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ABSTRACT We addressed the question as to which sub-
types of G protein subunits mediate the activation of phos-
pholipase C-pB by the muscarinic m1 receptor. We used the rat
basophilic leukemia cell line RBL-2H3-hm1 stably transfected
with the human muscarinic m1 receptor cDNA. We microin-
jected antisense oligonucleotides into the nuclei of the cells to
inhibit selectively the expression of G protein subunits; 48 hr
later muscarinic receptors were activated by carbachol, and
the increase in free cytosolic calcium concentration ([Ca2*];)
was measured. Antisense oligonucleotides directed against the
mRNA coding for oy and a;, subunits both suppressed the
carbachol-induced increase in [Ca2*];. In cells injected with
antisense oligonucleotides directed against a,; and a4 sub-
units, the carbachol effect was unchanged. A corresponding
reduction of Ga, and Gay, proteins by 70-80% compared to
uninjected cells was immunochemically detected 2 days after
injection of a mixture of aq and a; antisense oligonucleotides.
Expression of Gaq and Ga;; completely recovered after 4 days.
Cells injected with antisense oligonucleotides directed against
the mRNAs encoding for 8, B4, and vy, subunits showed a
suppression of the carbachol-induced increase in [Ca’*];
compared to uninjected cells measured at the same time from
- the same coverslip, whereas in cells injected with antisense
oligonucleotides directed against the 3;, B3, 1, v2, ¥3, ¥s, and
v, subunits, no suppression of carbachol effect was observed.
In summary, the results from RBL-2H3-hm1 cells indicate
that the m1 receptor utilizes a G protein complex composed of
the subunits a4, a1, Bi, B4, and 4 to activate phospholipase
C.

Heterotrimeric guanine nucleotide-binding regulatory pro-
teins (G proteins) functionally couple heptahelical membrane
receptors to their effector systems. The G proteins consist of
three subunits, «, 8, and v, of which by now 23 «, 5 B, and 11
v have been identified (for review, see refs. 1-7). They are
grouped into four subfamilies, Gs, Gi, G, and G2, by homol-
ogy of their a-subunit sequences. Agonist binding is assumed
to induce a conformational change of the receptor, which
causes the exchange of GDP for GTP on the G protein «
subunit, dissociation of Gaf3y from the activated receptor, and
dissociation of the Ga—GTP from By dimer. Both activated Ga
and free GBvy have the capability to interact with different
effectors—e.g., adenylyl cyclase, phospholipase C-B8 (PLC-B),
and ion channels. We have shown in a number of different
biological systems that receptors selectively use individual «, S,
and v subunits of G proteins in coupling to specific effector
systems. In previous studies, we determined the subtypes of the
specific G, proteins coupling muscarinic My, somatostatin, and
galanin receptors in neuroendocrine cells (i.e., GH3; and
RINmSF) to voltage-gated calcium channels (8-11). Here we
determined the subunit composition of the G proteins involved
in activation of PLC-B by muscarinic m1 receptors.
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Muscarinic receptors form a family of five heptahelical
receptors (for reviews, see refs. 12 and 13). The muscarinic m1,
m3, and m5 receptors stimulate PLC-B via pertussis toxin
(PTX)-insensitive G proteins of the G, family (14, 15), whereas
muscarinic m2 and m4 receptors couple to PTX-sensitive G/,
proteins (14, 16). By reconstitution of receptor, G protein, and
PLC in phospholipid vesicles, Berstein et al. (17) demonstrated
that the muscarinic m1 receptor activates PLC-B; via purified
Gg/11- In addition, the Gag, Gayy, and Ga4 proteins, expressed
from recombinant DNAs by the baculovirus—insect cell system,
stimulate PLC-B; and -B; in reconstituted systems (18, 19). The
a subunits of the G4 family (ag, a1, @14, @15/16) activate various
PLC-B isoforms—i.e., PLC-By, -B3, and -B4 (20-22)—whereas
By dimers activate PLC-B, and PLC-; (23-25).

