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Abstract The Ga2-subunit ofDictyostelium discoideum is essential to the initial stage of the cell’s developmental
life cycle. In response to the extracellular chemoattractant, cAMP, Ga2 is activated and transiently phosphorylated on
serine-113 [Chen et al. (1994): J Biol Chem 269:20925–20930]. The role of Ga2 phosphorylation remains elusive; cells
expressing the S113A, nonphosphorylated mutation of Ga2 appear to proceed through the developmental phase
normally. To gain insight into the function of Ga2 phosphorylation, the conditions for Ga2 phosphorylation were
examined using a variety of a-subunit point mutations and chimeras. Mutations that block the G protein activation cycle
prior to or at the hydrolysis of GTP (Ga2-S45A, Ga2-G207A, and Ga2-Q208L) preclude Ga2 phosphorylation in vivo.
Phosphorylation of the Ga2-Q208L mutation does however occur in an in vitro phosphorylation assay. It appears that
Ga2 phosphorylation, shown previously in vivo to require the cAMP receptor, also requires signaling through the G2
pathway. Results from the in vitro assay suggest that the substrate for phosphorylation is the a-subunit monomer. J. Cell.
Biochem. 66:268–276, 1997. r 1997 Wiley-Liss, Inc.
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The heterotrimeric, guanine nucleotide bind-
ing proteins (G proteins) function by coupling
plasmamembrane receptors to their signal gen-
erating systems. Ligand binding to a receptor
activates a distinct G protein, by catalyzing the
exchange of bound GDP for GTP on the Ga-
subunit. The activated G a-subunit dissociates
from Gbg complex, and the free Ga-subunit
and/or Gbg complex then interact with effec-
tors.An intrinsic GTPase activity of theG a-sub-
unit hydrolyses the bound GTP to GDP and the
Ga-subunit re-associates with the Gbg complex
to complete an activation cycle [reviewed in
Simon et al., 1991; Neer, 1995].
Crystal structures for two G protein a-sub-

units [Lambright et al., 1994; Coleman et al.,
1994] and recently the heterotrimer [Wall et al.,
1995; Lambright et al., 1996] provide insight
into how heterotrimeric G proteins function
and are regulated. However, many unresolved

questions remain. G protein a-subunits have
been shown to be myristoylated, palmitoylated,
and phosphorylated, yet how these covalent
modifications affect G protein function is un-
clear. Much is already know about a-subunit
myristoylation [Wedegaertner et al., 1995], but
relatively less is understood for a-subunit pal-
mitoylation and phosphorylation. The mamma-
lian a-subunits, Gza and Gi2a, and Dictyo-
stelium Ga2 are known to be phosphorylated
upon activation [Carlson et al., 1989; Bushfield
et al., 1990; Gundersen and Devreotes, 1990].
Several a-subunits have also been phosphory-
lated in vitro [Katada et al., 1985; Zick et al.,
1986; Lounsbury et al., 1991; Pyne et al., 1992].
The function of a-subunit phosphorylation ap-
pears to represent an additional level of regula-
tion in the G protein activation cycle [Fields
andCasey, 1995; Strassheim andMalbon, 1994].
InDictyostelium discoideum,Gprotein-medi-

ated signal transduction is essential to themul-
ticellular, developmental life cycle of this soil
ameba [Chen et al., 1996; Gross, 1994]. The
developmental phase is initiated by starvation
of a population of amoebae, which induces the
cells to aggregate. This process is driven by a
chemotactic response of the cells to secreted
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cAMP. The ‘aggregation’ phase is dependent on
a G protein signal transduction pathway, using
the Ga2-subunit [Kumagai et al., 1989]. The G2
signaling pathway in Dictyostelium is respon-
sible for the cAMP-induced responses of cAMP
signaling, chemotaxis, and changes in gene ex-
pression, all of which contribute to aggregation.
Deletion of the ga2 gene results in the loss of
cAMP-induced responses and cell aggregation
[Kumagai et al., 1989]. Activated Ga2 directly
stimulates phospholipase C in Dictyostelium.
However, the significance of this response is
unclear, since cells deleted of the only PLC gene
retain a wild-type phenotype [Drayer et al.,
1994]. cAMP signaling is mediated by activa-
tion of adenylyl cyclase, which occurs through
the bg complex and the cytosolic protein, CRAC
[Lilly and Devreotes, 1994]. The chemotactic
response is at least in part regulated through
the activation of guanylyl cyclase. However the
events leading from Ga2 to guanylyl cyclase
activation remain unidentified.
While the essential nature of Ga2 has been

