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Murine erythroleukemia (MEL) cells deficient in 
CAMP-dependent protein kinase (A-kinase) activity are 
impaired in chemically induced differentiation (Pilz, R. 
B., Eigenthaler, M., and Boss, G. R. (1992) J. Biol. Chern. 
267,  16161-16167). We identified by two-dimensional 
polyacrylamide gel electrophoresis two low molecular 
weight proteins (referred to as pp 21-1 and 21-2)  that 
were phosphorylated when parental MEL cells, but not 
A-kinase-deficient MEL cells, were treated with the 
membrane-permeable CAMP analog 8-bromo-CAMP. We 
showed that pp 21-1 and 21-2: (a) were direct A-kinase 
substrates; ( b )  bound GTP; and (c) belonged to the ras 
superfamily of proteins. The only ras-related proteins 
that are clearly A-kinase substrates both in vitro and in 
vivo are Rap 1A and 1B while H- and K-Ras can be A- 
kinase substrates in vitro;  we showed by  immunological 
methods, phosphopeptide mapping, and migration on 
two-dimensional gels that pp  21-1 and 21-2 were not 
identical to one of these four proteins. We found  a  3-fold 
increase of 32P04 incorporation into pp  21-2 in hexa- 
methylene bisacetamide-treated parental MEL cells 
which was not secondary to an increase in pp 21-2 pro- 
tein but appeared secondary to increased phosphoryla- 
tion of pp 21-2 by  A-kinase.  Thus,  pp 21-1 and 21-2 are 
either new ras-related proteins or are previously iden- 
tified rus-related proteins not known to be  A-kinase sub- 
strates, and increased phosphorylation of  pp 21-2 oc- 
curs during differentiation of MEL cells. 

Friend virus-infected murine  erythroleukemic (MEL)’ cells 
are a  well-established model for studying hematopoietic cell 
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The abbreviations used are: MEL cells,  Friend  virus-infected  mu- 
rine  erythroleukemic  cells;  HMBA,  hexamethylene  bisacetamide; A- 
kinase, CAMP-dependent  protein kinase; C subunit of A-kinase, cata- 
lytic subunit of A-kinase; R,wt and  R,mut,  the  wild type and a mutant 
form of the  type I regulatory subunit ofA-kinase,  respectively;  PKI,  the 
specific heat-stable protein  inhibitor  ofA-kinase; 2-D PAGE,  two-dimen- 
sional  polyacrylamide  gel  electrophoresis; pp 21-1, 21-2 and 22, phos- 
phoproteins of approximate  molecular  mass of 21, 21 and 22 kDa, re- 

Arg-Arg-Ala-Ser-Leu-Gly. 
spectively,  denoted by the  numbers  1-3,  respectively;  Kemptide,  Leu- 

differentiation (1). The cells proliferate as proerythroblasts  and 
in  response to a number of chemical inducers  differentiate over 
5-7 days  into hemoglobin-producing  normoblast-like cells (1). 
Two of the more effective inducers of MEL cell differentiation 
are  hexamethylene  bisacetamide (HMBA) and  dimethyl sulfox- 
ide  (2). 

In  several  mammalian cell systems 8-bromo-CAMP and  other 
CAMP analogs induce  cellular  differentiation pointing to an 
important role of the CAMP-dependent protein  kinase (A-ki- 
nase) (3-6).  Cyclic AMP analogs do not induce  differentiation of 
MEL cells, but  there  is a transient  increase  in  the  intracellular 
concentration of CAMP and a change  in  the isozyme pattern of 
A-kinase during chemically  induced  differentiation of MEL 
cells (7-10). To study  the role of A-kinase during MEL cell 
differentiation, we rendered MEL cells deficient in A-kinase 
activity by stably  transfecting  them  with DNA encoding either 
a mutant  regulatory  subunit of A-kinase (R,mut)  or  the specific 
protein  inhibitor of A-kinase (PKI,  protein  kinase  inhibitor) 
(11-13). We found that the A-kinase-deficient cells were  im- 
paired  in  their  ability  to  differentiate  and that their degree of 
differentiation correlated  with  their  residual enzyme activity. 
These  data  suggested  that  there were  A-kinase substrates  that 
must be phosphorylated for chemically  induced  differentiation 
to proceed. 

In  the  present work we used two-dimensional polyacrylam- 
ide gel electrophoresis (2-D PAGE) to identify  A-kinase sub- 
strates  in MEL cells. We found several low molecular  weight 
proteins that were  phosphorylated in a CAMP-dependent man- 
ner  in MEL cells and showed by in vitro experiments  using  the 
purified catalytic  (C)  subunit of A-kinase that two of these 
proteins,  referred  to  as  pp 21-1 and 21-2, were  direct  A-kinase 
substrates. We found a %fold increase  in 32P04 incorporation 
into  pp 21-2 in HMBA-treated parental cells without an in- 
crease  in  the  amount of pp 21-2 protein; pp 21-2 was poorly 
phosphorylated under  all conditions in  the non-differentiating 
A-kinase-deficient cells. We found that pp 21-1 and 21-2 be- 
longed to  the r m  superfamily  but  that  they were immunologi- 
cally distinct from and did not comigrate on 2-D gels with  Rap 
1A or lB,  the only two ras proteins known to be A-kinase 
substrates  both in vitro and in vivo (14-20); moreover, pp 21-2 
yielded  phosphopeptide maps different from that of Rap 1A and 
1B. 

EXPERIMENTAL  PROCEDURES 
Materials 

MEL  cells  were  obtained  from the American Type Tissue Culture 
Collection (parental cells).  The  A-kinase-deficient  cells  overexpressing 
either qmut or PKI (R,mut and  PKI transfectants, respectively),  and 
cells  overexpressing  the  wild  type  regulatory subunit of A-kinase  (R,wt 
transfectants) were  isolated  and  characterized  previously (11); expres- 
sion of the  transfected  genes  was  under  control of the metallothionein 
promoter.  The  R,mut  and PKI transfectants used in  the  present  studies 
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(clones  R,mut/C3,  R,mut 9.10 and  PKI/Cl)  had,  in  the  presence of zinc, 
<lo% of the A-kinase holoenzyme activity of parental cells (11); the R,wt 
transfectant (clone R,wt/Cl)  expressed a similar  amount of the  trans- 
fected gene  in  the  presence of zinc as clones R,mut/C3 and  R,mut 9.10 
but  had  normal  A-kinase  activity  and  differentiated  normally (11). 

The  C  subunit of bovine heart A-kinase and  rabbit  muscle PKI were 
provided by Drs. S. Taylor and R. A. Maurer,  respectively  (21, 22). 
Human  Rap  lAwas  purified from a baculovirus-based  insect cell system 
as described previously (23).  Rap  1B  was  purified from human  platelets 
and  was provided by Dr. T. Fischer (16); recombinant  human  H-Ras  was 
provided by Dr. J. Feramisco  (24). 