We used rat basophilic leukemia (RBL) cells stably trans-
fected with the m1 muscarinic receptor (RBL-2H3-hm1) as a
model system for our studies (26). In these cells stimulation
with carbachol, a muscarinic receptor agonist, leads to an
increase in inositol phosphates, which in turn releases intra-
cellular Ca?* stores and is followed by Ca?* influx and
secretion of serotonin, histamine, and other mediators (26).
All these effects are mediated by PTX-insensitive G proteins.
To answer the question as to which G protein a subunits are
involved in the functional coupling of the muscarinic ml
receptor to PLC-B and whether there are preferential inter-
actions with specific By dimers, we inhibited the expression of
G protein subunits by intranuclear microinjection of antisense
oligonucleotides complementary to the sequences of the
mRNAs of these subunits into RBL-2H3-hm1 cells. The
increase in the free cytoplasmic Ca?* concentration ([Ca*];)
was measured 48 hr later by single-cell imaging of the injected
cells loaded with fura-2. Here we provide evidence that a
specific complex of heterotrimeric G proteins is involved in the
muscarinic m1 receptor-induced increase in [Ca’*];.

MATERIALS AND METHODS

Materials. PTX was purchased from List Biological Labora-
tories (Campbell, CA); carbachol, from Sigma; ionomycin and
5'-N-ethylcarboxamidoadenosine (NECA), from Calbiochem;
L-[benzilic-4,4'-*H(N)]quinuclidinyl benzilate ([*H]QNB), from
DuPont.

[*H]QNB Binding. RBL cells stably transfected with the
muscarinic m1 receptor cDNA (RBL-2H3-hm1) were kindly
supplied by P. V. Jones (Burlington, VT) and cultured in
medium containing 18% (vol/vol) fetal calf serum (FCS),
penicillin at 100 units/ml, and streptomycin at 100 ng/ml. For
preparation of membranes, cells were treated as described
(27). For estimation of ml receptor density, binding of

Abbreviations: [Ca2* ], concentration of free cytoplasmatic calcium;
FCS, fetal calf serum; G protein, heterotrimeric guanine nucleotide-
binding regulatory protein; PLC, phospholipase C; PTX, pertussis
toxin; RBL cells, rat basophilic leukemia cells; RT, reverse tran-
scriptase; NECA, 5'-N-ethylcarboxamidoadenosine; [P H]QNB, L-[ben-
zilic-4,4'-*H(N)]quinuclidinyl benzilate.
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[*HJQONB to membranes (25 pg of protein per tube) was
performed in a mixture (500 ul) containing 50 mM Tris-HCI
(pH 7.5), 5 mM MgCl,, and 1 mM EGTA. Incubation was
conducted for 60 min at 37°C. Nonspecific binding was defined
as bound [*H]QNB that could not be competed for by 1 uM
atropine and was <10%. Separation of membrane-bound and
free radioligand was performed by filtration through glass fiber
filters (Whatman GF/C) soaked in washing buffer [5 mM
MgCl; and 50 mM TrissHCl (pH 7.5)] containing 0.33%
(vol/vol) polyethyleneimine.

Immunoblotting of G Protein Subunits. Membrane proteins
(100 pg) of RBL-2H3-hm1 cells were resolved by SDS/10%
PAGE and transferred onto nitrocellulose membranes. There-
after, to block nonspecific interactions, membranes were in-
cubated for 18 hr at 4°C in PBS (140 mM NaCl, 3 mM KCl, 1.5
mM KH;POj4, 8 mM Na;HPO4-2H,0 at pH 7.4) containing 5%
ovalbumin. After washing with PBS, membranes were incu-
bated overnight with either polyclonal rabbit anti-ag/1; (AS
370; directed against LQLNLKEYNLYV, showing similar prop-
erties as the previously published antiserum 368; ref. 28) or
anti-ais/16 (AS 393; ref. 28) (each diluted 1:100). Then mem-
branes were washed again with PBS and subsequently incu-
bated with peroxidase-conjugated goat anti-rabbit IgG as
second antibody (1:2000). Staining was performed with the
enhanced chemolumininescence (ECL) Western blotting sys-
tem (Amersham-Buchler).

