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Rapid Activation of Inwardly Rectifying Potassium Channels
by Immobile G-Protein-Coupled Receptors

Robert M. Lober, Miguel A. Pereira, and Nevin A. Lambert
Department of Pharmacology and Toxicology, Medical College of Georgia, Augusta, Georgia 30809

G-protein-coupled receptors (GPCRs) mediate slow synaptic transmission and many other effects of small molecule and peptide neuro-
transmitters. In the standard model of GPCR signaling, receptors and G-proteins diffuse laterally within the plane of the plasma mem-
brane and encounter each other by random collision. This model predicts that signaling will be most efficient if both GPCRs and
G-proteins are free to diffuse, thus maximizing collision frequency. However, neuronal GPCRs are often recruited to and enriched at
specific synaptic locations, suggesting receptor mobility is restricted in these cells. Here, we test the hypothesis that restricting GPCR
mobility impairs signaling in neurons by limiting the frequency of collisions between receptors and G-proteins. w-Opioid receptors
(MORs) were immobilized on the surface of cerebellar granule neurons by avidin-mediated cross-linking, and inwardly rectifying
potassium (GIRK) channels were used as rapid indicators of G-protein activation. Mobile and immobile MORs activated GIRK channels
with the same onset kinetics and agonist sensitivity in these neurons. In a heterologous expression system, GFP (green fluorescent
protein)-tagged Go, , subunits remained mobile after cross-linking, but their mobility was reduced in the presence of immobile MORs,
suggesting that these receptors and subunits were transiently precoupled. In addition, channel activation could be reconstituted with
immobile GPCRs, G-protein heterotrimers, and GIRK channels. These results show that collision frequency is not rate-limiting for
G-protein activation in CNS neurons, and are consistent with the idea that signaling components are compartmentalized or

preassembled.
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Introduction

Slow synaptic transmission in the CNS is mediated by metabo-
tropic, G-protein-coupled receptors (GPCRs), which respond to
a variety of small molecule and peptide neurotransmitters.
GPCRs must directly contact heterotrimeric G-proteins to trans-
duce signals, and this contact is thought to occur by random
collision of GPCRs and G-proteins. The best understood
G-protein signaling system is that which underlies mammalian
phototransduction, in which rapid and sensitive signaling de-
pends on the frequent interaction of GPCRs (rhodopsin) and
G-proteins (transducin) in rod outer segment disks (Arshavsky et
al., 2002). It is thought that G-protein activation in this and other
systems is diffusion-limited, and thus depends on the lateral mo-
bility of GPCRs (Rimon et al., 1978; Calvert et al., 2001). In
contrast, the GPCRs that mediate and modulate synaptic trans-
mission in CNS neurons are often enriched at specific (e.g., peri-
synaptic) locations, which implies that their lateral mobility is
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limited by interactions with other proteins (Serge et al., 2002;
Choquet and Triller, 2003). It has been suggested that such re-
striction could impair signaling at synapses by limiting collision
frequency (Hille, 1992), but this possibility has not been experi-
mentally tested. However, it has also been suggested that synaptic
GPCRs function as part of preassembled signaling complexes
containing G-proteins and effectors (Rebois and Hebert, 2003),
in which case random collision would not occur. We have di-
rectly manipulated the lateral mobility of GPCRs to determine
whether efficient signal transduction in CNS neurons depends on
the frequency of receptor—G-protein collisions. Immobilization
of GPCRs in neurons had no effect on the speed or sensitivity of
responses mediated by inwardly rectifying potassium (GIRK)
channels, suggesting that signaling in this system is not limited by
receptor diffusion. In addition, immobile GPCRs decreased the
lateral mobility of G-protein heterotrimers, suggesting that these
proteins may be transiently preassembled (precoupled). Finally,
immobile GIRK channels could be activated by immobile recep-
tors and G-protein heterotrimers. These results do not support
an essential role for receptor—G-protein collision in signaling.

