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REVIEW Sciences

Kinetics of G-protein-coupled receptor signals in
intact cells
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G-protein-coupled receptors (GPCRs) are the largest group of cell surface receptors. They are stimulated by a variety of stimuli
and signal to different classes of effectors, including several types of ion channels and second messenger-generating enzymes.
Recent technical advances, most importantly in the optical recording with energy transfer techniques—fluorescence and
bioluminescence resonance energy transfer, FRET and BRET—, have permitted a detailed kinetic analysis of the individual steps
of the signalling chain, ranging from ligand binding to the production of second messengers in intact cells. The transfer of
information, which is initiated by ligand binding, triggers a signalling cascade that displays various rate-controlling steps at
different levels. This review summarizes recent findings illustrating the speed and the complexity of this signalling system.
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Introduction

G-protein-coupled receptors (GPCRs) are a large family of
cell surface receptors that transmit the signals of not only a
multitude of transmitters and hormones but also of light,
taste and smell (Pierce et al., 2002). They are characterized (a)
by a common structure—a core comprising seven transmem-
brane a-helices with an extracellular amino and an intra-
cellular carboxy terminus (Palczewski et al., 2000; Schertler,
2005)—, (b) by common signalling mechanisms (Marinissen
and Gutkind, 2001), which result from the activation of
heterotrimeric G proteins (G.g,) by catalysing the exchange
of GDP for GTP in the G protein’s a-subunit (Bourne et al.,
1991) and (c¢) by multiple common regulatory and desensi-
tization mechanisms (Collins et al., 1991; Lohse, 1993).
G-protein-coupled receptors are generally regarded as
receptors that signal with intermediate speed. They can be
contrasted on the one hand to the ion channel receptors—
such as the nicotinic acetylcholine receptor—, which signal
with millisecond speeds, and on the other hand to the slow
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enzymatic tyrosine kinase or guanylyl cyclase receptors,
which elicit slow and prolonged intracellular signals that last
over minutes to hours. This perception of the speed of GPCR-
mediated signals is based mostly on physiological studies—
such as increases in cardiac frequency in response to
sympathetic stimulation of cardiac p-adrenoceptors—and
classical biochemical assays generally performed on mem-
brane preparations (Gilman, 1987; Bourne et al., 1991).

However, it appears that the potential of GPCRs to mediate
rapid signals has often been underestimated. In fact, two
well-studied examples showed already many years ago that
GPCR-mediated signalling can be very fast. First, in the
rhodopsin-mediated process of light perception, activation
of the light receptor rhodopsin can be observed within 1ms
of light triggering (Makino et al.,, 2003), and even the
downstream closure of the cGMP-gated cation channel—
which requires the intermediate steps of transducin activa-
tion and cGMP hydrolysis by the transducin-activated
phosphodiesterase—is observed within 200ms (Makino
et al., 2003). Second, electrophysiological recordings of
GPCR-regulated channels, such as the opening of GIRK
potassium channels by M2 muscarinic or by az-adrenocep-
tors, show that an entire GPCR-signalling chain can be
activated within 200-500ms (Pfaffinger et al., 1985;
Blinemann et al., 2001).

Although these earlier data convincingly demonstrate that
GPCRs are capable of fast signalling, very little was known
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until recently about the kinetics of the individual steps
involved in the triggering and transmission of signals via
these receptors. The recent development of a number of
fluorescent assays has now permitted the analysis of these
steps in intact cells (Krasel et al., 2004). Such fluorescence-
based assays were initially developed for purified, chemically
labelled, reconstituted receptors (Gether et al., 1995). The use
of cyan (CFP) and yellow (YFP) variants of the green
fluorescent protein (GFP) has later permitted the use of
fluorescent techniques in intact cells by studying the transfer
of energy from light-excited CFP to YFP (fluorescence
resonance energy transfer, FRET; Forster 1948; Marullo and
Bouvier, 2007). As FRET is very sensitive to the distance and
the orientation of the two fluorophores, it can be used to
detect both interactions between two different labelled
proteins and conformational changes occurring in an
individual protein carrying two labels. Figure 1 shows an
example, where both CFP and YFP are placed in a single
molecule (in this case a GPCR) to monitor intramolecular
FRET and its alterations by conformational changes, which
change the relative positions of CFP and YFP (see section
Receptor activation for details). In a variant of this technique
(Marullo and Bouvier, 2007), CFP is replaced by a light-
emitting luciferase (bioluminescence resonance energy
transfer, BRET); this results not only in reduced background
signals but also in a decrease in sensitivity and, hence,
temporal resolution. In another variant, YFP is replaced by
the small fluorescein derivative FIAsH, which binds to short