Photoaffinity Labeling of RBL-2H3-hm1 Membrane Pro-
teins. Photoaffinity labeling of RBL-2H3-hm1 G proteins,
immunoprecipitation, and SDS/PAGE were performed as
described (27, 29). For precipitation, 15 ul of antisera specific
for aq/11 (AS 370) or all three Ga; subunits (AS 266; ref. 30)
were used.

Microinjection of Oligonucleotides. RBL-2H3-hm1 cells
were seeded at a density of ~103 cells per mm? on coverslips
imprinted with squares for localization of injected cells. Se-
quences of all antisense oligonucleotides used in this study
were optimized by sequence comparison and multiple align-
ment using MACMOLLY TETRA software (Soft Gene, Berlin).
Oligonucleotides were synthesized with a DNA synthesizer
(Milligen model 8600); for synthesis of phosphorothioate
oligonucleotides, the method described by Iyer ef al. (31) was
used. Injection of oligonucleotides was performed by a manual
injection system (Eppendorf). The injection solution con-
tained 10-20 uM oligonucleotides in water; approximately
10-20 f1 was injected with commercially available microcap-
illaries (Femtotips; Eppendorf) with an outlet diameter of 0.5
pm. The pressure was 20-40 hPa, and the injection time was
0.1s. After injection, the cells were cultured in culture medium
containing 2% FCS for 36 hr; 12 hr before fluorometric
measurements, cells were incubated with culture medium
containing 18% FCS. The following antisense oligonucleotide
sequences were used: anti-ag, GAACCAATTGTGCATGAGC;
anti-a;;, CAGGAGTGCATTGGCCTTG:; anti-a4, TGGCA-
GAGTCTGACAGCTG. The sequences of anti-ajcom and anti-
a,; and of oligonucleotides directed against 8 and vy subunits
have been published (11).

Measurement of Cytosolic Ca?*. RBL-2H3-hm1 cells were
loaded with 2 uM fura-2 acetoxymethyl ester (MoBiTec,
Gottingen, F.R.G.) for 60 min at 37°C in a buffer consisting of
138 mM NaCl, 6 mM KCl, 0.1 mM CaCl,, 1 mM MgSO;, 1 mM
Na,HPO,4, 5 mM NaHCOs3, 5.5 mM glucose, and 20 mM
Hepes/NaOH (pH 7.4) containing 0.1% (wt/vol) bovine
serum albumin. Cells were washed twice with 2 ml of a buffer
consisting of 138 mM NaCl, 6 mM KCI, 1 mM MgCl,, 1 mM
CaCly, 5.5 mM glucose, and 20 mM Hepes/NaOH (pH 7.4).
For determination of cytoplasmatic Ca?*, cells were overlay-
ered with 300 ul of the buffer described above, supplemented
with 1.1 mM EGTA. Determinations of Ca?* in single cells
were performed at 37°C using a digital imaging system
(T.I.L.L. Photonics, Munich). Cells were visualized using an
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inverted microscope (Zeiss Axiovert 100) with a Neofluor X 16
oil-immersion lens (Zeiss). fura-2 fluorescence was excited
alternately at 340 nm and 380 nm with illumination provided
by a 100-W xenon lamp. Cellular fluorescence was filtered
through a 510-nm band pass filter. For each single cell mea-
sured, maximum and minimum fluorescence were determined
by subsequent addition of the buffer described above contain-
ing 10 uM ionomycin plus 2 mM CaCl, and the same buffer
containing 10 mM EGTA, respectively. Images were digi-
talized and analyzed by the software FucaL 5.00 (T.LL.L.
Photonics). Ratio images were generated in 0.5- to 1-s inter-
vals. For background compensation, illumination of an area
containing no cells was subtracted. For each cell, [Ca?*]; was
averaged from pixels within manually outlined areas. The
significance of the results was determined using Student’s ¢
tests. Standard errors are given as SEM.