clearly demonstrated, important questions re-
main concerning regulation of its activity. Ga2
is transiently phosphorylated on a single serine
residue, S113, in response to the extracellular
cAMP stimulus [Chen et al., 1994]. However,
site-directed mutation of serine 113 to an ala-
nine does not result in any obvious change to
the developmental phenotype, leaving the sig-
nificance of this modification unclear [Chen et
al., 1994]. To examine the requirements for Ga2
phosphorylation, several Ga2 mutations were
generated based on analogous mammalian
a-subunit mutations. These mutations have
been shown to block the G protein activation
cycle at various stages. In Goa, mutation of
Ser-47 inhibits the binding of GTP [Slepak et
al., 1993]. In Gsa mutation of Gly-226 blocks
the release of the bg complex upon activation
[Lee et al., 1992] and mutation of Gln-227 dra-
matically reduces GTPase activity [Graziano
and Gilman, 1989]. These mutations occur at
highly conserved amino acid residues in the
a-subunit sequence within motifs required for
GTP binding and hydrolysis. The correspond-
ing residues in Dictyostelium Ga2 are Ser-45,
Gly-207, and Gln-208. In addition, two a-sub-
unit chimeras N236 and 33C [Chen et al., 1994]
were examined. The chimeras are combina-
tions of Dictyostelium Ga1 and Ga2. The letter
refers to whether Ga2 is the N-terminus or the
C-terminus portion and the number refers to

the crossover amino acid on Ga2. Both chime-
ras were shown to be phosphorylated when
expressed in the presence of wild-type Ga2
[Chen et al., 1994]. Each of the Ga2 mutations
was transformed into a cell line deleted of the
ga2 gene, MYC2 [Chen et al., 1994], and the
resulting transformants were observed for their
cell phenotype and for their ability to phosphory-
late the expressed Ga2 both in vivo and in vitro.
Results suggest that Ga2 phosphorylation re-
quires a functioning Ga2 signaling pathway
and that the substrate for phosphorylation is
the monomeric form of the a-subunit.

METHODS
Cell Culture and Development

All cell lines were grown in a modified HL-5
medium at 22°C [Ashworth and Watts, 1970]; 1
L of growth medium contains, 10 g proteose
peptone (Difco, Detroit, MI), 5 g yeast extract
(Difco), 10 g dextrose, 3.6 mMKH2PO4, 3.6 mM
Na2HPO4, and 30mg dihydrostreptomycin. For
all experiments, cells were made aggregation
competent as previously described [Devreotes
et al., 1987]. Briefly, cells at 2–6 3 106 cells/ml
in HL-5 were pelleted by centrifugation at 700g
for 4 min, resuspended in development buffer
(DB, 5 mM NaH2PO4, 5 mM Na2HPO4, 2 mM
MgSO4, 0.2 mM CaCl2, pH 6.2), and recentri-
fuged. The washed cells were resuspended in
DB at 2 3 107 cells/ml, and cAMP (50 nM final
concentration) was added every 6 min during
hours 2–6 of starvation in DB.

Mutations

The site-specific mutations Ga2-G207A and
Ga2-Q208L were generated by oligonucleotide-
directed mutagenesis as described [Kunkel et
al., 1987; Chen et al., 1994]. Generation of the
Ga2-S45A, the Ga chimeras, N236 and 33C and
transformation and expression of the muta-
tions in Dictyostelium has been previously de-
scribed [Chen et al., 1994].

