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The @ subunits of pertussis toxin-sensitive G proteins G;;, G2 and G;, have been shown to inhibit adenylyl cyclase in transfected cells, However,
G, has recently been associated with protein transport and localized 1o the Golgi apparatus in a number of cell lines, rather than to the plasma
membrane, We studied NIH 3T3 clones stably expressing different levels of a constitutively activated mutant of the & subunit of G, (&;;-Q204L).
Transfected a;; subunits were localized to the Golgi apparatus in all NIH 3T3 clones. In clones expressing u;,-Q204L al high levels, a;, subunits
were also localized to the plasma membranc, Those clones which demonstrated expression of &, at the plasma membrane showed a 40% 10 60%
inhibition of forskolin-induced cAMP accumulation. Transfected NIH 3T3 clones in which plasma membrane a;, wis undetectable, did not show
inhibition of forskolin-induced cAMP accumulation. These data suggest that, unless high expression is achieved in transfecied cells, & is targeted
predominanily to the Golgi, not to the plasma membrane, and does not control adenylyl cyclase activity in NIH 3T3 fibroblasts,

Fibroblasts; Ga;, (G proteins); Adenylyl cyclase; Golgi

1. INTRODUCTION

G proteins are membrane-bound heterotrimeric pro-
teins responsible for the coupling of specific, seven
transmembrane-domain receptors to their effectors [1-
5]. G proteins consist of 3 subunits, &, § and 7. & sub-
units apparently determine the specificity of receptor-
effector coupling, The G protein initially described as
responsible for adenylyl cyclase inhibition, G;, is actu-
ally a group of three distinct proteins: G;;, G;» and G,
[1-3,6]. The a subunits of G;;, G;; and Gj; (¢, &;» and
@;3) are closely related proteins encoded by 3 different
genes [7]. At the amino acid level, ¢, is 36% identical
to o, and 93% identical to a;; [8]. The high sequence
similarity suggests similar functions for all three o; sub-
units. In stable transfections in fibroblasts (S. Her-
mouet, P. de Mazancourt and A.M. Spiegel, unpub-
lished observations) [9-13], all three a; proteins are able
to inhibit adenylyl cyclase. However, @; subunits differ
in both function and subcellular distribution, Until re-
cently, it was generally assumed that G proteins were
targeted primarily, if not exclusively, to the plasma
membrane. Yet, subpopulations of &; subunits can be
found in the cytosol and in association with subcellular
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organelles or cytoskeletal elements [14-19). Particularly
relevant is the observation that the & subunit of G;; has
been localized to both the Golgi and apical plasma
membrane border in renal epithelial cells but is almost
exclusively restricted to the Golgi apparatus in LLC-
Pk1 cells [20,21). In the latter case, 3-fold expression of
wild-type o;; slowed the rate of constitutively secreted
proteoglycan through the Golgi apparatus, an observa-
tion that is consistent with a role for G;; as a regulator
of Golgi trafficking. A mechanism for such activity is
unknown, although recent reports have implicated a
heterotrimeric G protein in the rcgulation of coat pro-
teins associated with vesicular transport [21-24]. We
found that rat and murine fibroblasts show an appar-
ently exclusive Golgi localization for a;;, (B.S. Wilson
and M. Gist Farquhar, unpublished observations).
How then can the inhibition of adenylyl cyclase by a;;
in transfected murine fibroblasis be explained? To ad-
dress this question, NIH 3T3 cells were stably trans-
fected with a constitutively activated mutant of a;; (@3-
Q204L), and the localization of a;; and the effect on
intracellular cAMP were measured in selected clones
expressing various levels of o;;-Q204L.

