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In atrial and nodal cardiac myocytes, M2 muscarinic recep-
tors activate inhibitory G-proteins (G;,,), which in turn stimu-
late G-protein-gated inwardly rectifying K* channels through
direct binding of the Gf3y subunit. Despite also releasing Gf37,
G,-coupled receptors such as the 3-adrenergic receptor are not
able to prominently activate this current. An appealing hypoth-
esis would be if components were sequestered in membrane
domains such as caveolae/rafts. Using biochemical fraction-
ation followed by Western blotting and/or radioligand binding
experiments, we examined the distribution of the components
in stable HEK293 and HL-1 cells, which natively express the
transduction cascade. The channel, M2 muscarinic, and Al
adenosine receptors were located in noncaveolar/nonraft frac-
tions. G;«, ,, was enriched in both caveolar/raft and noncaveo-
lar/nonraft fractions. In contrast, Gia was only enriched in
caveolar/raft fractions. We constructed YFP-tagged caveolin-2
(YFP-Cav2) and chimeras with the M2 (M2-YFP-Cav2) and A1l
(A1-YFP-Cav2) receptors. Analysis of gradient fractions showed
that these receptor chimeras were now localized to caveolae-
enriched fractions. Microscopy showed that M2-YFP and
A1-YFP had a diffuse homogenous membrane signal. YFP-
Cav2, M2-YFP-Cav2, and A1-YFP-Cav2 revealed a more punc-
tuate pattern. Finally, we looked at the consequences for signal-
ing. Activation via M2-YFP-Cav2 or Al-YFP-Cav2 revealed
substantially slower kinetics compared with M2-YFP or A1-YFP
and was reversed by the addition of methyl-fB-cyclodextrin.
Thus the localization of the channel signal transduction cascade
in non-cholesterol rich domains substantially enhances the
speed of signaling. The presence of G« solely in caveolae may
account for signaling selectivity between G;,, and G,-coupled
receptors.

Agonist stimulation of G-protein-coupled receptors (GPCRs)>
leads to numerous cellular responses via activation of hetero-
trimeric G-proteins and thereby modulation of downstream
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signaling components. In atrial and nodal cardiac myocytes
binding of acetylcholine to M2 muscarinic receptors activates
inhibitory G-proteins, which in turn stimulate G-protein-gated
inward rectifying K™ channels (GIRK) through direct binding
of the GBy subunit (1). In the heart GIRK channels are thought
to be a heterotetramer of the inwardly rectifying K* channel
subunits Kir3.1 and Kir3.4 (2-5). This cellular cascade under-
lies heart rate slowing through the parasympathetic system (6,
7). These channels and analogous signaling systems are also
present in central neurons where they are responsible for late
inhibitory postsynaptic potentials and in neuroendocrine cells
where activation inhibits hormone release (1, 8, 9). Despite also
releasing GB7y, GPCRs coupled to the stimulatory G-protein
(G,) such as the B-adrenergic receptors are not able to promi-
nently activate this current (10). An appealing hypothesis to
explain these observations would be if components were
sequestered in membrane domains such as caveolae/rafts.

Caveolae are invaginations, of about 50-100 nm in size, of
the plasma membrane and play a role in a range of biological
processes such as transmembrane signaling, lipid and protein
sorting, and intracellular trafficking (11). Caveolae are charac-
terized by being rich in cholesterol and sphingolipids. Rafts are
less physically defined but are thought to be smaller membrane
microdomains defined also by high cholesterol content (12).
Whether caveolae are localized solely in the plasma membrane
and as well as in other intracellular membranes is still an open
question. Because of their high lipid-to-protein ratio they are
relatively insoluble at 4 °C in detergents like Triton X-100. This
Triton insolubility is a physical property of their molecular
organization and produces a liquid-ordered membrane domain
unlike a fluid one. Membrane fractionation by sucrose density
gradient centrifugation localizes the detergent insoluble caveo-
lae/lipid rafts in the buoyant, upper fraction. Caveolae charac-
teristically are defined by the presence of the protein caveolin,
which consists of a family of caveolin-1, caveolin-2, and caveo-
lin-3 (Cav-1, Cav-2, Cav-3) (13-15) (16). Cav-1 and Cav-2 are
widely expressed in many cell types, whereas Cav-3 is a muscle-
specific isoform. Caveolin defines the structure of caveolae but
can also interact with signaling molecules such as eNOS,
HaRas, GPCRs, and G-proteins and can potentially concentrate
these proteins in these structures (16).

One paradox in the activation of GIRK channels is that all
GPCRs, whichever G-protein family they couple to, might be
expected to activate the current as they all release free GBy
upon activation. However G, (and G,)-coupled GPCRs such as
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the B-adrenergic receptors are not able to prominently activate
this current even in heterologous expression systems (10, 17)
and activation seems to be mediated by G;,,-coupled receptors
in the heart and central neurons. This selectivity is physiologi-
cally important in the heart as normal increases in heart rate in
response to increased sympathetic tone would be counteracted
by simultaneous GIRK channel activation. One appealing
hypothesis to explain these observations would be if compo-
nents were selectively sequestered in membrane domains such
as caveolae/rafts. Here we investigate whether the relevant
GPCRs, G-proteins, and channel subunits are present or not in
cholesterol rich membrane domains. We show that only G-pro-
teins were enriched in caveolar/raft fractions, though for G, ,,
a significant fraction was also present in noncaveolar/nonraft
domains. In contrast Gyo was only enriched in caveolar/raft
fractions. Furthermore, we looked at the physiological conse-
quences for signaling if we drove one of the other components
into caveolae. Fusing M2-YFP or A1-YFP with Cav-2 led to
localization in caveolae and significantly slower signaling.

