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Abstract

G protein-coupled receptors (GPCRS) initiate intracellular signaling pathways in response to
physiologically and medically important extracellular ligands such as peptide and large
glycoprotein hormones, neurotransmitters, sensory stimuli (odorant and taste molecules, light),
calcium, L-amino acids, and are the target of many clinical drugs. The conversion of these
extracellular stimuli into intracellular signals involves sequential and reversible reactions that
initially take place at the plasma membrane. These reactions are mediated not only by dynamic
interactions between ligands, receptors and heterotrimeric G proteins, but also by conformational
changes associated with the activation/deactivation process of each protein. This review discusses
the kinetic characteristics and rate-limiting reactions engaged in signal propagation that are
involved in systems as diverse as neurotransmitter and hormonal signaling, and that have been
recorded in live cells by Forster resonance energy transfer (FRET) approaches.
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Introduction

Specialized seven a-helical transmembrane proteins known as G protein-coupled receptors
(GPCRs) constitute the largest family of cell surface proteins in the human genome and
serve as molecular switches to transmit extracellular stimuli into cell signaling cascades (1-
5). The initial steps in GPCR signaling take place in the plasma membrane and involve the
binding of a ligand (L) that rapidly shifts the inactive receptor (R) to an active state (R*). In
the following steps the activated receptor couples to and activates heterotrimeric G proteins
(G) through the release of a bound guanosine diphosphate (GDP) and the capture of
guanosine triphosphate (GTP) on the G protein a-subunit (Ga) (6-9). The GDP/GTP
exchange proceeds through a series of intra and intermolecular events in the heterotrimer
Gapy that results in active Ga-GTP and GB+y subunits (10-14). Both Ga and GB+y proteins
can then signal independently to their effector proteins, either enzymes (adenylate cyclase
isoforms, phospholipase C) or channels (voltage-gated calcium-, and G protein-activated
inwardly rectifying K* channels) (15-17). The timing of a GPCR signaling cascade is
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controlled by a dynamic interplay between a sequence of reactions involving ligand/receptor
interaction, receptor/G protein interaction, as well as conformational changes associated
with the activation/deactivation cycles of receptors and G proteins (18-22).

A series of spectroscopic and fluorescent techniques applied to purified and reconstituted
receptors revealed that the molecular nature of receptor activation is associated with a
conformational rearrangement of the receptor’s transmembrane helices relative to one
another, particularly helices 3 and 6 (23-26). These studies are limited, however, by the
difficulty of recording fast kinetics of ligand-induced conformational changes that would be
compatible with the biological response to receptor activation occurring within seconds in
live cells (27,28). This limitation has been bypassed by the use of Forster resonance energy
transfer (FRET) approaches, which allow the recording kinetics of receptor activation in
real-time in live cells (see below). This review discusses kinetics and rate-limiting reactions
that proceed along diverse GPCR signaling systems, and which have been recorded by live
cell microscopy with genetically encoded FRET-based biosensors (Figure 1A, 1D, and 1G).