FRET ﬁ
XN
480 nm 535 nm

Figure 1 Example of a G-protein-coupled receptor modified for
fluorescence resonance energy transfer (FRET) analysis of receptor
activation (conformational change). A cyan fluorescent protein (CFP)
is placed in the third intracellular loop and a yellow fluorescent
protein (YFP) at the C terminus. FRET occurs upon excitation of CFP
(with light at 436 nm, causing emission at 480 nm), which allows
energy transfer to YFP (provided that the latter is close enough,
<10 nm distance), which results in emission at 535 nm. The ratio of
535 and 480 nm emissions is an indicator of FRET and is strongly
influenced by the distance between CFP and YFP, serving as a kind of
‘molecular ruler’. It should be noted that emission of CFP and/or YFP
can also be affected by other factors, such as pH or fluorescence
quenching, which necessitates appropriate controls. In biolumines-
cence resonance energy transfer (BRET), the donor CFP is replaced
by the light-emitting enzyme luciferase. In a variant of FRET, the
acceptor YFP is replaced by the small dye FIAsH, which binds to
tetracysteine-containing motifs that can be engineered into the
protein sequence.

436 nm
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cysteine-containing sequences and permits the use of a label
much smaller than GFPs (Hoffmann et al., 2005).

The individual elements of a GPCR signalling cascade are
very well characterized. The most important steps are (1)
agonist binding, (2) receptor conformational change, (3)
receptor-G-protein interaction, (4) G-protein conforma-
tional changes including GDP release and GTP binding, (5)
G protein-effector interaction, (6) change in effector activity
and (7) the resulting ion conductance or second messenger
concentration changes. Information about the individual
steps comes from a variety of techniques involving mem-
brane preparations and biochemistry, intact cells and,
finally, intact organs.

Steps in the GPCR signalling cascade

Agonist binding

Agonist binding to receptors is the step that initiates the
signalling cascade. There is a wealth of data on the kinetics of
agonist binding from radioligand binding to membranes
and, less so, to intact cells or tissues. There are, however, two
problems with the use of these systems: first, radiolabelled
agonists can be used for radioligand binding only if they are
of high affinity (that is, in the low nanomolar range) so that
the agonist-receptor complex does not dissociate during the
steps required to separate bound and free radioligand (such
as filtration). And second, most assays have been done in
membranes washed more or less free of GTP, which results in
formation of a stable receptor-G-protein complex that has
high affinity for agonists (in fact in many instances, it is only
this high-affinity complex that can be detected with agonist
radioligands). Whereas the on-rate of agonist binding
appears to be generally diffusion-limited, and thus is directly
dependent on the agonist concentration, the establishment
of a steady state depends on both the on- and the off-rate
and thus high-affinity radioligands tend to show long times
to reach this steady state (reviewed by Weiland and Molinoff,
1981). An example of such data is the binding of the high-
affinity agonist N°-phenylisopropyl adenosine to A;-adeno-
sine receptors, which has an affinity of about 1nM and
occurs with a ko, of 0.05nM ™' min~!, reaching equilibrium
in about 15 min (Lohse et al., 1984). These values are clearly
much slower than physiological responses to low molecular
weight agonists and indicate that classical agonist radioli-
gand binding data reflect an unphysiological setting, and
that the reported rate constants are not those that occur in
vivo.