EXPERIMENTAL PROCEDURES

Molecular Biology—YFP-Cav2 was constructed by direct
fusion of Cav-2 to the C terminus of YFP without a stop
codon and without a linker by a PCR-based overlap exten-
sion method using Agel/Notl to clone YFP-Cav2 in
pEYFP-N1 (Clontech). REP-Cav2 was constructed using the
same method as mentioned above using Nhel/HindIIl. M2
was cloned into pEYFP-N1 on BgllI/HindIII ends and the same
way into pEYFP-Cav2 (in-frame and without a stop codon).
A1-YFP-Cav2 was created by cloning Al from A1-YFP into
pEYFP-Cav2 on HindIIl/Kpnl (in-frame and without a stop
codon). All constructs were verified by automated sequencing.

Cell Culture—HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco-Invitrogen), supplemented
with 100 units/ml penicillin G sodium, 100 mg/ml streptomy-
cin (Invitrogen), and 10% fetal bovine serum (FBS). Cells were
maintained in a humidified incubator at 37 °C with 95% O, and
5% CO,. Cells were passaged up to twice a week. Unless other-
wise stated, 800 ng of cDNA per vector was transfected using
Lipofectamine (Invitrogen) or we used 5 ul of Fugene HD in 97
ul of cell culture medium containing no serum or antibiotics
and 800 or 1600 ng of DNA. We always added 40 ng of EGFP
DNA to the cells we used for electrophysiology, to visualize
transfected cells under epifluorescence. The HL-1 cell line (22)
was a gift from Prof. William C. Claycomb (Louisiana State
University, Baton Rouge, LA). HL-1 cells were cultured under
5% CO0, atmosphere in Claycomb medium supplemented with
10% fetal bovine serum, 0.2 mm L-glutamine, 0.1 mM norepi-
nephrine, 100 units/ml penicillin, and 100 ng/ml streptomycin
(all from Sigma). The medium was replaced every day. Cells
were grown onto T75 culture flasks precoated overnight with
0.03% fibronectine/0.02% gelatin solution. For electrophysiol-
ogy and imaging experiments, cells were grown on uncoated
13-mm glass coverslips (BDH).

Microscopy—Confocal images were taken using a Bio-Rad
Radiance 2100 laser scanning confocal Nikon TE300 micro-
scope (Bio-Rad), EYFP was excited using an argon 488 nm laser
and emission recorded using a HQ515/15 filter. Wide field
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images were acquired using a 20X objective, and individual
cells were visualized using a 40 or 60X oil-immersion objective.
Images were median-filtered for display.

Confocal images for co-localization experiments were taken
using an Olympus IX81 microscope and images scanned
sequentially. EYFP was excited using an argon 488-nm laser
and emission was recorded between 510 and 555 nm. RFP
was excited using a 559-nm laser and emission was recorded
between 575 and 675 nm. Individual cells were visualized using
a60X oil-immersion objective (NA 1.35). Images were pseudo-
colored and median-filtered for display.

Total internal reflection fluorescence (TIRF) microscopy was
performed using a Nikon Eclipse TE200E inverted microscope
using a 100X objective (Apo TIRF, NA 1.49). Cells were excited
using an argon 514-nm laser and a long pass 520-nm filter was
used to collect the emitted light. A micrometer allowed adjust-
ment of the angle of illumination, and it was possible to obtain
images under epifluorescence and TIRF illumination. A digital
EMCCD camera (iXon897BV, Andor) was used to acquire
images, and they were stored and analyzed on a computer using
the NIS elements software. Images were median-filtered for
presentation but no other form of image manipulation was
performed.

Membrane Fractionation—Cells were fractionated using the
detergent-containing (1% Triton X-100) method by modifying
published protocols (18, 19). All steps were carried out at 4 °C.
The plasma membrane fractions were prepared from a T-75
flask of confluent HEK293 or HL-1 cells. Each flask was washed
twice with ice-cold PBS, and cells were then collected by scrap-
ing in 10 ml of ice-cold PBS. After a 2 min 300 X g centrifuga-
tion step the pellets were homogenized in TNE buffer (25 mm
Tris-HCl, 150 mm NaCl, and 5 mm EDTA) containing 1% Tri-
ton X-100 and protease inhibitor mix (Roche). The homoge-
nates were mixed with OptiPrep (Sigma) to a final concentra-
tion of 40% OptiPrep. A discontinuous OptiPrep gradient was
generated by layering 2-ml layers of 35% OptiPrep in TNE
buffer, followed by 30, 25, and 20% OptiPrep in TNE buffer and
finally topped up with TNE buffer and centrifuged at 190,000 X
gfor4hat4 °Cusing the TI41.14 rotor. Samples were fraction-
ated in 1-ml aliquots from the top to bottom to form 12 frac-
tions (fraction 1 equates to the top fraction and fraction 12 to
the bottom one). When the fractions were prepared for SDS-
PAGE they were mixed with 3X reducing SDS-PAGE loading
buffer (R-STB) and incubated for 10 min at 95 °C.