Kinetic diversity in GPCR signaling systems

Ligand binding

The temporal events of both ligand binding to, and unbinding from a receptor expressed in a
live cell can be measured by FRET between a receptor A~terminally tagged with green
fluorescent (GFP) protein and a ligand, usually a peptide, tagged with a red fluorophore such
as tetramethylrhodamine (TMR) (29). The principle of this experiment is that resonance
energy transfer occurs when part of the energy from the GFP (the donor fluorophore) in the
N-terminal extracellular domain of a receptor is transferred to TMR (the acceptor
fluorophore) attached to the ligand (Figure 1A). In the absence of binding, GFP and TMR
are not in close proximity, the energy is not transferred and only green light emitted by GFP
is detected. When GFP and TMR are brought into close proximity by means of the specific
binding between the ligand and the receptor, energy is transferred from GFP to TMR
resulting in the emission of red light from TMR and a simultaneous decrease in emission of
green light from GFP. The time course of this decrease in GFP fluorescence is thus a means
to measure real-time kinetics of ligand/receptor association. This approach has determined
the kinetics of ligand binding for two distinct GPCR systems: the neurokinin NK2 receptor
and the parathyroid hormone type 1 receptor (PTHR; Figure 2A) (29-32). For both
receptors, agonist association is the result of a two-step process in which the kinetics of the
first binding step reflect a simple bimolecular interaction (L + R) between the ligand (L) and
the receptor (R) that is strictly dependent on ligand concentrations. In the case of PTH, for
example, the initial time constant is ~ 150 ms at 10 pM of PTH-related peptide PTHrP(1-
36) (Figure 1C, and 2A). The second binding step involves slower kinetics with time
constants that follow a hyperbolic dependence on ligand concentration, suggesting a more
complex mechanism involving ligand/receptor interactions as well as conformational
changes of the ligand and the receptor (Figure 1C). The two distinct rate constants recorded
for the NK2 receptor are thought to reflect either the induction or the stabilization of two
different receptor conformations. The fastest is associated with Ca2* signaling only and the
slowest is linked to cAMP signaling. A distinct scenario has been demonstrated for the
PTHR, where a rapid first phase mirrored ligand binding to the receptor A-domain (/\-
terminal extracellular domain), and the second phase reflected association to the J-domain
(comprising the seven transmembrane helices and connecting extracellular loops) exhibiting
much slower kinetics. The second binding phase is temporally coupled to the isomerization
of the complex ligand-receptor with an active conformation, which in turn triggers G protein
activation (29,30,33,34). The time constants of this slower binding step at different
concentrations of agonist match those observed for receptor activation, as measured with a
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FRET-based biosensor for receptor activation (see below), and are thus rate limiting for
activation of the PTHR (Figure 2A).

The kinetics of agonist dissociation have also been measured and analyzed for the PTHR
(Figure 2B) (30,35). The dissociation of PTHrP(1-36) proceeds through a two-step
mechanism of ligand release involving a fast and slow components. One of these
components reflects a rapid dissociation process (z = 1.3 sec), which corresponds to a small
fraction (~15%) of ligand-bound receptor; the other component corresponds to a slower
dissociation process (z = 28 sec). The ability a dominant negative form of Gas (DN-Gs),
which forms a stable but inactive signaling complex with Gas-coupled receptors, to
eliminate most (~80%) of the slow phase of the ligand dissociation process suggests that the
slow dissociation component is dependent on the release of G proteins from the receptor
(Figure 2C) (30).

Receptor activation/deactivation

The kinetics of receptor activation and deactivation can be measured by recording
intramolecular FRET changes from receptor biosensors (20,36—39). These receptors are
made with the cyan fluorescent protein (CFP, the donor) inserted in the third intracellular
loop of a receptor and the yellow fluorescent protein (YFP, the acceptor) fused to the C-
terminus of the same receptor or vice et versa (Figure 1D) (33). Alternatively, the
tetracysteine motif CCPGCC can be used as an acceptor in place of YFP. This sequence
binds specifically the membrane permeable dye molecule FIAsH (Fluorescein Arsenical
Hairpin binder, the acceptor) and has the advantage of being a much smaller molecule than
YFP (40). Diverse functional receptor biosensors, referred to as GPCRFIASH/CFP or
GPCRYFP/CFP have been generated that report with high temporal resolution ligand-induced
receptor’s switches by recording changes in intramolecular FRET (33,40-47). The CFP/
FIAsH FRET pair can report GPCR activation in living cells at least as well as FRET from
CFP/YFP and sometimes with larger amplitude of the FRET signal (40). The conformational
rearrangements that take place as the receptor switches from an inactive to an active state
upon agonist binding are transmitted to the FRET pair and modify the relative distance and/
or dipole—dipole orientation between the fluorescent partners, which results in a rapid loss of
FRET (Figure 1E). This FRET change can be monitored as the change in the ratio of
emission intensities of yellow and cyan fluorescences, Fygp/Fcep. This usually follows a
monoexponential time course (Figure 1E). The time constant (z) of receptor activation
follows a hyperbolic dependence on ligand concentrations and reaches a minimal value at
saturating concentrations of agonist (33). This behavior usually represents a two-step
process where ligand-receptor collisions are rate limiting, at first, followed by a slower step
in which the receptor undergoes a conformational switch. The fastest speed observed for
receptor activation in response to small agonist molecules ranges between time constants of
~ 40 and 100 ms in the case of a,a- and p1-adrenergic receptors, adenosine apa-receptor,
and muscarinic M- and M,-receptors (33,40,41,43,46). The speed of receptor activation,
however, is considerably slower (z ~ 1 sec) for the PTHR even in response to a full agonist
(30,33; Table 1). Differences in the activation time course of these distinct receptors may
not only depend on intrinsic properties of receptors themselves, but also on the type of
ligand and its mode of binding to the receptor. Additional interactions of receptors with
other receptors, or single transmembrane protein members of the receptor activity-modifying
protein family, or adapter proteins such as the Na*/H* exchanger regulatory factor adaptor
protein, may stabilize distinct receptor conformations that modulate kinetics of GPCR
activation.