Immunocytochemistry. Cells were washed with PBS at pH
7.4, fixed with ethanol/acetic acid (10:1, vol/vol) for 30 min at
room temperature, and permeabilized with 0.1% saponine in
PBS containing 3% FCS. Then cells were washed (three times,
10 min each) with the same buffer containing 5% FCS and
incubated with the same buffer containing 3% FCS with the
polyclonal anti-Gg/1; rabbit antibody (AS 370) at a 1:100
dilution overnight at 4°C. The cells were then washed in PBS
(four times, 10 min each) and incubated with goat anti-rabbit
IgG conjugated to fluorescein isothiocyanate (diluted 1:1000
or 1:2000) in PBS containing 5% FCS and 0.1% saponine for
18 hr at 4°C. Thereafter, the cells were washed (four times, 10
min each) in PBS and mounted in Moviol (Hoechst). Images
of the stained cells were obtained by a video imaging system
using monochromatic light at 495 nm at a exposure time of
1000 ms; to prevent bleaching, cells were not exposed to light
at 495 nm before pictures were taken. The average of pixels
outlined from the immunofluorescence of the cell membrane
was corrected for background illumination and was calculated
for each cell by constant acquisition parameters. The signifi-
cance of the results was determined using Student’s ¢ tests.
Standard errors are given as SD. The digitalized fluorescence
images were visualized by the software NIH IMAGE (Wayne
Rasband, National Institutes of Health).

Reverse Transcriptase (RT)-PCR. Total RNA was purified
according to the method of Chomczynski and Sacchi (32),
using Trizol (GIBCO/BRL); RT-PCR was performed as
described (11). For amplification of Gaj4, primers with the
sequences GGAGAAAGAGTCTCAGCGC and TGGCA-
GAGTCTGACAGCTG were used as primers; for amplifica-
tion of B and vy subunits, we used the primers reported
previously (11).

RESULTS

To study the coupling of ml receptors to PLC-B, we used
RBL-2H3-hml1 cells, which stably express the muscarinic m1
receptor (26), as a model system. Specific binding with
[*H]QNB revealed a muscarinic m1 receptor density of 870
fmol/mg of membrane protein (data not shown), which is
comparable to the receptor density previously published by
Jones et al. (26) for these cells; this corresponds to 8500-10,000
receptors per cell.

In this model cell line, carbachol stimulates PLC-B, increases
inositol 1,3,4-trisphosphate, and transiently increases [Ca?*];
by Ca?* release from endoplasmic stores, followed by Ca?*
influx. A final event in the signal transduction cascade induced
by carbachol in RBL-2H3-hm1 cells is stimulation of serotonin
release. All these functional responses were not abrogated by
pretreating the cells with PTX (100 ng/ml for 24 hr), which
confirms that PTX-insensitive G proteins are mediators be-
tween receptor and effector systems (data not shown; ref. 26).

