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The G protein  a-subunit Ga2 is essential to  the  devel- 
opmental  program  of Dictyostelium. Ga2 is transiently 
phosphorylated  on  a  serine residue(s) following  stimu- 
lation  with  extracellular CAMP (Gundersen, R. E., and 
Devreotes, P. N. (1990) Science 248,  591-5931. To aid  in 
defining  the  function of a-subunit  phosphorylation, we 
identified  the site of Ga2 phosphorylation.  Comparison 
of the  isoelectric  points (PI) of the  phosphorylated  and 
nonphosphorylated  forms  indicated  that  a  single  mole  of 
phosphate is added  to  Ga2.  Cleavage at tryptophan resi- 
dues  and  immunoprecipitation  with  a  specific  peptide 
antibody  localized  the  phosphorylated  serine  in  the N- 
terminal  119 residues.  Analysis of a  series of Gal  and 
Ga2 chimeras  further  confined  the site between  amino 
acids 33 and 215. Site-directed  mutagenesis of serines 
between  amino  acids 33 and 119 produced  two  mutants 
that  were  not  phosphorylated, S45A  and  S113A.  Ser”’ 
was  identified  as  the site by sequential Edman  degrada- 
tion of S2P-radiolabeled Gcu2 digested  with  endoprotein- 
ase Glu-C. We have  expressed  the Ga2 mutants S113A, 
S1131,  S113T, and S113D in  a Ga2 null  cell line to  examine 
the h c t i o n  of phosphorylation. 

~~~~~~~ 

The  functioning of many  transmembrane receptors is medi- 
ated  through  the action of heterotrimeric G proteins, which 
couple the  receptors  to  their  signal-generating  systems. Ago- 
nist  stimulation of a receptor leads  to  activation of a distinct G 
protein by catalyzing  the exchange of bound GDP for GTP on 
Ga. GTP-bound Ga dissociates  from GP-y, and  either free Ga or 
GPy is  then  able to interact  with effectors. Ga  has  intrinsic 
GTPase activity, which can be  accelerated by the effector. The 
bound GTP is hydrolyzed, and  Ga  returns  to  its GDP-bound 
form,  which reassociates  with GP-y to complete an activation 
cycle (reviewed in Refs. 1 and 2). 

Two mammalian  a-subunits  have been  shown to be phospho- 
rylated upon agonist  activation of surface receptors. GaZ of 
platelets is phosphorylated in  response to thrombin (3), and 
Ga, in  hepatocytes  in  response  to a variety of ligands (4, 5). 
Several  a-subunits  have also been  phosphorylated in vitro (6- 
9). The function of a-subunit phosphorylation could represent 
an additional level of regulation  in  the G protein  activation 
cycle. 
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In Dictyostelium, the G protein G2 is essential for the  star- 
vation-induced  processes of aggregation  and cell differentiation 
(10). Ga2 couples surface CAMP receptors to activation of phos- 
pholipase C (11). In addition,  it  is  required for activation of 
adenylyl cyclase and guanylyl cyclase as well as receptor-me- 
diated chemotaxis, although  the connection is yet  to be estab- 
lished. Loss of Ga2 function blocks activation of these effectors 
in vivo and  stalls cells at   the initiation of the developmental 
phase of the life cycle (12). Since Ga2 controls  a variety of 
effectors, it  may be  subject to  multiple  types of regulation. 

Ga2  was found to be transiently phosphorylated  on a serine 
residue(s) following the  binding of CAMP to  the  surface Dictyo- 
stelium CAMP receptor cARl (13). Prior to  the  addition of the 
stimulus,  there is no phosphate on  Ga2. The phosphorylation, 
reflected in a discreet decrease in electrophoretic mobility, is 
detectable  within  10 s of application of the  stimulus. Phospho- 
rylation  peaks  after 1-2 min,  with 50-90% of the protein phos- 
phorylated at maximal CAMP concentrations.  Dephosphoryla- 
tion occurs during  the following 10-15 min, even in  the 
continued  presence of the  stimulus.  Further phosphorylation 
cannot be  induced until cells have  been  washed free of agonist 
and allowed to recover. Phosphorylation occurs at physiological 
doses of extracellular CAMP and does not occur in cells lacking 
CAMP receptors. In  this paper, we identify  serine 113 as the  site 
of phosphorylation on Dictyostelium Ga2  through a combina- 
tion of techniques:  peptide  mapping, construction of a-subunit 
chimeras,  site-directed  mutagenesis,  and  manual  Edman deg- 
radation sequencing. 

MATERIALS  AND  METHODS 
Cell Culture and Deuelopment-All cells were grown in  HL-5 medium 

at 22 “C (14). Ga2 expression  induced  in Ax-3 cells by starvation in 
development  buffer, 32P labeling,  and  immunoprecipitation of Ga2 were 
performed as described previously (13). 

