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Metabotropic glutamate receptor (mGluR) activation has been exten-
sively studied under steady-state conditions. However, at central
synapses, mGluRs are exposed to brief submillisecond glutamate
transients and may not reach steady-state. The lack of information on
the kinetics of mGluR activation impairs accurate predictions of their
operation during synaptic transmission. Here, we report experiments
designed to investigate mGluR kinetics in real-time. We inserted
either CFP or YFP into the second intracellular loop of mGluR1�. When
these constructs were coexpressed in PC12 cells, glutamate applica-
tion induced a conformational change that could be monitored, using
fluorescence resonance energy transfer (FRET), with an EC50 of 7.5
�M. The FRET response was mimicked by the agonist DHPG, abolished
by the competitive antagonist MCPG, and partially inhibited by
mGluR1-selective allosteric modulators. These results suggest that the
FRET response reports active conformations of mGluR1 dimers. The
solution exchange at the cell membrane was optimized for voltage-
clamped cells by recording the current induced by co-application of 30
mM potassium. When glutamate was applied at increasing concen-
trations up to 2 mM, the activation time course decreased to a
minimum of approximately 10 ms, whereas the deactivation time
course remained constant (�50 ms). During long-lasting applications,
no desensitization was observed. In contrast, we observed a robust
sensitization of the FRET response that developed over approxi-
mately 400 ms. Activation, deactivation, and sensitization time
courses and amplitudes were used to derive a kinetic scheme and rate
constants, from which we inferred the EC50 and frequency depen-
dence of mGluR1 activation under non-steady-state conditions, as
occurs during synaptic transmission.

G-protein coupled receptor � GPCR � imaging � glutamate sensor � dimer

The amino acid L-glutamate, the main neurotransmitter in the
CNS, is referred to as a fast neurotransmitter because it

mediates fast excitatory neurotransmission by activating ionotropic
glutamate receptors (i.e., NMDA, AMPA, and kainate receptors).
It also targets metabotropic glutamate receptors (mGluRs, 8 types)
that belong to the class C G protein-coupled receptor (GPCR)
subfamily. As opposed to ionotropic glutamate receptors, mGluRs
mediate slower effects of glutamate, downstream of G protein
activation (1). In addition, mGluRs have often been considered to
play a role as extrasynaptic receptors because they are not located
within the synaptic cleft (2), and their affinity for glutamate may be
high enough (3) to detect glutamate concentration in extrasynaptic
locations. Their extrasynaptic localization appears consistent with
the slow effects of their activation because glutamate transients are
expected to be less sudden at extra- and perisynaptic sites than
opposite to the release site. However, even at extrasynaptic loca-
tions, glutamate transients evoked by synaptically released gluta-
mate occur within milliseconds, as shown by recording of glutamate
transporter-mediated currents in glial cells that wrap around syn-
apses (4, 5). It is therefore necessary to determine the real-time
kinetics of mGluR activation to understand how they get activated
during synaptic transmission, in physiological conditions.

Traditionally, monitoring activation of native GPCRs is done by
detection of events downstream in a cascade initiated by G-protein
activation. These events are often delayed (by hundreds of milli-
seconds) and do not reflect the real-time activation of the receptor,
that is, the conformational change from an inactive to an active
state. Recently, activation of some class A (rhodopsin-like) GPCRs
has been monitored in real-time by using a fluorescence resonance
energy transfer (FRET)-based approach (6). The FRET responses
observed upon agonist binding were well described by mono-
exponential fits whose time constants were faster than previously
expected: approximately 40 ms for the �2A-adrenergic receptor (7),
70 ms for the A2A-adenosine receptor (8), and 60 ms for the
�1-adrenergic receptor (9), although not as fast as for light receptor
rhodopsin (10) and ligand-gated ion channels (11).