To identify the G protein subunits involved in the ml
receptor-induced increase of [Ca?*];, we microinjected phos-
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phorothioate-modified antisense DNA oligonucleotides di-
rected against the mRNAs of PTX-insensitive and PTX-
sensitive G protein « subunits into the nuclei of RBL-2H3-hm1
cells. In experiments studying the persistence of fluorescently
labeled antisense oligonucleotides, we detected nuclear fluo-
rescence up to 72 hr after microinjection of oligonucleotides
into the nuclei of RBL-2H3-hm1 cells (data not shown).
Two days after injection of antisense oligonucleotides, Ca?*
mobilization was measured in the absence of extracellular
Ca?* (100 uM EGTA) as an indicator of PLC activation. The
increase in [Ca?*]; was calculated for each cell, and the mean
values were calculated for all cells of each experiment as shown
in Fig. 1A for one typical experiment. The carbachol-induced
increase in [Ca?*); was largely PTX insensitive (Fig. 1B). Cells
injected with an antisense oligonucleotide designed to anneal
to the mRNAs encoding Gag (anti-ag) and Gay; (anti-ay;)
showed largely reduced [Ca®*]; peaks compared to uninjected
cells. Cells injected with antisense oligonucleotides directed
against the mRNAs encoding Gao, (anti-ao1) and Geas (anti-
a14) subunits were comparable to uninjected cells in showing
no reduction in [Ca?*]; peaks (see Fig: 1B). Cells injected with
a mixture of anti-aq and anti-a;; antisense oligonucleotides
(anti-agq+11) showed no further reduction of carbachol-induced
increase in [Ca?*]; compared to cells injected with either
anti-aq or anti-a; oligonucleotides (see Fig. 1B). The expres-
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FiG. 1. Carbachol-induced increase in [Ca?*]; in RBL-2H3-hm1
cells injected with antisense oligonucleotides directed against the
mRNAs of Gag, Gai1, Gais, and Gao; in uninjected and PTX-treated
cells (100 ng/24 hr). (4) The increase in [Ca2*]; is shown as an average
time course for 10-15 cells in representative experiments and deter-
mined as described in Materials and Methods. <, Anti-ais-injected
cells; W, anti-a;i-injected cells;- O, anti-aq+11-injected cells; A, anti-
arr-injected cells. Cells were superfused with carbachol (1 mM) at ~48
hr after intranuclear injection with the indicated antisense oligonu-
cleotides. (Inser) NECA-induced increase in [Ca2+]; in RBL-2H3-hm1
cells injected with anti-aq+11 and anti-ajcom antisense oligonucleotides.
The arrow indicates the application of NECA (10 uM). (B) Bars show
mean values (+ SEM) of carbachol-induced increase in the intracel-
lular calcium concentration (ACa?*). Numbers in parentheses indicate
the number of cells measured.
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sion of members of the G4 family of G proteins in the model
cell line was analyzed by probing immunoblots of membranes
with specific antisera raised against peptide sequences of Gag,
Gay1, and Gays;i6. Gag and Gay; proteins were detected; Gays
was not expressed (data not shown). In addition, the expres-
sion of Ga;4 was demonstrated by RT-PCR using specific Ga4
primers. To prove the annealing of anti-a;4 antisense oligo-
nucleotide to the respective cDNA, we used the anti-a4 as 3’
primer together with another 5’ primer to amplify nucleotides
29-460 of Gay4 from cDNA prepared from RBL-2H3-hm1
cells. The specificity of the detected amplified product was
tested by restriction analysis (data not shown). These data
indicate that m1 receptors couple to both Gaq and Gay;. To
confirm this with a second method, we performed carbachol-
stimulated photolabeling with the stable GTP analogue
[@-3?P]GTP azidoanilide. Immunoprecipitation with a specific
anti-ag/1;1 antiserum (AS 370) demonstrated an increased
incorporation of [a-**P]GTP azidoanilide into two proteins of
41 and 42 kDa (i.., Gq and Gi;); Ga; proteins were not
activated by the m1 receptor as shown by immunoprecipitation
with an anti-aicom antiserum (AS 266) (data not shown).

To control the specificity of the used antisense oligonucle-
otides, we compared the ml receptor-induced increase in
[Ca?*]; with the increase in [CaZ*]; induced via adenosine Aj
receptors, which are endogenously expressed in RBL-2H3-
hm1 cells (33). The adenosine Aj receptor agonist NECA (10
pM) induced a PTX-sensitive increase in [Ca®*]; in RBL-2H3-
hm1 cells. Since Gj; and Gj; are the only PTX-sensitive G
proteins expressed in this cell line, we injected cells with
antisense oligonucleotides complementary to a sequence com-
mon to all three mRNAs encoding Ge; isoforms (anti-@icom).
On the same coverslip, we injected cells located in another
marked area with anti-aq+1; antisense oligonucleotides. After
application of NECA, anti-a;com-injected cells showed a de-
creased peak of [Ca?*]; compared to anti-aq.i-injected cells
(Fig. 1 Inset), demonstrating the specificity of the antisense
oligonucleotides used.