Assays

The Ga2 mobility shift assay in sodium do-
decyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) and immunoblots were per-
formed as described [Gundersen andDevreotes,
1990]. GTPgS inhibition of cAMP binding to
membrane cAMP receptors was performed ac-
cording to a standard protocol [Snaar-Jagalska
and Van-Haastert, 1994]. Briefly, aggregation
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competent cells were diluted from 2 3 107
cells/ml to 5 3 106 cells/ml with DB and shaken
at 200 rpm for 30 min. Cells were centrifuged
and washed once in DB followed by a second
wash in AC buffer (40 mM Hepes-NaOH, 0.5
mM EDTA, pH 7.7) and finally resuspended in
AC buffer supplemented with 250 mM sucrose
to a density of 1 3 108 cells/ml. The cells were
lysed by forcing them through two layers of a
Nucleopore filter (5-µm pore size) and centri-
fuged at 13,000g for 10 min at 4°C. The pellet
was washed once in AC buffer plus sucrose and
once in phosphate buffer (PB, 10 mMNa2HPO4/
KH2PO4, pH 6.5). The pellet was resuspended
in PB at 4°C in a volume equivalent to 1 3 108
cells/ml. The assay contained 10 µl of [3H]cAMP
(5 nM final concentration; Amersham, 38 Ci/
mmol), 10 µl of either dH2O, GTPgS (100 µM
final concentration) or cAMP (10 µM final con-
centration) plus 80 µl of the resuspended lysate
pellet. Following incubation on ice for 5 min,
the tubes were centrifuged at 14,000g for 3 min
at 4°C, and the supernatant was carefully aspi-
rated. The pellet was dissolved in 0.1 ml of 1%
SDS. Scintillation fluid was added and
[3H]cAMP bound to the pellet was determined.
All samples were done in triplicate. Radioactive
cpm obtained in the presence of H2O or GTPgS
represents ‘‘total’’ cAMP bound and is sub-
tracted from cpm in the presence of 10 µM
cAMP (nonspecific) to give ‘‘specific’’ cAMP
bound. The in vitro assay was performed with
whole cell lysates. Aggregation competent cells
were resuspended at 13 108 cells/ml in DB plus
4 mM caffeine to inhibit endogenous cAMP pro-
duction [Brenner and Thoms, 1984] and shaken
at 200 rpm.After 30 min, an aliquot of cells was
mixed 1:1 with ice-cold lysis buffer (20 mM
MES pH 6.5, 5 mMMgCl2, 1 mM dithiothreitol,
0.1 MNaCl and a cocktail of protease inhibitors
[Klein et al., 1987] and forced through two
layers of a 5-µm-pore Nucleopore filter
[Devreotes et al., 1987] into a microcentrifuge
tube on ice. To start the assay, 40 µl of lysate
was transferred to a set of tubes at room tem-
perature that contained 10 µl of ATP (1 mM
final concentration) and Na3VO4 (0.1 mM final
concentration) and incubated for 0, 1, and 5
minutes. The reactions were stopped by the
addition of an equal volume of 100°C, 2X-SDS
sample buffer. Samples were separated by SDS-
PAGE and analyzed for phosphorylation (gel
shift) by immunoblotting with the Ga2 peptide
antiserum. For radiolabeling experiments, the

ATP concentration was reduced to 0.1 mM and
0.5 µCi of [g-32P]ATP (Amersham, .5,000 Ci/
mmol) was added. Following the incubations,
Ga2 was immunoprecipitated and subject to
SDS-PAGE and autoradiography as previously
described [Gundersen and Devreotes, 1990].

RESULTS
Mutant Phenotype and In Vivo Phosphorylation

Wild-type and each mutated ga2 sequence
were transformed into the ga2-minus cell line
MYC2. Clonal transformants were isolated and
the resulting developmental phenotype noted
(Table I). Re-introduction of the wild-type se-
quence (Ga2-wt) rescued the aggregation pheno-
type in MYC2 cells, as did the phosphorylation-
blocked mutant Ga2-S113A and the Ga1/Ga2
chimera 33C. The Ga2 point mutants Ga2-
S45A, Ga2-G207A, and Ga2-Q208L, as well as
the Ga2/Ga1 chimera N236, all failed to rescue
the aggregation phenotype in the MYC2. Each
cell line was examined for phosphorylation by
in vivo cAMP-induced mobility shift of the Ga2
protein on SDS-PAGE. Cells expressing wild-
type Ga2 demonstrated a normal shift in mobil-
ity. The chimera 33C also showed a mobility
shift, but to a lesser degree than wild type (Fig.
1A; Table I). The chimera N236 also showed a
minimal amount of gel shift; however, the time
course differed from that of the wild type. The
shift of N236 is delayed being first apparent
around 5min.Asimilar delay in the onset of the
gel shift was also observed when N236 was ex-
pressed in the presence of wild type Ga2 [Chen