More recently, attempts have been made to monitor the
agonist-receptor interaction with optical methods. This has
been done by labelling the receptor and the agonist with
fluorescent labels (of different but overlapping colour
spectra), and studying FRET between the two labels, which
results in an emission of the fluorophore with the longer
emission wavelength (acceptor) when the fluorophore with
the shorter emission wavelength (donor) is excited. FRET is
exquisitely sensitive to changes in the distance of the two
fluorophores (it decreases with the sixth power of the
distance). This technique has been used to study agonist—
receptor interactions for the neurokinin NK2 receptor and



the parathyroid hormone (PTH) receptor. In the case of the
small peptide neurokinin A and its NK2 receptors, the data
suggest a simple bimolecular binding reaction with observed
rate constants (depending on agonist concentrations) of
0.1-2 and 0.05s7}, respectively (Palanche et al., 2001). It has
been suggested that these two rate constants may reflect two
distinct conformations of the receptor, the fast one linked to
an intracellular Ca signal, the slower one correlating with
intracellular cAMP accumulation, but perhaps also a desen-
sitized state (Palanche et al., 2001). PTH is a large 81 amino-
acid peptide ligand and is usually studied with an active
analogue comprising the 34 amino-acid N terminus. Using
this fluorescently labelled N terminus, a biphasic interaction
with the PTH receptor was observed (Castro et al., 2005). A
first rapid interaction (t~100ms, strictly dependent on
agonist concentration)—presumably between the large N
terminus of the receptor and the C terminus of the ligand—
was followed by a second, slower event (r~1s), presumably
representing the interaction of the ligand’s N-terminal
portion with the transmembrane core of the receptor. Taken
together, these data suggest that agonist binding to GPCRs is
quite rapid, with key events occurring in the sub-second
range. However, it is interesting to note that in both
types of receptors, biphasic agonist-binding kinetics has
been observed, but both the rates and the respective
interpretation vary.

Receptor activation

Agonist binding to receptors is intricately linked to a
conformational change in the receptors that results in the
(or an) active state—where ‘active’ means the ability of the
receptors to not only couple and signal to G proteins but also
to be recognized by G-protein-coupled receptor kinases
(GRKs), B-arrestins and the internalization machinery. The
nature of this conformational change has been studied in
great detail by a variety of biochemical, mutagenesis and
spectroscopic techniques (Farrens et al., 1996; Sheik et al.,
1996; Wieland et al., 1996; Gether, 2000). All these studies
indicate that receptor activation leads to a relative rearrange-
ment of the receptor’s transmembrane helices, particularly of
helices III and VI. However, a major question is whether
receptors (such as rhodopsin) can adopt multiple active
conformations or whether they switch simply between an
OFF and an ON state as described in most classical models of
receptor activation.

In view of the relative movements of helices III and VI,
Kobilka and coworkers have searched for sites in
Bs-adrenoceptors that can be chemically labelled with
fluorophores and result in conformationally sensitive recep-
tor fluorescence due to fluorescence quenching. To this end,
they created a receptor mutant where accessible cysteines
had been removed by mutation, and cysteines were intro-
duced at different sites to allow selective labelling of the
purified receptors. These studies confirmed the concept of
agonist-induced relative movements of helices III and VI.
They further allowed the direct monitoring of conforma-
tional changes in a GPCR (Gether et al., 1995), which
suggested the existence of intermediate states and sequential
activation of receptors via these intermediate states
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(Swaminath et al., 2004, 200S; Yao et al.,, 2006). The
agonist-induced fluorescence changes were relatively slow,
suggesting that the purified reconstituted receptors did not
show the same behaviour as receptors in their native
environment. More recent studies indicate that careful
reconstitution can partially restore the speed of the recep-
tors’ conformational switch and result in agonist-induced
changes of intramolecular receptor fluorescence on the
timescale of about 30s (Yao et al., 2006).

A different strategy, used by our laboratory, involves again
the use of FRET between fluorophores—generally CFP and
YFP—attached to the receptor sequence. Placement of these
labels in the third intracellular loop and the C terminus,
respectively, led to the generation of receptor constructs with
remarkably preserved ligand binding and, in many instances,
also largely preserved signalling properties. If suitably con-
structed, these receptors react to agonists with a change,
usually a reduction, in FRET between CFP and YFP. Such
studies have been done with a number of receptors, including
the ops-adrenergic, Pi-adrenergic, PTH- and Ajs-adenosine
receptors (Vilardaga et al., 2003, 2005; Hoffmann et al., 2005;
Rochais et al., 2007). As an alternative to YFP, labelling of
specific, cysteine-containing sequences introduced into a
receptor sequence has been used to label sites in the third
loop of receptors with the small fluorescein analogue termed
FIAsH (for fluorescein arsenical hairpin binder; Hoffmann
et al.,, 2005). Following the original description for the
Aja-adenosine receptor (Hoffmann ef al, 2005), similar
labelling and FRET protocols using FIAsH and suitably
mutated receptors were described for the oys- and
B1-adrenoceptors (Nikolaev et al., 2006b; Rochais et al., 2007).