The  mouse monoclonal antibody  142-2435  and  the rat monoclonal 
antibody Y13-259 were  raised  against  amino  acids 96-118 and 63-73 of 
H-Ras, respectively, and were  obtained from Quality Biotech and  On- 
cogene Scientific. The polyclonal antibodies  R61  and  R195  were  raised 
in  rabbits  against  recombinant  Rap lA, they do not recognize H-Ras, 
Rap  2 or 2B, Rho Aor Rab Ib or 3Aon  Western  blots (141.’ The polyclonal 
antibodies R64 and SC65 were  raised  in  rabbits  against  a  peptide cor- 
responding to amino  acids 127-137 and 121-137 of Rap 1, respectively; 
R64 was provided by Dr. G.  M.  Bokoch (14),  and  SC65  was  obtained 
from Santa  Cruz Biotechnology, Inc.  The  streptavidin-coupled  alkaline 
phosphatase  and  the  biotinylated  secondary  antibodies  were  from Bio- 
Rad,  the polyclonal goat anti-rat  and  anti-mouse  antibodies  were from 
Cappel,  and  protein  A-agarose  was from Calbiochem. 

The  pH 9-11 ampholytes  were from Serva  and  the  pH 3-10 am- 
pholytes  were from Fisher Scientific; protein  standards for 2-D  gels 
were from Bio-Rad. HMBA and forskolin  were from Sigma, El-bromo- 
CAMP was from Boehringer  Mannheim,  [y32PlATP, [W~~PIGTP,  and 
32P0,  were from DuPont  NEN,  and  Trad5S-label  was from ICN. 

Methods 
Cell Culture-Cells were grown in Iscove’s modified Dulbecco’s me- 

dium  supplemented  with 10% fetal bovine serum.  Where  indicated  the 
R,mut,  PKI,  and R,wt transfectants  were grown in  the presence of 120 
p~ zinc for 48 h (11); at  this concentration zinc had no effect on parental 
cells. 

Protein  Phosphorylation  in  Intact Cells-Cells were  washed once in 
phosphate-free Dulbecco’s modified Eagle’s medium  supplemented  with 
10% dialyzed  fetal bovine serum  and  resuspended in this medium at 1 
x lofi cells/ml; 1 ml of the cell suspension  was  incubated at 37 “C for 3 
h  with  100  pCi of [32Plorthophosphate. To selected  cultures 1 mM 
8-bromo-CAMP and 1 mM theophylline  were  added  during  the  last 15 
min of incubation; in some  experiments 10 PM forskolin  replaced the 
8-bromo-CAMP. Cells  were  harvested by a brief centrifugation  and ex- 
tracted by shearing  through a 23-gauge  needle  in 50 p1  of 9 M urea, 4% 
Nonidet P-40,2% pH 9-11 ampholytes,  and 2% P-mercaptoethanol(2-D 
PAGE sample  buffer).  The  extracts  were  cleared by centrifugation at 
10,000 x g for 30 s. 

In Vitro Protein Phosphorylation-Cells were  extracted a t  a  density 
of 100 x 106/ml by shearing  through  a  23-gauge  needle  in  10 mM Tris- 
HC1, pH 7.4,5 mM MgCl,, 1 mM EGTA, 1 mM P-glycerol phosphate, 10 p~ 
Na,VO,, 4  p~  microcystin, 1 p~  okadaic  acid,  and  10  pg/ml  each of 

tract  were  incubated  in  a  final volume of 10  pl for 10  min at 30 “C  with 
aprotinin,  leupeptin,  and  soybean  trypsin  inhibitor.  Five p1  of the ex- 

20 pCi of [q2-PlATP  and  2  ng of the C  subunit  ofA-kinase.  The  reaction 
was  stopped by adding 2-D  PAGE sample  buffer. 

Analytical 2-0 PAGE-The 2-D PAGE analyses  were performed ac- 
cording  to OFarrell  and Anderson  (25, 26). A  50-pl  aliquot of each 
sample from the  studies of protein  phosphorylation  in  vitro  and  in  intact 
cells was divided in half  and  applied  to  two  1.5-mm  diameter  tube  gels. 
The  gels  were of 6%  acrylamide  and  contained  per  milliliter 80 pl of pH 
3-10 ampholytes,  833  mg of urea,  and  30  pl of Nonidet P-40. After 
prefocusing for 1 h a t  200 V  and focusing for 16  h at 1000 V, the gels 
were  extruded  into 2.5 ml of 125 mM Wls,  pH 6.8, 10% glycerol, 2% SDS 
and  were frozen immediately. 

The  cylindrical  gels  were  thawed  and  applied  to  12%  acrylamide  slab 
gels  containing  340 mM Tris,  pH  8.6, 0.1% SDS  which  were  electropho- 
resed for 5 h at  100 mA and  either  stained  with Coomassie Blue R, 
dried,  and exposed to  x-ray film or used  to  generate  a  Western blot. 

A-kinase  Phosphorylation of Proteins  after  Preparative  Nondenatur- 
ing Gel Electrophoresis-Approximately 5 x lo9 parental  MEL cells 
were  extracted  in 5 ml of 125 mM Tris,  pH  6.8,0.5 mM dithiothreitol, 10% 
(v/v) glycerol, and  the  extract  was  centrifuged a t  16,000 x g for 15 min 
a t  4 “C. A  preparative  non-denaturing 10% acrylamide  resolving  gel and 
a 3.75% acrylamide  stacking  gel  were  prepared in a  28-mm  cylindrical 
gel; residual  persulfate  was removed by pre-electrophoresis,  and the cell 

* L. A. Quilliam  and G. M. Bokoch, unpublished  observations. 

extract  was  applied  to  the gel which  was  electrophoresed a t  IO-watt 
constant power for 5 h  using an  elution  buffer of 113 mM BisTris, pH 7.0, 
0.5 mM dithiothreitol,  and 10% (v/v) glycerol. Appropriate  fractions  were 
concentrated  and dialyzed against  10 mM Tris-HC1, pH  7.4,5 mM MgCl,, 
and  aliquots  were  incubated for 30  min a t  37 “C with  50  pCi of 
[y-32PlATP and  20  ng of the C subunit of A-kinase.  The  reaction  was 
stopped by 2-D PAGE sample buffer, and  samples  were  applied  to  ana- 
lytical 2-D gels. 