A distinctive feature of class C GPCRs is a very large extracellular
domain (12), comprising a noteworthy Venus Flytrap module
(VFTM), a bilobate structure in the cleft of which the agonist binds
and induces its closure (13, 14). Compared with other classes, the
overall conformational change leading to activation of class C
GPCRs appears more complex since it is preceded by the closure
of the VFTM (12), an additional step that may delay activation.
However, since ionotropic glutamate receptors whose extracellular
ligand-binding domain is also homologous to the VFTM activate
within tens of microseconds following binding of glutamate (15),
fast kinetics may be expected for class C GPCRs despite their large
extracellular structure.

To investigate these kinetics, we used a FRET approach
similar to that which led to the determination of the fast
activation rate of members of the class A GPCRs (6–9). Type 1
mGluRs function in synaptic transmission has attracted partic-
ular interest (16) since they were shown to mediate slow synaptic
excitatory currents (17) and long-term plasticity (18). Here, we
report the kinetics of mGluR1� conformational changes. We
show unexpected fast activation (�10 ms), slow deactivation
(�50 ms), and sensitization. We derive from these results a
kinetic scheme for mGluR1 activation.

Results
FRET Monitoring of Conformational Changes of mGluR1� Dimers. In
our FRET approach, we took advantage of the well characterized
constitutive dimerization of class C GPCRs (12, 14, 19). Structural
studies have predicted that activation is produced by a reorientation
of the VFTM, bringing closer together the bundles of the 7
transmembrane helix (heptahelical domains, HD) of each subunit
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(12, 14, 20). According to these predictions, we inserted cyan or
yellow fluorescent proteins (CFP or YFP) into the second intra-
cellular loop of mGluR1� so that the FRET measured upon CFP
excitation increases when the HDs get rearranged in the active
conformations of the dimer (Fig. 1A and B). When coexpressed in
PC12 cells, fluorescence imaging showed that mGluR1�-CFP and
mGluR1�-YFP were localized largely at the cytoplasmic mem-
brane (Fig. 1C and D and Fig. S1A) unlike the similar constructs of
mGluR1� previously reported (21, 22). The fluorescence emission
spectrum of co-expressing cells showed a prominent YFP emission
when CFP was excited at 444 nm. Calculation of apparent FRET
efficiency from fluorescence emission spectra confirmed that a
large portion of this YFP emission observed with excitation in the
CFP absorption band represents FRET (Fig. S1), confirming that
a significant fraction mGluR1s dimerize. Superfusion of glutamate
induced a reversible increase in the FRET signal (Fig. S2) as
expected (Fig. 1B).

The FRET Response as an Index of mGluR1 Active States. The FRET
response could be more precisely analyzed when glutamate was
applied for a brief duration by a fast solution exchange system (Fig.
1E compared with Fig. S2). The averaged FRET response to 200
�M glutamate was 0.62 � 0.06% (�R/R0, n � 18). The group I
mGluR agonist DHPG induced a FRET response 73.9 � 3.2%
weaker than the response to glutamate (n � 5; Fig. 1E and F) as
expected from the effect of DHPG in conventional mGluR1
activation assays (23). Neither the responses to 200 �M (n � 3) or
15 �M (n � 3) glutamate were affected by 1 �M JNJ 16259685 (P �
0.85 and P � 0.41 respectively; Fig. 1G and H), a potent mGluR1
non-competitive antagonist. The less potent and more commonly
used mGluR1 non-competitive antagonist CPCCOEt significantly
inhibited the response to glutamate, but only by 23 � 3% (n � 6,
P � 0.001; Fig. 1G). The non-competitive antagonist Bay 36–7620
had a stronger inhibitory effect (51 � 4%, n � 5, P � 0.0003; Fig.
1H). However, contrary to what may have been expected from its
reported inverse agonist effect (24), it had no significant effect on
its own (n � 7, P � 0.43). The weak inhibitions observed with
allosteric inhibitors JNJ 16259685, CPCCOEt, and Bay 36–7620
(whose sites and mechanisms of action are poorly understood)
suggest that part of their effects occur downstream of the monitored
conformational change induced by glutamate binding (for example,
they may interfere with the coupling to G proteins). In contrast, the
response to 15 �M glutamate was abolished by the mGluR com-
petitive antagonist MCPG (1 mM) (96 � 4% inhibition, n � 14, P �
10�10, Fig. 1H). The EC50 of the activation by glutamate and DHPG
was 7.5 �M (Fig. 1I). These data show that the properties of the
FRET response induced by glutamate binding are similar to the
activation properties of native mGluR1 monitored by the conven-
tional indirect approaches, supporting the use of the FRET re-
sponse to detect states equivalent to the active states of native
mGluR1 resulting from glutamate binding.