Materials and Methods

¢DNA constructs, cell culture, and transfection. pH-MOR and C-MOR
(ECFP-MOR) were created by adding a cleavable signal peptide sequence
from human growth hormone to the N terminus of either superecliptic
pHluorin (pH) (Yuste et al., 2000) or enhanced cyan fluorescent protein
(ECFP), and adding the resulting sequence to the N terminus of the rat
w-opioid receptor (MOR). pH-AIR was constructed in an analogous
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manner using the rat A; adenosine receptor. GaoA-EGFP was created by
fusing enhanced green fluorescent protein (EGFP) (derived from EGFP-
N1; Clontech, Palo Alto, CA) in frame between amino acids 91 and 92 of
human GaoA with an additional glycine—glycine linker at each junction
(Bunemann et al., 2003). ECFP-TM-Ga subunits were created by adding
a cleavable signal peptide sequence to the N terminus of enhanced cyan
fluorescent protein, fusing this sequence to the amino-terminal 103 aa
[including the first transmembrane (TM) domain] of the rat MOR, and
fusing this sequence to the N terminus of Ga subunits. pH-TM-GIRK4*
was created by adding a cleavable signal peptide sequence, superecliptic
pHluorin, and the first TM domain of the MOR to GIRK4(S143T)
(GIRK4*) (Chan et al., 1996). All constructs were made using an adap-
tation of QuikChange (Stratagene, La Jolla, CA) mutagenesis (Geiser et
al,, 2001), were expressed from pcDNA3.1 (Invitrogen), and were veri-
fied by automated sequencing.

HEK 293 cells (American Type Culture Collection, Manassas, VA)
were propagated in plastic flasks and on polylysine-coated glass cover-
slips according to the supplier’s protocol. Cerebellar granule neurons
(CGN ) were prepared from postnatal day 5-8 Sprague Dawley rats and
maintained as described previously (Chen et al., 2004) and in accordance
with institutional guidelines. Cells were transfected using polyethylenei-
mine as described previously (Chen et al., 2004) after 1-7 d in culture,
and were used for experiments 12—48 h later.

Avidin cross-linking. Cells were rinsed three times in buffer containing
150 mm NaCl, 2.5 mm KCl, 10 mm HEPES, 12 mM glucose, 0.5 mm CaCl,,
and 0.5 mm MgCl, (BE buffer; pH 8.0), and incubated at room temper-
ature for 15 min in BE containing 0.5 mg ml ~! NHS-sulfo-LC-LC-biotin
(Pierce, Rockford, IL). Cells were washed an additional three times and
incubated for 15 min in 0.1 mg ml ! avidin (Pierce). Control cells were
biotinylated but were not exposed to avidin. Avidin-cross-linked cells
remained viable and endocytosed avidin after several hours; thus, all
experiments were performed within 1 h of avidin exposure.

Imaging. Coverslips bearing control or avidin-cross-linked cells were
transferred to the stage of either a Zeiss (Oberkochen, Germany) LSM510
or Leica (Nussloch, Germany) SP2 scanning confocal microscope and
visualized using a 63X, 1.4 numerical aperture objective. All imaging was
performed at room temperature. Cells were scanned at 488 nm and 5%
transmission, and after a control recording period a circular region of
interest (ROI) centered on the plasma membrane edge was irreversibly
photobleached using 100% transmission. Recovery of fluorescence into
the ROI was monitored using 5% transmission. Average pixel intensity in
the plasma membrane region of the ROI was corrected for background
photobleaching and plotted versus time. Diffusion coefficients ( D) were
derived by fitting fluorescence recovery curves to the following empirical
equation: F(t) = F, + F, (1 — [w*(w? + 4mDt) ~']®%), where F; is the
fluorescence intensity immediately after photobleaching, F,, is the inten-
sity recovered, w is the width of the bleached plasma membrane, and D is
the effective one-dimensional diffusion coefficient (Ellenberg et al.,
1997). Fluorescence intensity just before the bleach was normalized to 1;
thus, the mobile fraction (M) was calculated as follows: F,,(1 — F;) ~ .