TABLE I. Analysis of Ga2 Mutants*

Cell lines
Aggre-
gation

Phosphory-
lation
in vivo

Phosphory-
lation
in vitro

Ax-3 1 1 1
MYC2 (Ga22) 2 (2) (2)
Ga2-wt 1 1 1
Ga2-S113A 1 2 2
Ga2-S45A 2 NS 2
Ga2-G207A 2 2 2
Ga2-Q208L 2 2 1
N236 (chimera) 2 1 (delayed) 2
33C (chimera) 1 1 ND

*Cells that aggregate into mounds within 24–48 h were
designated 1, while those that failed to aggregate after 48
h were 2. Phosphorylation in vivo and in vitro are summa-
rized from Figure 1. NS, not shown [refer to Chen et al.,
1994]. ND, not determined. For MYC2, no Ga2 protein is
present, so phosphorylation is absent (2).
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etal., 1994].MutationsGa2-G207A,Ga2-Q208L,
andGa2-S113Aall failed to shiftmobility follow-
ing cAMP stimulation. Ga2-S45A is also not
phosphorylated [Chen et al., 1994]. Since the
site for phosphorylation is present in all the
Ga2 mutants except Ga2-S113A, it is assumed
that a failure to be phosphorylated results from
an inability of the Ga2 mutants to serve as
substrates for the responsible kinase, or that
the receptor-mediated signal for Ga2 phosphor-
ylation requires an activated G2 pathway.

Monomeric Form of Ga2 Is Required
for Phosphorylation

To distinguish between these two possibili-
ties, each mutant Ga2 was examined for phos-
phorylation using an in vitro assay. Following
cell lysis, we have observed that a small but
significant portion of Ga2 is phosphorylated
without the requirement for exogenous cAMP.
In vitro, Ga2 phosphorylation also appears

within 1 minute and remains stable over 5 min
(Fig. 1). In vitro labeling with [g-32P]ATP re-
vealed that the phosphorylation of Ga2 was
stable for at least 5 min (Fig. 2A, lanes 1–4), yet
32P-labeling is lost in the presence of 5 mM
unlabeled ATP (Fig. 2A, lanes 5–8). Also the
32P-label is not rapidly tuning over, since a
1-min chase with 5 mM ATP did not decrease
the level of 32P-label on Ga2 (Fig. 2B). The
results of the in vitro assay for each of the Ga2
mutations are shown in Figure 1 and summa-
rized in Table I. In addition to the wild-type
protein, only Ga2-Q208L became phosphory-
lated following cell lysis. Ga2-S113A, Ga2-
S45A, Ga2-G207A, and the N236 chimera were
not phosphorylated. The absence of Ga2-S113A
phosphorylation in vitro suggests that the cor-
rect site, Ser-113, is being phosphorylated in
the lysates. What form of Ga2-wt is being phos-
phorylated in vitro is uncertain but phosphory-
lation of Ga2-Q208L suggests that the kinase

Fig. 1. Phosphorylation of various mutant Ga2 proteins as
determined by mobility on SDS-PAGE in vivo and in vitro. Cells
expressing Ga2-wt, the various mutant Ga2 proteins, or the
chimeras were made aggregation competent and sampled un-
der either in vivo or in vitro assay conditions. Samples were
examined for mobility shift (phosphorylation) on SDS-PAGE by

immunoblotting for Ga2, as described under Methods. The
phosphorylation-induced mobility shift of Ga2 (approx. 40
kDa) on SDS-PAGE is seen in the appearance of a higher-MW
band (approx. 42 kDa) in the 1 and 5 min lanes in both the in
vivo and in vitro samples.
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recognizes themonomeric form of Ga2. Sucrose-
density centrifugation gradients of membrane
extracts confirmed that Ga2-Q208L is mono-
meric (data not shown). No phosphorylation
occurred on Ga2-G207A. Its mammalian coun-
terpart has been shown to bind GTP, but not to
release the bg complex and thus remains het-
erotrimic. Presumably, theG2heterotrimerwith
GTP bound is not a substrate for the kinase in
Dictyostelium. Sucrose density centrifugation
gradients of Ga2-G207A confirmed that this
mutant protein indeed exists as the heterotri-
mer even in the presence of GTPgS (data not
shown). To determine whether the kinase that
phosphorylates Ga2 is affected by cAMP, cGMP,
Ca21 or EGTA, each compound was added to
wild-type lysates in the in vitro assay, but in
each instance no difference was observed in the
degree of Ga2 phosphorylation (data not shown).