The FRET signals observed in such receptor constructs
in response to agonist binding decrease rapidly and in
a mono-exponential manner, presumably reflecting the
conformational change that results in the—or an—active
conformation of the receptors (Vilardaga et al., 2003). The
kinetics of these changes is much faster than previously
thought. They depend both on the nature of the receptor
and on the type of ligand. Receptor activation occurs with a
rate constant t of 30-50ms in A,s-adenosine, the ays- and
Bi-adrenoceptors (Vilardaga et al., 2003, 2005; Hoffmann
et al.,, 2005; Rochais et al., 2007). Whereas these rate
constants are faster than had been assumed so far, they are
still considerably slower than those measured for rhodopsin,
where the active, G-protein coupling metarhodopsin II form
is generated within about 1ms upon light activation (see
Okada et al., 2001). Adding to the kinetic complexity is the
example of the PTH receptor mentioned above, where
activation occurs with a © of ~1s (Vilardaga et al., 2003).
This rate constant agrees very well with the second slower
binding step to the receptor’s transmembrane domain that is
described above, suggesting that the second binding step
coincides with receptor activation. Relatively slow activation
kinetics has also been described for a similar bradykinin
receptor construct (Chachisvilis et al., 2006). It remains to be
seen whether the speed of activation of individual receptors
is related to the type of endogenous ligand (for example,
biogenic amines vs peptides and proteins), the class of
receptor, the type of downstream signals or whether it just
happens to be a property of an individual receptor.
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Studies with the aja-adrenoceptors have, furthermore,
revealed that different types of ligands cause changes in FRET
with very different speeds (Vilardaga et al., 2005; Nikolaev
et al.,, 2006b). The conformational changes induced by
partial agonists, which produce signals of only partial
amplitude, are considerably slower than those induced by
full agonists (Nikolaev et al., 2006b). Inverse agonist signals,
which correspond to an increase in FRET in these receptor
constructs, are even slower (Vilardaga et al., 2005). These
observations are in line with the hypothesis that the
different compounds may induce distinct conformations of
the receptors—a finding in agreement with the mechanistic
studies by Kobilka and coworkers referred to above—, and
that they do so with distinct kinetics.

Receptor-G-protein interaction

The interaction of receptors with G proteins has been studied
in numerous classical biochemical experiments, using for
example high-affinity binding, GDP release from the G
protein a-subunit or subsequent binding of GTP as read-outs
(Gilman, 1987; Bourne et al., 1991). However, given the rapid
speeds of receptor activation that were discussed above it is
not surprising that faster, optical techniques are required to
monitor these interactions at their true speed.

Receptor-G-protein interactions have recently been mon-
itored both via FRET (Hein et al., 2005, 2006) and the related
technique of BRET where the donor is a light-emitting
luciferase instead of a fluorescent protein (Gales et al., 2005,
2006). In either case, one of the labels is located in the
receptors (generally at the cytosolic C terminus), whereas
the other is located in one of the three types of G-protein
subunits (where different possible locations for a GFP
insertion have been described for Ga, GB and Gy). Both
approaches, BRET and FRET, agree that the interaction
between activated receptors and their G proteins can be
very rapid, reaching—at high expression levels—rate con-
stants in the 30-50ms range (Hein et al., 2005, 2006) or
below 300ms (Gales et al., 2005). The faster times were
observed by FRET, a technique that appears to be more suited
for kinetic measurements as the higher emission intensities
allow shorter recording intervals (Marullo and Bouvier,
2007). These rates suggest that the interactions between
receptors and G proteins are as rapid as the activation of the
receptors themselves, or—in other words—that activated
receptors need virtually no time to find and interact with G
proteins, provided that the latter are expressed at sufficiently
high levels.