Electrophysiology and statistics. Whole-cell voltage-clamp recordings
were made using standard procedures (Chen et al., 2004) from trans-
fected (fluorescent) CGNs on the heated (37°C) stage of an Olympus
(Tokyo, Japan) IX70 inverted fluorescence microscope. Neurons were
bathed in a solution containing 122.5 mm NaCl, 30 mm KCl, 10 mm
HEPES, 10 mm glucose, 1.5 mm CaCl,, and 2.5 mm MgCl,, pH 7.2 and
~320 mOsm kg ™' H,0. Membrane potential was held at —60 mV.
[p-Ala(2),N-Me-Phe(4),Gly(5)-ol]enkephalin (DAMGO) or adenosine
was applied by perfusion from a multiport attachment, or by pressure
application from a patch pipette positioned within 1 wm of the cell under
study. Lag time was defined as the time between the start of the pressure
application and the point when the activated current deviated by >2 SDs
from the mean baseline current. The activation time constant T was
derived by fitting the rising phase of DAMGO-evoked currents to the
equation: I(f) = A[l — exp(—t/7)] 3. Results are reported as means =
SEM. Statistical significance was evaluated with Student’s ¢ test or one-
way ANOVA with post hoc comparisons.
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Results

Immobilization of GPCRs in living CNS neurons

To study the movement of GPCRs on the surface of cells, we fused
the extracellular N terminus of the MOR to a pH-sensitive variant
of the green fluorescent protein [superecliptic pHluorin (pH)]
(Yuste et al., 2000). After transfection, the resulting receptors
(pH-MORs) were efficiently expressed in HEK 293 cells or CGN's
and trafficked appropriately to the plasma membrane, as indi-
cated by confocal microscopy (Fig. 1 A). The plasma membrane
localization and transmembrane orientation of these receptors
were confirmed by rapid application of acidic buffer, which im-
mediately decreased membrane-associated fluorescence. Ex-
pressed pH-MORs were fully functional, as indicated by robust
activation of GIRK channels by the peptide agonist DAMGO in
HEK cells and CGNs (see below), both of which lack native
MORs.

We first measured the lateral mobility of pH-MORs in HEK
cells using fluorescence recovery after photobleaching (FRAP).
Fluorescence intensity was monitored using confocal microscopy
in a 5 um length of plasma membrane before and after photo-
bleaching (Fig. 14,C). Recovery of fluorescence after photo-
bleaching reflects the lateral movement of unbleached pH-MORs
into the bleached region rather than insertion of intracellular
pH-MORSs. This assertion was verified by photobleaching differ-
ent lengths of plasma membrane, and showing that the time to
half fluorescence recovery (T,,) was proportional to the
bleached area. For example, a 1 uwm bleached region recovered
witha T,,, 0f 5.9 = 0.4 s (n = 4), whereas in the same cells a 3 um
bleached region recovered with a T}, of 21 * 2.1 s (p < 0.01).
Fluorescence recovery curves were fitted with an empirical func-
tion to derive an effective one-dimensional diffusion coefficient
(D), which in these cells was 0.15 + 0.02 wum?s ' (n = 10). The
fraction (M) of pH-MORs that was mobile was 0.88 % 0.03 (cal-
culated 2 min after photobleaching). These values are compara-
ble with those reported for other GPCRs and for transmembrane
proteins in general (e.g., 0.1-0.4 wm?s ') (Poo and Cone, 1974;
Kenworthy et al., 2004).

We next sought a method to experimentally restrict the lateral
mobility of pH-MORs so that we could test the role of mobility in
signaling. We found that biotinylating cell surface proteins with a
membrane-impermeant amine-reactive reagent and then apply-
ing soluble avidin greatly reduced the mobility of pH-MORs and
other cell surface proteins. Because avidin is a tetramer with four
biotin binding sites and biotin binding is extremely stable (K4 ~
10 ~"> M), this procedure likely cross-links membrane proteins in
anonspecific and practically irreversible manner. Cells remained
viable indefinitely after avidin-mediated cross-linking, and
surface-bound avidin was endocytosed over the course of hours
(data not shown). Fluorescence recovery after photobleaching of
pH-MORs was virtually abolished by avidin-mediated cross-
linking (Fig. 1A, C). The mobile fraction M of pH-MORs was
reduced to 0.14 £ 0.02 (n = 10; p < 10 %), and a meaningful
diffusion coefficient could not be derived by curve fitting. We
suspected that the small amount of fluorescence recovery ob-
served after avidin cross-linking was an artifact of correction for
background photobleaching. This appeared to be the case, be-
cause a similar amount of recovery was apparent after covalent
cross-linking (fixation) using 4% paraformaldehye, which
should completely immobilize proteins (M = 0.17 = 0.02; n = 5;
p = 0.40 compared with avidin). Avidin-mediated cross-linking
also immobilized pH-MORs expressed in CGNs; D was reduced
from 0.44 + 0.09 wm?s ' (n = 10) to a value below the resolu-
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Figure 1.  Immobilization of pH-MOR by avidin-mediated cross-linking. A, B, Confocal im-

