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The 0y subunits of G proteins were coimmunoprecipitated with antibodies against various
a subunits, and analyzed by silver stain and immunoblotting with conventional transfer
procedure and membrane-blocking buffer containing 2% BSA. Multiple isoforms of y were
coimmunoprecipitated with no significant difference in form or ratio among the antibodies
against a subunits used, suggesting antibodies against any a subunit could coimmuno-
precipitate all forms of y. Therefore, this method was applicable to analyze y subunits in
various cells, especially to clarify what forms of y subunits are major components. The
major isoforms were: y5 in C6, NG108-15, HeLa, HEK293, and F9 cells; yi2 in Swiss 3T3 and
BRL-3A cells; and y3 in PC12 cells. In addition to most y subunits identified, unidentified
7 subunits were present in PC12, NG108-15, and BRL-3A cells. Furthermore, the method
was applied to examine changes of isoforms of y during differentiation of HL-60 cells.
Undifferentiated cells mainly contained yf, but retinoic acid treatment of cells replaced
most 7s with 72. Thus, this method is useful to determine the major isoforms which seem to
be the more important in cells.

Key words: differentiation, G protein y subunit, HL-60 cells, immunoblotting, immuno-
precipitation.

Heterotrimeric G proteins, which are involved in signal
transduction from cell-surface receptors to intracellular
effectors, are composed of a, /3, and y subunits, the latter
two being tightly associated under physiological conditions
(1, 2). Receptor stimulation promotes the dissociation of G
protein into a separate a subunit and a /3y dimer. This
suggests simultaneous regulation of multiple cellular re-
sponses by G proteins, since both components independent-
ly regulate intracellular effectors (1, 2).

Analyses of purified proteins and cloned cDNAs have
revealed the existence of multiple forms of /? and y in
addition to many isoforms of a. At the amino acid level, 5
mammalian p subunits exhibit strong conservation (3),
while 11 mammalian y subunits show considerable diver-
gence (4). Consequently, functional differences among
various forms of Py complex have been attributed to the y
rather than /? (5- 7). In their tissue distribution, y subunits
show more variation than P subunits. Among the 5 isoforms
of p (fix-fa), p\-pA subunits are widely distributed with the
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exception of a brain specific isoform of & (3). By contrast,
yi and yc are specifically expressed in retinal rods and
cones, respectively (8-10). The y8 subunit is expressed
only in olfactory and vomeronasal neuroepithelia (11),
whereas y3 and y, are localized only in the brain (12-17).
By contrast, y2, yB, y7, y10, yu, and y,2 are distributed in a
variety of tissues (4, 12-16).

To determine what forms of y subunit are present in
tissues or cells, extracts are usually examined by im-
munoblotting. Since most cells and tissues contain multiple
forms of y subunit, the major isoforms seem to be the more
important. However, because reactivities of antibodies
against y subunits are considerably different, immunoblot-
ting does not clarify what forms are major components
without the use of purified y subunits as standards, which
are not always available. In addition, we cannot rule out the
possibility of the existence of novel y subunits as major
isoforms. In the present study, Py subunits were coim-
munoprecipitated from extracts of cells with antibodies
against various a subunits, because antibodies against /?
subunit were not useful for immunoprecipitation. Analyses
of immunoprecipitates by silver stain and immunoblotting
indicated coprecipitation of all the y subunits with the
antibodies against a subunits. Using this method, we
showed the major y subunit in various cells and differ-
entiated HL-60 cells.

With respect to detection of y subunits by immunoblot-
ting, it has been reported that the conventional transfer
procedure was not successful, and a high temperature
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transfer procedure enhanced the sensitivity of immuno-
detection (IS). However, we have been able to detect y
subunits with high sensitivity by conventional transfer
methods (4, 15). Therefore, we show here sensitive detec-
tion of y subunits by immunoblotting with membrane-
blocking buffer containing BSA instead of nonfat dry milk.

MATERIALS AND METHODS

Antibodies—The peptide KNNLKDCGLF, correspond-
ing to residues Lys'45-Phe3" of Gima, was conjugated to
keyhole limpet hemocyanin with glutaraldehyde and inject-
ed into rabbits. Antisera were purified using an antigen-
coupled Sepharose column, and purified antibodies were
referred to as antibodies against Gn^a. Antibodies against
Go a and 0 subunits were previously generated with
purified proteins (19, 20). The antibodies against Gqnia
and Gsa (GWOira) were purchased from Santa Cruz Biotech-
nology. The peptide AT-acetyl-SATNNIAQARKC, corre-
sponding to residues Sei^-Lys12 of y,, appended with
cysteine for coupling purposes, was synthesized. Antisera
against y,iN) were raised in rabbits by the injection of this
peptide conjugated to keyhole limpet hemocyanin and
purified using an antigen-coupled Sepharose column.
Antibodies against y,(N) reacted mainly with y, but also
weakly with y2, y3, and yi2 (data not shown). Antibodies
against other y subunits were previously generated with
the individual peptides corresponding to N- or C-terminal
amino acid sequences (4, 15, 21).