Subcellular Fractionation—All steps were carried out at 4 °C.
The fractions were prepared from a T-75 flask of confluent
HEK?293 cells. Cells have been washed twice with ice-cold PBS
and collected by scraping in 1 ml of homogenization buffer (3
mM imidazole pH 7.4; 250 mm sucrose; 1 mm EDTA; 10 ug/ml
cycloheximide; protease inhibitor (Roche) (20). After 2 min of
sonication, the postnuclear supernatant (PNS) was prepared by
a 10-min centrifugation step at 1000 X g. Centrifugation of the
PNS for 1 h at 200,000 X g lead to membrane fraction (pellet)
and cytosolic fraction (supernatant). For SDS-PAGE fractions
were mixed with R-STB and incubated for 10 min at 95 °C. The
ratio of analyzed membrane to cytosol fraction was 1:10.

Radioligand Binding Experiments—Cells were incubated
with [*H]quinuclidinyl benzylate (QNB), N-[*H]methyl sco-

VOLUME 285-NUMBER 36+SEPTEMBER 3, 2010



A M2 Kir3.1/Kir3.4 HEK cells B

Caveolin Caveolin

Flotillin 1 Flotillin 1

Giol/2 Giccliz

M2
M2 mAChR
mAChR
Kir3.4 Kir3.4
fracti
Gsal raction 1
Kir3.1
fracton 1 2 3 4 5 6 7 8 9 10 11 12
C M2 Kir3.1/Kir3.4 HEK cells - MBCD
MBCD; 40 mm+ MBCD

w
o

=
o

>
=
|2}
=
g
£
e}
220
©
Qo
k]
®

Gia1/2 Caveolin
+

12345

+

2 3 4 5 6

67 8 9101112
fraction

Caveolae and GIRK Channels

HL-1 cells

was detected by adding an HRP-con-
jugated goat anti-rabbit specific sec-
ondary antibody (1:5000, Santa Cruz
Biotechnology (sc-2054)) for 2 h. The
membranes were then washed three
times with TBS for 5 min and devel-
oped using the ECL™ Western blot-
ting chemiluminescent reagent kit
(Amersham Biosciences) as per man-
ufacturer’s instructions. Western blot
band intensity was determined and
quantified using Image] software
(NIH, Bethesda, MD). The region of
interest was marked and measured in
every lane, and the background was
subtracted to give the final band
intensity.  Statistical comparisons
were made using a two-tailed Stu-
dent’s ¢ test. All data are represented
as mean * S.E. where # indicates the
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FIGURE 1. The M2 muscarinic receptor and the K* channel subunits Kir3.1 and Kir3.4 are localized in
noncaveolar/nonraft fractions. A, expression and localization of caveolin, flotillin-1, G« 5, G,o, the musca-
rinic receptor M2, Kir3.4, and Kir3.1 after OptiPrep density fractionation of HEK293 cells stably expressing M2
Kir3.1/Kir3.4 as described under “Experimental Procedures.” The fractions were collected from the gradientand
were subjected to SDS-PAGE and immunoblot analysis. B, expression and localization of caveolin, flotillin-1,
G5, the muscarinic receptor M2, and Kir3.4 upon OptiPrep density fractionation done with HL-1 cells as
described under “Experimental Procedures.” The fractions were collected from the gradient and were sub-
jected to SDS-PAGE and immunoblot analysis. C, expression and localization of caveolin, G, ,», G,«, and the
muscarinic receptor M2 upon OptiPrep density fractionation of HEK293 cells stably expressing M2 Kir3.1/Kir3.4
after the incubation with 2 mm MBCD for 90 min. The fractions were collected from the gradient and were
subjected to SDS-PAGE and immunoblot analysis. Additionally, the quantification of the Western blots for
G/, (n = 3) and Cav (n = 4) are shown. The error bars represent the standard error.

polamine (NMS) or 8-[*H]cyclopentyl-1,3-dipropylxanthine
(DPCPX). Experiments to detect M2 muscarinic receptor bind-
ing were performed with [PH]JQNB (can cross the membrane)
or [PH]NMS (cannot cross the membrane). To measure non-
specific binding, experiments were done in parallel with 10 um
atropine. [’H]DPCPX binds to the A1l receptor and to deter-
mine the nonspecific binding, cells were incubated with 10 um
DPCPX. Every experiment was done in triplicate.