Kinetics of receptor deactivation, measured by recording the increase in FRET after ligand
washout (Figure 1E), are also variable for each type of receptor. Deactivation of a;aAR and
MR after ligand removal proceed with a time constant of z ~ 1-2 sec (43,48), whereas
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PTHR deactivation is much slower with a =~ 58 sec after PTHrP(1-36) washout (30).
These kinetic differences may depend not only on differences in ligand structure (small
molecules vs. peptides) and binding affinity, but also on the intrinsic capacity of activated
receptors to switch back to their inactive state. For example, bound PTHrP(1-36) labeled
with TMR (PTHrPTMR) dissociates from the PTHR A+terminally tagged with GFP (CFPA-
PTHR) with a half-time #, of ~ 19 sec, whereas the PTHR biosensor (PTHRCFP/YFP)
deactivates with #, = 40 sec after PTHrPTMR washout (30). Given that PTHrPTMR bound
to SFP ALPTHR exhibits binding isotherms and signaling properties similar to unlabeled
PTHrP bound to PTHRCFP/YFP (30), one deduction would be that ligand dissociation is
completed before receptor deactivation. The active state of the PTHR, thus, persists even
after PTHrP(1-36) has dissociated. As a result of slow receptor deactivation relative to the
rate of ligand dissociation, the receptor remains in its active state for an extended time,
which presumably permits multiple cycles of G protein activation.

Kinetics of receptor activation and ligand efficacy

Different ligands acting at a receptor can produce variable responses corresponding to their
varying intrinsic efficacies, and which are independent of the maximal occupancy of
receptors (49,50). Agonists can either generate a maximal (full agonists) or submaximal
(partial agonists) receptor-mediated response, or reduce (inverse agonists) basal levels of
receptor signaling. Studies in live cells have reported that ligands of different efficacies
produced changes in FRET signals from cells expressing GPCRCFP/YFP or GPCRFIASH/CFP
that correspond to their expected pharmacological properties: full and partial agonists
decrease FRET with diverse magnitudes, whereas inverse agonists increase FRET
(33,41,44,51). Ligand efficacies can therefore be measured not only as conformational
changes of a different character, but also of different kinetics. For example, FRET changes
reporting conformational rearrangements of the a,aAR are fast for full agonists (z = 50
ms), slower for partial agonists (¢< 1 sec), and even slower (z ~ 1 sec) for inverse agonists
(41,51). These varying kinetics depend on neither structural nor binding affinity differences
between ligands, but instead correlate remarkably well with the functional efficacy of each
tested ligand, as measured by the level and kinetics of G protein activity, also recorded by
FRET assays (see below) (Figure 3). These differences have been interpreted as evidence
that ligands with different efficacies can switch a receptor into distinct conformational
states, which in turn determine the kinetics and magnitude of G protein signaling. These
FRET-based data thus support a model in which differences in agonist efficacy at the level
of G protein activation and signaling originate from distinct conformations of the receptor
(52-56).