Undetectable Activation Delay. The downstream effects of synaptic
activation of native mGluR1 are observed with a delay of 50–200
ms (17, 25, 26). It is unclear whether part of this delay occurs at the
level of agonist induced rearrangements of the mGluR1 dimeric
assembly. To examine this issue, we performed fast glutamate
application on voltage-clamped cells and monitored the solution
exchange at the cell membrane by recording the current produced
by co-application of 30 mM K�. Fig. S3 shows an averaging of
recordings from 27 cells to which 200 �M glutamate and 30 mM K�

were co-applied. The onsets of the K� current and the fluorescence
change appear to coincide. We conclude that the delay between
glutamate binding and the intracellular conformational change
monitored as FRET response is below our detection limit (�2 ms)
and does not account for the delayed downstream effects of
activation of native mGluR1.

Kinetics of Activation and Deactivation. The agonist-induced FRET
increase and its recovery upon agonist wash were resolved by single
exponentials fits because of the low signal to noise ratio for high
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Fig. 1. DetectionofmGluR1activationbyFRET. (A) Schematicdiagramshowing
CFP or YFP insertion in the second intracellular loop of mGluR1� (mGluR1�-CFP
and mGluR1�-YFP, respectively). When co-expressed, the 2 proteins formed
dimers as indicated by FRET between CFP and YFP (see Fig. S1). (B) Binding of
glutamate (black dots) induces a rearrangement of the dimer associated with an
increase inFRET(FRETresponse).Accordingtotheproposedstructural rearrange-
ment induced by agonist binding, the relative position of the 2 HD should not
depend much on whether 1 or 2 VFTM are closed (20, 40). (C) Co-expressing PC12
cells visualized inDICmode. (D) Fluorescence imagefromsamecellsas in (C)when
excited at 444 nm. Only highly expressing cells like the one on the left were used
forexperiments. (E)FRETresponsestofastapplicationofagonist.Responseto200
�M DHPG bracketed by responses to 200 �M L-glutamate on the same cell. (F)
Averagedresponseto200 �MDHPGnormalizedtothat to200 �Mglutamate. (G)
Averaged normalized responses to 200 �M glutamate in 0.2% dimethyl sulfoxide
(DMSO), in 1 �M JNJ 16259685 � 0.2% DMSO, and in 200 �M CPCCOEt � 0.2%
DMSO. For each experiment, the test response was normalized to the response to
200 �M glutamate as in (E). (H) Averaged normalized responses to 15 �M
glutamate in 1 �M JNJ 16259685 (�0.2% DMSO), in 100 �M Bay 36–7620 (�0.2%
DMSO) and in 1 mM MCPG. For each experiment, the test response was normal-
ized to the response to 15 �M glutamate as in (E). (I) Dose-response plot of the
FRET response. Application of 2, 5, 10, 20 �M, and 2 mM glutamate were
bracketed by application of 200 �M glutamate and normalized to the averaged
response to 200 �M glutamate.
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frequency acquisition (Fig. 2A–D). The activation time constants
could be resolved for glutamate concentrations below 200 �M since
they were larger than that of the solution exchange (Fig. 2E–G).
However the activation time constant for concentrations above 2
mM was not significantly different from the time constant of the
solution exchange, saturating at an apparent minimum value of
10.1 � 0.7 ms (n � 7) for 20 mM glutamate. The deactivation time
constant did not depend on the glutamate concentration before
wash, and was clearly slower than the solution exchange with a mean
value of 51.3 � 1.9 ms (n � 41; Fig. 2H).