A-kinase  Phosphorylation of Proteins on Western Blots of 2-0 Gels- 
Cellular  proteins resolved by 2-D PAGE were  transferred electro- 
phoretically  from gels to polyvinylidine difluoride  membranes as de- 
scribed  previously (11). The  membranes  were  incubated  in 20 mM Tris- 
HCl, pH 7.4, 3% bovine serum  albumin,  0.6% Tween 20,  washed  four 
times  with  20 mM Tris-HC1, pH  7.4, and  incubated for 1 h at room 
temperature  in 20 mM Tris-HC1, pH  7.4,15 ~MATP,  10 pCi of  [y3’P1ATP, 
10% bovine serum  albumin,  and 20 ng of the C  subunit of A-kinase. 
They  were then washed  extensively  with 20 mM Tris-HC1, pH 7.4, 150 
mM NaC1, 10% SDS, 0.6% Tween 20 and exposed to  x-ray film; 2-D gel 

Amido Black. 
protein  standards  were  visualized by staining  the  membranes  with 

Incorporation of p5S]Methionine and p5S]Cysteine into  Cellular 
Proteins-Cells were  incubated for 18 h at a density of 1 x lo6 cells/ml 
with 50 mCi/ml T~-an~~S-label  in methionine-  and  cysteine-free Dulbec- 
CO’S modified Eagle’s medium  supplemented  with 10% dialyzed  fetal 
bovine serum.  Cells  were  harvested  and  extracted  as  described  under 
“Protein  Phosphorylation in  Intact Cells,” and cell extracts  were  ana- 
lyzed by  2-D  PAGE. 

Measurement of A-kinase Holoenzyme and C  Subunit Activity-A- 
kinase holoenzyme activity  was  measured  in cell extracts  as  the differ- 
ence  in  phosphorylation of Kemptide  between  the  presence  and  absence 
of 1 p~ CAMP as described  previously (11). Activity of the C  subunit of 
A-kinase  was  measured  similarly  except CAMP was  not  added, and 
enzyme  activity  was  determined as the difference in  phosphorylation of 
Kemptide  between the absence and presence of 10 pg/ml PKI. 

Binding of [O~-~~PIGTP to Proteins on Western Blots-Western blots of 
2-D gels  were  incubated for 1 h a t  room temperature  with 10 pCi of 
[w3’P]GTP in  20 mM Tris-HC1, pH  7.4, 0.3% Tween 20,2 p~ MgCI, (27). 
The blots were  washed  and  treated as described above. 

Immunodetection of Proteins on Western Blots of 2-0 Gels-Western 
blots of 2-D gels  were  incubated  with the  primary  antibody  (antibody 
142-2435 a t  a 1:2000 dilution,  antibody SC65 at  a 1:lOOO dilution,  and 
antibodies R61, R64, and R195 at  a 1:750 dilution) followed by a bioti- 
nylated  secondary  antibody  and  streptavidin-coupled  alkaline  phospha- 
tase  as described previously (11). 

Immunoprecipitation Using Antibodies 142-2435, Y13-259, or 
SC65-Cells were  incubated  with  [32P]orthophosphate as described  un- 
der  “Protein  Phosphorylation in  Intact Cells” and  were  extracted  in 50 
mM HEPES,  pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM MgCl,, 1 mM 
P-glycerol phosphate, 1 mM Na3V0,, 1 mM phenylmethylsulfonyl fluo- 
ride,  and  10 pg/ml of leupeptin,  aprotinin,  and  soybean  trypsin  inhibi- 
tor. Nuclei  were removed by centrifugation  and  to  the  supernatant  was 
added  SDS  and  Nonidet  P-40  to  final  concentrations of 0.05 and 0.5%, 
respectively. In succession, the  primary  antibody (1 pg),  the  appropriate 
secondary antibody, and  protein  A-agarose  were  added  with  gentle mix- 
ing of the  samples for 1 h at  4 “C after  each  addition.  The  samples  were 

taining  150 mM NaCI, 0.1% Triton X-100, and 0.005% SDS. The  final 
centrifuged,  and  the  pellet  was  washed  six  times  in  extract buffer con- 

pellet  was  resuspended in 2-D PAGE sample  buffer  and  applied  to 
analytical 2-D gels. 

RNA Extraction and  Analysis-Total cytoplasmic RNA was  extracted 
from cells,  electrophoresed on denaturing  formaldehyde/agarose  gels, 
blotted  onto  nitrocellulose  membranes,  and  hybridized  to  radioactively 
labeled  probes as described  previously (11); the probes for  Rap 1.4 and 
1B  were  a  670-base  pair  EcoRI-BamHI  and  a  600-base  pair  HindIII- 
BamHI, respectively, human cDNA fragment  (23). 

Generation of Proteolytic Peptide Maps-Cell extracts  were  incu- 
bated  with  A-kinase  and [y3’P]ATP as described above and  applied  to 
2-D gels  which  were  dried  without  fixing  and exposed to  x-ray  film. 
Appropriate  areas of the gel were  cut  out  and  inserted  into wells of the 
stacking gel of a 15% one-dimensional gel; purified  Rap 1.4 or 1B proc- 
essed  identically  to the cell extracts  were  added  to  adjacent wells. One 
of several  different  concentrations of Staphylococcus aureus V8 prote- 
ase  were  added  to  individual wells, and power was  applied  to the gel 
until  the dye front  reached  the  interface of the  stacking  and  resolving 
gels. After a  30  min  pause, power was  reapplied  to  the gel which  was 
processed in  the  usual  manner  and exposed to x-ray  film. 

Data Analysis and  Scanning Densitometry-Each experiment  was 
performed at least  three  times  in  duplicate.  Enzyme  activity  data  are 
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prrsrntrtl as  the means S.1). Autnrnt1iogr:~phs o f  grls wrrr scnnnrtl 
using an  LKT1 LJItroScnn XI. h s w  clrnsitomrtrr in 2-1) modr; thr drn- 
sily of tho protrins ofintrrrsl wwc’ norrnaliecd to thr drnsi ly  o f t h r w  or 
morr rrfrrrncr prntvins and at I rns t  four srpnrntr, nutoratIitr~-aphs 
from vnrh condition wvrv swnnrtl. 

RF:SUI.TS 

(.AMP-ri[li~P,ttk.,tf PhoslJho~~~lnfiort  of Profrins i n  Infncf  MBI, 
Cdls-To identify  proteins  phosphorylatrd  in a CAMP-depend- 
ent  mannrr,  we incuhated MEI, cells  for 3 h  with ”PO, and 
added 8-hromo-CAMP plus  theophylline  to  some of the  cultures 
during  thr  last  15  min of incuhation; cell extracts  werr  ana- 
lyzed on  2-D gels. Forskolin, an  adrnylate  cyclasr  activator, 
yielded  similar results as 8-bromo-CAMP. 

By comparing  Fig. In, parental  cells  incubated in the  ahsence 
of 8-bromo-CAMP, to  Fig.  lh,  parental  cells  incuhated  in  thr 
prrsence of 1 m>r 8-hromo-cAMP, CAMP-dependent phosphor.vl- 
ation of several low molecular  weight  proteins  can hr seen  (four 
low molecular  Wright  protrins  showing  CAMP-deprndent  phos- 
phorylation arc labeled 1, 2, 3 ,  and 90, and five reference  pro- 
teins arr labeled 4+ ). Protrins 1 4  had  approximate  molecular 
masses of 21,  21,  and  22  kDa  and  PI  values of 5.5, 5.4,  and  5.4, 
respectivelv;  thry will he referred  to as   pp 21-1, 21-2 and  22, 
respectivrly. Thr  small   amount of phosphorylation of pp 21-1 
and 21-2 in  untreated  parental  MEL crlls could hr  at tr ihutrd 
to  the  activity of the  free C suhunit  ofA-kinasr  which was 36.5 
2 5.4  pmol/min/mg  prokin  comparrd  with  710 t 64 pmoV 
min/mg  protein for A-kinase  holoenzyme  activity. 