SDS-PAGE and Western Blotting—15 pl of each OptiPrep
density fraction was separated on Laemmli gels (21). Gels were
transferred to PVDF membrane and blocked in Tris-buffered
saline (TBS) (pH 7.4) containing 5% dried milk powder. After
blocking, membranes were incubated with anti-caveolin (rabbit
polyclonal, 1:10000, (BD Transduction Laboratories)), anti-flotil-
lin-1 (rabbit polyclonal, 1:5000, (Sigma)), anti-G;a-1 and G;a-2
subunits (rabbit polyclonal, 1:5000, (Calbiochem)), anti-Kir3.1
(GIRK1) (rabbit polyclonal, 1:2000, (Alomone Labs)), anti-Kir3.4
(GIRK4) (rabbit polyclonal, 1:2000, (Alomone Labs)), anti-
mAChR M2 (rabbit polyclonal, 1:200, (Santa Cruz Biotechnol-
ogy)) or anti-Ga (rabbit polyclonal, 1:100, (Santa Cruz Biotech-
nology) antibodies for 2 h. Membranes were then washed with
TBS three times for 5 min. After washing, the primary antibody
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was used to apply drugs (Rapid
Solution Changer, RSC-160, Bio-
Logic France). Cells were clamped
at —60 mV, the extracellular solu-
tion was (mm): NaCl 80, KCl 60,
CaCl, 2, MgCl, 1, HEPES 10,
NaH,PO, 0.33, glucose 10, pH 7.4;
while the intracellular solution was
(mm): K gluconate 110, KCl 20,
NaCl 10, MgCl, 1, MgATP 2, EGTA
2, GTP 0.3, pH 7.4. After agonist application, current activated
with a delay “lag” followed by a rapid rise to peak amplitude
“time to peak.” After removal of the agonist, the current decay
back to baseline. Current activation and deactivation were fit-
ted by a single exponential function A X exp(—¢/7) + C (where
A is the current amplitude at the start of the fit, £ is time, 7is the
activation or the deactivation time constant, and C is the
steady-state asymptote). For each cell we assessed whether
there were any flow artifacts resulting from the pressure of drug
application. We did this by applying bath solution from one of
the sewer pipes at the beginning of the recordings. Further-
more, to control for variations in positioning of the sewer-pipe
system relative to the cell, we calibrate the system by using the
kinetics of channel block by 1 mm barium. Block of the current
occurred with an initial delay “lag” before reaching equilibrium;
it was assumed that this lag reflected the intrinsic delivery time
to the cell and was 61 = 6 ms in these experiments (n = 57). All
data are represented as mean = S.E. where # indicates the num-
ber of cells recorded. Statistical analyses were performed using
nonparametric tests specifically with a Kruskal-Wallis test with
a Dunn post-hoc test or a Mann-Whitney test as appropriate.
ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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FIGURE 2. Radioligand binding experiments show that M2 muscarinic receptors are in noncaveolae/
nonraft fractions. Distribution of M2 muscarinic (4, B, C) and A1 adenosine (D) receptors in percent along an
OptiPrep density gradient after cold Triton extraction of the membranes. Fraction 1 refers to the top of the
gradient. For each condition nonspecific binding was measured in the presence of 10 um atropine (A, B, C) or 10
um DPCPX (D). The error bars represent the standard error. A, fractions of HEK293 cells stably expressing M2
Kir3.1/Kir3.4. The percent of M2 receptors in each fraction is determined by the amount of specific [*HJQNB
binding. The data are expressed as specific [’HIQNB binding and represent three experiments each measured
in triplicate. B, fractions of HEK293 cells stably expressing M2 Kir3.1/Kir3.4. The percent of M2 receptors in each
fraction is determined by the amount of specific PHINMS binding. The data are expressed as the percent of
total specific [P(HINMS binding and represent six experiments each measured in triplicate. C, fractions of HL-1
cells. The percent of M2 receptors in each fraction is determined by the amount of specific PHINMS binding.
The data are expressed as the percent of total specific [?HINMS binding and represent five experiments each
measured in triplicate. D, fractions of HL-1 cells. The percent of A1 receptors in each fraction is determined by
the amount of specific *HIDPCPX binding. The data are expressed as specific ?HIDPCPX binding and represent

heavy fractions (Fig. 1B). We repeated
these experiments on both cell lines at
least three times with similar results.

Cells were incubated with 2 mm
methyl-B-cyclodextrin (MBCD) for
90 min at 37 °C to remove choles-
terol from the cells and therefore
disrupt caveolae and lipid rafts.
Western blot analyses of OptiPrep
density fractions, prepared after

four experiments each measured in triplicate.

RESULTS

Distribution of Signaling Components in Triton-soluble and
-insoluble Fractions—Caveolin-enriched membranes are char-
acteristically insoluble in buffer containing Triton X-100 when
prepared in the cold because of their high content of cholesterol
and sphingolipids. We used discontinuous OptiPrep gradient
ultracentrifugation after solubilization of membranes in Triton
X-100-containing buffer. We analyzed membranes from
HEK?293 cells stably expressing Kir3.1/Kir3.4 and the M2 recep-
tor. We also used HL-1 cells, which are one of the better models
of native cardiac myocytes (22). We have recently analyzed the
GPCR-G-protein-Kir3.0 signaling pathway in these cells. We
found that it exists and approximates to that present in mouse
native atrial myocytes (23). Aliquots of fractions per condition
were analyzed by SDS-PAGE, transferred onto PVDF mem-
branes, and immunoblotted with anti-caveolin, anti-flotillin-1,
anti-M2-receptor, anti-Kir3.1, anti-Kir3.4, anti-G;a,,,, and
anti-G,a antibodies. The distribution of M2 receptors and K™
channel (Kir3.1/Kir3.4) were analyzed in stable HEK293 cells
heterologously expressing the relevant components following
OptiPrep density fractionation. We detected both, the M2
receptor and the channel proteins in the heavy fractions. In
contrast, caveolin and flotillin-1, usually used as caveolar mark-
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incubation with MBCD compared

with controls (without MBCD incu-
bation) showed reduced caveolin in the upper fractions (Fig.
1C). The analysis of G-proteins showed that there was some
residual expression of Gey, ,, (Fig. 1C, right) but complete loss
of Ge, in the buoyant fractions after MBCD incubation. Com-
bining the signal of fraction 2 to 4 the reduction of caveolin and
Gay; ,, after MBCD treatment was significant (caveolin: before
MPBCD: 71.8 * 6.4 after MBCD: 36.7 = 7.9, p = 0.007 (n = 4);
Gay, 5: before MBCD: 49.6 = 9.4 after MBCD: 9.4 = 54, p =
0.011 (n = 3)). The translocation of M2 receptors was not influ-
enced by MBCD (Fig. 1C).