2. MATERTALS AND METHODS

2.1. Cell cuttures
Cell culture reagents and geneticin (G418 sulfaie) were purchased
from Biofluids (Rockville, MD) and GIBCO/BRL. NIH 3T3 celis
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were grown in Dulbecco's modified Eagle’s medium supplemented
with 10% calf serum [25). Medium was changed twice a week,

2.2. Transfection of NIH 3T3 cells

Rat cDNA encoding the & subunit of G;; (kindly provided by Dr.
R. Reed, Johns Hopkins University) was subjected to site-directed
mutagenesis using the Amersham mutagenesis kit [26]. The mutant
(Q204L) cDNA was subcloned into the modified retroviral expression
vector pZipNeoSV(X) as deseribed [27]. NIH 3T3 cells were transs
fected with 1 ug of DNA per 10 cm plate by calcium phosphate
precipitation (Stratagene Mammalian Transfection kit) [28). Twenty-
four hours after transfection, cells were grown in selective medium
containing geneticin (G 418, 0.75 mg/ml) for at least two weeks. Sev-
eral geneticin-resistant cell pools were obtained. Cells from one cell
pool were cloned by serial dilution. Thirty clones were selectad and
screened for their level of &;; expression. Two NIH 3T3 clones trans-
fected with vector alone, and six clones expressing different levels of
@;3-Q204L are described in this work.

2.3. Immunoblot analysis

Confiluent cultures of NIH 3T3 clones were scraped and pelleted
and washed three times in 10 m! of PBS, pH 7.5. The cell pellets were
frozen (=70°C) and thawed once and homogenized in a Dounce ho-
mogenizer in 10 mM Tris buffer, pH 7.4, containing 0.25 M sucrose,
2 mM MgCl, and leupeptin (0.10 mg/ml}, and centrifuged for 10 min
at 1,000 rpm, 4°C. The supernatant was centrifuged for 30 min at
14,000 rpm in a microcentrifuge at 4°C. Pellels (membranes) were
resuspended and stored at ~70°C in 10 mM Tris buffer pH 7.4, 0.25
M sucrose and 0.10 mg/ml leupeptin. The protein concentration was
determined by the Bradford method [29] with 13G (Bio-Rad) used as
a standard. 50 ug of membrane proleins were resolved on a 10%
SDS-polyacrylamide gel, transferred to nitrocellulose and im-
munoblotied with the affinity-purified anti-serum EC, specific for a;,
{30]. Detection of the antibody-antigen complex was by '*I-labeled
protein A. Autoradiograms were scanned by PhosphorImager (Molec-
ular Dynamics).

2.4, Immunocytochemistry studies

Cells were grown on glass coverslips and fixed for 30 min with 2%
paraformaldehyde, followed by permeabilizalion with 0.1% Triton
X-100. Immunolocalization of a,; was accomplished using the EC
antibody followed by a donkey anii-rabbit fluorescein conjugate
(Jackson). Photographic exposures [or all photographs were identical
and print processing steps were kept uniform so that coraparisons
would accurately reflect the different levels of expression of &;; among
the clones. Selected clones were also grown to 90% confluency in
60-mm dishes, fixed with 2% formaldehyde, 10 mM periodate and 75
mM lysine for 10-15 min. Cells were then harves'ed in the same
fixative and pelleted by cenlrifugation. Pellets were washed with PBS,
infiltrated with polyvinylpyrrolidone (PVP) and then frozen, Semithin
sections (0.5-1.0 um) cut from frozen specimens were used for im-
munofluorescence studies with the EC antibody. Micrographs were
taken using an Axiophot (Zeiss, Burbunk, CA) equipped lor fluores-
cence microscopy.

2.5. Cyclic AMP assays

Cells were plated in triplicate at 50,000 cells in 1 m! per well and
grown to confluency in DMEM with 109 calf serum in 24-well plates
(previously coaled with fibronectin, 1 4g/ml in 1 ml PBS, for 60 min
at 37°C), The cells were washed with DMEM, then incubated at 37°C
in DMEM (1 ml per well) containing 10 mM Na HEPES pH 7.5, 1
mM IBMX with or without forskolin 50 #M. After 20 min, Lhe incu-
bation medium was removed and the cells were lysed (30 min, 4°C)
with 0.5 ml of 0.1 M HCLO.1 mM CaCl,. The plates were stored at
=20°C. After thawing, samples were acetylated by adding 10 ul of
acetic anhydride/triethylamine (1:2.5, vol/vol). ceAMP was measured
using a radioimmunoassay [31] and protein content of each well was
deiermainea to nosmalize for differences in cell number. Results pre-
sented here are mean values = SD of 3 different experiments in trip-
licate, For statistical analysis, we used Student-Newman-Keuls® test.
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Fig. 1. Level of expression of a;; in transfected NIH 3T3 clones. Crude