Sensitization. We investigated whether long-lasting agonist appli-
cation could induce desensitization as reported for native GPCRs
(27). However, we did not observe desensitization of the FRET
response even with glutamate concentration as high as 1 mM and
glutamate exposure times up to tens of minutes. As shown in Fig.
3A and B, when glutamate was applied 1s after a long (10-s)
glutamate exposure, the FRET response was potentiated by 24.4 �

0.9% (P � 0.001). A similar potentiation was observed for longer
glutamate exposure (Fig. S4A), unpatched cells (Fig. S4B and C),
glutamate exposure in absence of co-applied 30 mM K� (n � 3),
or exposure to DHPG (Fig. 3C), ruling out the possibility that it was
caused by side effects of K� or glutamate. The FRET response did
not desensitize at later times (Fig. S4B and C). In addition to
increasing the amplitude of the FRET response to glutamate, this
sensitization accelerated the activation rate by 41 � 12% (n � 4; Fig.
3D and E). For long glutamate applications, the FRET response
was best fitted by a double exponential A1*[1-exp(-t/�a1)]�A2*[1-
exp(-t/�a2)] (Fig. 3F) with A1 � 78.6 � 4.5%, �a1 � 19.7 � 3.7 ms,
A2 � 21.4 � 4.5%, �a2 � 363 � 54 ms (n � 5; Fig. 3F). The
sensitization derived from the second exponential fit (Fig. 3G) was
comparable to the sensitization observed with the preexposure
protocol. The accelerated activation of the sensitized receptor (Fig.
3D and E) along with the independence of the sensitization from
the duration of illumination (Fig. 3A versus 3F) demonstrates that
it is mGluR1s and not the fluorescent proteins that are sensitized.

Kinetic Model of mGluR1 Agonist-Induced Rearrangements. Activa-
tion of mGluR1 can be ‘‘partial’’ when 1 VFTM only is closed or