In addition, we checked the ability of the microinjected
antisense oligonucleotides to suppress the expression of the
targeted G protein subunits, using indirect immunofluores-
cence. Staining of the G protein subunits a4 and a;; in
uninjected cells with a specific Gag/1; antibody (AS 370)
showed a typical ring-shaped pattern of fluorescence, indicat-
ing a predominantly plasma membrane-associated location
(Fig. 2). Two days after injection of anti-ag+11, the fluores-
cence signal was reduced by 82% in cells injected with anti-

uninjected

anti-a,,

uninjected

Gag1 antibody

FIG. 2. Inhibition of Gag/11 protein expression in RBL-2H3-hm1
cells injected with anti-aq+11 antisense oligonucleotides. (Upper) Un-
injected RBL-2H3-hm1 cells (Left) and cells injected with anti-ao;
antisense oligonucleotides (Right) on the same coverslip. (Lower)
Uninjected cells (Left) and cells injected with anti-ag+11 antisense
oligonucleotides (Right) on the same coverslip. All cells were stained
48 hr after injection with rabbit anti-aq/11 antiserum (AS 370; 1:100)
specific for Gagq/11 and visualized by staining with fluorescein isothio-
cyanate-conjugated goat anti-rabbit IgG (1:1000).
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ag+11 compared to uninjected cells on the same coverslip (12
*+ 10 and 68 * 30 arbitrary units, respectively). On another
coverslip, the fluorescence signal was not significantly differ-
ent in uninjected compared to control (i.e., anti-a,1)-injected
cells (88 + 20 and 110 * 24 arbitrary units, respectively). The
staining patterns in anti-oq+11- and anti-a,;-injected cells were
unchanged compared to uninjected cells on the same coverslip
(see Fig. 2). The time course of suppression of Gag/1; protein
expression determined by immunofluorescence microscopy
revealed the largest antisense effect (i.e., lowest amount of
Gayg/11 protein expression) 40-48 hr after injection of anti-
sense oligonucleotides. Subunit expression completely recov-
ered 96 hr after injection (data not shown).

Taken together, our data indicate that the muscarinic m1
receptor couples in RBL-2H3-hm1 cells to both Gag and Gayy
and that both G proteins are essential to exert its effect on the
effector system—i.e., PLC-B.

To identify the B and vy subunits involved in the carbachol-
induced increase in [Ca2*];, we injected antisense oligonucle-
otides directed against the mRNAs of B, B2, B3, Bs, Y1, Y2, V3,
Y4, ¥s, and vy, subunits of G proteins (anti-B;, anti-B,, anti-Bs,
anti-B4, anti-y;, anti-y,, anti-ys;, anti-vys, anti-ys, and anti-y,,
respectively). As a stringent control for the specificity of the
antisense oligonucleotides, we compared in each experiment
injected cells located within a marked area on the coverslip to
uninjected cells located outside of the marked area. This
procedure guarantees that injected cells were always compared
to control cells that were otherwise grown, treated, and
analyzed under identical conditions (i.e., incubation, microin-
jection, loading with fura-2, and determining the increase in
[Ca?*];). Fig. 3 shows the original traces of one experiment.
Cells injected with anti-B; or anti-B, antisense oligonucleotides
exhibited a significant inhibition of carbachol-induced increase
in [Ca?*]; compared to uninjected cells, whereas anti-B,- and
anti-Bs-injected cells did not differ from uninjected cells (Figs.
3 and 44). From cells injected with antisense oligonucleotides
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Fig. 3. Carbachol-induced increase in [Ca?*]; in RBL-2H3-hm1
cells injected with anti-B antisense oligonucleotides. Each panel shows
a representative experiment of RBL-2H3-hm1 cells injected with
anti-B1-, anti-B2-, anti-B3-, or anti-Ps-injected cells. The tracings show
average time courses of about 15 injected and uninjected cells, each
measured on the same coverslip. The concentration of [Ca?*]; was
calculated as described in Materials and Methods.
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FIG. 4. Carbachol-induced increase in [Ca2*]; in RBL-2H3-hm1
cells injected with anti-B and anti-y antisense oligonucleotides. Each
bar depicts the carbachol-induced increase in the intracellular calcium
concentration (ACa2*;) as the mean * SEM of seven independent
experiments in carbachol-stimulated RBL-2H3-hm1 cells. The num-
bers of injected and uninjected cells are indicated in parentheses. A
nonpaired ¢ test was used to assess the significance of the decrease in
Ca2* mobilization in antisense oligonucleotide-injected cells com-
pared to uninjected cells (*, P < 0.01).

directed against different y subunits, only anti-ys-injected cells
showed a strong inhibition of the [Ca?*); increase compared to
uninjected cells (Fig. 4B).