Fast receptor deactivation by allosteric modulation

Interactions of allosteric compounds at allosteric receptor sites (i.e. separate from the
binding site for the native ligand) or conformational changes from one receptor to another
can modulate receptor activity by processes involving rapid conformational changes (57—
62). A recent work shows that gallamine and dimethyl-W84, two negative allosteric ligands
at the My muscarinic receptor, block agonist-induced receptor signals as measured by a
FRET-based muscarinic M, receptor sensor, M,RFIASH/CFP (43) These allosteric ligands do
not trigger receptor signaling or changes in FRET by themselves, but instead reverse the
FRET response to receptor-agonist binding (i.e., increase of FRET rather than decrease it).
This allosteric effect occurs rapidly, with a time constant of =~ 80-200 ms at saturating
concentrations of gallamine or dimethyl-W84.

A cross-conformational change that propagates from one receptor to another can also act as
a rapid allosteric modulator of receptor activity. This has been experimentally demonstrated
through FRET microscopy for the a,a-adrenergic receptor and the z-opioid receptor, which
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form receptor heterodimers in neurons and cultured cells (a,aAR/LOR) (42). These
receptors, which can act either singly or as heteromers, stimulate common signaling
pathways through the inhibitory G; protein in response to their respective endogenous
agonists (63). In this case, morphine binding to the w-opioid receptor alters the activation of
the apa-adrenergic receptor through a trans-conformational change transmitted from the
KLOR to the apsaAR. The kinetics of this change is rapid (#,, < 400 ms) and faster than that
of G protein activation (Figure 4). This fast trans-conformational switch between receptors
decreases both activation of G; signaling and stimulation of MAP kinase phosphorylation
(36). Thus, conformational cross-talk between receptors prevents over stimulation of
signaling pathways to two different ligands acting on a receptor heteromer by rapidly
adjusting the extent of G protein activation.

Receptor-G protein interaction

The kinetics of receptor and G protein interaction can be measured by recording
intermolecular FRET between a receptor C-terminally tagged with a GFP variant (e.g. CFP)
and a Gy or G subunit A-terminally tagged with CFP (Figure 1G) (48,64). Upon agonist
exposure a fast increase in FRET most likely reflects the interaction between the ligand-
bound receptor and the G protein (Figure 1H). The speed of this interaction typically is
dependent on the relative expression levels of receptors and G proteins, in accord with a
diffusion-controlled process and contradictory a precoupling model (Figure 11); (30,64). For
the PTHR, the maximum time constant obtained at a high level of Gg is 0.96 sec at a
saturating concentration of PTH, and is identical to that obtained for the corresponding
PTHR activation switch (30). However, in the context of a low level of G protein or PTHR,
the time constant of the PTHR/Gg interaction can take a few seconds whereas the rate of
receptor activation remains unchanged. The kinetic rate of the PTHR/Gg interaction is not
therefore determined by the time course of receptor activation, but rather by a diffusion-
controlled collision process. A similar scenario has been reported for the a,aAR/Gi and
adenosine AyR/Gg systems (48,64).

