed, as a first step, by
determining the respective 2D mean-square displacements.
Representative plots of mean-square displacement (MSD)
versus time interval, obtained from three typical trajectories of
TMR-SP, are shown in Figures 2b-2d. MSD were obtained ac-
cording to ref. [40] using Equation (1):

+[y(jAt + nAt)—y(jAL)])*}

Here, At is the frame integration time, n is the frame number,
N is the total number of frames in the trajectory, and [x-
(jAt+nALb), y(jAt+nAt)] is the spot position after a time interval
nAt starting from [x(jAt), y(jAt)]. The selected examples dem-
onstrate the presence of heterogeneity in the mode and the
overall amount of diffusion among different ligand-receptor
complexes. It is also obvious from Figures 2b-2d that, even
within individual trajectories, there is strong heterogeneity in
the character of the diffusion. Such behavior can only be ac-
counted for by introducing time-dependent components into
the data analysis. Qualitatively, each plot of MSD versus time
interval nAt could be divided into short stretches showing dis-
tinct diffusion types that can be described by different models,
such as directed diffusion,**" which is characterized by a su-
perlinear increase of the MSD, or confined diffusion,® which is
characterized by a sublinear increase of the MSD.

The apparent heterogeneity of the data is detrimental to its
description by a single model using a reasonably low number
of fitting parameters without the risk of introducing a bias by
manual selection. We therefore computed the cumulative
radial distribution function, P(r%,1)1?>*>**! considering all trajecto-
ries and assuming a stationary diffusion process. The cumula-
tive radial distribution function is the probability of finding the
diffusing particle within a distance r from the origin after a
time t has passed. For Brownian diffusion, the cumulative
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with  rA)=4D(t, (i=12)"
Plots of P(r*t) were obtained for
each time interval nAt,
ne{1,2,3,...,14} from the experi-
mental data by counting the

st number of displacements less or
equal to the radius r. The result-
ing plots were then fitted by
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Figure 2. Analysis of the individual ligand-receptor-complex diffusion in live HEK 293 cells. a) Histogram of the
lengths of trajectories. Only trajectories spanning at least 300 ms (three frames at 100 ms) were evaluated. Inset:
probability density function of the spot size of the collected data points. For each spot, the full widths at half
maximum (FWHM) in the x and y directions are averaged. The most probable spot size is consistent with the dif-
fraction-limited spot size for a 1.45 NA objective at 532 nm illumination. b)-d) Plots of MSD versus time interval
for three typical trajectories. The error bars are obtained following error propagation. The series of fluorescence
spots at 100 ms intervals (raw data) and the resulting diffusion trajectories obtained from Gaussian fits are shown
as insets. The spot sizes in the complete trajectories represent the probability density function of the position un-
certainties (/50 nm) for each spot. Each fluorescence image at the top of b)-d) has a dimension of 1.67 x

1.67 um? and is a subimage taken from a larger image of a whole cell. Only the first 20 images are shown for (c)

and (d).

radial distribution is given by Equation (2):

P(r’t) = 1—exp (_4r_;t> (2)

where D is the diffusion constant. If the model is extended by
considering multiple diffusion constants, the cumulative radial
distribution P(%1) also allows the study of multicomponent
mobilities that may occur either within individual trajectories
or among different trajectories. Here, we considered the sim-
plest possible deviation from Brownian motion, that is, the
presence of a fast and a slow component with diffusion con-
stants D,(t) and D,(t), respectively, with a relative fraction of
D, (1) described by the weight factor a.® The cumulative radial
distribution for the extended diffusion model is then given by
Equation (3):

P(r’t) =1- [a - exp (—%)
+(1—a) -exp(—g)]
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21‘0 observed in a Monte Carlo simu-

lation of unrestricted Brownian
motion and, hence, the slow dif-
fusion observed here may be at-
tributed at least partly to the
fact that finite time series are
evaluated. The dependence of
a(t), rit), and rit) on t=nAt is
displayed in Figures 3d-3f. The
plot of a(t) [Figure 3d] shows a
rather constant value of about
0.4, confirming that the slow
component of the diffusion con-
tributes significantly to our data. The plots for ri(t) and ri(t)
can be fitted by a confined diffusion model according to Equa-

tion (4):
{1 —exp(

where L; is the average domain size within which the diffusion
is assumed to be free and D,; is the initial (free) diffusion con-
stant.®® The error bars originating from the fit to the cumula-
tive radial distribution functions according to the methods de-
scribed in previous reports®*? are rather small, which indi-
cates a homogeneous ensemble. The homogeneity of the pop-
ulation is likely due to the use of the fluorescent agonist,
which allows the exclusive observation of receptors that have
bound the ligand and therefore show similar behavior. In addi-
tion, we considered only cumulative radial distributions for
time intervals up to 14 frames in the analysis to ensure a con-
tribution from a significant number of data points.