membrane proteins (50 #g) were resolved by SDS/10% PAGE and

transferred to nitrocellulose, The blots were incubated with EC anti-

serum. Detection of the antibody-antigen complex was by '**I-labeled
protein A,

3. RESULTS

3.1. Expression of a;~Q204L in NIH 3T3 clones

NIH 3T3 cells express o, (40 kDa) and a;; (41 kDa),
but not o;, (41 kDa). Expression of a;; is measured with
antiserum EC, specific for a3 [30]. The level of expres-
sion of transfected a;;-Q204L in crude membrane prep-
arations from cell pools was good, showing on average
a 5-fold increase (8. Hermouet, P. de Mazancourt and
A.M. Spiegel, unpublished observations). Six NIH 3T3
clones expressing o;;-Q204L were selected: the level of
expression of @;; in these cells varies from low (clone
3/24, less than 2-fold increase) to intermediate (clones
3/22, 3/27, 3/28, 3- to 5-fold increase) or high (clones
329, 3/30, 10-fold increase) (Fig. 1).

3.2. Cyclic AMP accumulation

‘We measured intracellular cAMP levels in intact cells,
with or without incubation with 50 M forskolin (Fig.
2). Two NIH 373 clones transfected with vector alone
(also referred to as control cells) and the six NIH 3T3
clones transfected with ;;-Q204L ¢cDNA described in
Fig. 1 were studied. The forskolin-induced cAMP accu-
mulation was significantly decreased in clones 3/28 (15.5
+ 1.2 nmol/mg/20 min; 62% of control), 3/29 (11.2 £ 2.1
nmol/mg/20 min; 48% of control) and 3/30 (10.3 = 2.8
nmol/mg/20 min; 42% of control) when compared to
control clones (25.4 + 1.9 nmol/mg/20 min and 24.0 £
1.6 nmol/mg/20 min). Thus the two clones 3/29 and
3/30, with the highest level of &, expression, accumu-
lated cAMP at iess than half the rate of control cells. A
third clone, 3/28, with an intermediate level of a;; ex-
pression, demonstrated a smaller decrease in cAMP ac-
cumulation than clones 3/29 and 3/30. In contrast,
transfection of a;;-Q204L had no significant effect on
forskolin-induced cAMP accumulation in clones 3/22,
3/24 and 3/27, which have low to intermediate levels of
3 expression.

3.3, Cellular localization of o; in NIH 3T2 clones ex-
pressing 0,;-Q204L

When control cells were examined by whole cell fluo-

rescence microscopy, we found a;; to be restricted to a
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Fig. 2. cAMP accumulation in NIH 3T3 clones expressing @;,-Q204L.

NIH 3T3 clones were incubated with or without forskolin (50 4M) at

37°C for 20 min. Values are mean £ S.D. of three different experi-
ments performed as described in section 2. ‘P < 0.05; *"P < 0.01.

prominent perinuclear network that is typical of the
Golgi apparatus in these fibroblasts (Fig. 3a). To con-
firm the apparent lack of plasma membrane staining, we
also examined semithin (0.5-1.0 gm) cryosections of
control cells. This technique of staining is useful to dis-
tinguish membrane labeling from potential cytosolic
pools. By this technique, o;; is undetectable on the
plasma membrane of control cells and a strong signal
is seen only in the Golgi region, consistent with the
pattern seen in whole cells (Fig. 3b).