Thus, it would appear plausible to assume that receptors
and G proteins must be located in close proximity or even be
pre-coupled. However, the studies carried out to date do not
agree on the extent of pre-coupling, that is, on receptors and
G proteins coupled in the absence of agonist. Whereas
Nobles et al. (2005) and Gales et al. (2005, 2006) found
evidence with FRET/BRET for significant pre-coupling be-
tween ay-adrenoceptors and a G-protein complex consisting
of Goyi1B1y2, Hein et al. (2005) using FRET found no
significant pre-coupling of the same receptors and G
proteins. In view of similar methods, other receptors such
as the Pp-adrenoceptor have been implicated to form a

British Journal of Pharmacology (2008) 153 $125-5132

complex with their cognate G protein by Gales et al. (2005).
A major problem in these FRET/BRET-based studies is the
accurate quantification of pre-coupling due to the lack of
suitable negative and positive controls. Therefore, further
studies need to rigorously address the issue of receptor-G-
protein pre-coupling and its significance for signalling. This
issue may be further complicated by the fact that, like any
protein—protein interaction, receptors and G proteins must
have some finite affinity even in their basal state, which will
have to result in the existence of receptor-G-protein
complexes if the expression level is sufficiently high. Thus,
the issue of pre-coupling may in fact also be a question of
terminology.

G-protein activation

The interaction of agonist-activated receptors with G
proteins results in the activation of the G proteins, an
activation that causes the G proteins to enter their ‘GTPase
cycle’ (Gilman, 1987; Bourne et al., 1991). This cycle involves
a number of steps, most notably release of GDP from the
Go-subunit (resulting in the formation of a high-affinity
‘ternary’ complex between the receptor with its agonist and
the heterotrimeric G protein), binding of GTP to the
Ga-subunit (causing the G protein to adopt its active state),
coupling of the Ga- as well as the GBy-subunits to effectors
(leading to activation or inhibition of these effectors) and
finally termination of the active state of G proteins by the
GTPase activity of the Ga-subunit (followed by resumption
of the inactive state of the G proteins and, concomitantly,
of the effectors). All these steps have been investigated in a
plethora of settings for various ensembles of receptors, G
proteins and effectors (see Gilman, 1987; Bourne et al., 1991
for classical examples), and even though these—mostly
biochemical—assays have presumably underestimated the
speeds of these steps in situ, it was clear from these early
studies that such G-protein activation and signalling can be
quite rapid.

Again, the use of FRET and BRET techniques has led to a re-
appraisal of the kinetics of these signalling steps and to some
extent also of the underlying mechanisms. As described
above for the receptor-G-protein interaction, these studies
involved the use of G proteins carrying labels in the Ga- and
in either the Gf- or the Gy-subunit. These labels were used
based on the classical assumption (Gilman, 1987; Bourne
et al., 1991) that GTP binding and the resultant conforma-
tional change of the Ga-subunit result in dissociation of the
G protein into the active, GTP-bound Ga-subunit and a
Gpy-complex (both of which can independently couple to
downstream effectors). It was thus assumed that activation
of such labelled G proteins would lead to their dissociation
and, consequently, to a loss in FRET. Surprisingly, however,
this was not always observed, and some constellations of
labelled G proteins showed clear and rapid increases in FRET
upon activation (Binemann et al., 2003; Frank et al., 2005).
Whereas the functionality of some of these constructs has
been questioned (Gibson and Gilman, 2006), their ability to
transmit a signal with appropriate kinetics suggests that they
were at least capable of functional coupling to receptors and
effectors. In view of these data, it appears that at least G



proteins of the G; type do not dissociate during activation,
but rather undergo a conformational re-arrangement of the
heterotrimer that allows the G-protein subunits to signal to
effectors (Frank et al., 2005; Gales et al., 2006). A similar
conclusion had been proposed earlier on the basis of the
observation that a yeast G-protein construct with its a- and
B-subunit homologues tethered together in a single fusion
protein can signal without complete separation of the
subunits (Klein et al., 2000). These data suggest that G
proteins may signal while remaining in a heterotrimeric
complex—even though, as in the case of pre-coupling
discussed above, the notion of a complex may be in part a
question of terminology. However, if indeed the subunits of
an activated G protein stay close together, this might in fact
solve several puzzling issues. For example, it might explain
why the Gpy-subunits of some G proteins can specifically
couple to effectors (such as G-protein-activated inward-
rectifying K* channels, G-protein-activated inward-
rectifying K* channel (GIRK) channels), whereas others do
not. Furthermore, it may explain how, following the
termination of a signal, G proteins can correctly re-assemble,
which would be difficult to imagine if G proteins fully
dissociated and their subunits diffused freely at the cell
surface (Quitterer and Lohse, 1999).