Coupling to the cAMP Receptor

To determine which Ga2 mutant proteins
were coupling to the cAMP receptor and thus
initiating the G2 signaling pathways, the effect
of GTPgS on cAMP binding was examined. G
protein interaction with its receptor affects the
receptor’s ligand binding affinity [reviewed in
Gilman, 1987]. G protein-coupled receptors gen-
erally show both high-affinity and low-affinity
components in their ligand binding curves. The
high-affinity state of the receptor indicates re-
ceptor-G protein coupling (interaction). Ligand
binding stimulates release of GDP from the
a-subunit and replacement with GTP. This re-
sults in release of the G protein from the recep-
tor and separation of the a-subunit from the bg
complex. One consequence of the dissociation is
the loss of receptor high-affinity binding. This
general observation for G protein-coupled recep-
tors holds true for the cAMP receptor of Dictyo-
stelium. Scatchard analysis of cAMP binding to
Dictyostelium membranes has revealed both
high- and low-affinity binding components. The
addition of GTPgS to the cAMP binding assay
results in the loss of high-affinity cAMPbinding
[Van Haastert, 1985]. The effect of GTPgS on
cAMP binding affinity in the various Ga2 mu-
tants is presented in Table II. At 5 nM cAMP
binding to membranes from wild type cells
(Ax-3) is reduced 81% in the presence of GTPgS.
The reduction is slightly less for Ga2-wt, Ga2-
S113A, and the chimera 33C, being 70%, 66%
and 76%, respectively. The mutations Ga2-
S45A, Ga2-G207A, and Ga2-Q208L each show
a smaller but significant reduction (approx.
50%) in cAMPbinding in the presence of GTPgS

Fig. 2. In vitro Ga2 phosphorylation detected by 32P-incorpo-
ration. Cells expressing Ga2-wild type (wt) were made aggrega-
tion competent and lysed for the in vitro Ga2 mobility shift
assay as described in the Methods section. A: Lanes 1–4, lysates
were incubated with [32P-g-]ATP for 0, 1, 2, and 5 min; lanes 5,
6, same as lanes 1 and 2; lanes 7, 8, also contained 5 mM
unlabeled ATP. B: In a second experiment, Ga2 was 32P-labeled
as in A for 0, 1, and 2 min (lanes 1–3). For the chase, lysate
labeled for 0 and 1 min (lanes 4, 5) had 5 mM unlabeled ATP
added after 1 min of 32P-labeling for an additional minute prior
to immunoprecipitation (lane 6). 32P-labeled Ga2 was isolated
from the lysates by immunoprecipitation, separated on SDS-
PAGE and subject to autoradiography.

TABLE II. GTPgS Inhibition of
cAMPBinding*

Cell lines cAMP binding (% remaining)

Ax-3 19 6 4 (n 5 3)
MYC2 (Ga22) 84 6 11 (n 5 5)
Ga2-wt 30 6 3 (n 5 5)
Ga2-S113A 34 6 3 (n 5 3)
Ga2-S45A 58 6 6 (n 5 4)
Ga2-G207A 55 6 5 (n 5 3)
Ga2-Q208L 53 6 8 (n 5 3)
N236 (chimera) 99 6 19 (n 5 5)
33C (chimera) 24 6 6 (n 5 5)

*GTPgS inhibition of high-affinity cAMP binding was per-
formed on cell lysate pellets as described under Methods.
Values reported are the % cpm remaining bound to mem-
branes in the presence of GTPgS and are themean 6 SEM.
n, the number of individual experiments.
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in comparison with wild type. MYC2 and the
chimera N236 each show no reduction in cAMP
binding in the presence of GTPgS. The lack of
an effect in the assay for MYC2 cells is thought
to reflect the loss of the interaction of the G2
heterotrimer with the cAMP receptor. The ab-
sence of an effect for N236 suggests that this
chimeric G protein does not interact with the
cAMP receptor. To further define the state of
the cAMP receptor in the N236 cell line, we
examined cAMP binding by Scatchard analysis
and found that N236 contains no high affinity
sites in comparison to the Ga2-wt (Fig. 3). Im-
munoblots for cAR1 on the two cells lines re-
vealed essentially equal levels of the receptor
(data not shown).