Since t.he expression of R,mut  and PKI protein  in  the  trans- 
fected  cells  was  under  control of the  metallothionrin  promoter, 
wr could regulatr  thrir  A-kinase  activity  and  degree of differ- 
entiation hy adding  zinc  to  the  culture  media  (11 ): zinc  had no 
effect  on A-kinase  activity  (11).  diffrrentiation  (11 ), or CAMP- 
dependent  protrin  phosphorylation  in  parental cells (data  not 
shown).  In  thr  ahsencr of zinc.  A-kinase  holornzyme  activity o f  
clone  R,mut/C3  was 26c:  of parental  cells ( 11 ), the  cells  showed 
a modest  degree of differentiation ( 11 ), and wr ohserved  a  small 
amount of CAMP-dependent  phosphorylation of pp 21-1, 21-2, 
and  22  (data  not  shown).  However,  in  the  presence of zinc, 
A-kinase  holornzyme  activity of clone  R,mut/C3  was of pa- 
rental  crlls ( l l) ,  the  cells  were  markedly  impaired in their 

ahi1it.v to  diffrrrntintr* 1 11 1, and \vr  ohsrrvcd no c~I\l l’-drpc~nd- 
ent  phosphorylation of pp 21-1, 21-2. and 22 (l>ig. l r :  only cc~lls 
treatrd  with R-hromn-cA\TP arr 5hou.n I .  Similar  rrsults \v(’rv 
obtained  with  the A-kin:lst,-tlf,ficif,nt c1ont.s Rlmut.’9.1O  nntl 
PKUC 1. 

In cells transfrctrd Ivith t h r  \vild typr R ,  suhunit ofA-kin:tscb. 
which  show  the  samt’  A-kinasr  activity  antl  nhility t o  diff(.rrn- 
t ia t r  as parental  crlls ( 1  1 ), cAMP-dc~prndc~nt phos;phoryl:Ition of 
pp 21-1, 21-2, and 22 \vas similar t o  th:lt i n  p:lrontal ec.1Is (dat:I 
not  shown ). 

Phosphoplntiott o f  1’ro f~~in .v  i n  ~ ’ ( ~ I I  E.rfru(~f,v , , l . h i r t c : . s ~ ~ -  
Sincr  there arr known  protrin  phosphorylation c:lscndrs 1281 i t  
seemed  possihlr  that  pp 21-1, 21-2. and 22 \vvro not dirrct 
A-kinasr  suhstratrs hu t  r:lthrr  suhstr:ltw of  :Inothvr protctin 
kinasr or phosphatasr  rr~rulatrd hy :I-kinnw; \v(a. thwrforc.. 
prrfnrmed  thrre  srp:\r:ltr srts of i r t  r , i f rr~  c~xpvrimrnts.  First. wr 
showed that  \vhrn crll extracts wt’rr’ inc1rhntcd \vith lv-’~’I’~~ITl’, 
pp 21-1 and 21-2 wrre dctwtcd nnly whrn  thr  ( *  suhrrnit o f  
A-kinasr  was added: comparr  Fig. 20, rxtracts  incuhatcd in thc 
ahsence of the  C  suhunit of A-kinnw. t o  Fig. 2h. r x t r n c t s  incu- 
hated in the  prrsrncr of t h r  C suhunit of A-kinnsr ‘ p p  22 \va< 
phosphorylatrd  to a small  rxtrnt in thr  nhsrncr of : I d d c d  X- 
kinasrl.  Phosphorylation of pp 21-1 and 21-2 occurrc.d within 
1  min of adding  thr  rnzymr to cc.11 rxtrncts  and \V:I< indistin- 
guishahle in extracts  prrparrd  from  thr  I<,mut  and I’KI trans- 
fectants  compared  with  rxtrncts from  pnrc*nt;tl cc-11s: in all s r ts  
ofrxtracts,  phosphorylation nf the  thrrt. protrains sv:~s inhihitcd 
completely hy :ldding  purifird  PKI.  Sccnnd. n’r- fr:~ctionntrd 
VEL crll  protrins on :I prcbparntivr non-clc.n:lturing gel and 
incuhat.ed  fractions  containing  protrins of molrculnr mass 
20-25 kI>a  with  [y-!”PIATP  and  thr C’ srlhunit o f  t\-kin:l.sr. 
Since  most  protrin  kinasrs  antl phosphatase..: a r ~ ~  of ;I molwu- 
Iar mass  higher  than 25 kDn 129. :101. it   srrmrd  unlikrly  that n 
protein  phosphorylation  cascndr occurrrtl undvr th rs r  condi- 
tions.  Fractions  wrrr  thrn  analyzrd on 2-11 grls and :IS shmvn 
in  Fig. 3 pp 21-1 and 21-2 werr clrarly phosphoryl:ltc,tl. along 
with srveral other low molrcul:lr \\eight  protvins. \vhilc. pp 22 
was not. And third, we srparatrtl  crllulnr prntc.ins hy 2-11 I’:I(;E 
and  transferrrd  them  to :I memhranr \vhich w x s  incuhntrd \vi t  h 
Iy -VIATP and  thr  C suhunit of A-kinxw: pp 21-1 :Ind 21-2 
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a 
36 

Frc. 2. Phosphorylation of proteins 
i n  cell ex t rac ts  by A-kinase.  Extracts of 29 
parental cells were  incubated  with x 
I y-:”PIATP as  described  under  “Experi- 
mental  Procedures” in  the  absence (panel 
a )  or  presence (panel b )  ofthe C subunit of 24 
A-kinase; the  extracts  were  applied  to 2-D 
gels which were exposed to  x-ray film. 
Proteins are labeled as in  Fig. 1 except the 
number 4 is  right of the  designated pro- 
tein;  reference  proteins 15-17 were  not 21 
labeled  in  Fig. 1. 

7.0 6.6 5.9 

6.6 5.9 5.5 5.2 

PI 
Frc. 3. Phosphorylation of proteins by A-kinase after one-di- 

mensional nondenaturing gel electrophoresis. Extracts of paren- 
tal cells were  applied  to  a  preparative  one-dimensional  nondenaturing 
gel as described  under  “Experimental  Procedures.”  Fractions  contain- 
ing  proteins of approximate  molecular  mass 20-25 kDa  were  incubated 
with [y-:’”PlATP and  the C subunit  ofA-kinase  and  then  applied  to 2-D 
gels as  described  under  “Experimental  Procedures.”  Proteins 1 and 2,  
pp 21-1 and 21-2, respectively, were  identified by comparing  their 
positions  to 2-D gel protein  standards. 

were  phosphorylated on the  membrane by A-kinase while  pp 22 
was not (data not  shown). The  latter two experiments indicated 
that pp 21-1 and 21-2 were  direct  A-kinase substrates  and  that 
pp 22 was  either not an A-kinase substrate  or  that  its  structure 
was  altered sufficiently under  the  experimental conditions that 
it could no longer be phosphorylated by A-kinase. The  remain- 
der of the work was devoted only to  the  study of pp 21-1 and 
21-2. 