Cell Culture and Differentiation Induction—Mouse Swiss
3T3 fibroblasts were cultured at 37'C in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
10% calf serum. Mouse teratocarcinoma F9, obtained from
Health Science Research Resource Bank, rat C6 glioma,
human leukemia HL-60, human embryonal kidney (HEK)
293, and HeLa cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), and rat PC12 pheo-
chromocytoma cells were cultured in DMEM supplemented
with 5% FBS and 10% horse serum. Mouse neuroblas-
tomaXrat glioma hybrid NG108-15 cells were grown in
DMEM containing 5% FBS and hypoxanthine/aminopter-
in/thymidine, and rat liver BRL-3A cells were cultured in
Ham's F12 medium with 10% FBS. HL-60 cells were
differentiated into granulocytes by treatment for 5 days
with 1.3% dimethyl sulfoxide (DMSO), l m M all-trans
retinoic acid (RA), or 0.1 mM dibutyryl cAMP. The per-
centage of differentiated cells was monitored by nitro-blue
tetrazolium reduction for granulocytes (22, 23). Prepara-
tions in which more than 90% of cells were differentiated
were used for experiments.

Immunoprecipitation—All cells were washed with cold
phosphate-buffered saline and lysed in Buffer A (50 mM
Tris-HCl, pH 8.0, 1 mM EDTA, 100 mM NaCl, 1% Triton
X-100, 0.5% sodium cholate, 0.2 mM phenylmethylsul-
fonyl fluoride, 1 fig/ml trypsin inhibitor). The cell lysates
were centrifuged at 4'C at 100,000 Xg for 20min, and
supernatant fractions (cell extracts) were used for im-
munoprecipitation. The cerebral cortex of rat was homo-
genized in 9 volumes of buffer A, centrifuged at 4'C at
100,000 X g for 1 h, and the supernatant thus obtained was
referred to as the brain extract. For immunoprecipitation,
cell and brain extracts were incubated with antibodies
against various a subunits at 4'C for 1 h, and the immuno-

complexes were recovered by further incubation with 20 n\
of Protein A-Sepharose (1 mg protein A/ml of gel) for 1 h.
The immunoprecipitates were washed three times with
buffer containing 50 mM Tris-HCl (pH 7.5), 1 mM EDTA,
100 mM NaCl, 0.2 mM PMSF, and 1 //g/ml trypsin in-
hibitor, and an aliquot was subjected to SDS-PAGE.

SDS-PAGE and Immunoblotting—Tricine/SDS-PAGE
(16.5% acrylamide) was performed by the method of
SchSgger and von Jagow (24), and SDS-PAGE was conduct-
ed according to the method of Laemmli (25). Proteins were
transferred electrophoretically from each SDS-polyacryl-
amide gel to a nitrocellulose sheet (Protran BA85, Schlei-
cher & Schuell) in ice-cold transfer buffer containing 25
mM Tris-192 mM glycine (pH 8.3) and 20% (v/v) meth-
anol (26) at 15 V/cm for 2 h. The nitrocellulose sheet was
incubated in blocking buffer [10 mM sodium phosphate
buffer, pH7.0, 100 mM NaCl, 2% BSA (Fr. V, Bayer),
0.5% protease-treated gelatin, and 0.1% NaN3] for 2 h at
room temperature, then with primary antibodies in TBS
(20 mM Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.01%
Nonidet P-40) for 1-2 h (15). The sheet was washed with
TBS, then incubated with peroxidase-conjugated anti-
bodies raised in goat against rabbit IgG in TBS for 1 h. The
washed sheet was soaked in chemiluminescence reagent
(Renaissance; DuPont NEN) for 1 min, then exposed to
RX-H film (Fuji) for 0.5-2 min (15).