We next examined the six NIH 3T3 clones transfected
with 23-Q204L cDNA. In all cases, the overall fluores-
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cence of these clonal populations was higher than in the
control cells and it was necessary to decrease the con-
centration of EC antibody 4-fold in order to clearly
distinguish membrane associations from ¢ytosolic pools
in whole cell immunofluorescence. As shown in Fig.
4a-f, four of the clones (3/22, 3/24, 3/27 and 3/28) con-
tinue to have a predominant Golgi signal for a;,, despite
a clear increase in @;, expression. Staining can occasion-
ally be seen at the cell periphery in these clones (arrow-
head, 3/24) but is not typical of the majority of cells. The
two clones with very high levels of expression, 3/29 and
2/30, are dramatically different when examined by
whole cell fluorescence microscopy. Specific staining for
a;, is clearly demonstrable at the plasma membrane of
the majority of cells in these clonal populations, and is
particularly striking in membrane ruffies and at the
leading edge of filipodia. Thus, the two clones with the
highest level of expression, 3/29 and 3/30, have high
levels of plasma membrane association for activated a;,
and, correspondingly, show a clear inhibition of cAMP
accumulation, Three clones with low to moderate over-
expression of activated o, (clones 3/22, 3/24, 3/27)
maintain the Golgi association seen in control ceils, do
not demonstrate association of a;; with the plasma
membrane and do not show any change in cAMP accu-
mulation. One clone (3/28) appeared to be an anomaly
in this respect: plasma membrane association was not
clearly evident in whole cell fluorescence, but cAMP
accumulation was consistently inhibited in these cells,
although not as well as in clones 3/29 and 3/30. There-
fore we compared localization of a;; in semithin sections
of clone 3/28 with other moderate (3/22) and high (3/29)
overexpressing clonal populations. As shown in Fig.
5a—c, a typical Golgi signal (and no ‘rim” signal) is seen
for clone 3/22 (which does not inhibit forskolin-induced
cAMP increase), while a strong ‘rim’ signal indicating
piasma membrane association is seen for virtually every

Fig. 3. immunofluorescence localization of the & subunit of Gm in NIH 3T3 cells transfected with vector alone (clone 4/6). (8) Cells grown on

coverslips, fixed with 2% paraformaldehyde, permeabilized wiih 1% Triton X-106, and stained for wholc cell fluorescence. (b) Cryosection (1 um

thick) of cells fixed in 2% formaldehyde/75 mM lysine/10 mM periodate and stained for fluorescence. Anti-x;; antiserum (EC) was used at a dilution

of 1:400, followed by FITC-conjugated donkey anti-rabbit IgG. Via both methods, G;, is shown to be targeted solely to the Golgi region adjacent
10 the nucleus.
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Fig. 4. Whole cell immunofluorescence localization of G),. Whole cell immunofluorescence localization of G, in cells expressing low ((b), clone
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3/24), intermediate ((a), clone 3/22; (c) clone 3/27; (d) clone 3/28) and high ((e), clone 3/29; (f) clone 3/30) levels of ®,-Q204L. Cells grown on

coverslips were fixed with 2% paraformaldehyde, permeabilized with 1% Triton X-100 und labeled with anti-g;y antiserum {EC) at a diiuion of

111600, followed by FITC-conjugatled donkey anti-rabbit 1gG, Low to moderate overexpression of 24 (a-d) results in staining typical of Golgi

logalization (as in (b), arrow), although some plasma membrane associalion can be found in a minority of the cells ((b), arrowhead). High levels

of overexpression of &, (e,f) are shown to result in intense staining of the plasma membrane; arrowhead in (¢) marks example of a imembrane ruffie
that is brightly labeled.

cell from the population originating from clone 3/29
{which effectively inhibits cAMP accumulation). The
staining pattern for clone 3/28 is more heterogenous,
but a significant number of cells do show the rim-like
stain of the plasma membrane (Fig. b, arrowhead), in
addition to an intracellular pattern consistent with the
Golgi localization (Fig. Sb, arrow).