Phosphorylation of Proteins  in HMBA-treated Cells-Since 
pp 21-1 and 21-2 were poorly phosphorylated in A-kinase- 
deficient R,mut  and PKI transfectants  and  these cells show 
impaired differentiation in response to HMBA(111,  we decided 
to  study  the effect of  HMBA on these two proteins. In  parental 
cells HMBA induced  a %fold increase  in 32P0, incorporation 
into pp 21-2 and a lesser  increase of 32P0, incorporation into pp 
21-1 (Table I and compare Fig. 4a, cells incubated  in  the pres- 
ence of  HMBA for 16  h,  with Fig. la). When HMBA was com- 
bined with 8-bromo-cAMP, present  during  the  last 15 min of 
incubation with HMBA, there  was a further 10-fold increase  in 
32P0, incorporation into pp 21-2 for a total of a 30-fold increase 
over that observed in  the  basal  untreated  state (Table  I and 
compare Fig. 4b, cells incubated  in  the presence of  HMBA plus 
8-bromo-cAMP, with  Figs. la and 4u). The  increased “PO, in- 
corporation into pp 21-2 could be seen within 8 h of adding 
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TABLE I 
Effect of HMBA and 8-bromo-CAMP on 32P0, incorporation 

into PP 21-2 
Parental MEL cells incubated  with [:j2P1orthophosphate for 3 h  were 

extracted,  and  the  proteins  were  separated on 2-D gels as  described 
under  “Experimental  Procedures.”  Autoradiographs of the gels were 
scanned by laser  densitometry,  and  the  density of the  spot correspond- 
ing  to  pp 21-2 was  normalized  to the  density of three  reference  proteins. 
The  HMBA-treated cells received 4 mM HMBA for 13 h  prior  to  adding 
[‘”Plorthophosphate,  and the 8-bromo-CAMP-treated cells received 1 msc 
8-bromo-CAMP plus 1 mM theophylline  during  the  last 15 min of incu- 
bation  with  1:”Plorthophosphate.  The  values are  the  mean = S.D.  of four 
separate  gels  scanned for each condition; the  density of the  spot  corre- 
sponding  to  pp 21-2 in  untreated cells was  assigned  a  value of 1. 

”PO, incorporation  into PP 21-2 

No addition 1 mn 8-bromo-CAMP 

Relatiue densities 
No addition 1.0 
4 mM HMBA 

11 = 1.3 
3.1 e 0.6 30 2 1.6 

HMBA (data not  shown). 
In  the A-kinase-deficient transfectants incubated  with zinc, 

HMBA had no effect on 32P0, incorporation into pp 21-2 in  the 
absence or presence of 8-bromo-CAMP (data  not shown). 

Effects of HMBA  on the Amount of PP 21-2 Protein-To as- 
sess  whether HMBA induced an  increase in the  amount of pp 
21-2 protein, we performed two separate  sets of experiments. 
First, we compared [35Slmethionine and [%]cysteine incorpo- 
ration  into pp 21-2 in untreated  and HMBA-treated cells (Figs. 
5, a and b, respectively; 1 mM 8-bromo-CAMP was added during 
the  last 30  min of incubation to convert  most of pp 21-2 to  the 
phosphorylated state). And second, we quantitated pp 21-2 
protein by Western blot in  extracts of untreated  and HMBA- 
treated cells (Fig. 6, a and b, respectively) using  the monoclonal 
antibody 142-2435 which we show later recognizes pp 21-2; 
the  extracts were treated with [y-”P]ATP and  the C subunit of 
A-kinase to convert  most of pp 21-2 to  the phosphorylated state 
and to  assess complete transfer of the labeled protein to  the 
membrane.  Neither  methioninekysteine incorporation into pp 
21-2 nor  the  amount of pp 21-2 detected by Western blot was 
significantly  increased in HMBA-treated cells indicating that 
HMBA did not increase  the  amount of pp 21-2. 

Activity of A-kinase C Subunit  and Holoenzyme in HMBA- 
treated Cells-The intracellular CAMP concentration has been 
reported  to  increase severalfold within 8 h of adding HMBA to  
MEL cells (10); we, however, found that  the activity of the free 
C subunit of A-kinase was  the  same  in  parental cells cultured 
for 1-16 h in  the absence or presence of  HMBA (data not 
shown). As previously reported (7), we found that HMBA in- 
creased  A-kinase holoenzyme activity 15  and 50% a t  6 and 18 h, 



A-kinase  and Ras-related  Proteins in  MEL Cells 18603 
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FIG. 4. Effect of HMBA on  protein 
phosphorylation in intact cells. Pa- 2 2 
rental  cells  were  incubated for 16 h  in x 
the  presence of 4 mM HMBA with 
[:"Plorthophosphate  added  during  the 
last 3 h of incubation;  to  some of the cul- 
tures l mM 8-bromo-CAMP plus l mM 
theophylline  were  added  during  the  last 
15 min of incubation. Panel a ,  HMBA 
alone; panel b, HMBA plus 8-bromo- 
CAMP. Proteins  are labeled as in  Fig. 1. 
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7.0 6.6 5.9 
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5.5 5.2 5.5 5.2 

PI PI 
FIG. 5. Incorporation of [35S]methionine  and  ["'Slcysteine into 

cellular proteins. Parental  MEL cells were  incubated for 12  h  with 
[""Slmethionine and [""Slcysteine in  the  absence (panel a) or presence 
(panel b )  of 4 mM HMBA as  described  under  "Experimental  Proce- 
dures." Cell extracts  were  prepared  and  applied  to 2-D gels  which  were 
exposed to  x-ray  film.  Proteins  are  labeled as in  Fig. 1 except  the 
numbers 7 and 9a are  left  and  above, respectively, of their  designated 
proteins. 

respectively, over that  in  untreated cells (Fig. 7). Although the 
small  increase  in A-kinase holoenzyme activity in HMBA- 
treated cells appeared  unlikely  to explain the %fold increase  in 
32P0, incorporation into pp 21-2,  HMBA could change  the  sub- 
cellular localization  ofA-kinase making it more accessible to  pp 
21-2 (31). Alternatively, HMBA could induce a post-transla- 
tional modification of pp 21-2 that would make  it a better 
A-kinase substrate. 