The expression of 8 and vy subunits was checked by RT-PCR
using specific primers for each subunit (11). We found that the
B subunits B1, B2, B3, and B4 were expressed (data not shown).
Bs, mainly found in neuronal tissues (34), was not tested. Of the
six tested y subunits, 72, 3, ¥4, ¥s, and vy; were expressed (data
not shown). The recently described +ys subunit, which is
exclusively expressed in olfactory tissue (35), was not tested.

Taken together, our data strongly suggest that the activation
of PLC-B and subsequently the induction of [Ca?*]; increase by
m1 receptor are mediated by a G protein complex consisting
of the two a subunits, aq and ay;, and two By complexes, B1ys
and B4'Y4.

DISCUSSION

To study the role of isoforms of G protein subunits in
muscarinic m1 receptor-effector coupling in RBL-2H3-hm1
cells in vivo, we intranuclearly microinjected antisense oligo-
nucleotides designed to anneal selectively to mRNAs of indi-
vidual subtypes of G protein subunits. As shown in previous
studies, this method guarantees an appropriate molar excess of
the antisense oligonucleotides over sense mRNA for effective
functional knockouts (8-11). To probe the extent and the
selectivity of the antisense knockout effects, we documented
the target protein depletion by semiquantitative immunocy-
tochemistry of Gag/11. The results of these experiments re-
vealed that the time course by which anti-aq+;1 antisense
oligonucleotides were effective in suppressing functional re-
ceptor—PLC-B coupling paralleled suppression of the Gag/1i
protein level, which decreased maximally within 48 hr after
injection. Total recovery of the protein occurred after 96 hr,
underlining the reversibility of antisense-induced protein elim-
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ination. Similar results were obtained by Kleuss et al. (8) using
Qocom antisense oligonucleotides in GH3 cells, by Campbell et
al. (36) using aycom and ajcom antisense oligonucleotides in
dorsal root ganglion cells, and recently by Kalkbrenner et al.
(11) using specific a,; and a,> antisense oligonucleotides in
RINMmSF cells.

To prove that targeting of the aq/1; subunits by antisense
oligonucleotides did not affect other G protein subunits, we
compared the carbachol-induced increase in [Ca>*}; to that
induced via the endogenous adenosine Aj receptor, which
couples to PTX-sensitive G proteins. These results demon-
strated that injection of anti-aq4+; did not affect the functional
coupling of the Aj receptor via G proteins of the G; family to
PLC-B isoforms (see Fig. 1 Inset).

The results of our functional studies using microinjection of
antisense oligonucleotides showed that in anti-ay- and anti-
a-injected cells the carbachol-induced [Ca’*]; increase was
substantially suppressed. These data are in agreement with
GTP azidoanilide photolabeling experiments demonstrating
coupling of the activated ml receptor, stably transfected in
human embryonic kidney 293 cells, primarily to Gag and Ga;;
in this study the overexpressed ml receptor also coupled to
Gai; and Gai; (27). Similarly, in Chinese hamster ovary (CHO)
cells transfected with the m1 receptor, inositol-phospholipid
hydrolysis was activated through Gay,1, and through PTX-
sensitive G proteins (14). In contrast, in RBL-2H3-hm1 cells
the m1 receptor coupled only to PTX-insensitive G proteins to
activate PLC. One explanation for the fact that we could not
observe a PTX-sensitive component of the hormonally stim-
ulated inositol phospholipid response in RBL-2H3-hm1 cells
may be due to the number of receptors expressed in these cells,
which was more in the range of endogenously expressed
receptors compared to other cell lines with overexpressed
receptors. In RBL-2H3-hm1 cells, the m1 receptor is expressed
at a low density [e.g., 10,000 compared to 350,000 and 140,000
receptors per cell in HEK 293 cells (27) and CHO cells (14),
respectively].