G protein activation/deactivation

Kinetics of G protein activation, the following step, are measured by the time course of
FRET changes between CFP inserted into the Ga. subunit, and YFP fused to the A-terminus
of either G or Gy (11,12,65). Conformational and/or dissociational events associated with
G protein activation usually yielded a decrease, or in some case an increase, in FRET. For
example, an increase in FRET was found for activation of G; proteins containing Ga,j; 2 3,
whereas a decrease in FRET was observed for G, protein activation (12,66). These FRET
data suggest that G protein activation in live cells may proceed through conformational
rearrangement between a and By subunits rather than complete subunits dissociation (67).
Kinetics of FRET changes associated with G protein activation reach maximal values with
time constants of z~ 1-2 sec at a saturating concentration of agonists such as PTHrP(1-36),
norepinephrine, or oxotremodine acting at the PTHR, a,aoAR, and MR, respectively
(12,30,46). Fastest kinetics (z ~ 0.5 sec) have been reported for Gg activation mediated by
B1AR and ayaR in response to norepinephrine and adenosine, their respective agonists
(44,48). Following ligand washout, G proteins deactivate with much slower kinetics than
that observed for receptor deactivation (Table 1). For example, the time course of G protein
deactivation is ~ twofold slower than that of PTHR deactivation, and is even slower than
deactivation of appAR, B1AR, asaR, and M1R (Table 1). The slowness of G protein
deactivation relative to the faster deactivation of receptors is not only compatible with the
slow intrinsic GTPase activity of Ga-subunits, but also with additional steps involving Ga
and Gpy trafficking inside the cell (68-71). Overexpression of the G protein biosensor also
may limit the action of GTPase-activating proteins (GAPs) known to accelerate the Ga.-
mediated GTP hydrolysis (72).
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Conclusions

The temporal resolution of key biochemical reactions involved in GPCR signaling can be
experimentally measured in real-time and in live cells by using quantitative FRET-based
approaches. These methods, recently reviewed (20,36), allow the kinetics and rate-limiting
reactions for each step along the GPCR signaling cascade to be determined. This opens new
possibilities to dissect mechanisms involved in the initiation and termination of signal
cascades, and to determine the molecular origin of signal differences mediated by the
binding of different ligands to the same receptor, as well as the rate-limiting step that
determines the duration of a signaling response.
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Figure 1.

Application of Forster resonance energy transfer (FRET) for recording initial steps of G
protein-coupled receptors (GPCR) signaling in live cells. (A) Kinetics of ligand/receptor
interaction are measured under a fluorescence microscope where a single cell was
selectively excited at 480 nm [excitation of green fluorescent protein (GFP)], and the
changes of the GFP emission fluorescence (515 nm) caused by FRET between a receptor A-
terminally labeled by GFP (¢) and a tetramethylrhodamine (TMRe)-tagged ligand were
recorded over time. (B) Example of ligand/receptor interaction measured by FRET between
GFP-tagged PTH-receptor (°FPALPTHR) and TMR-labeled PTH analog, M-PTH(1—-
14)™R shown are the changes of GFP emission by FRET (green signal) in response to
rapid superfusion of a PTH analog, M-PTH(1-14) TR (red signal). (C) Relationship
between the rate constants & (s™1) and ligand concentration. & values for the first component
(kfast) are directly proportional to the ligand concentration, whereas & values for the second
step (kslow) follow an hyperbolic dependence on ligand concentration and reach a maximal
value. (D) For receptor activation/deactivation, experiments are performed under a
fluorescence microscope, where light at 436 nm selectively excited a single cell expressing
GPCRFIASHICFP or GPCRCFPIYFP (for recordings of receptor activation) to induce donor
(CFPe) and acceptor (FIAsH or yellows) emission fluorescences simultaneously recorded
over time. FRET is calculated as the ratio of emission intensities Fygp/Fcgp after correction
for the donor bleed-through into the acceptor emission, the direct acceptor excitation by
light at 436 nm, and photobleaching effect. (E) Example of FRET experiments showing
direct recordings of norepinephrine (NE)-mediated activation of a,aARFASH/CFP i 3 single
HEK-293 cell. Activation of apaAR is monitored upon NE application (horizontal bar) by a
decrease in the FRET signal (red). (F) Relationship between the time constant of asa-
ARFIASHICFP activation after stimulation by NE at a saturating concentration, and receptor
concentrations. (G) Receptor/G protein interactions are measured by recording the time
course of FRET between a GPCR C-terminally labeled by yellow fluorescent protein and a
CFP-labeled Gy in combination with Ga and Gf subunits. The principal of these
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experiments are similar than those described in Figure 1D. (H) Example of recordings
showing the interaction between a;aAR and G; proteins in response to NE measured as an
increase in FRET between YFP-labeled ayaAR and CFP-labeled Gy, in combination with
Gajy and Gp; proteins. (I) Relationship between the time constant of a,a-ARCFP/
Gajib19, YFF interaction after stimulation by NE (100 mM) and G protein concentrations. In
this case the kinetics of receptor/G protein interaction depend on expression levels of G;.
(Adapted from ref (20,23,24).) FIAsH, Fluorescein Arsenical Hairpin binder; PTHR,
parathyroid hormone type 1 receptor.
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Figure2.