PP 21-1 and 21-2: Binding of GTP and Reaction  with Anti- 
Ras Antibodies-Since  ras-related  proteins  have molecular 
masses of  20-28 kDa and play an  important role in cell growth 
and differentiation  (32, 331, we assessed  whether pp 21-1 o r  
21-2 were ras-related  proteins by several different  methods. 
First, we incubated 2-D Western  blots with [cY-~'P]GTP and 
found that  both  pp 21-1 and 21-2 were  GTP-binding proteins 
(Fig. 8). 

Next, we found that  the monoclonal antibody  142-2435, 
which was  raised  against a peptide that includes  the highly 
conserved guanine  base  binding domain of ras proteins  (34), 
recognized pp 21-1 and 21-2 by three different  methods: (i) 2-D 
Western immunoblotting (Fig. 6a);  (ii)  immunoprecipitation 
(Fig. 9a);  and  (iii)  immunoafinity  chromatography  (data  not 
shown). In these  experiments, cells were incubated with "'PO, 
and 8-bromo-CAMP prior  to  extraction;  this allowed pp 21-1 
and 21-2 to be identified on the immunoblots not only by their 
position relative  to 2-D protein standards  but also by compar- 
ing  the immunoblot  (Fig. 6a)  with  its  autoradiograph (Fig. 6c). 
Antibody 142-2435 also recognized proteins 7, 9a,  and  10  on 
the immunoblots  (Fig. 6 u )  but  neither  precipitated  proteins 7 
and  10 from cell extracts (Fig. 9a)  nor bound these two proteins 
on the  immunoafinity column. 
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FIG. 6. Western blot using antibody 142-2435. Parental cells were 
incubated for 16 h in  the  absence (panel a )  or presence (panel b )  of4 mhl 
HMBA cell extracts  were  prepared,  incubated  with ly-:"PlATP and 
A-kinase, and applied  to 2-D gels  which  were  used  to  generate  Western 
blots as  described  under  "Experimental  Procedures." Panels  a and b, 
incubation of the blot  with the monoclonal antibody 142-2435 followed 
by an  alkaline  phosphatase-conjugated  secondary  antibody  and  a chro- 
mogenic substrate; panel c, exposure of the blot  shown in panel a t o  
x-ray film. Proteins 1 and 2 designate  pp 21-1 and 21-2, respectively. 

In a final  series of experiments, we showed that  the poly- 
clonal antibodies  R61  and R195, which were raised  against 
purified Rap  lA, recognized pp 21-1 and 21-2 and protein 9a 
by Western immunoblotting  (data  not shown). 

Comparison of PP 21-1 and  21-2 To Rap 1A and  1B  and 
Expression of Rap 1A and 1B in MEL Cells-The above results 
indicated  that pp 21-1 and 21-2 were members of the ras 
superfamily. Of all proteins  in  this  large family only Rap 1A 
and  1B  are clearly in vitro and  in vivo A-kinase substrates; as 
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72 

FIG. 7. Effect of incubation time with HMBAon A-kinase activ- 
ity. Parental cells were  incubated for the indicated  times  in  the  absence 
(open  circles) or presence (closed circles) of 4 mM HMBA; A-kinase 
holoenzyme activity  was  measured as  described  under  "Experimental 
Procedures."  The data  are  the  means S.D. (error  bars) of three  inde- 
pendent  experiments  performed  in  duplicate. 
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FIG. 8. GTP-binding to phosphoproteins 21-1 and 21-2. Extracts 

of parental cells were  applied  to 2-D gels  which  were  blotted  to polyvi- 
nylidine  difluoride  membranes as  described  under  "Experimental  Pro- 
cedures." The  membranes  were  incubated  with la-'*PIGTP and exposed 
to  x-ray  film. PP 21-1 and 21-2, proteins 1 and 2, were  identified by 

Amido Black on  the blots. 
comparing  their  positions  to 2-D gel protein  standards  stained  with 

a 
24 

d 

x n 

2' 

6.6 5.9 5.5 5.2 

PI 
b 24 

21 

6.6 5.9  5.5 5.2 

PI 

SC65. Parental  cells  were  incubated  with ['*Plorthophosphate  and 1 
FIG. 9. Immunoprecipitation using antibodies 142-2435 or 

mM 8-bromo-CAMP as  described  in  the  legend  to Fig. 1. The monoclonal 
antibody  142-2435 (panel a )  or the polyclonal antibody SC65 (panel b )  
were  added  to cell extracts,  and  immunoprecipitates  were  applied  to 
2-D gels  which  were exposed to  x-ray film; proteins  were  identified 
using 2-D gel  protein  standards. 

discussed later,  it  is  less clear whether H-Ras and K-Ras with 
exon 4B are A-kinase substrates in  vivo (14-20, 35). Because 
antibodies R61  and R195 recognized pp 21-1 and 21-2  by im- 
munoblotting, it seemed possible that pp 21-1 and 21-2 might 
be related  to  or identical with  Rap 1A or lB,  although  the  latter 
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FIG. 10. Migration of Rap lAon 2-D gels. Extracts of parental cells 

that  had been  incubated  with  ["Plorthophosphate  and 1 mM 8-bromo- 
CAMP were  prepared as described  in the legend to  Fig. 1. Recombinant 
Rap 1A produced in  insect cells was  phosphorylated by A-kinase and 
[yx2Pp1ATP and  added  to  half of the cell extracts.  The  extracts  were 
applied  to 2-D gels which were exposed to x-ray film. The  acrylamide 
percentage  was 15% in  the second dimension which changed the con- 
figuration of proteins  relative  to  that  in  other  figures. Panel a, cell 
extract  without  added  Rap 1A; panel b, cell extract  with  added  Rap 1A. 
The  three  forms of Rap 1A are labeled as 9a, 9b, and 9c. Proteins 1 and 
2, pp 21-1 and 21-2, respectively are labeled from below. Protein 71 
may  be  protein 3 in  Figs. 1 and 4. 

two proteins do not  bind  GTP on Western blots (28, 361.2 To 
assess  the possible identity of pp 21-1 or 21-2 with Rap 1A or 
lB, we performed three different sets of experiments. First, we 
determined  where purified Rap 1A and 1B  migrated on  2-D gels 
relative  to pp 21-1 and 21-2. In  these  experiments we incu- 
bated recombinant human Rap 1A produced in  insect cells or 
Rap 1B  purified from human  platelets with the C subunit of 
A-kinase and [Y-~'P]ATP and added the phosphorylated product 
to  extracts of parental cells that  had been incubated previously 
with ["'P]orthophosphate. As previously reported, we found 
that  Rap 1A produced in insect cells yielded three  separate 
protein-spots in 2-D gels (14); since  Rap 1A is known to  have 
only one phosphorylation site  these  three spots  presumably 
represent different  degrees of other  post-translational modifi- 
cations of the protein  (14, 37). One of the forms of Rap 1A 
comigrated  with  protein 9a shown in Figs. 1,2,  and 4, and  the 
other two forms of Rap 1A migrated  with  a  slightly  higher 
molecular mass  than pp 21-1 and 21-2.  To increase the reso- 
lution between Rap 1A and pp 21-1 and 21-2, we increased the 
acrylamide  percentage of the second dimension gel to 15% and 
found that  all  three forms of Rap 1A were well separated from 
pp 21-1 and 21-2 (compare Fig. loa, no added  Rap lA, to Fig. 
lob,  Rap 1A added; the  three forms of Rap 1A are labeled as 9a, 
9b and 9c) .  We found that  human  platelet  Rap 1B yielded only 
one spot  that comigrated with protein 7 in  the 2-D  gel system 
with 12% acrylamide in  the second dimension (data not shown). 
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FII;. 11. Western blot  using  antibody R64. MEL cell extracts in- 