ages of HEK 293 cells (4) or CGNs (B) expressing pH-MOR after cell surface biotinylation (Control)
or cell surface biotinylation and avidin cross-linking (Avidin). Cells are shown before and at the
indicated times, after photobleaching of a 5- um-diameter ROI (arrow) centered on the plasma
membrane. Scale bars, 5 um. €, D, Fluorescence intensity in the bleached ROl is plotted versus
time during FRAP experiments on control and avidin cross-linked HEK cells (€) and CGNs (D). The
black traces represent the mean fluorescence intensity from 10 cells, and the gray traces repre-
sent the mean == SEM.

tion of the method, and M was reduced from 0.87 = 0.06 to
0.13 = 0.02 (n = 10; p < 10 ~®) (Fig. 1 B,D).

Rapid activation of G-proteins and GIRK channels by
immobile GPCRs

Having found a method to immobilize GPCRs, we then asked
whether immobile receptors could activate heterotrimeric
G-proteins and downstream effectors as rapidly as mobile recep-
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tors. GIRK channels open with virtually no delay after activation
of G-proteins (Bunemann et al., 2003); thus, they serve as rapid
indicators of G-protein activity. Cultured CGNs express endog-
enous GIRK channels that can be activated with kinetics similar
to those observed during synaptic activation (Otis et al., 1993).
For this reason, we compared activation of GIRK channels by
mobile and immobile pH-MORs in transfected CGNs after rapid
pressure application of DAMGO (Fig. 1 A). In an attempt to ap-
proximate the physiological situation, we performed these exper-
iments at 37°C and transfected either 0.5 or 0.1 ug of pH-MOR
cDNA to express greater or lesser amounts of pH-MOR at the cell
surface. These concentrations were chosen after control experi-
ments showed that GIRK channel onset kinetics were dependent
on the amount of transfected cDNA, and that at 0.1 ug per dish
the density of pH-MORs limited the rate of GIRK activation (Fig.
2 B). Synaptic or agonist-mediated activation of GIRK channels
begins after a delay (lag time) of tens of milliseconds, and pro-
ceeds with a sigmoidal time course to peak activation within
~100 ms (Otis et al., 1993). We observed similar onset kinetics in
CGNs expressing pH-MORs (Fig. 2A). Neither onset kinetics nor
response amplitudes were significantly changed by avidin-
mediated cross-linking at either level of pH-MOR expression
(Fig. 2C). Experiments measuring changes in holding current
after rapid application of low K * solution indicated that these lag
times included 8.2 = 0.5 ms (n = 9) of delay introduced by dead
time in the application system; thus, these measurements were
not limited by solution exchange time. Responses fitted to a
third-power exponential function activated with time constants
() that were comparable with those measured from synaptic
GIRK currents (Otis et al., 1993). This result suggests that
G-proteins and GIRK channels can be activated with kinetics
sufficient for synaptic transmission even when the lateral mobil-
ity of the upstream GPCRs is severely restricted.