RESULTS

For detection of y subunits by immunoblotting, we used
conventional transfer procedures at low temperature and
blocking buffer containing 2% BSA (4, 15). As shown in Fig.
1, all y subunits tested could be sensitively detected by this
method. However, these y subunits were hardly detectable
when the same nitrocellulose blots were incubated in the
blocking buffer containing 5% nonfat dry milk, which was
frequently used for detection of y subunits (18) (Fig. 1). In
contrast, /? subunit could be detected by use of either
blocking buffer, indicating nonfat milk was inappropriate
for detection of y subunits by immunoblotting.
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Fig. 1. Reactivities of various y and 0 subunits by immuno-
blotting after incubation with blocking buffer containing BSA
or nonfat dry milk. Purified fiy, (50 ng, lane 1), fin (10 ng, lanes 2
and 6), 0yt (20 ng, lane 3), fir, (10 ng, lane 4), and fir,, (10 ng, lane
5) were subjected to Tricine/SDS-PAGE (lanes 1-5) or SDS-PAGE
(lane 6), then the proteins were transferred to nitrocellulose sheets.
The nitrocellulose blots were incubated in blocking buffer containing
2% BSA for 2 h (upper panel) or TBS containing 5% nonfat dry milk
(Difco skim milk) for 1 h (lower panel), then incubated with anti-
bodies against y, (lane 1), y$ (lane 2), y, (lane 3), y^o (lane 4), y,,
(lane 5), or fi (lane 6). Immunostaining was carried out as described
in 'MATERIALS AND METHODS."
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Antibodies against a subunits of Glm, Go, Gq/U, and G8

specifically immunoprecipitated the respective a subunits
in extracts of rat brain (data not shown). When immuno-
precipitation was performed in the presence of 1% sodium
cholate, Py subunits were not coimmunoprecipitated with
a subunits, but all of the above antibodies coimmunopre-
cipitated Py subunits in extracts of rat brain in the presence
of Triton X-100. In the combination of 1% Triton X-100 and
0.5% sodium cholate, more G proteins were solubilized than
in Triton X-100 alone, and Py subunits could be coimmuno-
precipitated by antibodies against a subunits. Therefore,
we first examined the selectivity in a-y subunit interac-
tions in these conditions. Several isoforms of y were
coimmunoprecipitated with antibodies against a subunits,
with no significant difference among the antibodies in the
forms of y subunits coprecipitated or their ratio (Fig. 2).
Besides brain extracts, similar results were obtained from
extracts of Swiss 3T3 and C6 cells with antibodies against
Gii/2a, Gqni<*, and G,a (data not shown), suggesting ran-
dom association of a with Py in the tissue and cell extracts.
When purified Py2 subunits were added to extracts of Swiss
3T3 cells, which did not contain a detectable amount of y2,
the exogenous y2 as well as endogenous y subunits was
coimmunoprecipitated with antibodies against Gu^a-, sug-
gesting a rapid exchange of Py subunits among a subunits
in extracts. It was unlikely that lack of selectivity in a-y
subunit interaction was due to the non-specific binding of
large amounts of Py to protein A-Sepharose beads, because
antibodies against y subunits with the protein A-Sepharose
specifically immunoprecipitated the respective y subunits
from the extracts of rat brain and the cells. This approach
has the advantage that antibodies against any a subunit
could coimmunoprecipitate all forms of y subunit. To co-
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Fig. 2. Coimmunoprecipitation of ff-y subunits in rat brain ex-
tracts with antibodies against various a subunits of G proteins.
Rat brain extracts were immunoprecipitated with antibodies against
G,ina (lane 2), Goa (lane 3), Gvna (lane 4), and G,a (lane 5). The
immunoprecipitates and the standards (lane 1) were subjected to
Tricine/SDS-PAGE for analyses of the y subunits or SDS-PAGE for
analyses of the p subunits, and immunoblotted with antibodies
against various y and p subunits. The standards (from top to bottom)
were purified bovine Py, (10 ng), Py, (2 ng), Py, (2 ng), Py,, (2 ng),
and fiyn (5 ng). Since the total amount of py coimmunoprecipitated
differed among the antibodies used, the amount of sample applied to
electrophoresis was adjusted to give similar densities of bands of p.
Because antibodies against yr<c>, which reacted with y,, y,, y,, and yi,,
were used to detect y,, staining of y» and y, as well as yi was observed
(middle panel). The rat y, and y,7 showed slightly slower migration
than bovine y, and y,2 of standard proteins, probably due to species
differences (4). In addition, y, often gave two bands on Tricine/SDS-
polyacrylamide gels, though the reason for this is not clear (15).

immunoprecipitate y subunits, antibodies against /? seem-
ed to be better than antibodies against a subunits. How-
ever, our antibodies against p did not precipitate p subunit,
probably because they failed to recognize the assembled
Py, as described by Rehm and Ploegh (27).