cubated with Iy".'PIATP and A-kinase werr applirtl to 2-D gels which 
were used to grnrratr a Wrstrrn hlot as drscrihrd under "Exprrimental 
Procedurr,s."I'nrlc/ n ,  incuhntion of the hlot with the polyclonnl antihody 
R64, an  nlknline phosphatasr-conjugated secondary nntihody and a 
chromogrnic suhstrntr: pnm4 h. rxposurr of thv  hlot  to x-ray film. 

In  the  second  set of experiments, we used  the  polyclonal  anti- 
bodies  SC65  and R64 which  were  raised  against  Rap  I-specific 
peptides. We found that  neither  SC65  nor  R64  recognized  pp 
21-1 or 21-2 on  Western  blots  although  they  did  recognize 
protein 9a (Fig.   l ln ;  only the  data  with R64 are shown);  from 
the  autoradiograph of the  immunoblot i t  was  clear  that  pp 21-1 
and 21-2 were  transferred  to  the  membrane  (Fig.  llh). We also 
performed  immunoprecipitation  experiments on  cell extracts 
that  had  heen  incuhated  with  the  C  suhunit of A-kinase  and 
[y-:''PlATP and  found  that  SC65  precipitated  protein  9a  from 
cell  extracts  hut  not  pp 21-1 or 21-2 (Fig. 9h) .  In  the  final  set 
of experiments, we compared  one-dimensional  phosphopeptide 
maps of pp 21-2 with  those of purified  Rap 1A and 113. In  these 
experiments cell extracts  were  incubated  with [y-:"PIATP and 
the  C  suhunit of A-kinase  and  applied  to  2-D  gels;  the  spot 
corresponding  to  pp 21-2 was  cut  out  and  the  protein  subjected 
to  digestion by protease V8. We found  that  pp 21-2 produced a 
distinctly  different  phosphopeptide  pattern  than  either  Rap 1A 
or 1R (Fig. 12;  only  one  concentration  ofV8 is shown  hut  similar 
results  were  found  at  several  other  V8  protease  concentra- 
tions). 

Protein  9a  appears  to  he  Rap 1A based on several  ohserva- 
tions: ( i )  i t  was  phosphorylated by A-kinase  both in viuo and in 
vitro  (Figs. 1 and  2); ( i i )  i t  was  detected by Rap  I-specific  an- 
tibodies  (Figs. 9h and  11);  and ( i i i )  it  comigrated  with  the  most 
basic  form of purified  Rap 1A (Fig. 10).  Protein 7 could  repre- 
sent  Rap 1R since  purified  Rap 1 R  comigrated  with  protein 7 
and  antibody  142-24E5  recognized  protein 7 (Fig. 6). However, 
protein 7 did  not  show in L - ~ M I  (Fig. 1) or in citro (Fig.  2)  phos- 
phorylation by A-kinase,  and it was  not  recognized by the  two 
Rap  1-specific  antibodies.  Thus, it is more  likely  that  protein 7 
does  not  represent  Rap 1R but  rather  some  other  rns-related 
protein.  Consistent  with  this  hypothesis we could not  detect 
Rap 1R mRNA  in MEL cells by Northern  blotting  although  we 
did  detect  Rap 1A mRNA  (data  not  shown;  both  Rap 1A and 1R 
mRNA  were  detected  easily  in  HL-60  cells). 

Conzpnrison ofPP21-1 nnd 21-2 to H -  nnd K-Rns-We found 
that  recomhinant  H-Ras  did  not  comigrate on  2-D gels  with  pp 

W 

a b c  
FIG. 12. Phosphopeptide maps of Rap 1A and 1R and pp 21-2. 

MEL crll extr:lct.: Incul):ltcd wl th  l y -  . 'I']A'IY' :Ind t h f .  ( '  s u l w n l t  I I ~ ' : \ -  

kinase were applied to 2-1) gels. and thc- spnt cnrrrsponrlinc t o  pp 21-2 
was cut out  and digrsted w t h  \.'X protraw :IS drsrr~ l~rd  unclvr "l.:xptm- 
mental I'rocrdurrs." I<rcomhin;lnt human  Rap IA pro r lucd  111 ~ n w r t  
cells and   human platrlrt Rnp 113 wrr(3 t r rn t~d  Idrntir:111y. l'hv rv.;rlltlne 
peptides were separated hy onr-dlrnrnsirm;ll  l'A(;l: l i r r n ~ .  o. I h p  I:\, 
Inn(, h ,  pp 21-2: lane, r .  Rap  1111. The t h r w  dini*rr*nt firm.; o f  k ~ p  I;\ 
(proteins 9n .  9h. and 9r in Fig. 1 0 1  yic~ltl(d t h v  .s:,nw I ) h ~ ~ * l ) l l r ~ ~ ) ~ . ~ ) t l ( l ~ ~  
map. 

21-1 or 21-2 hut  rather mikTated very closr t o  protcain 1 0  
shown  in Fig. 60: small  differences in migration hrtwc.c.n thv 
recombinant  protein  produccd in hactcrin a n d  thv cc.llul:lr pro- 
tein  could  be  secondary  to differencc*s in post-tr:lnsl:ltion:ll 
modifications. Moreover. the monoclonnl nntihody Yltl-2.59 did 
not  precipitate  pp 21-1 or 21-2 from cf.11 extracts:  this :Intit)ody 
is specific for H-, K- and N-Rns. and \ve sho\vrd in prc.limin:lry 
experiments  that  it  was highly  efficient in imn~ilnoprc.cipit:lt- 
ing  H-Ras  added to crll  extracts. 

l ~ l s ~ ' ~ ~ s s l ~ ~ s  
By 2-D PAGE analyses of protcins  phosphonlnted in rirw, \ve 

identified two low molecular  weight  proteins,  pp 21-1 and 
21-2, that  undergo  CAMP-dependent  phosphorylation. \Vv 
found that  pp 21-1 and 21-2 were poorly phosphoryl:ltrd in 
response  to  CAMP  in  several A-kinase-tlr.ficic.nt cc.lls and th:lt 
the  degree of phosphorylation of thtasr  t\vo proteains corrc~latc~d 
with  the cell's A-kinase  activity. \Ye s h o n d  by t h r w  tliffcsrrnt 
sets of in vitro  experiments  that  these tlvo proteins w w v  tlirc.ct 
A-kinase  substrates. It'e did  not  addrrss thc. quc.stion o f  
whether  pp 21-1 and 21-2 are substrates of othtsr protoin  ki- 
nases as well, but  their  degree of phosphorylation \cas vc.? l o w  
in  the  basal  non-A-kinase-stimulated  state. 