DISCUSSION

Understanding the conditions required for
Ga2 phosphorylation may help define the role
of Ga2 phosphorylation in Dictyostelium. Phos-
phorylation of the Dictyostelium Ga2 occurs on
Ser-113 [Chen et al., 1994], which according to
the crystal structures of Gta and Gia [Lam-
bright et al., 1994; Coleman et al., 1994] lies
within the helical domain of theG proteina-sub-
unit. No function or similar modification has
been confirmed for the helical domain, al-
though two reports have suggested a role for
this domain in effector binding [Antonelli et al.,

1994; Mixon et al., 1995]. Antonelli et al. sug-
gest that Xenopus Gsa activation of adenylyl
cyclase requires a sequence within the helical
domain. The comparable sequence in Dictyo-
steliumGa2 contains Ser-113.
Does the signal for Ga2 phosphorylation re-

quire activation of the G2 signaling pathway, or
is it independent of Ga2 function? Failure to
detect Ga2 phosphorylation in a variety of Ga2
mutants that are unable to undergo cell aggre-
gation, a response requiring Ga2 function, sug-
gests that the signal for phosphorylation is
dependent upon prior activation of the G2 het-
erotrimer. Themutations Ga2-G207Aand Ga2-
Q208L are analogous to constitutively acti-
vated mammalian a-subunits, yet they fail to
be phosphorylated upon cAMPstimulation. Pre-
vious work with these mutations in Dictyo-
stelium suggests that their aggregation-minus
phenotype, which seems contrary to constitu-
tive activation of the a-subunit, stems from
adaptation of the signaling pathway [Okaichi
et al., 1992]. Thus it seems that activation of
the phosphorylation response must lie down-
stream of the adaptation. Additional evidence
suggesting the requirement for an active G2
signaling pathway comes from observation that
monomeric Ga2 in the b-minus cell line is not
phosphorylated (data not shown). No Ga2-
dependent responses are seen in the absence of
the b-subunit in vivo [Wu et al., 1995]. The
b-minus cell line LW6, which continues to ex-
press Ga2, fails to undergo aggregation [Lilly et
al., 1993] and lacks G protein coupling to the
cAMP receptor [Wu et al., 1995]. Whether Ga2
in the b-minus cell line has any guanine nucleo-
tide bound is unknown. An additional consider-
ation for Ga2 phosphorylation may also be its
cellular location. Ga2 from the b-minus cells
appears predominantly in a lysate supernatant
rather than the pellet fraction as in wild-type
cells and a nonmyristoylated mutant, Ga2-G2A
is also not membrane localized and is not phos-
phorylated in vivo [Root and Gundersen, 1997].
However the mutant proteins produced and
described here were all membrane associated
(Fig. 1A).
An alternative interpretation of the data is

that the mutated a-subunits are no longer suit-
able substrates for the kinase. In vitro phosphor-
ylation of purified transducin by protein kinase
C suggests that the substrate for phosphoryla-
tion is themonomeric GDP-bound form of trans-
ducin, since GTPgS blocked phosphorylation by

Fig. 3. Scatchard Analysis of cAMP binding to membranes
from cells expressing Ga2-wt and the Ga2/Ga1 chimera N236.
Cell lysate pellets were prepared from aggregation competent
Ga2-wt (M) and N236 (Q) for the GTPgS inhibition of cAMP
binding assay as described in theMethods section. For Scatchard
analysis cAMP binding was carried out by varying the concen-
tration of [3H]cAMP from 1 nM to 200 nM. Specific cAMP
binding was determined by subtracting Nonspecific binding (10
µM cAMP added) from total binding (dH2O added). Each sam-
ple was done in triplicate.
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protein kinase C [Sagi-Eisenberg, 1989]. In the
in vitro assay, phosphorylation of the Ga2-wt is
independent of exogenous cAMP addition and
is not affected by the addition of GTPgS. What
form of Ga2-wt is being phosphorylated in vitro
is uncertain. The observation that Ga2-Q208L
is the only mutation phosphorylated in vitro
suggests that the kinase can recognize the mo-
nomeric form of Ga2. No phosphorylation oc-
curred on Ga2-G207A, which remains het-
erotrimic.
From these results, it is concluded that for