Further analysis of the localization of the M2 muscarinic
receptor was performed using radioligand binding. The distri-
bution of M2 receptors in percent along a OptiPrep density
gradient was detected by using [*H]QNB as well as [*H]NMS.
Both are specific muscarinic receptor antagonists but [°H]JQNB
is membrane permeable while [’H]NMS is not. As a control for
the specificity of the ligands, experiments were performed by
co-incubating with 1 um atropine, a muscarinic receptor antag-
onist. In HEK293 cells stably expressing Kir3.1/Kir3.4 and M2,
the M2 receptor is mainly present in non-buoyant fractions
(Fig. 2, A and B). HL-1 cells showed a similar pattern (Fig. 2C).
Finally, in an analogous manner using [’H]DPCPX to detect A1
adenosine receptors, we found these receptors were also
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located endogenously in non-buoyant fractions in HL-1 cells
(Fig. 2D).

The results suggest that the M2 muscarinic receptor as well
as the A1 adenosine receptor is not localized in caveolae-corre-
sponding fractions in both HEK293 cells and HL-1 cells. Does
this change on agonist application? We prepared OptiPrep
density fractions before and after incubation with 10 um of the
muscarinic receptor agonist carbachol and analyzed them
using Western blotting. There was no change in the distribu-
tion of most of the proteins of interest (Fig. 3). The absolute
expression of G« in caveolar fractions was weaker but the rel-
ative distribution through the gradient was not altered (Fig. 3B).
Further analysis via cytosol membrane fractions showed that
after carbachol incubation G« is detached to the membrane
(Fig. 3C).

Receptor-Caveolin 2 fusion constructs—To explore if the
non-caveolar distribution might have functional conse-
quences we adopted a previously published strategy and
fused M2-YFP and A1-YFP to caveolin-2 (24). We first ana-
lyzed whether these receptors were now located in buoyant
membrane fractions. We found indeed this was the case for
M2-YFP-Cav2 (Fig. 44) and A1-YFP-Cav2 (Fig. 4B) and that
this was reversed by methyl-B-cyclodextrin in the case of
M2-YFP-Cav2 (Fig. 4C).

Using radioligand binding we quantified the relative expres-
sion of M2-YFP and M2-YFP-Cav2. Using [PH]QNB it was
found that the total levels of expression do not vary much
between the two constructs with equivalent transfection effi-
ciencies (Fig. 4D). However estimating membrane expression
using [PH]NMS radioligand binding we found with M2-YFP-
Cav2 that this was clearly reduced compared with M2-YFP (Fig.
4E). The receptor surface expression level is likely to be the
most important factor governing signaling. We therefore
titrated plasmid concentration for M2-YFP to give compara-
ble membrane expression and found that reducing the amount
of DNA to ~160 ng under our standard transfection conditions
maintained transfection efficiency while reducing total expres-
sion (Fig. 4E).

We analyzed the subcellular distribution of M2-YEFP,
A1-YFP, YFP-Cav2, M2-YFP-Cav2, and A1-YFP-Cav2 using
confocal and total internal reflection fluorescence micros-
copy in HEK293 cells. M2-YFP and to a lesser extent A1-YFP
revealed a peripheral ring consistent with diffuse membrane
localization when studied with confocal or standard wide
field epifluorescence (Fig. 5, A and B). When the footprint of
the cell was studied using TIRFM a diffuse homogenous sig-
nal was present (Fig. 54). In contrast, YFP-Cav2-, M2-YFP-
Cav2-, and A1-YFP-Cav2-expressing HEK293 cells revealed
a much more punctuate pattern (Fig. 5, A and B). This pat-
tern was also present in cells imaged using TIRFM suggest-
ing a proportion of these punctuate structures were present
within or just beneath the membrane (Fig. 54). TIRF micros-
copy of HEK293 cells expressing either YFP-Cav2, M2-YFP-
Cav2, or A1-YFP-Cav2 after MBCD incubation showed a
reduced punctuate pattern and more uniform expression
pattern (Fig. 5C). HL-1 cells showed a similar pattern of dis-
tribution after heterologous expression of the constructs
(Fig. 5B). Co-localization studies were performed in HEK293
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FIGURE 3. A, carbachol has no influence on the localization of M2 muscarinic
receptors and the K* channel subunits Kir3.1 and Kir3.4. Expression and local-
ization of caveolin, G, ,, Gsa Kir3.4, Kir3.1, and the muscarinic receptor M2
upon OptiPrep density fractionation done with HEK293 cells stably express-
ing M2 Kir3.1/Kir3.4 before and after the addition of 10 um carbachol (CCh).
The fractions were collected from the gradient and were subjected to SDS-
PAGE and immunoblot analyses. B, quantification of G Western blots (n =
5), the error bars represent the standard error. C, analysis of cytosol and mem-
brane fractions shows that carbachol does not lead to detachment of G«
from the membrane. Caveolin as well as G,« are localized in the membrane
fraction. ¢, cytosol; m, membrane.