We then examined the steady-state sensitivity of pH-MOR
activation of GIRK channels. Because steady-state GIRK activity
depends on the rates of G-protein activation and deactivation, a
change in either would be expected to affect agonist sensitivity.
The G-protein (and hence GIRK channel) deactivation rate re-
flects the rate of GTP hydrolysis, which depends on the interac-
tion of Ga-GTP with regulators of G-protein signaling (Doupnik
et al., 1997; Saitoh et al., 1997). This interaction is entirely intra-
cellular, and is thus unlikely to be affected by avidin cross-linking.
Therefore, steady-state agonist sensitivity can be considered a
more direct indicator of the G-protein activation rate than the
rate of channel activation after rapid agonist application, because
the latter could be limited by the rates of ligand binding and
receptor activation. Concentration—response curves were gener-
ated by applying a range of agonist concentrations to control
(biotinylated) and avidin cross-linked neurons (Fig. 2D). Ago-
nist sensitivity was not significantly altered by cross-linking. ECy,
values were 215 = 68 nM in control neurons (n = 7) and 74 = 15
nM in avidin cross-linked neurons (n = 7; p = 0.07) (Fig. 2E).
These EC5, values are similar to those reported for neurons that
express endogenous MORs and GIRK channels (Ingram et al.,
1997), suggesting that the number of pH-MORs expressed in
CGNes after transient transfection was within the physiologically
relevant range. At intermediate concentrations (e.g., 0.1 uM), the
abundance of ligand-actived pH-MORs limits the response; thus,
unchanged agonist sensitivity implies that we would not have
missed a change in signaling efficiency because of receptor over-
expression. Together, these results suggest that the rate of
G-protein activation in this system does not depend on the lateral
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Figure2.  Mobileandimmobile pH-MORs activate GIRK channels with the same onset kinetics and
agonist sensitivity. A, Whole-cell current recorded from a cerebellar granule neuron is shown during
rapid pressure application of a saturating concentration of the MOR agonist DAMGO (10 rum). DAMGO
isapplied where indicated by the horizontal bar. The double-headed arrow represents the lag time for
current activation. The current was fitted with a third-order exponential function, and the resulting fit
is shown superimposed as a gray line. B, Summary of GIRK activation lag times and activation time
constants recorded from cerebellar granule neurons after rapid application of DAMGO. Neurons were
transfected with the indicated amount of pH-MOR cDNA (per dish). Activation lag times and time
constants were significantly faster (*p << 0.05;n = 12 each) in cells transfected with 0.35and 0.5 g
of (DNA compared with those transfected with 0.1 r.g, suggesting pH-MOR abundance was limiting
in cells transfected with less cDNA. ¢, Summary lag time, time constant, and amplitude data from
control and avidin-cross-linked neurons transfected with either 0.5 g of pH-MOR cDNA per dish
(n=10each) or 0.1 g of DNA per dish (n = 7 each). Results are means == SEM; p > 0.05 for all
comparisons within transfection groups. D, Mean whole-cell current recorded from control (n = 7)
and avidin-cross-linked (n = 7) cerebellar granule neurons during perfusion with increasing concen-
trations of DAMGO, which was applied where indicated by the horizontal bars. E, Concentration—
response curves for the same cells shown in A. Results are means == SEM; smooth curves are logistic
fits to the data. ECg, values were not significantly different ( p = 0.07).
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Figure 3.  Immobile C-MORs restrict the mobility of G-proteins. A, Confocal images of HEK
293 cells expressing GaeoA-EGFP together with unlabeled G31 and G-y2 subunits. Images are
taken from cells after biotinylation (Control) or biotinylation and avidin cross-linking (Avidin),
and show plasma membrane localization of GocoA-EGFP before and after photobleaching (ar-
row). Scale bar, 5 um. B, Fluorescence intensity in the bleached ROl is plotted versus time
during FRAP experiments on control (1 = 10) and avidin-cross-linked (n = 12) HEK cells
expressing GaoA-EGFP only. €, Fluorescence intensity in the bleached ROl is plotted versus time
during FRAP experiments on control (n = 8) and avidin-cross-linked (n = 13) HEK cells ex-
pressing GeeoA-EGFP together with ECFP-MOR (C-MOR). In B and , the black traces represent
the mean intensity, and the gray traces represent the mean = SEM.

mobility of GPCRs, and by extension on the frequency of colli-
sions between GPCRs and G-proteins.

Effect of avidin cross-linking on G-protein and GIRK

channel mobility

Because GIRK channel activation is thought to involve the move-
ment of G-proteins (and possibly GIRK channels) as well as the
movement of GPCRs, we were interested in determining the mo-
bility of G-proteins and GIRK channels after avidin-mediated
cross-linking. Therefore, we performed FRAP experiments on
fluorescently labeled G-proteins and GIRK channels in HEK 293
cells.