FRET was initially introduced for the study of G-protein
activation in intact cells for Dictyostelium (Janetopoulos et al.,
2001) and was later also used in other systems including
yeast (Yi et al., 2003) and mammalian G proteins (Biinemann
et al., 2003; Azpiazu and Gautam, 2004). The kinetics of the
activation of G proteins by receptors monitored by FRET or
BRET (Gales et al., 2006) appears to be rather slow. For
example, while ay-adrenoceptor activation and its interac-
tion with G; occur with time constants of 30-50 ms (Hein
et al., 2005), FRET signals indicate that G; activation requires
0.5-1s (Binemann et al., 2003; Nikolaev et al., 2006b).
Similarly, in the Gs-coupled B,-adrenergic and A,5-adenosine
receptor systems, receptor activation and receptor-G-protein
interaction occurred with time constants of about 50ms,
whereas G activation was about one order of magnitude
slower, with a time constant of 450 ms (Hein et al., 2006).
Biochemical experiments suggest that GDP release—which is
the slowest step of the GTPase cycle in membrane-based
assays—may be the reason for the delay between receptor—
G-protein interaction and G-protein activation. Taken
together, these data suggest that, compared with the up-
stream steps, G-protein activation is a rate-limiting step in
the activation of these signalling pathways.

The deactivation of G proteins occurs via the GTPase
activity of their Goa-subunit, which permits the re-establish-
ment of the inactive G-protein heterotrimer (Bourne et al.,
1991), a reaction that can be very significantly accelerated
by the regulator of G-protein signalling proteins (Xie and
Palmer, 2007). Deactivation of the G protein FRET or BRET
signals follows a time course that is compatible with the slow
GTPase activity of G proteins (Blinemann et al., 2003; Hein
et al., 2005, 2006; Nikolaev et al., 2006b).

The general nature of the G-protein signals recorded with
optical methods make them a very suitable tool to evaluate
the activity of orphan receptors or to assess the activity of
unknown compounds at a given receptor (Gales et al., 2006;
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Nikolaev et al., 2006b, 2007). It remains to be seen whether
this may evolve into a generally applicable screening
method.

Effector activation and second messenger signals

Activated G proteins couple to one (or more) effectors, such
as adenylyl cyclases or ion channels, and modulate their
activity. Ample evidence indicates that this coupling is
specific, agonist dependent, and is terminated by the GTPase
activity of the Go-subunit of the G protein concerned.
The simultaneous recording of G; protein FRET signals by
fluorescence recording and GIRK channel activity by whole-
cell electrophysiological recordings (Blinemann et al., 2003)
illustrate a very tight coupling between the active state of the
G protein and the effector. The traces of both, the on-
reaction and the off-reaction, were virtually superimposable.

Although this close coupling is evident for G proteins with
ion channels, the situation is more complex for biochemical
second messengers such as cCAMP. The intracellular concen-
trations of CAMP have also been monitored in recent years by
a number of FRET indicators (reviewed by Nikolaev and
Lohse, 2006). Even though these sensors react to cAMP with
different speeds—monomolecular sensors are faster than
those composed of different subunits—, they all show that
intracellular cAMP responses are relatively slow compared
with the processes discussed so far. First, cCAMP responses
show a lag time of several seconds before they become
apparent, and take many seconds up to several minutes to
peak (Zaccolo et al., 2000; DiPilato et al., 2004; Nikolaev
et al., 2004; Ponsioen et al., 2004). Second, the decay of the
cAMP signals is even much slower and is largely determined
by the activity of phosphodiesterases (Mongillo et al., 2004;
Nikolaev et al., 2005).

cAMP levels can be imaged by FRET simultaneously with
intracellular Ca®* levels using Fura-2 (Landa et al., 2005;
Harbeck et al.,, 2006; Willoughby and Cooper, 2006).
These experiments have revealed complex interactions,
mediated presumably via Ca®*-dependent adenylyl cyclases
as well as phosphodiesterases, that result in either synchro-
nous or antisynchronous oscillations of the two second
messengers.