cells expressing both, RFP-Cav2 and Al-YFP-Cav2,
M2-YFP-Cav2 or as a control, YFP-Cav2. The merged pic-
tures clearly show a co-localization of the receptors fusions
with RFP-Cav2 (Fig. 6).
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FIGURE 4. Receptors fused to Cav-2 are localized in caveolin corresponding fractions. A, fractions of
HEK293 cells stably expressing Kir3.1/Kir3.4 transfected with M2-YFP-Cav2. The diagram shows the distribution
of M2-YFP-Cav2 in percent along an OptiPrep density gradient. For each condition nonspecific binding was
measured in the presence of 10 um atropine. The percent of M2 receptors in each fraction is determined by the
amount of specific [’HINMS binding. The data are expressed as the percent of total specific [?HINMS binding
and represent four experiments each measured in triplicates. The error bars represent the standard error.
Fraction 1 refers to the top of the gradient. B, fractions of HEK293 cells stably expressing Kir3.1/Kir3.4 trans-
fected with A1-YFP-Cav2. The diagram shows the distribution of A1-YFP-Cav2 in percent along an OptiPrep
density gradient. For each condition nonspecific binding was measured in the presence of 10 um DPCPX. The
percent of A1 receptors in each fraction is determined by the amount of specific [?HIDPCPX binding. The data
are expressed as the percent of total specific [’HIDPCPX binding and represent three experiments each mea-
sured in triplicates. The error bars represent the standard error. Fraction 1 refers to the top of the gradient.
C, comparison of the sum of fraction 2, 3, and 4 of HEK293 cells stably expressing Kir3.1/Kir3.4 transfected with
M2/YFP/Cav2 without methyl-B-cyclodextrin and after the addition of 2 mm MBCD. D, analysis of HEK293 cells
stably expressing Kir3.1/Kir3.4 transfected either with M2-YFP or M2-YFP-Cav2 (M2/Cav2). The data are
expressed as the percent of total specific [?HIQNB binding of M2-YFP compared with M2-YFP-Cav2 and repre-
sent three experiments. The error bars represent the standard error. E, analysis of HEK293 cells stably express-
ing Kir3.1/Kir3.4 transfected either with M2-YFP or M2-YFP-Cav2. The data are expressed as the percent of total
specific [PHINMS binding of 800 ng of transfected M2-YFP (M2 800 ng) compared with 160 ng of transfected
M2-YFP (M2 160 ng) and 800 ng of transfected M2-YFP-Cav2 (M2/Cav2 800 ng) and represent three experi-
ments. The error bars represent the standard error.

Functional Comparison of Channel Regulation by the Recep-
tor Fusions—We asked whether there were any differences in
signaling via M2-YFP and A1-YFP and their corresponding

caveolin-2 fusions. The most revealing assay is one where we DISCUSSION

the magnitude of the peak current
in the presence of agonist, channel
activation (lag+time to peak and
7,.) and deactivation rates (7,,,.) as
currents return to baseline after the
removal of agonist. We also mea-
sured desensitization of the current
in the presence of the agonist as a
percentage of current decrease after
20 s of drug application. The mean
data are shown in Table 1. Cells
expressing the YFP-Cav2 receptor
fusions show much slower activa-
tion kinetics compared with the cells
expressing the YFP tagged receptors.
Both parameters lag+time to peak as
well as 7, were significantly slower
(Fig. 7 and Table 1) for both tested
receptors. Inactivation kinetics of
the current tended to be faster in the
cells expressing the caveolar-tar-
geted receptor, although data did
not reach statistical significance.
The GPCRs targeted to caveolae
showed less desensitization com-
pared with the receptors fused to
YEP, although the M2-YFP-Cav2
data did not reach statistical signifi-
cance (Table 1 and Fig. 7). These dif-
ferences persisted even on transfec-
tion of lower M2-YFP ¢DNA (160
ng) concentrations that gives com-
parable membrane expression to
the one achieved with the caveolar-
targeted receptor (Table 1). How-
ever, when cells expressing the
M2-YFP-Cav2, were incubated with
2 mmM MBCD for 90 min at 37 °C,
recovery of the lag+time to peak
and the Tac were obtained to levels
equivalent to that measured after
transfection of 160 ng of M2-YFP as

well as to data measured after transfection of 160 ng of M2-YFP
and MBCD incubation (Table 1).

measure the kinetics of current activation of Kir3.1/Kir3.4
channels on agonist application and withdrawal (25-28). In
addition, we measure the magnitude of the agonist induced
current. To apply agonists we used a rapid and localized drug-
perfusion system that enabled us to apply and remove agonists
in under 250 ms. We observed an initial lag (lag) followed by a
rapid rise to a peak amplitude of current (time to peak). With
prolonged agonist application current amplitude wanes as the
response desensitizes, and upon removal of agonist it deacti-
vates back to baseline levels. Fig. 7 shows representative current
recordings from the stable Kir3.1/Kir3.4 cell line transfected
with M2, M2-YFP-Cav2, Al, and A1-YFP-Cav2. We measured