Because Ga subunits and heterotrimers are attached to the
plasma membrane inner leaflet by lipid modification and have no
transmembrane domains, we expected that the mobility of
G-proteins would be unaffected by avidin-mediated cross-
linking. To test this expectation, EGFP was fused within the a-
helical domain of GaoA in a position shown previously
to allow for heterotrimer formation and functional activation
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(Bunemann et al., 2003). This construct
(GaoA-EGFP) was transfected together
with unlabeled GB1 and G2 subunits, and
FRAP experiments were performed to
measure the mobility of the resulting het-
erotrimers (Fig. 3A). In HEK cells express-
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thus function as preassembled signaling
complexes (Rebois and Hebert, 2003;
Gales et al., 2005; Nobles et al., 2005). If
inactive pH-MORs were precoupled to Ga
subunits, we expected that immobilization
of the former would decrease the lateral
mobility of the latter. To test this idea, we
constructed ECFP-MOR (C-MOR), and coexpressed this recep-
tor together with GaoA-EGFP, GfB1, and G+y2. Control experi-
ments documented that, like pH-MOR, C-MOR was fully func-
tional and was completely immobilized by avidin-mediated
cross-linking (data not shown). Immobilization of C-MOR sig-
nificantly decreased the mobility of GaoA-EGFP from 0.44 *
0.04 um?*s ' (n=28)t00.17 £ 0.02 um?s ' (n=13;p <10~ %)
(Fig. 3C). A similar decrease was observed after overnight treat-
ment with pertussis toxin (PTX) (data not shown). This result is
consistent with the formation of transient precoupled complexes
between C-MOR and GaoA-EGFP-containing heterotrimers.
The degree to which immobile C-MORs decreased GaoA mobil-
ity would be expected to depend on the affinity of interaction
between the two molecules and their relative abundance. How-
ever, recovery after photobleaching was complete either in the
absence or presence of immobile C-MORs (i.e., none of the
GaoA-EGFP subunits was completely immobilized, as might be
expected if these two molecules formed highly stable complexes).

To test the effect of avidin cross-linking on the lateral mobility
of GIRK channels, we expressed enhanced yellow fluorescent
protein (EYFP) fused to the N terminus of GIRK1 (Kir3.1) sub-
units together with unlabeled GIRK4 (Kir3.4) subunits. As shown
in Figure 4, the resulting channels were immobilized by avidin-
mediated cross-linking. Because the extracellular domains of
these channels and native GIRK channels are virtually identical, it
is likely that avidin-mediated cross-linking also immobilized na-
tive GIRK channels in cerebellar granule neurons. This result also
shows that immobilization by avidin-mediated cross-linking
does not require an extracellular fluorescent protein.

Figure 4.

Activation of immobile GIRK channels by immobile GPCRs
and G-protein heterotrimers

Because our results suggested that GPCR and GIRK channel mo-
bility were not essential for channel activation, we sought to
extend this line of investigation by limiting the mobility
of G-proteins. To this end, we extended Ga subunits with
a TM domain and extracellular ECFP, thus providing
a means to immobilize heterotrimeric G-proteins. These ECFP-

Avidin cross-linking immobilizes EYFP-GIRKT. A, Confocal images of HEK 293 cells expressing EYFP-GIRK1 and unlabeled
GIRK4 after cell surface biotinylation (Control) or cell surface biotinylation and avidin cross-linking (Avidin). Cells are shown before and
after photobleaching of a 5- Lm-diameter ROI (arrow) centered on the plasma membrane. Scale bar, 5 pum. B, Fluorescence intensity in
the bleached ROI is plotted versus time during FRAP experiments on control (n = 9) and avidin-cross-linked (n = 9) HEK cells. The black
traces represent the mean fluorescence intensity, and the gray traces represent the mean =+ SEM.