A B

C D

E F

G H

Fig. 2. Activation and deactivation of mGluR1. (A) Superimposed FRET re-
sponses to 2 mM (black trace) and 200 �M (dark gray) glutamate co-applied with
30 mM K�, and to 30 mM K� alone (black). Note the absence of effect of 30 mM
K� alone. Right panel shows the responses to glutamate on an expanded time
scale. Responses were fitted by single exponentials (green lines) whose time
constantsare indicated. (B)SuperimposedFRETresponsestowashof2mM(black)
and 200 �M (dark gray) glutamate. Recoveries were fitted by single exponentials
(red lines) whose time constants are indicated. (C) Superimposed FRET responses
to 200 �M (dark gray) and 5 �M (gray) glutamate co-applied with 30 mM K�.
Right panel shows the responses to glutamate on an expanded time scale. (D)
Superimposed FRET responses to wash of 200 �M (dark gray) and 5 �M (gray)
glutamate. (E and F) Recorded potassium evoked currents IK(30 mM K�) for the
experiment illustrated in (A and B) with same time scale. IK(30 mM K�) rise and
decayatwashwerefittedbysingleexponentialswhosetimeconstantweretaken
as index for solution exchange at the cell membrane. (G and H) Averaged
activation (G) and deactivation (H) time constants as a function of glutamate
concentration.
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Fig. 3. Sensitization of mGluR1. (A) Sensitization produced by 10-s glutamate
application. Glutamate (200 �M) was applied for short duration (200 ms) before
(ctr) and 1 s, 16 s, and 31 s following a 10-s application. The response measured 1 s
following the 10-s application was approximately 25% bigger than the response
measured before the 10-s application. (B) Averaged normalized glutamate re-
sponses obtained from 3 experiments as in (A). (C) Averaged normalized re-
sponses to 200 �M DHPG obtained from 10 experiments as in (A). (D) FRET
response to 200 �M glutamate before (dark gray trace), 1s after (black trace), and
16 s after (gray trace) a 10-s application, on an expanded time scale. The indicated
activation time constants were determined by monoexponential fits. (E) Aver-
aged change in the activation time constant produced by sensitization. (F) Sen-
sitizationtimecourseobservedfora long(3.2-s)applicationof200�Mglutamate.
The FRET response to glutamate was fitted by a double exponential whose
equation and parameters are shown. (G) Sensitization effect measured as the
contribution of the second exponential to the FRET response at the end of a long
application.
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‘‘full’’ when the 2 VFTMs of the dimeric assembly are closed (28).
In accordance with that finding, we initially explored a model with
2 active conformations: 1 closed VFTM and 1 bound agonist
(ACO*), 2 closed VFTM and 2 bound agonists (A2CC*) (Fig. 4A).
To account for the sensitization observed during prolonged expo-
sure to glutamate (Fig. 3F) we added a third active state (A2CCS*).
The time course of the FRET response to 4 different glutamate
concentrations (10, 20, 200, and 2,000 �M) was calculated from the
initial guesses for the rates of the model in Fig. 4A and the rates
were iteratively adjusted to obtain the best fit of the responses. A
good reproduction of the observed dose-response curve (Fig. 4C),
rise time (4D) and deactivation time course (4E) at all tested
concentrations was obtained using the binding and activation rates
in the non sensitized part of the model as free parameters (kon, koff,
�1, �1, �2, and �2), assuming equivalent and non-interacting binding
sites. The simplest quantitative description of the observed sensi-
tizationof short pulses following long glutamate pulses (Fig. 3 A–E)
is given by a proportion of the receptors remaining trapped in a
‘‘sensitized’’ conformation from which they can deactivate and
eventually lose the agonist molecule, but from which activation is
facilitated (second line of states in the model of Fig. 4A). We
assumed that the binding rates are identical in the non-sensitized
and the sensitized states. The forward rate to the sensitized state
(ks�) was determined from the slow rising phase of the response to
long glutamate applications while the rate for the reversal of this
reaction (ks�) was fixed by imposing microscopic reversibility. The
rates of entry and exit into the sensitized conformation (kd� and
kd�) in the absence of bound agonist were adjusted to match the
observed 25% potentiation following prolonged exposure to glu-

tamate (Fig. 4F). The sensitized gating rates (�s
2 and �s

2) were
determined from the fit of the faster activation rate of the sensiti-
zationresponse and its deactivation rate identical to control re-
sponses (compare Fig. 4G and the traces in Fig. 3D).

The rate constants obtained from the fit of our data (Fig. 4B)
were used to calculate mGluR1 activation induced by short gluta-
mate exposures mimicking transients of synaptically released glu-
tamate. Our simulations showed a steep increase of the EC50 under
non-steady state conditions when the duration of agonist exposure
was shortened. For glutamate transients with decaying time con-
stant of 10, 1, and 0.1 ms, the EC50 was 60 �M, 262 �M, and 1.46
mM, respectively (Fig. 4H). We also show a frequency dependent
summation of mGluR1 activation induced by short agonist expo-
sure (Fig. 4I and J) that is consistent with the temporal pattern of
synaptic activation required to activate native mGluR1 in brain
slices (see below).