The  amount of "'PO, incorporation  into pp 21-2 incrvascd 
3-fold within  the  first I 6  h of adding  HMRi\ t o  parrntnl \.IEI, 
cells  without  an  increase in the  amount of pp 21-2 protein. 'This 
increase  in "'PO,, incorporation could occur  tvithout :In incrc.nsv 
in  phosphorylation of pp 21-2 if HMMRA induced  tlcphosphonl- 
ation of pp 21-2 early after  addition,  thwrhy :Illowing morv 
'"PO., incorporation  during  the  later "PO,-l:1heling prriotl; hotv- 
ever,  this  mechanism is only  possible if the r1cphosphoryl:ttion 
were  a  transient  phenomenon.  It  seems mort' likf-ly  that  the 
increase  in ""PO, incorporation  into  pp 21-2 in Fl\ll~A-trrnted 
cells  represented  an  actual  increase in phosphonl:ltion of pp 
21-2. Sincr  increased  phosphorylation of pp 21-2 \vas  not  oh- 
served in the  A-kinase-deficient  cells  trentcd  with li\li3.A. i t  
appeared  that  this  HMRA-induced  increase in pp 21-2 phos- 
phorylation  was  mediated hy A-kinase. Thcare arc nt Ica.st t w o  
possible  mechanisms  to  explain  these  data in thr  ahsrncc~ of :I 

major  increase in A-kinase  activity.  First, Ii\IILAcorrlti incrc.:lw 
the likelihood that  pp 21-2 was phosphnnlated hy A-kinnsc. hy 
inducing a change  in  the  suhcellular  localization o f  caithrr pro- 
tein: a model  ofA-kinase  compartmentnlizntion \vith crrntion of 
"target  sites" for CAMP  action  has  heen  propowd in ott1c.r ccll 
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types (31). And second, HMBA could induce  a post-transla- 
tional modification of pp 21-2 that would make it a better 
A-kinase substrate. Both  models are  consistent  with  the obser- 
vation  that  the combination of HMBA and 8-bromo-CAMP 
yielded  more  phosphorylation of pp 21-2 than  either  agent 
alone (Table I and Figs. 1 and 4). 

We found that pp 21-1 and 21-2 bound GTP on Western  blots 
and by immunoblotting, immunoprecipitation,  and immunoaf- 
finity chromatography  they  appeared to  be ras-related pro- 
teins, possibly related to  Rap 1A or 1B. Rap 1A and  1B  are 
clearly  A-kinase substrates  since  in vitro they  are phosphoryl- 
ated stoichiometrically by A-kinase, and  in vivo they  undergo 
CAMP-dependent phosphorylation  (14,  18, 36, 38). By four dif- 
ferent  criteria  it  appeared  that pp 21-1 and 21-2 were distinct 
from Rap 1A and 1B: (i) pp 21-1 and 21-2 bound GTP on 
Western  blots whereas  Rap 1A and  1B do not' (28,  36); (ii) two 
antibodies  raised  against a specific amino acid  sequence in  the 
carboxyl terminus of Rap 1A and  1B did not recognize pp 21-1 
or 21-2 on Western blots  while they recognized endogenous 
Rap 1A; (iii)  phosphopeptide maps of pp 21-2 were  different 
from those of Rap 1A and 1B; and (iv) recombinant  human  Rap 
1A expressed  in  insect cells (which are capable of all known 
post-translational modifications of ras-related  proteins (23,  37, 
39))  and  Rap 1B purified from human  platelets did not comi- 
grate  with  pp 21-1 or 21-2 on 2-D gels. The mouse rap 1Agene 
has been cloned recently, and  the deduced amino acid  sequence 
is  identical  to that of the  human  protein (40). Moreover, by 
Northern blot analysis  it  appeared  that  there is very little if 
any  Rap 1B expressed  in MEL cells. The only other ras proteins 
that  appear to be A-kinase substrates  are H-Ras, which can be 
phosphorylated in vitro by A-kinase  but does not show CAMP- 
dependent phosphorylation in vivo (19), and K-Ras exon 4B 
which is non-stoichiometrically  phosphorylated by A-kinase in 
vitro (<O. 1 mol  PO,/mol protein)  and undergoes a small degree 
of CAMP-dependent phosphorylation in vivo when  expressed at 
extremely  high levels  (19, 20). It  is unlikely that  pp 21-1 or 
21-2 are  H-  or K-Ras  because pp 21-1 and 21-2: (i) were good 
A-kinase substrates,  both  in vitro and  in vivo; (ii) were not 
precipitated from cell extracts by antibody Y13-259; and (iii) 
were recognized by antibodies  R61  and R195 on Western blots. 
Thus,  pp 21-1 and 21-2 are  either novel Ras-related  proteins or 
are previously  described members of the  Ras  superfamily  not 
known to be A-kinase substrates. A search of the  amino acid 
sequences of Ras-related  proteins revealed that Rho A, Rab 8, 
Ral A and B, and G25WCDC42Hs all  have a potential A-kinase 
substrate  consensus sequence.  Since pp 21-1 and 21-2 reacted 
with  antibodies  R61  and R195, which were raised  against  Rap 
lA,  it  seems unlikely that  they  are one of these  other Ras- 
related  proteins which are  distantly  related  to  the  Rap family. 
Since pp 21-1 and 21-2 migrated very close to  each  other on 
2-D gels and  reacted  with  the  same  antibodies,  it  is possible 
that  they  are two different post-translationally modified forms 
of the  same  protein. 

It  should be noted that we observed several  other  proteins 
that  underwent CAMP-dependent phosphorylation in  parental 
MEL cells that were  not phosphorylated in  the A-kinase-defi- 
cient cells; any one of these  proteins could be important  to 
differentiation of MEL cells. Ras-related  proteins  are known to 
be involved in  regulating cell growth  and differentiation  (32, 
33)  but  have received little  attention  in MEL cells; one group 
found several low molecular  weight  GTP-binding proteins  in 
the cytosol and  particulate  fractions of undifferentiated MEL 
cells that were isoprenylated  and carboxymethylated  (41, 42). 

One of these  proteins  was  subsequently found to be G25W 
CDC42Hs, but  the  others were  not characterized immunologi- 
cally nor were they  studied  during differentiation of MEL cells 
(42, 43). I t   is  difficult to compare our  results  with  their work 
because of technical differences, but two of the  proteins  they 
identified may  represent  pp 21-1 and 21-2 (42). 
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