TM-Ga subunits also incorporated a mutation rendering them
insensitive to PTX, which allowed us to restrict signaling to these
subunits by inactivating native Ga subunits with PTX. To express
fluorescent homomeric GIRK channels, we extended the N ter-
minus of GIRK4* subunits with a TM domain and extracellular
pHluorin. These pH-TM-GIRK4* subunits formed functional
homomeric GIRK channels (Fig. 5A4), and both they and ECFP-
TM-Ga subunits were immobilized by avidin-mediated cross-
linking (data not shown). Attempts to activate GIRK channels in
cerebellar granule neurons using ECFP-TM-Ga subunits were
unsuccessful; thus, experiments were performed in HEK 293
cells. We found that the combination of the pHluorin-tagged
adenosine A, receptor (pH-A1R), ECFP-TM-Ge;;, and pH-
GIRK4* most reliably reconstituted agonist-induced channel ac-
tivation after overnight PTX treatment (500 ng/dish). Activation
of pH-GIRK4* was not detectably different in biotinylated con-
trol cells and avidin-cross-linked cells (n = 9 each) (Fig. 5B). This
result suggests that signal transduction proceeds even when the
lateral mobility of the proteins involved is severely limited. Un-
fortunately, the slow kinetics of GIRK activation in these cells
precludes any conclusion regarding the speed of signaling medi-
ated by immobile GPCRs, G-proteins, and channels.

Discussion

Previous work has indicated that membrane protein collision
frequency sets the speed of phototransduction in rod outer seg-
ment disks (Calvert et al., 2001) and turkey erythrocytes (Rimon
et al., 1978). However, neither of these studies measured the dif-
fusivity of receptors, G-proteins, or effectors, and more recent
studies have raised doubts about the role of receptor mobility in
phototransduction (Fotiadis et al., 2003; Liang et al., 2004).
GPCRs in CNS neurons are known to be concentrated at specific
subcellular sites, often in perisynaptic regions (Baude et al., 1993;
Shigemoto et al., 1996; Kulik et al., 2003). It is thought that this
distribution is maintained by protein interactions that produce
clusters of GPCRs and/or link GPCRs to cytoskeletal scaffolds,
either of which would be expected to restrict lateral mobility
(Choquet and Triller, 2003). Although this arrangement would
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Figure 5.  Activation of immobile GIRK channels by immobile GPCRs and G-protein hetero-
trimers. 4, Normalized current traces recorded from HEK 293 cells expressing pH-A1R, ECFP-TM-
Gayy, GB1, Gy2, and pH-GIRK4*; cells were treated overnight with PTX (500 ng/dish) to inac-
tivate native G-proteins. Application of adenosine (50 wm; horizontal bar) reversibly activated
pH-GIRK4* in both control and avidin-cross-linked cells. Application of barium (Ba2*; 200 um)
blocked basal current pH-GIRK4*, and currents are normalized as fold-activation over basal. B,
Summary data from experimentsidentical with that shown in A. Activation half-time (7, ,) and
fold activation over basal were not significantly different in control (n = 9) and avidin-cross-
linked (n = 9) cells (p = 0.68 and 0.74). The time to half current recovery after agonist
washout was also not significantly different between the two groups (biotin, 36 = 55, vs
avidin, 27 = 7; p = 0.26). Error bars indicate SEM.

position receptors for efficient detection of synaptically released
neurotransmitter, the decrease in diffusivity imposed by localiza-
tion would necessarily decrease the frequency of collisions with
G-proteins and other signaling molecules, and thus might impair
signaling. Our results comparing responses mediated by mobile
and immobile GPCRs indicate that receptor mobility is not nec-
essary for rapid and sensitive signaling in CNS neurons. Because
the frequency of collisions between two molecules diffusing in
two dimensions is proportional to the sum of their diffusion
coefficients (Pugh and Lamb, 1993), immobilizing pH-MORs
would decrease the frequency of collisions between pH-MORs
and G-proteins by ~40% in CGNs. Thus, if GPCRs couple to
G-proteins in these neurons by random collision, a decrease in
collision frequency of this magnitude is not sufficient to limit the
rate of G-protein and effector activation. The situation might be
very different if G-protein mobility is also restricted at synaptic
sites, in which case receptor mobility might be much more im-
portant. Our results showing GIRK activation mediated by im-
mobile heterotrimers suggests that macroscopic G-protein diffu-
sion is not absolutely required for signaling, but unequivocal
assessment of this possibility must await measurements of
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G-protein diffusion at identified sites of GPCR activity in native
cells.