Discussion
We report here real time kinetics related to conformational
changes of a class C GPCR. We chose mGluR1� because
mGluR1’s role in synaptic transmission has been extensively
studied (16–18, 29, 30) and the � subtype is much more
efficiently addressed to the plasma membrane than the � sub-
type, at least in the absence of specific scaffolding proteins (21,
31). The activation rate we report (time course � 10 ms) is if the
fastest reported so far for a ligand-gated GPCR (6–9). This
finding suggests that despite its remote extracellular location, the
VFTM [which is homologous to the binding domain of iono-
tropic glutamate receptors that activate within tens of micro-

A

B

C D E

F G

H I J

Fig. 4. Modeling of mGluR1 kinetics. (A) Kinetic scheme. The sensitized states are shown in the bottom line of the scheme. Following the notation of Pin and coll
(40) states are named according to the open (O) or closed (C) conformation of the VFTMs. States are: OO, initial resting state; AOO, resting state bound to 1 agonist;
A2OO, resting state bound to 2 agonists; ACO*, active state bound to 1 agonist with 1 VFTM closed; A2CC*, active state bound to 2 agonists with both VFTM closed;
A2CCS*, sensitized active state bound to 2 agonists with both VFTM closed; A2OOS, sensitized resting state bound to 2 agonists; AOOS, sensitized resting state bound
to 1 agonist; OOS, sensitized resting state. We ignored a possible ACOS* state (symmetrical to the ACO* state) because we cannot derive information on the associated
rate constants from experimental data. (B) Rate constants obtained for the model in (A) to fit experimental data. (C–G) Simulated mGluR1 activation obtained with
rate constants shown in (B). The calculated dose-response values (200 ms agonist application) (C), activation time constant (D) and deactivation time constant (E) are
shown as continuous black lines and overlapped with the experimental values (filled gray circles). The calculated time course of sensitization during a prolonged
application of glutamate (F) and the sensitization of the response to short applications (G) are in good agreement with the experimental observations (see Fig. 3). (H)
Calculated dose-response curves at steady state (equilibrium) and for glutamate pulses with exponential decays of 10, 1, or 0.1 ms. (I) Calculated activation induced by
a 20-�M glutamate pulse with an exponential decay of 1 ms compared with activation induced by trains of 4 identical glutamate pulses (at 20 Hz and 200 Hz). (J)
Frequency dependency of the amplitude of mGluR1 activation calculated from simulations as in (I).
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seconds (15)] speeds up the overall conformational change
induced by agonist binding. The time resolution of our mea-
surements was limited by the speed of the solution exchange at
the cell membrane. As a consequence, 10 ms is an upper limit of
the actual fastest time course of activation. From the fast
activation rate (Fig. 2) and the absence of detectable delay (Fig.
S3) we conclude that what delays and slows the electrophysio-
logical responses mediated by mGluR1 (17, 25, 26) is down-
stream of the agonist-induced rearrangement of mGluR1
dimers.

The insertion of the fluorescent proteins in the second intracel-
lular loop of mGluR1 disrupts the coupling to G proteins (21) (Fig.
S5). However, it is unlikely to affect the initial step of mGluR1
activation that we report here, that is, the rearrangement of the
transmembrane domains induced by extracellular glutamate bind-
ing. Consistently, the EC50 we determined for the FRET construct
is similar to the EC50 of the native mGluR1. Furthermore, for
adenosine A2A and �2A-adrenergic receptors, insertion of a smaller
tag instead of a fluorescent protein successfully recued G-protein
coupling while not affecting the kinetics measured by FRET (8).

It was recently reported that mGluR activation was voltage
sensitive (32, 33). We tested this possibility with the hope that
depolarization-induced shift of the dose-response would enable
kinetic analysis with perfect time resolution. However, we were
unable to detect any voltage sensitivity, possibly because it is
expressed downstream of the monitored conformational change or
impaired by the insertion of the fluorescent protein. The lack of
voltage sensitivity would allow the use of our mGluR1 construct as
a glutamate sensor: it is efficiently expressed at the cell membrane,
the EC50 is in the dynamic range of what is expected to be sensed
at extrasynaptic location following vesicular release of glutamate,
the activation and deactivation rates are fast enough to enable
observation of short and repetitive glutamate transients, the lack of
desensitization should enable monitoring of long lasting extracel-
lular glutamate transients like the one that may be produced by
glutamate spillover. Thus, it would make a good alternative to
sensors based on E. coli glutamate-binding protein (34).