T T
1.0 1.5

(4)

12 —12D,, - t
rf(t):§'~ 7"” i=12

;

For the fast component, r?, the fit to Equation (4) yields an
initial diffusion constant of D,,=0.207 £0.005 pm*s~" and an
average domain size of L,=1.0534+0.013 um. For the slow
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Figure 3. Analysis of trajectories using the cumulative radial probability distribution. Cumulative radial distributions are shown for time intervals of: a) 100 ms,
b) 700 ms, and c) 1400 ms. Fits by both two-component (solid curve) and mono-exponential models (dashed curves) are shown for comparison. d)-f) Plot of
a(t), r3(t) and r3(t) obtained from the cumulative radial distribution for the time intervals between 100 and 1400 ms by fitting a two-component model. d) The
dashed curve is the average «a(t). e)-f) The dashed curves are the fits to a confined diffusion model. The dashed line in (f) represents the offset due to the po-
sitional accuracy. The corresponding line in (e) coincides with the abscissa. The fit to the plot of r3(t) yields an initial diffusion constant of D,,=0.207 &

0.005 pm?s™" and an average domain size of L, =1.05340.013 um. For the slow component, r3(t), the fit yields D,,=0.011+0.001 um’*s™" and L,=0.174+

0.003 pm.

component, r2, the fit yields an initial diffusion constant of
D,,=0.01140.001 pm?*s™" and an average domain size of L,=
0.174£0.003 pm.

The diffusion properties that we observe for the ligand-
NK1R complexes are in good agreement with those reported
for GPCRs in living cells."*"*3*33 |n particular, the values we
find for the fast-diffusing component are similar to those
found by others using fluorescent lipid probes in HEK 293 cell
membranes,® for the membrane-targeting sequence of the
small GTPase H-ras,* and for fast-diffusing extrasynaptic gly-
cine receptors.®¥ Finally, we would like to point out that a
recent study™¥ has indicated that the measured domain size
may depend on the data-integration time.

Single-Molecule Signaling Dynamics

To analyze a possible time dependence in the diffusion charac-
teristics of ligand-receptor complexes, we took advantage of
the fact that we have recorded trajectories of individual
ligand-receptor complexes that are synchronized to the same
common event: the binding of the ligand to the receptor,
which initiates the GPCR signaling cascade. A time-dependent
analysis can therefore be performed using the following proce-
dure: The fitting steps described above are repeated for trajec-
tories from which a certain number of initial frames are left
aside. Such data selection enables us to detect characteristic
diffusion events during short stretches of time that are

ChemPhysChem 2005, 6, 1633-1640 www.chemphyschem.org

common to many trajectories but are initially hidden due to
the averaging process to which the data are subjected in order
to obtain the cumulative radial distribution function. The plots
of a(t), ri(t), and ri(t) versus time interval t=nAt for truncated
trajectories are shown in Figure 4. We observe a systematic
change in diffusion as a function of time. After the ligand bind-
ing, the diffusion of the ligand-receptor complex slows down
significantly. Both D,; and D, as well as af(t), decrease as a
function of the number of initial frames disregarded in the
analysis. This trend becomes evident if we plot the average a
over 12 frames for each curve and the initial diffusion coeffi-
cients D,,; obtained from the respective fits of the confined dif-
fusion model [Eq. (4)] as a function of the number of omitted
frames [Figures 5a-5c]. The confined diffusion model also
yields the average domain sizes, L, and L, which are also
found to decrease with the number of first frames truncated,
as shown in Figures 5d and 5e.

The results of this analysis indicate a high mobility during
the first few hundred milliseconds after ligand binding. Con-
comitantly, the diffusion slows down and becomes more con-
fined.

To exclude statistical artifacts, we have performed Monte
Carlo (MC) simulations of Brownian motion to generate a set
of trajectories with a distribution of trajectory lengths identical
to that found in our experimental study. Cumulative radial dis-
tribution functions of the synthetic data sets obtained in this
way also show the presence of a slow component, but an ad-
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Figure 4. Values of a(t), r(t) and r3(t) obtained from truncated trajectories. The legend indicates the number of consecutive frames after binding that are dis-
carded. The curves are analyzed as outlined in Figure 3 to obtain a mean value of «(t). Plots of ri(t) and r3(t) are fitted to a confined diffusion model to deter-
mine the diffusion coefficients and corresponding domain sizes. Again, the dashed line in (c) represents the offset due to the positional accuracy, which is

omitted in (b).