27822 JOURNAL OF BIOLOGICAL CHEMISTRY

The activation of G-protein-gated K™ channels is well stud-
ied in native and heterologous expression systems. There are
numerous strands of experimental data that support a model in
which agonist activation of a G;,,-coupled receptor, such as the
M2 muscarinic or the GABA-B receptor, leads to the release of
free GBy from G-protein heterotrimers, which in turn binds to
cytosolic domains on the Kir3.0 tetramer leading to channel
activation (29 —32). There are two issues with this model. Kir3.0
activation is relatively rapid given the number of steps that are
required after agonist binding at the GPCR. Furthermore, acti-
vation is largely sensitive to pertussis toxin implicating inhibi-
tory G-proteins (33) and does not occur through G,-coupled
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FIGURE 5. Receptors targeted to caveolae show a punctuate fluorescence
pattern. A, epifluorescence, TIRF, and confocal microscopy images of HEK293
cells expressing A1-YFP, M2-YFP, YFP-Cav2, A1-YFP-Cav2, or M2-YFP-Cav2.
Bar, 10 um. B, confocal microscopy images of M2-YFP- and M2-YFP-Cav2-
expressing HL-1 cells. Bar, 10 um. C, epifluorescence and TIRF images of
HEK293 cells expressing YFP-Cav2, A1-YFP-Cav2, or M2-YFP-Cav2 after incu-
bation with 2 mm MBCD. Bar, 10 wm. Images were acquired as detailed under
“Experimental Procedures.”

Epifluorescence

TIRF

GPCRs under normal circumstances (10, 34). One appealing
model to explain both these observations would be if the com-
ponents were scaffolded together in a macromolecular complex
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FIGURE 6. Confocal microscopy images of HEK293 cells expressing
A1-YFP-Cav2, M2-YFP-Cav2, or YFP-Cav2 together with RFP-Cav2.
Merged images showing co-localization of A1-YFP-Cav2 with RFP-Cav2,
M2-YFP-Cav2 with RFP-Cav2 and as a positive control YFP-Cav2 with RFP-
Cav2.Bar, 10 um.

and there is emerging evidence that this may be the case (27,
35-39). However is it possible that there are other factors at
work? In particular, cholesterol rich domains such as caveolae
and rafts have been proposed to exist, and they are an appealing
mechanism for potentially partitioning signaling generating
selectivity and rapid kinetics. One condition that would have to
be operative for such schemes to work is that all components of
the transduction cascade would have to be resident in the same
compartment. Using biochemical techniques our results show
that the relevant GPCRs (M2 and A1) and the channel complex
(Kir3.1/Kir3.4) are essentially excluded from caveolin-contain-
ing domains. Furthermore, the application of the receptor ago-
nist carbachol does not alter the M2 distribution. It is worth
noting that our biochemical approach using cold Triton insol-
ubility will isolate both caveolae and rafts (11, 40). In contrast
the inhibitory G-protein, specifically G;«; and G;a, as detected
by the antibody, shows significant distribution both to non-
caveolar/nonraft and caveolar/raft domains. This distribution
also does not change dramatically with agonist application.
Thus a plausible inference from these studies is that active sig-
naling to the Kir3.0 channel involves sequential interactions
outside of caveolae and rafts including that fraction of G;a; and
G, resident there. The study of the distribution of G«
revealed a further interesting difference in that this G-protein
subunit seemed to reside predominantly if not solely in a caveo-
lar/raft fraction. This is interesting in the context of the model
above in that G« (and associated Gy in the resting condition)
would be excluded from interacting with Kir3.0 transduction
cascade and thus might contribute to G,/Gg selectivity. It is also
intriguing that some investigators have seen adenylate cyclase
together with G, & predominantly located in caveolae/rafts and
suggested that this results in more efficacious signaling for the
B1 adrenergic receptor (41, 42). Others groups have also
shown a co-localization of the B2 adrenergic receptor with
Cav-3 (43).
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To investigate the consequences for signaling of caveolar
localization we adopted a strategy to target G-protein-coupled
receptors to these domains by fusing to caveolin-2 (24). This
fusion dramatically changed the distribution of the receptor in
the membrane from a diffuse and homogenous signal to a
patchier one. In the case of the M2 receptor overall expression
was not affected however there was less at the plasma mem-
brane therefore alower DNA concentration was transfected for
M2 control experiments. It is known that caveolae internalize
and form a unique intracellular vesicle population (44). Both
the M2 and A1 receptor showed much slower activation kinet-
ics after such fusion. In the case of the M2 receptor it was pos-
sible to control for both total and membrane expression and
even in these circumstances this pattern persisted. One inter-
pretation of these results is that sequestration of the receptor

— M2
10 uM carbachol
10 pM carbachol
<
[
20 sec
A1
1 uM NECA 1 uM NECA
<
c
20 sec

away from the channel and perhaps the G-protein accrues a
kinetic penalty as now either the receptor or G-protein subunits
must leave caveolae to engage with and activate the channel.
The slower activation time possibly reflects transition of signal-
ing components across this boundary. This idea was supported
by the use of methyl-B-cyclodextrin: treatment of M2-YFP-
Cav2 expressing cells led to an acceleration of the activation
kinetics comparable to that of equivalent noncaveolar mem-
brane expression of M2-YFP. It is worth noting that the bio-
chemical assays reflect the steady-state distribution and do not
address the kinetics of entry or exit from cholesterol rich
domains for a noncaveolar/nonraft protein and visa versa.
Our experimental results are in agreement with modeling
studies showing that segregation of components in caveolae
significantly slows signaling (45). We also noted that the
degree of rapid desensitization
was attenuated through these
caveolin-2 receptor fusions. A num-
ber of alternative explanations have
been advanced to explain the phe-
nomenon of rapid desensitization
(46, 47) however we favor the idea
that it is related to the dynamics of
the G-protein cycle (28). Fast robust
activation leads to prominent
desensitization whereas slower and
less complete activation does not.
The observation of slower activa-
tion with the caveolin-2 receptor
fusions and thus as a result less
prominent fast desensitization are
consistent with this hypothesis.
There is a substantial body of
work examining the distribution of
GPCRs and G-proteins in caveolae
and rafts and a hypothesis has
emerged of caveolae as a universal
regulator of signaling (44, 48). The
detection of the G-protein G;a; , in
both buoyant and heavy fractions
is consistent with previous studies