The value we find for mGluR1 deactivation time course (�50
ms) predicts summation of mGluR1 activation for trains of short
glutamate pulses (as during synaptic release) at frequencies above
20 Hz. This was confirmed by our simulations (Fig. 4J). Consis-
tently, 20Hz was reported to be the minimum frequency below
which synaptic activation fails to evoke mGluR1-mediated EPSCs
in acute rat cerebellar slices (35). Until now, the frequency depen-
dence of mGluR1 activation was considered to reflect only accu-
mulating glutamate spillover that overwhelms extracellular gluta-
mate clearing by glutamate transporters (25, 26, 36). The present
data indicate that intrinsic kinetic properties of mGluR1 also
account for the stimulus frequency-dependence of mGluR1-
mediated responses without the need for glutamate transporters to
saturate.

Unexpectedly, we found that mGluR1 intrinsic activation
does not desensitize but sensitizes. This sensitization is unlikely
to be due to a recruitment of mGluR1 to the cell surface
because of its relatively fast time course (400 ms) and because
our reporter system was devoid of G protein coupling (and
hence downstream signal transduction that could activate
receptor trafficking to the membrane). To account for the
observed sensitization, we propose that the agonist-bound
state ‘‘relaxes’’ into a stabilized, sensitized state. As a conse-
quence, activation and deactivation follow a cycle for long
agonist exposure. Such a cycle is intriguingly reminiscent of the
kinetic schemes for membrane transporters and, more re-
cently, has also been proposed for voltage-activated proteins
(37). The amplitude of the observed intrinsic sensitization is
small (�25%), and hence, its function may be limited. How-
ever, the lack of desensitization is consistent with the previous
finding that mGluR1 receptors can operate as efficient detec-

tors of the low but long lasting extracellular [glutamate]
transient produced by glutamate spillover (36).

We provide a kinetic scheme for a GPCR. Such a kinetic scheme
is especially useful for mGluRs because they are exposed to brief
glutamate transients in physiological conditions, due to the timing
and the small volumes involved during vesicular release in the CNS.
Despite the necessary simplification of the proposed kinetic
scheme, it provides insights into kinetic constants. Such knowledge
is essential to understand the molecular mechanism of activation of
GPCRs, which compose the largest family of mammalian genes and
represent the target of nearly half of used drugs (38). It should also
help to better understand GPCRs’ functions at central synapses
where agonists are released for brief durations.

Methods
Construction Design and Cell Transfection. For making the fusion proteins, either
Cerulean (Cer) or Citrine (Cit) fluorescent proteins were inserted at position 703
(second intracellular loop) of mGluR1�. A plasmid (TRE-Cer-Cit) was constructed
to carry both the coding sequences of mGluR1�-Cer and mGluR1�-Cit fusion
proteins each under the control of a separate tet-response element (TRE). PC12
cells (ATCC) were co-transfected with TRE-Cer-Cit and the previously described
plasmid pUHD15 (39) that carries a tet-responsive transcription activator (tTA)
under a CMV promoter to drive expression of mGluR1�-Cer and mGluR1�-Cit at
a fixed stoichiometry. PC12 cells were cultured in high-glucose DMEM (Gibco-
Invitrogen) supplemented with 5% FCS and 10% horse serum and plated 1 day
before transfections. Transfections were done as transient co-transfections of the
pUHD-15plasmidandtheTRE-Cer-Citplasmidataweight ratioof1:3 respectively
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. One day after transfections, the cells were replated on polyD-lysine coated
coverslips at lower densities and used for experiments 24–48 h later.