Ga2 phosphorylation to occur in vivo, an active
Ga2 signaling pathway is required and that
Ga2must be the activatedmonomer.Why, then,
is the chimera N236 phosphorylated? Clearly
N236 is not coupled to the cAMP receptor based
on a lack of GTPgS inhibition of cAMP binding
(Table II). N236 should remain as a heterotri-
mer in the cell and would not be phosphory-
lated if the kinase requires a monomeric sub-
strate. A weak gel shift of N236 is observed
although the time course is delayed. One pos-
sible explanation is that N236 phosphorylation
does not occur on Ser-113, but on another ser-
ine, possibly a serine in the Ga1 portion of the
chimera. We have been unable to identify the
phosphorylation site onN236 by the samemeth-
ods used to identify the phosphorylation site in
wild-type Ga2 [Chen et al., 1994], due to very
low levels of 32P incorporation during attempts
to radiolabel N236. Phosphorylation of Ga1 has
not been observed using a variety of conditions
(unpublished observations). One possible expla-
nation for N236 phosphorylation requires an
understanding of a-subunit–receptor coupling
in Dictyostelium. A vast majority of the experi-
mental evidence suggests that Ga2 is coupled
to the cAMP receptor, cAR1 during the aggrega-
tion stage. Cells lacking a functional Ga2 show
a clear loss of cAMP high-affinity binding and
there is no effect of GTPgS on cAMP binding
[Kumagai et al., 1989]. Ga1may couple to cAR1
[Bominaar and Van Haastert, 1994] and/or to
the CMF (conditioned media factor) receptor
[R. Gomer, personal communication]. The C-
terminal region of G protein a-subunits is essen-
tial for receptor coupling [Conklin and Bourne,
1993]. The results from the GTPgS inhibition of
cAMP binding demonstrate that N236 does not
affect cAMP binding and implies that Ga1 is
not coupled to cAR1. The question remains,
how does signaling occur through the chimera
N236, which results in its phosphorylation?

Usual activation events obviously do not occur,
because N236 expression does not rescue the
aggregation-minus phenotype of MYC2 (ga22).
N236 may become activated through coupling
to the CMF receptor, activating the kinase and
subsequent phosphorylation of S113 of N236.
Presumably activation of the kinase occurs
through the Ga2 portion (the N-terminal half )
of N236. Alternatively an undetectable interac-
tion of the cAMP receptor with the Ga1 (C-
terminal portion) of N236 may lead to activa-
tion of the kinase. We are currently attempting
to resolve this question.

CMF Is Not Required for Ga2 Phosphorylation

It was recently shown that a secreted pro-
tein, CMF, is required at a specific threshold
concentration for in vivo cAMP-induced activa-
tion of adenylyl cyclase and guanylyl cyclase
[Yuen et al., 1995]. This protein may function
as a sensor of cell density and thus regulates
initiation of the development phase of the Dic-
tyostelium life cycle [Yuen et al., 1991]. To deter-
mine whether Ga2 phosphorylation is regu-
lated by CMF, Ga2 gel mobility shift was tested
at three different cell densities. The lowest cell
density used (1 3 106 cells/ml for 30min) should
not accumulate sufficient CMF to activate the
CMF-dependent pathways. Regardless of the
cell density, cAMP addition induced a shift in
mobility of Ga2 [Brazill et al., 1997]. This result
suggests that the kinase responsible for Ga2
phosphorylation is not under the control of ad-
enylyl cyclase or guanylyl cyclase, both of which
are CMF-regulated pathways.
A role for Ga2 phosphorylation is yet to be

determined, but the apparent need for an active
G2 signaling pathway suggests that a feedback
mechanism is involved. A series of cAMP recep-
tor mutations has recently been described that
separates Ga2-dependent and Ga2-indepen-
dent signaling pathways [Milne et al., 1997].
Examination of these mutants in conjunction
with Ga2 phosphorylation will help to confirm a
requirement for Ga2 signaling in the phosphor-
ylation event. In addition, a search for the ki-
nase responsible for Ga2 phosphorylation may
help define a role for the helical domain of the G
protein a-subunit.
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