Previous studies have addressed the role of receptor-G-
protein collision in GIRK activation by fusing GPCRs and
G-proteins and by varying the abundance of these proteins to
either eliminate or manipulate the frequency of receptor-G-
protein collision. One of these studies concluded that receptor—
G-protein collision was rate-limiting (Vorobiov et al., 2000),
whereas the other reached the opposite conclusion (Benians et
al., 2003). In both of these studies, the GIRK activation rate was
limited by the heterologous expression system, and it has since
been shown that fusing receptor and G-protein does not elimi-
nate intermolecular collision coupling (Molinari et al., 2003).
Collision coupling in general is supported by a recent report
showing that the receptor—G-protein interaction rate approaches
the receptor activation rate as G-protein abundance is increased
(Hein et al., 2005), although this study did not identify collision
as the rate-limiting step. Similarly, biochemical studies have sug-
gested that receptor—G-protein collision does not limit the rate of
G-protein activation (Waldhoer et al., 1999). The results of our
experiments add significantly to previous work by directly ma-
nipulating receptor mobility (and thus collision frequency) in a
native system. We conclude that receptor—G-protein collision
frequency is not rate-limiting for activation of GIRK channels in
CNS neurons. By extension, CNS neurons would be free to re-
strict the movement of GPCRs at synaptic sites without compro-
mising signaling efficacy.

It has been suggested that GPCRs and G-proteins (Gales et al.,
2005; Nobles et al., 2005) together with some effectors (such as
GIRK channels) (see below) (Huang et al., 1995; Lavine et al.,
2002; Rebois and Hebert, 2003; Clancy et al., 2005) can preas-
semble into stable signaling complexes, thus obviating the need
for collision coupling altogether. Our results do not provide evi-
dence for highly stable complexes in CNS neurons. They do,
however, suggest that receptors and G-proteins interact before
receptor activation. We find that immobile GPCRs restrict the
mobility of G-proteins, as expected if the two transiently bind
each other. This possibility raises several questions, such as the
role of transient precoupling in signaling specificity and the pos-
sible persistence of complexes throughout signaling. Several re-
cent studies have addressed dynamic interactions between recep-
tors and G-proteins in intact cells (Gales et al., 2005, 2006; Hein et
al., 2005; Nobles et al., 2005), but as yet there is no clear consensus
regarding the functional significance of precoupled receptor—G-
protein complexes.

Finally, although we were unable to assess the mobility of
native GIRK channels in CGNs, our results with heterologously
expressed GIRK1-YFP in HEK cells suggest that the native extra-
cellular domains of these channels render them susceptible to
avidin-mediated cross-linking. If it is assumed that native GIRK
channels in CGNs were also immobilized by avidin-mediated
cross-linking, then our results further suggest that channel mo-
bility is unimportant for rapid signaling. This implies that colli-
sion between free GB7y subunits and GIRK channels also is not
rate-limiting for GIRK activation. One possible reason for this
outcome is that inactive G-protein heterotrimers are bound to
GIRK channels in a macromolecular signaling complex, as sug-
gested by recent biochemical and biophysical studies (Clancy et
al., 2005; Riven et al., 2006). Additional experiments will be re-
quired to determine the precise arrangement of signaling mole-
cules in native cells, and the rearrangements that occur during
physiological signaling.

In summary, our results demonstrate that lateral mobility of
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GPCRs is not necessary for rapid signaling (i.e., for signaling as
rapid as synaptic transmission). This result suggests that the fre-
quency of collisions between inactive GPCRs and inactive
G-proteins is not rate-limiting for G-protein activation. Our re-
sults further suggest that GPCRs and heterotrimeric G-proteins
bind each other transiently (but not stably) in CNS neurons.
Finally, signal transduction can proceed even when the macro-
scopic diffusion of GPCRs, G-protein heterotrimers, and effec-
tors is restricted. Thus, the rates of random collisional encounters
between signaling molecules do not dictate signaling efficiency.
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