a) Initial frames discarded — b) Initial frames discarded —  ¢) Initial frames discarded —»
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
T T T T T T T T T T T T T T T T T
]E« t [ —e— experiment 0.04 I I
N [N - - -+ simulation . .
0.65} [.}.-} \ 0.20 : .
s BoE 1381
i i | Fi
€ 0.60 L ‘I-I,' T 0.18 T
(] (7)) » .
[ o~ A —&— experiment
g ’V TE E ~ - simulation ~~
£ S =
§ 0.45(- —&— experiment Qg 0.16 Qg
2 -+ simulation 0.01
k]
c
2 0.40f
5]
o
; 1 1 1 1 1
[
g 0.35|
9]
>
<
0.30}
025 n 1 1 1 I 1 1 1 1 1 1 0.15 L i
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0

Initial frames discarded/s —

Initial frames discarded/s —

Initial frames discarded/s —

Figure 5. The time dependences of the initial diffusion coefficients, D, and D,,, of the fast and slow diffusion components and the corresponding sizes of
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error bars here indicate the standard errors obtained from the fits of the data according to Equation (4). All solid curves describe experimental data, while
dashed curves are obtained from a Monte Carlo simulation of Brownian motion (free diffusion) with the same number of trajectories and distribution of

lengths as the experimental data.

ditional linear dependence of ri(f) and r3(t) versus time interval
that can be described by a free diffusion model. Similar obser-
vations are discussed by Vrljic et al.?? Repeating the analysis of
the experimental data, that is, discarding the initial frames of
trajectories one by one from the simulated trajectories, does
not produce the significant changes among the truncated tra-
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jectories, which we observe in Figure 4 in the case of the ex-
perimental data. To determine changes in the diffusion coeffi-
cients D, and D, upon truncation of 1-10 first frames from the
trajectories, the plots of ri(t) and r(t) versus time interval for
each truncated trajectory were fitted by a free diffusion model
according to rX(f)=4D;t. A representative example of the re-
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sults of the MC simulation is shown in Figures 5b and 5c
(dashed curves) along with the experimental data (solid
curves). Taking an average of a(t) obtained from the simula-
tion, as was done for the experimental data, also shows no dis-
tinct trend (Figure 5a, dashed curve). The results of this MC
simulation confirm the significance of the decrease in mobility
and increase in confinement we observe in our experiments.

Conclusions

Former studies on GPCRs, using various biophysical techniques
(single-particle tracking, fluorescence-correlation spectroscopy,
fluorescence recovery after photobleaching) and various label-
ing strategies, were performed by pre-incubating cell surface
receptors with optical markers before determining diffusion-
time coefficients. This results in the observation of heterogene-
ous ensembles consisting of receptors in different states of the
signaling process. In this respect, the approach presented here
differs principally; it delivers novel information on the kinetics
of the receptor activation and initial downstream signaling
events starting at the very beginning of the receptor-activation
process marked by the binding of the fluorescently labeled
ligand to the receptor. Quantitative analysis shows that the dif-
fusion coefficients, as well as the size of the restricted diffusion
domain, decrease during the first 1000 ms after receptor acti-
vation. Obviously, already during the first 1000 ms the activat-
ed ligand-receptor complex undergoes intracellular reactions,
for example, with the cytoskeleton,” or with downstream pro-
teins of the GPCR signal cascade; G-proteins,®? scaffolding pro-
teins,"*™ and membrane proteins." All of these interactions
could potentially influence the diffusion characteristics of
GPCRs; for instance, many GPCRs, once activated, are found to
be internalized by clathrin-coated pits, as demonstrated for the
NK1Rs by co-localization with the transferrin receptor.***” The
observed confinement of activated NK1Rs could be due to re-
cruitment and anchoring of the receptors by clathrin®® and/or
by the actin cytoskeleton™® in such compartments as de-
scribed for NK2Rs.'"™ Moreover, in a recent report, Monastyr-
skaya et al.®® used biochemical methods and immunofluores-
cent labeling to localize NK1Rs in lipid rafts and caveolae of
live cells. Interestingly, it was also shown that upon stimulation
of the NK1R with substance P, protein kinase C (PKC), one of
the downstream effectors of the NK1R activation, translocates
from the cytoplasm into the lipid rafts, where it interacts with
the receptor and finally causes its desensitization. Although
the time resolution of the experiments in the report of Monas-
tryrskaya et al. is of the order of 30-60 min, the PKC-modulat-
ed receptor desensitization in lipid rafts might be related to
the findings we have reported here. Therefore, our observa-
tions open the road to follow the chronological order of down-
stream events of the GPCR signaling cascade on timescales
and spatial resolutions that were not accessible so far. Future
experiments will aim to identify of the interactions that cause
the changes in the character of diffusion.
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