To elucidate the major forms of y subunit in the various
types of cells, y subunits were coimmunoprecipitated from
extracts of PC12, Swiss 3T3, and C6 cells with antibodies
against a subunits that were abundant in individual cells,
and the immunoprecipitates were analyzed by silver stain
after Tricine/SDS-PAGE. In addition to major bands of G
protein subunits, minor proteins with higher molecular
weights than those of y subunits were coprecipitated (data
not shown). Several bands of y were obtained from all cell
extracts (Fig. 3A), and most of these were identified by
immunoblotting with antibodies against y subunits (Fig.
3B). Antibodies against y2, y,, y6, yi0, yn, and yl2 spe-
cifically reacted with the respective y subunits, but anti-
bodies against y,m reacted at least with yi, y,, y,, and y12.
In PC12 cells, two bands were visualized by silver stain,
with a dense band of y3. The other band (unidentified y,yx),
migrated between y2 and y,, and reacted only with anti-
bodies against y?^), indicating it was a y subunit but not y2,
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Fig. 3. Analyses of y subunits coimmunoprecipitated with
antibodies against various a subunits from extracts of PC12,
C8, and Swiss 3T3 cells. The extract of PC12 cells was immuno-
precipitated with antibodies against Goa, while extracts of C6 and
Swiss 3T3 cells were immunoprecipitated with antibodies against
Gn,i<r. The immunoprecipitates were subjected to Tricine/SDS-
PAGE and stained with silver (A) or immunoblotted with antibodies
against various y subunits (B). In (A), immunoprecipitates with
antibodies against Goa from rat brain were used for standards of y,,
yt, and y, (lane at the left end) and a mixture of purified Py^ and pytl
(0.1 //g each) was applied to the lane on the right. In (B), immunoblots
with antibodies against y,, y,, y,, y,0, yn, yu, and ynci are shown
together with the results with silver stain obtained in (A). The names
of y subunits on the left indicate identified isoforms, with an
unidentified form of yx.
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Fig. 4. Major y subunits in various cultured cells coimmuno-
precipitated with antibodies against various a. Extracts of
HEK293, HeLa, and F9 cells were immunoprecipitated with anti-
bodies against GM/iar, while extracts of NG108-15 and BRL-3A cells
were immunoprecipitated with antibodies against Qoct and Gqyntf,
respectively. The immunoprecipitates were subjected to Tricine/
SDS-PAGE and stained with silver. The names of y subunits indicate
identified isoforms, with an unidentified form of yx.

Y3, Y&, y?, yio, Yn, or y12 (Fig. 3). In C6 cells, four bands
were observed by silver stain, and identified as y2, y6, yi0,
and y12 by immunoblot, while Swiss 3T3 cells contained a
large amount of y12 and less y6 and yi0 (Fig. 3).

Using this method, the major y subunits in other cul-
tured cells derived from various tissues were stained by
silver and identified by immunoblotting (Fig. 4). The major
y subunits in HEK293, HeLa, and BRL-3A cells were y6

and yi2, while F9 and NG108-15 cells contained y2 and yB as
major y subunits. In addition, an unidentified y, whose
mobility on a polyacrylamide gel and reactivity with
antibodies against various y subunits were very similar to
yx found in PC12 cells, was present in NG108-15 and
BRL-3A cells.

To study changes of isoforms of y during cell differentia-
tion, HL-60 cells were treated with various reagents that
induced their differentiation into granulocytes and im-
munoprecipitated with antibodies against Gui2a (Fig. 5).
Untreated HL-60 cells contained only y6, with no other y
subunits detectable. Differentiation of HL-60 cells into
granulocytes induced the expression of y2 (Fig. 5A), which
was identified by immunoblotting (data not shown). In
particular, RA treatment of cells replaced most y5 with y2

in HL-60 cells. The y[0 subunit was induced only by DMSO
treatment. Although y6 and y7 comigrated under these
conditions (Fig. 5A), immunoblotting with antibodies
against y6 and y, could distinguish them (Fig. 5, B and C).
Limited amounts of y, were induced during differentiation
by all reagents, with the highest level in cells treated with
dibutyryl cAMP.