Furthermore, cAMP imaging studies have confirmed the
notion (Rich et al., 2001; Fischmeister et al., 2006) that cAMP
signalling in cells, in particular in cardiomyocytes, may be
compartmentalized. Studies with cAMP imaging have re-
ported discrete microdomains going in parallel with the
striated pattern of cardiomyocytes (Zaccolo and Pozzan,
2002), different kinetics of submembrane and nuclear cAMP
levels (DiPilato et al., 2004) and local cAMP responses to
B,-adrenergic vs generalized cAMP responses to f;-adrenoceptor
stimulation (Nikolaev et al., 2006a). These data illustrate that
both the temporal and the spatial patterns of G-protein-
mediated signalling can become very complex at the second
messenger level.

GRK-mediated phosphorylation and B-arrestin binding
Both the phosphorylation of GPCRs by GRKs and the
subsequent binding of p-arrestins terminate ‘classical’

British Journal of Pharmacology (2008) 153 $125-§132



G-protein-coupled receptor signal kinetics
S130 MJ Lohse et af

signalling and trigger receptor internalization and ‘non-
classical’ signalling such as stimulation of the mitogen-
activated protein kinase cascade. FRET-based assays have also
been developed to monitor these steps, using fluorescently
labelled receptors and B-arrestins (Vilardaga et al., 2003;
Krasel et al., 2005; Violin et al., 2006). The conclusions from
such kinetic experiments have been reviewed by Krasel et al.
(2004) and will only briefly be summarized here.

First, it appears that GRK-dependent phosphorylation is
the rate-limiting step in these experiments; this process is
critically dependent on the level of GRK expression and may
take several minutes for completion. Following receptor
phosphorylation, the subsequent binding of B-arrestins is
fairly rapid and may occur with rate constants in the order of
a few seconds. This suggests that receptor phosphorylation is
the slowest of all processes discussed here, and may serve as a
‘monitor’ for overall activity of a receptor system. B-Arrestin
binding may then closely follow GRK-mediated phos-
phorylation and, under these circumstances, be essentially
dependent on a subsequent activation of receptors by
agonist—a process that is, as described above, very rapid
and may fine-tune the effects of the GRK/B-arrestin compo-
nents of the signalling system.

Outlook

New techniques of optical recording using luminescence and
fluorescence have opened up new venues of research into the
signalling by G proteins and their receptors. These methods
allow the detailed analysis of individual steps of signalling
cascades, including their temporal and spatial patterns.
Table 1 summarizes data that have been obtained for
individual steps of the GPCR signalling cascade for different
class A receptors. It illustrates that many rates still need to
be determined. Furthermore, the differences between these
receptors and the much faster rhodopsin on the one hand,
and the apparently slower NK2 receptor (also class A) and
PTH receptor (class B) cannot yet be attributed to specific
reasons and require further research.

Even at this preliminary stage, such studies have revealed a
number of interesting and provocative findings. They have
identified rate-limiting steps in the signalling chains—such
as the formation of an active G protein following the

Table 1 Kinetics of various steps in the receptor/G-protein signalling
chain as determined by FRET or BRET in intact cells

Step Half-life t;,, (ms)
Receptor conformational change 30-50
Receptor-G-protein interaction 30-50
G-protein activation 300-500

cAMP accumulation 20000-50 000

Abbreviations: BRET, bioluminescence resonance energy transfer; FRET,
fluorescence resonance energy transfer.

Values represent estimates of half-lifes (in milliseconds) for the individual steps
at maximal speed (that is, high agonist concentrations and protein levels) for
the Bq-adrenoceptor/Gs/cAMP cascade. Similar values were determined for
aa-adrenoceptors with Gi/G, and for Ays-adenosine receptors with G;. See
text for references.
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receptor-G-protein interaction, or the synthesis of cCAMP in
response to G-protein activation. Furthermore, these studies
have revealed patterns of intracellular signalling that are
more complex than previously anticipated, both in terms of
temporal patterns—as exemplified by simultaneous oscilla-
tions of both intracellular Ca*" and cAMP—and their spatial
distribution—as revealed by locally confined areas of
intracellular cAMP signalling. Deciphering the meaning
and the physiological relevance of the complex information
that appears to be contained in these signals will be a major
task of future receptor and signalling research.
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