Kinetics of association and dissociation. (A) Association time courses of PTHrP(1-36)TMR
to CFPALPTHR are represented by the decrease in the green fluorescent protein (GFP)
fluorescence emission. Measurements were recorded in a single HEK-293 cell stably
expressing FP ALPTHR with various concentrations of PTHrP(1-36)T™R (left panel). Slow
rate constants, Agps Values (mean = SEM), obtained from fitting the time course of binding
with the sum of two exponential components, followed a hyperbolic dependence on ligand
concentrations that coincides those of PTHR activation (right panel). (B) Comparing fits of a
one-(blue dashed line) and a two-exponential component (red dashed line) model for the
time course of PTHrP(1-36) "MR release (green line). The corresponding of averaged
residuals (differences between the experimental data and calculated fitted curves) are plotted
in the right panels and indicated that the two-exponential component curve fits the data more
accurately. Grey bars represent SD. (C) Averaged dissociation time courses of PTHrP(1-
36) ™R from the FP A-PTHR are shown in the absence or presence of a dominant negative
Gas (DN-Gg). Forster resonance energy transfer recordings are shown as normalized ratios.
Grey bars represent the SEM. The black arrow indicates the time of ligand wash out.
(Adapted from refs (24).) PTHR, parathyroid hormone type 1 receptor.
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Figure 3.

Linking ligand efficacy and kinetics of receptor activation and G protein activation. (A)
Chemical structures of asaAR agonists: norepinephrine (VE), dopamine (DA), octopamine
(Ocp), norphenylephrine (NVF), tyramine ( 7y, m-tyramine (m-7yr), UK-14,304 (UK)
moxonidine (Mox), clonidine (Clo), oxymetazoline (Oxy), and a,aAR-antagonist
phentolamine (PA). (B) and (C) correlation between kinetics ayaAR activation or Gi
activation (measured with the apsARCFP/FIASH and Gaijy CFPB1y, YFP biosensors,
respectively) and agonist efficacy (where efficacy is defined as the ability of an agonist to
produce a Forster resonance energy transfer (FRET) response compared with the maximal
response achieved by NE) analyzed by linear regression (red dotted ling), and relation
between NE-mediated change in FRET of Gaj; “FPB1y> YFP and corresponding half-time of
Gi activation (black dotted line). (Adapted from ref (45).) FIAsH, Fluorescein Arsenical
Hairpin binder.
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Trans-conformational switching of the a,aAR by the wOR as an allosteric mechanism
underlying direct inhibition of receptor activation. (A) and (B) Time-resolved changes of the
Forster resonance energy transfer (FRET) ratio in a single HEK-293 cell expressing the
apaARFIASHICFP (et panels) or co-expressing as s ARFIASHICFP and [LOR (A). The red
trace represents normalized FRET signals and grey bars represent SD. Horizontal bars
indicate the application of norepinephrine (NE) or morphine to the cell. (C) The top panel
represents the averaged inhibition of NE (50 M)-mediated aya ARFIASH/CFP activation by
different concentrations of morphine on cells co-expressing asaARFASH/CF and LOR (from
data similar to those in Figure 4B). The /ower panel represents the relationship between the
apparent rate constant kgps Of inhibition of NE (50 iM)-mediated receptor activation and
morphine concentrations. ks values were obtained from fitting the averaged kinetic data
from the top panel to a monoexponential equation. (Adapted from ref (36).) FIAsH,
Fluorescein Arsenical Hairpin binder.
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