Nakamura et al. (19) showed that Gay, Gajy, and Gayy
proteins expressed in the baculovirus-Sf9 system are equally
potent in stimulating purified bovine brain PLC-8 in recon-
stituted systems. Lee et al. (37) expressed Gag, Ga;i, Gayy, and
Gaje in COS-7 cells and tested the ability of G protein-
enriched membranes to stimulate purified PLC-B, and PLC-
B2. All members of the G4 protein family reconstituted with the
PLC-B,; isoenzyme, but Gag and Ga;; were the most efficient,
whereas for reconstitution with the PLC-3, isoenzyme Gaj,
was the most efficient subunit. Using the antisense technique
in RBL-2H3-hm1, we could not show functionally coupling of
the m1 receptor to PLC-B through the Ga,4 protein, although
Ga 4 is present in these cells; in addition the anti-a;4 antisense
oligonucleotide did anneal to the targeted sequence in RT-
PCR experiments (see Results).

Injection of oligonucleotides complementary to specific G
protein 3 and vy subunits also reduced the carbachol-induced
[Ca’>*}; increase. In cells injected with anti-B, and anti-84
oligonucleotides, the carbachol-induced [Ca’*]; increase was
significantly diminished compared to control, anti-B,-, and
anti-Bs-injected cells. When antisense oligonucleotides di-
rected against vy subunits were injected, only anti-y,s-injected
cells showed a significant reduction of the carbachol-induced
Ca’* peak. Thus, specific By dimers are involved in functional
coupling between the muscarinic m1 receptor and G proteins.
High selectivity in functional coupling of one given receptor to
one particular G protein heterotrimer has previously been
shown in the pituitary cell line GH3 for muscarinic M4 and
somatostatin receptors, which couple to G, proteins composed
of a,1/B3/vs and as1/B1/y3, respectively, to inhibit voltage-
gated Ca’* channels (10). Furthermore, in GHj as in RINmF5
cells, galanin receptors use G proteins composed of ao1/B2/7v>
to mediate inhibition of voltage-gated Ca>* channels (11).

Proc. Natl. Acad. Sci. USA 93 (1996) 1395

Whether this heterotrimer selectivity is due to a specific
interaction of receptors and G proteins or whether the selec-
tivity is due to restricted localization of specific G protein
heterotrimers and receptors in the plasma membrane remains
to be determined. In fact, there is growing support that
compartmentalization may be an important principle in G
protein-mediated signal transduction (for review, see ref. 38).
The By subunits are sequestered in Triton X-100-insoluble
fractions together with cytoskeleton fragments in S49 lym-
phoma cells (39), and in smooth muscle cells G protein « and
B subunits copurify with caveolin, an important structural
protein of plasmalemma caveolae (40). Furthermore, the vys
subunit in neonatal cardiac fibroblasts is colocalized in focal
adhesions with vinculin (41). In addition, the mobility of G
protein fBvy subunits is limited in NG108-15 cells (42). Thus,
compartmentalization of signaling components hinders free
movement of receptors and G proteins in membranes. This
may play an important role by determining selectivity in
interaction between receptor and effectors. By taking our
results into account, one can speculate that receptors may
possess structure determinants for specific interaction with G
protein heterotrimers or may interact with distinct pools of
preformed specific G protein heterotrimers locally enriched in
caveolae of cell membranes. For G, and G, our data indicate
that preformed or precoupled G protein complexes can be
composed not only of one heterotrimer but can also consist of
two a subunits (aq and ay;), two B subunits (8, and B4), and
one 7y subunit (vys). This complex model is supported by the fact
that inhibition of the expression of only one of the involved «
subunits leads to abrogation of the functional coupling, what
means that each contributes equally to functional coupling.
Our data do not exclude that a second, yet unknown, y subunit
participates in m1 receptor—-PLC-$ coupling, as more y sub-
units were recently discovered.

In summary, we show here that specific G proteins com-
posed of Gay,11°B1/Bsys are essential for effective coupling
between the muscarinic m1 receptor and PLC-mediated Ca>*
mobilization in RBL-2H3-hm1 cells. In addition, our approach
to use antisense oligonucleotides to identify specific G protein
subunits involved in hormonal activation of PLC-B with sub-
sequent increase in cytoplasmatic Ca’* is at present the most
suitable and reliable method to determine the specificity of
receptor—-G protein—effector coupling in vivo in intact cells.
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