Patch-Clamp Recording, Imaging, and Fast Solution Changes. A coverslip with
PC12cellswasplacedinarecordingchambermountedonthestageofaninverted
microscope (Eclipse TE-2000, Nikon), and voltage-clamp recordings in the whole-
cell configuration were performed using an Axopatch 200B amplifier (Molecular
Devices).Clampexsoftware (MolecularDevices)wasusedfordataacquisitionand
for synchronization of voltage command pulses and fluorescence excitation.
PC12 cells were superfused with an external solution containing (in mM): NaCl
150, KCl 4, Hepes 5, glucose 5, MgCl2 1, CaCl2 2, and the pH adjusted to 7.40 with
NaOH. Solution containing agonists contained 124 mM NaCl and 30 mM KCl to
enable detection of solution exchange as potassium-induced current in voltage-
clamped cells. Cells were whole-cell patch-clamped to �70mV (junction potential
taken into account). Patch pipette resistance were approximately 4 M�. Normal
intracellular (pipette) solution was (in mM): potassium-gluconate 130, NaCl 10,
Hepes 20, EGTA 5, MgCl2 1, MgATP 3, and the pH adjusted to 7.20 with KOH.
When testing the voltage sensitivity, K� was replaced by Cs� for a better clamp of
the cell. Patch-clamping did not appear to affect the amplitude of the FRET
response measured (n � 9). All of the data presented here were obtained from
voltage-clamped cells except for Figs. S2, Figs. S4B and C, and Fig. S5. Fluorescence
was induced by light (444 nm) from a computer controlled monochromator
(Polychrome V, T.I.L.L. Photonics) through a 50	 oil immersion objective. Fluo-
rescence emission was collected through the objective and directed via a first
dichroic mirror (465 nm) and a secondary dichroic (505 nm) mirror onto 2 pho-
todiodes (T.I.L.L. Photonics) behind blocking filters (LP 480 nm and LP 515 nm,
cyan and yellow channels). Photodiode signals were digitized along with the
electrophysiological signals at 10 kHz using hard- and software described above.
When fluorescence signals are shown (Fig. 1E and Fig. S3) they were corrected for
bleaching by dividing the signal by an extrapolated monoexponential fit of the
500-msbaselineprecedingsolutionexchange.FRETresponseswerequantifiedby
dividing the fluorescence signal measured in the yellow channel by the fluores-
cence measured in the cyan channel and expressed as changes in this ratio
normalized to baseline (�R/R0). No correction was made for CFP fluorescence
detected in the yellow channel or constant offsets; reported �R/R0 are therefore
smaller than those that could be obtained with additional corrections and use of
narrow band pass filters. Fast solution exchange was achieved using a HSSE-2/3
(Ala Scientific Instruments). Solution exchange inevitably produced small move-
ment artifacts that could be detected as (1) cyan and yellow fluorescence changes
in the same direction, (2) fluorescence changes evoked by K� (30 mM) application
(alone). Data were analyzed only when movement artifacts were below our
detection limit and hence did not affect our analysis. Data are shown as means �

SEM. P values were obtained from 2-tailed t-tests.
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Determination of the Kinetic Rates of Activation of mGluR1. Rate constants were
determined with ChanneLab software (Synaptosoft Inc.), which uses a Simplex
algorithmtofindtherateconstants thatminimizethesumofsquareddifferences
betweendatapointsandthetracecalculatedateachiteration.Theconcentration
profile was determined from the time course of the K� induced current in the
patched cell, appropriately scaled to match each concentration. Since the signal
to noise ratio, especially at the lowest concentrations, is too low to allow direct
fittingoftherates totheFRETsignal, individual tracesateachconcentrationwere
first fitted with rising and decaying exponentials. Given the small coefficient of
variation of the mean activation and deactivation time constants (5–12%), a
single model trace was generated from the average time constants for each cell
at a given concentration and these traces were used for fitting the kinetic rates.

Theuseofexperimental responses to3glutamateconcentrations (10,20,and200
�M) provided a satisfactory global fit. However, by including the response to 2
mM glutamate, we obtained a better global fit and essential information on �2,
since in the presence of high glutamate, binding is not the limiting factor in
determining the rise time of the response.
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