Cleavage of Ga2 with N-Chlorosuccinimide (NCS)’-32P-Labeled Ga2 
was isolated as described above  and separated by SDS-polyacrylamide 
gel  electrophoresis  (PAGE).  Following  autoradiography,  gel slices were 
excised, washed in distilled H,O and then cleavage buffer,  and  subjected 
to NCS (25 mM) cleavage as described by Lischwe  and  Ochs (15). Im- 
munoprecipitation from the minced  NCS-treated  gel  slices was per- 
formed as described above with  mixing at room temperature for 18 h. 
The  digest  and  immunoprecipitate  were  separated by SDS-PAGE  using 
a 20% polyacrylamide gel system  for  low  molecular  weight  proteins (16). 

Proteolytic Digestion of Ga2 from Nitro~ellulose-~~P-Labeled Ga2 
was isolated by SDS-PAGE and transferred to  nitrocellulose as de- 
scribed previously (13). Following  autoradiography,  32P-radiolabeled 
Ga2 bands were cut  out, and the nitrocellulose pieces were  blocked  with 
0.5% polyvinylpyrrolidone (M, 40,000) in 0.1 M acetic acid for 30 min at 
37 “C, followed by several washes with  deionized  water (17). For pro- 
teolytic  digestion, the pieces of nitrocellulose were incubated  in 50 mM 

The  abbreviations used are: NCS, N-chlorosuccinimide;  PAGE,  poly- 
acrylamide gel  electrophoresis;  IEF, isoelectric focusing; Chaps, 3-[(3- 
cholamidopropyl)dimethylammoniol-l-propanesu~fonic acid; GTPyS, 
guanosine 5’-O-(thiotriphosphate). 
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ammonium bicarbonate, 5% acetonitrile, and 2-5 pg of protease (Glu-C 
or trypsin; Boehringer Mannheim) for 6-18 h at 22  "C  for  Glu-C or at 
37  "C  for trypsin. The liquid fraction was then removed, and the release 
of  3'P radiolabel was determined by Cerenkov counting. The digests 
were dried in  a SpeedVac with a second evaporation from distilled H'O. 
Peptides were  dissolved in  the appropriate buffers  for TLC or manual 
sequencing. For manual sequencing, the proteolytic digests of Ga2 were 
coupled  to  Sequelon  discs  (Millipore).  Cycles of phenyl isothiocyanate 
modification and trifluoroacetic acid  cleavage  were  performed as de- 
scribed by Sullivan and Wong (18). 3'P-Labeled  Kemptide  (LRRASLG) 
was used as a  standard for the manual sequencing. 

Tho-dimensional Gel Electrophoresis-Aggregation-competent  cells 
at 5 x lo7 celldml in development  buffer  were incubated with 1 mCi/ml 
Tran%-label (ICN) for 2 h. Saturated ammonium sulfate cell lysates 
were prepared (19) from unstimulated and 1-min CAMP-stimulated 
cells.  35S-Labeled Ga2 was immunoprecipitated from the resulting pel- 
lets  and isolated by  SDS-PAGE and autoradiography. For the  first di- 
mension,  gel  pieces containing %-labeled Ga2 were incubated in iso- 
electric focusing (IEF) sample buffer (9 M urea, 2% Chaps) and loaded 
onto  10-cm IEF tube gels  (1.5-cm inner diameter; 9 M urea, 2% Chaps, 
2% ampholytes pH  6-8/pH  3-10 (2.5:1),  4% acrylamide). Carbamylation 
was induced by heating  the samples at 100 "C  for 2 min. Tube  gels  were 
focused at 400 V for 16 h. For the second dimension, tube gels  were 
incubated in SDS  gel  buffer (0.1 M Tris (pH 8), 2%  SDS,  5%  2-mercap- 
toethanol, 10% glycerol plus bromphenol blue) and layered onto 10% 
SDS-polyacrylamide gels. Following electrophoresis, gels  were  soaked 
in 1 M sodium salicylate (to enhance the 35S signal), dried, and placed at 
-80  "C with Kodak  XAR-5 film  for 14 days. The pH gradient in the  IEF 
gels was determined by cutting a tube gel into 0.5-cm segments and 
incubating each in  2 ml of degassed 0.1 M NaCl  for  30  min prior to  
measuring the pH. 