—— M2-YFP cav2

1nA

10 sec

A1-YFP cav2

600 pA

20 sec

FIGURE 7. Receptors targeted to caveolae show slower GIRK channel activation kinetics. Representative
current traces recorded from a HEK293 stable line expressing Kir3.1/Kir3.4 (GIRK1/4) transiently transfected
with either M2 (upper left panel), M2-YFP-Cav2 (upper right panel), A1 (lower left panel), or A1-YFP-Cav2 (lower
right panel). Agonists (carbachol and NECA, respectively) were applied for 20 s as indicated.

TABLE 1

(49). G, seems to have a cell-spe-
cific distribution (48). One particu-
larly intriguing idea is that there is a

Characteristics of GIRK channel activation (HEK293 cells stably expressing Kir3.1/Kir3.4) with the various receptor constructs

Currents density and kinetics of activation and inactivation of the currents are summarized. Statistical analyses were performed using nonparametric tests. For the
comparison of M2-YFP (low concentration) with M2-YFP (low concentration) treated with MBCD, M2-YFP-Cav2, and also with M2-YFP-Cav?2 treated with MBCD a
Kruskal-Wallis test was used with a Dunn post-hoc test. For the comparison of A1 and A1-YFP-Cav2 a Mann-Whitney test was used. ns, not significant; *, p < 0.05; **, p <

0.01.
Receptor I basal pA/pF I agonist pA/pF Lag+TTP Toc % desensitization Teac
S ms S
M2 (n=6) 27.6 £ 6.1 99.6 = 19.9 1.26 = 0.2 536 = 114 24 + 5.4 123 £ 2.4
M2-YFP (n = 8) 23.1*3.6 93.8 £ 14.2 1.73 0.2 638.7 = 93.2 19.1 £4.5 31.2 £85
M2-YFP low (n = 8) 51.7 £10.3 47.6 = 13.2 3.71 £ 0.6 1105 *+ 182.8 195 =45 5*0.7
M2-YFP low MCD (n = 9) 427 £ 7.6 54.9 = 12.2 22 %02 736 = 88.3 27.8 3.2 84 *1.3
M2-YFP-Cav2 (n = 11) 40 £7.6 28.7 £ 6.5 13.7 = 2.1* 4504 * 748* 39*19 6.2+ 1.3
M2-YFP-Cav2 MCD (z = 10) 554 £ 9.5 222 24 3.86 += 0.54 1106 = 142 7.05 * 2.4 55 *0.7
Al (n=6) 194 * 3.6 70.8 = 14.5 0.79 £ 0.2 441 = 94.2 43 + 4.3 414 *+94
A1-YFP-Cav2 (n = 6) 374 % 5.6% 45.9 = 10.1 4.59 £ 1** 3479 * 746.5** 21.6 = 5.8 24.6 4.7
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direct interaction between caveolin and the inactive G-protein
and that caveolae act as cellular reserve for these proteins (50).
Furthermore, it has also been suggested that the binding of
activated Ga to caveolin may lead to desensitization of the cel-
lular response of other receptors which are coupled to the same
G-protein (51) and such mechanism may be a molecular mech-
anism to attenuate the signal strength (52). We were not able to
see pronounced translocation of G;a;,, to a heavy fraction on
agonist stimulation. The distribution of GPCRs is more contro-
versial and inconsistent between different laboratories though
conditions, isolation methods, and specific tissues studied vary.
For example, some investigators have identified M2 muscarinic
receptors in caveolar fractions isolated from cardiac myocytes
after carbachol incubation (53) while others suggest that the
M2 receptor is internalized into clathrin-coated vesicles rather
than in caveolae (54). Again further investigators have shown
that the M2 muscarinic receptor undergoes an agonist-induced
internalization through an unidentified pathway, neither clath-
rin-coated pits nor caveolae seem to be involved (55). It is worth
stating that we used both antibody detection and radioligand
binding to assay the distribution particularly for the M2 recep-
tor. In addition, we saw clear receptor localization in buoyant
fractions when fused to caveolin-2. As regards the distribution
of K* channels, in particular Kir3.0 in caveolae less is known.
Kir3.1/Kir3.2 channels were detected in rafts corresponding
fractions when expressed in CHO cells as well as in fractions
prepared from mouse forebrain homogenates (56).

In summary, we provide evidence that the Kir3.0 transduc-
tion cascade is located outside caveolae and rafts and that this
optimizes the kinetics of the response. The localization of G,a,
and perhaps other components such as adenylate cyclase, in
caveolae and rafts may act as a mechanism for selectivity in that
free GB7y released from caveolae is much less efficacious in acti-
vating GIRK channels (located outside caveolae) compared
with other effectors located within caveolae.

Acknowledgment—We thank Prof. William Claycomb for providing
the HL-1 cell line.
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