4. DISCUSSION

We studied the localizatioan of G;; in normal NIH
3T3 cells and found that &, subunits are targeted prefer-
entially to the Golgi, with minimal (if any) expression
at the plasma membrane. Because of the limitations of
the immunofluorescence technique used for cellular lo-

226

calization, it is possible that o, is present at the plasma
membrane in NIH 3T3 cells but at levels too low to be
detected even in one ym semithin sections. However,
stably transfected NIH 3T3 clones overexpressing acti-
vated o, demonstrated either predominant Golgi local-
ization of o;; (clones 3/22, 3/24, 3/27), or expression of
o, at both Golgi and plasma membranes (clones 3/28,
3/29, 3/30). These latter clones are the only ones for
which there is evidence of inhibition of forskolin-in-
duced cAMP accumulation. Although it has been re-
ported that activated a;, inhibits adenylyl cyclase activ-
ity in pools of stably transfected NIH 3T3 cells [12], this
does not happen in more physiological conditions, such
as low or moderate expression of activated ¢ subunits.
Therefore, our conelusion, in agreement with McClue
et al, [32], is that activation of &;, does not induce inhi-
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Fig. 5. Semithin cryosections of clones 3/22, 3/28 and 3/30 stained for fluorescence with the EC antibody. Clones 3/22 (a) and 3/28 (b) both express

moderate levels of &, but only in clone 3/28 (b) can both Golgi (arrow) and plasma membrane (arrowhead) localization be consistently

demonstrated. Clone 3/22 is labeled only in the Golgi region next to the nucleus (a). Clone 3/30 (c) expresses high levels of activated a;, and the
majority of cells are inlensely labeled at both the plasma membrane ((c), arrowhead) and at the perinuclear Golgi region ((c), arrow).

bition of adenylyl cyclase in normal fibroblasts. Con-
centrations of ¢, at the plasma membrane, if a;; does
exist at levels below our detection, are extremely low in
normal fibroblasts.

It is now apparent that G; proteins have variable
subcellular localizations; therefore, their functions are
probably not limited to the coupling of plasma mem-
brane receptors to their effectors. & subunits of G, and
G, have been reported to bind to tubulin [16]. Besides
the plasma membrane, &; subunits are present in specific
granule fractions derived from neutrophils [14,33], in
sarcoplasmic reticulum fractions prepared from canine
heart [19], in rough endeplasmic reticulum of canine
pancreas [18] and possibly in mitochondria (B.S. Wilson
and M. Gist Farquhar, unpublished observations) [15].
Qur experience with stable transfectants of o;; suggests
that, when expressed in large quantity, a subunits can
lose the specificity of their localization in the cell. Spe-
cific binding sites for o, in the Golgi in NIH 3T3 cells
can apparently be saturated and excess ¢, subunits tar-
geted to the plasma membrane. At the plasma mem-
brane, o, is able to interact with effector enzymes, mim-
icking biochemical actions of other closely related
subunits. Under these conditions, a;; can modify ade-
nylyl cyclase activity, probably by substituting for .
Because membrane reconstitution systems and transfec-
tion and overexpression in mammalian cells are two
very common ways of studying the functions of G pro-
teins, our results underline the necessity to determine
the exact localization in the cell of the different o sub-
units of G proteins, so that they can be studied in their
normal environment, In recent experiments screening a
large number of cell types for the distribution of &;,
subunits, we have found other examples of apparent
exclusive Golgi distribution. Included in this category

are NRK cells, REF-52 cells and murine erythroleuke-
mia (MEL) cells (B.S. Wilson and M. Gist Farquhar,
unpublished observations). We have also noted exam-
ples of cells with both Golgi and plasma membrane «;;
localization (Wistar rat thyroid cells) and at least one
case with an apparent exclusive plasma membrane asso-
ciation for a;; (CHO cells).

Thus, &; subunits, despite their high sequence homol-
ogy, can have distinct localization in the cell. Further-
more, the distribution of a;, seems to be determined by
factors specific to a given cell type. Such specificity may
be defined in part by the endogenous levels of expres-
sion of o subunits and the composition and availability
of membrane receplors and effectors at specific subcel-
lular locations. Posttranslational modifications, possi-
bly different from one cell type to another, or variable
affinity or specificity for 8y subunits [34], may also
determine membrane targeting, subeellular localization,
and, finally, functions of the a subunits of G proteins.
We conclude that, until more is known about G protein
cellular localization, one should be cautious in inter-
preting findings about G protein functions using over-
expression of G protein subunits in mammalian cells.
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