Random  Chimeragenesis-Fig. 1 illustrates  this technique, which 
was first explored in Dr. Randall Reed's laboratory' and has recently 

FIG. 1. Random chimeragenesis. See "Materials and Methods"  for 

R.  Reed, personal communication. 

Sequence"  Mutation 

GAT'"ACCAGCTTCACCAGC*  S42A 
GAAATTGTTG~TTTACCAG~ 
TTTGTTTTGCAATTGTTGb 

S45A 
S48A 

ATTCATCAA~GTGGTTAC S57G 
GTGGTTAC@/A)(C/A)TAATGAAG" S60A 
CAATTGACCCA(G/A)GTAAT(GIT)CAAACGCAGC' S96G or S98A 
GAATIMCAGCA;~T~CAAG " 
TTACAAGCA@XATTGTTAC 

S109A 
S113A 

a All of the oligonucleotides used are shown here in their  5' + 3' 
direction. All the oligonucleotides  except  for the ones indicated (Foot- 
note b )  are sense Ga2 sequences. Underlined nucleotides represent 
substitutions. 

Antisense Ga2 oligonucleotides. 
(G/A),  (C/A), and (G/T) indicate degeneracy in these oligonucleo- 

tides. 

been used to examine functional domains of the Dictyostelium CAMP 
re~eptor.~ Two homologous genes, in this case Gal and Gn2,  were  cloned 
in tandem into Bluescript Kt- (Stratagene). The two plasmids, pMYC4 
for generating Gal/Ga2 chimeras and pMYC5  for generating Ga2/Gal 
chimeras, were then linearized between the two inserts with EcoRV and 
HindIII digestion and transformed into Escherichia coli strain JM101. 
The transformants were screened for chimeras of these two genes by 
polymerase chain reactions using a sense Gal 5"primer (CGGGATC- 
CATAAATAATGGGTAATATTTGTG) and an antisense Ga2 3"primer 
( G C G G A T C C T C A G C )  or a sense Go2  5"primer 
(CGGGATCCTTAAAMATGGGTATTTG) and an antisense Gal  3'- 
primer (GCGGATCCTTAAAGAATCATACCAGCTTCAC). The junctions 
of sequences from the two genes in each chimera were then identified by 
the Sanger method of  DNA sequencing (20). Each Gal/Gn2 chimera is 
designated by a name beginning with a number followed  by the letter 
"C," indicating that the Ga2 segment in the chimera starts from that 
number of amino  acid residue and ends at the  C terminus of Ga2. 
Similarly,  each Ga2/Ga1 chimera is designated by a name beginning 
with the letter "N," followed  by a number, indicating that the Ga2 
segment in  the chimera is from the  N  terminus to that number of amino 
acid residue of Ga2. In our experiments, a high portion of the transfor- 
mants were  found  to  be chimeras, and the crossover points occurred 
randomly at stretches of nucleotide identity. All the chimeras examined 
retained the correct reading frame after crossover points. 

Site-directed Mutagenesis-An  EcoRI  cDNA fragment containing the 
full length of Gn2  sequence  was  subcloned into M13mp19. Single- 
stranded DNA prepared from the recombinant bacteriophage was  used 
as template in oligonucleotide-directed mutagenesis reactions per- 
formed as described  previously (21). Table I summarizes the oligonucle- 
otides used. Each mutation was  confirmed by sequencing the single- 
stranded DNA isolated from individual plaques. 

Expression and Analysis of a-Subunit Chimeras and Site-directed 
G d  Mutants in Dictyostelium-Gal/Ga2 or Ga2/Gal chimeras gener- 
ated in random chimeragenesis were moved as a BamHI-BamHI frag- 
ment into the BgZII site of a G418' marker containing Dictyostelium 
extrachromosomal  vector pJKl (22). Each site-directed Ga2 mutant 
was first moved as an EcoRI-EcoRI fragment into the EcoRI site of pPLl 
(Bluescript KS- modified by the insertion of a BglII linker into the 
EcoRV site of the multiple cloning sequence) and then moved as a 
BamHI-BgZII fragment into the BgZII site of pJK1. Expression con- 
structs were introduced into Dictyostelium  cells by electroporation as 
described (23). Stably transformed clones  were  selected in  the presence 
of G418  (20 pg/ml). 

Antisera-Specific anti-peptide antisera against Gal and Go12 se- 
quences near the N termini have been described  previously (10). A 
peptide (GalC) corresponding to the C-terminal 13 amino  acid residues 
was synthesized with a cysteine added to its amino end to enable cross- 
linking. The sequence of GalC was H,N-CVLNLTLGEAGMIL-COOH. 
This was coupled to keyhole limpet hemocyanin (Sigma) and used to 
immunize a rabbit. High titer antiserum was obtained following the 
second  boost. 

Assays-The mobility shift experiments were  done essentially as de- 
scribed (13). For analysis of developmental phenotypes, cells  grown 
axenically in shaking cultures to 2-5 x lo6 celldml were plated on 
Na+K+ phosphate-buffered (pH 6.2) 2% agar plates as described  previ- 
ously (24). For CAMP chemotaxis assay (25), adenylate cyclase assay 
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