DISCUSSION

Previous studies have indicated selectivity in a-y interac-
tion: most showed less association between /3y, and a
subunits than other J3y and a subunits in vitro (5-7). By
ion-exchange chromatography of G protein mixture from
bovine brain, it was shown that isolated Go** isoforms had
distinct y subunit compositions (28). In the present study,
however, selective interaction of a and y was not observed
by immunoprecipitation, probably due to the random
association in each subunit during incubation of extracts.
Although the selectivity in a - y interaction could not be
studied by immunoprecipitation methods, these methods
were useful for analyzing the forms of y subunits in tissues
or cells.
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Fig. 5. Changes of isoforms of y subunit during differentiation
of HL-60 cells induced by various agents. The immunoprecipi-
tates with antibodies against Gima from undifferentiated cells (lane
2) and cells treated with DMSO (lane 3), RA (lane 4), or dibutyryl
cAMP (lane 5) were subjected to Tricine/SDS-PAGE and stained with
silver (A), or immunoblotted with antibodies against ys (B) and y,w
(C). In (A), the standards (lane 1) were a mixture of purified fiyt, Pyt,
and fly, (0.1 /*g each), and y, and y, comigrated under these condi-
tions. In (B) and (C), the standards (lane 1) were y9ys (5 ng) and fiy,
(2.5 ng), respectively.

Major y subunits of various cells were visualized with
silver stain after immunoprecipitation of cell extracts with
antibodies against a subunits, and identified by immuno-
blotting. In most cells tested, y5 and y12 or y6 and y2 were
major y, while a brain-specific y, y3, was abundant only in
PC 12 cells. The y10 subunit was also detectable by silver
stain in some cell lines, but y, and yu were not major
components in any cells. Unidentified yx subunits, which
were not y2, y3, y6, y,, y10, yn, or y12, were present in PC 12,
NG108-15, and BRL-3A cells, and they seemed to be
identical judging from their reactivities with antibodies
against y subunits and mobility on a Tricine/SDS-poly-
acrylamide gel. Although we did not examine the existence
of tissue-specific y subunits yu y4, y8, and yc, it is unlikely
that yx is yi, y8, or yc because of their limited localization.
By contrast, it is likely that brain-specific y, may exist in
neuronal cells such as PC12 and NG108-15 cells, but the
following observations suggest that yx is not y4. (i) The
mobility of yx and y, on polyacrylamide gel differed
considerably, while that of y3 and y, should be very similar
because of their close molecular weights, (ii) Since the
C-terminal amino acid sequences of y2 and y4 corresponding
to the region of y7 used for production of antibodies against
Yno were identical, y4 should react with these antibodies as
well as y2. However, the reactivity of yx with antibodies
against y7iC) was much lower than that of y2 in C6 cells, in
contrast to the similar densities of these two bands stained
by silver (Fig. 3). Whatever the case, the amino acid
sequence of yx must be analyzed to prove that yx is a novel
y subunit.

Differentiation of HL-60 cells into granulocytes by
treatment for 5 days with DMSO, RA, or dibutyryl cAMP
induced the expression of y2 and y7, which did not occur in
undifferentiated cells. In particular, the dominant isoform
yB in untreated cells was replaced with y2 in RA-treated
cells. In contrast, Iiri et al (22) reported that DMSO
treatment of HL-60 cells for 5 days did not induce the
expression of y2, but treatment of cells with DMSO (5 days)
plus RA (during the last 24 h of treatment, DMSO/RA) or
RA alone (2 days) did. The reason for the discrepancy
observed in DMSO-treated cells is not clear, but may be
due to the reactivity of antibodies against y2: the sensitivity
of their antibodies may have been too low to detect relative-
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ly small amounts of yt. Actually, the reactivity of our
antibodies against y2 was lowest among antibodies against
various y subunits, and we sometimes did not detect the yt
subunit in the extracts. These results indicate the impor-
tance of examining y subunits by the present methods in
addition to immunoblotting.

Iiri et al. (22) reported that trimeric G|2 purified from
DMSO/RA-treated HL-60 cells stimulated y9y-sensitive
phospholipase C in extracts of HL-60 cells to a much
greater extent and at lower concentrations than G,, purified
from DMSO-treated cells, suggesting that RA-induced
expression of y2 altered the function of G|2. When we
examined y subunits in DMSO/RA-treated cells, more y2

was expressed than in DMSO-treated cells, but much less
than in RA-treated cells (data not shown). Taken together
with the present results, the difference in G,2 from DMSO-
and DMSO/RA-treated cells seems to be the ratio of y2 and
y6. However, it has also been reported that purified phos-
pholipase C/32 and C/33, which were detected in HL-60
cells, were stimulated by both j3y2 and /3ys (7). It is possible
that an unknown isoform of phospholipase C, which is more
sensitive to y?y2, may be present in HL-60 cells.

We are grateful to Dr. Hiroshi Itoh for providing a C-terminal peptide
of Gn,jor.
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