
quantities were measured for a given train (i) 
calclum currents durlng the flrst pulse, (11) the 
increase in membrane capacitance durlng this 
pulse, and (iii) the average [Ca2+] between the first 
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26 To measure step responses (during pulses), Iln- 
ear regressions were performed to three to four 
data points both before and after a pulse. These 
fits were extrapolated to the time of the pulse, and 
thelr difference was adopted as the step size. The 
calculation of the derivative of the capacltance 
trace, as in Fig. 1 C, was made by the transferral of 

short segments of data to the IGOR program 
(WaveMetr~x, Lake Oswego, OR). 

27. To simulate responses to pulse tralns, the param- 
eters a,, b,, and a, of the model by Heinemann 
and co-workers (7) have been used unchanged. 
Peak [Ca2+] at the "release sites" and increments 
In basal [Ca2+], durlng tralns of depolar~zing 
pulses were set to 4.2 KM and 0 42 KM, respec- 
tively. A value of 3.45 was adopted as the time 
constant of [Ca2+] decay after pulses, according 
to experimental results. The constant a, for the 
rate of the deprimlng of vesicles was increased to 
0 01 2 s- ' ,  and the size of pool A was set to 4000 
f F, resultlng In a pool B of 230 f F at a [Ca2+] of 
100 nM Wlth these new parameters, we obtalned 
both the correct ratio of capacltance increases 
between pulses one and five In a traln and the 
experimental result for total secretion durlng a 
train of pulses starting from basal [Ca2+],. 

28. All experlments were done in the perforated- 
patch configuration wlth the use of nystatin. Am- 
perometric currents were measured as described 
In (19). The voltage at the carbon fiber was 
continuously held at +800 mV, and the resultlng 
current was measured with an EPC-7 patch- 
clamp amplifier (Llst-Electronic, Darmstadt, Ger- 
many), filtered at 20 Hz, and sampled by the data 
acquisition program. Amperometric traces were 
transferred to the IGOR analysis program for the 
calculation of current integrals. Before Integration, 
a base line (from a stretch of data without secre- 
tory events) was subtracted. 
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cells and R. H. Chow, K. D Gillis, and A. B 
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Inhibition of the EGF-Activated MAP Kinase 
Signaling Pathway by Adenosine 

3',5'-Monophosphate 

Jie Wu, Paul Dent, Tomas Jelinek, Alan Wolfman, 
Michael J. Weber, Thomas W. Sturgill* 

Mitogen-activated protein (MAP) kinases p42""Pk and p44mapk are activated in cells 
stimulated with epidermal growth factor (EGF) and other agents. A principal pathway for 
MAP kinase (MAPK) activation by EGF consists of sequential activations of the guanine 
nucleotide exchange factor Sos, the guanosine triphosphate binding protein Ras, and the 
protein kinases Raf-I, MAPK kinase (MKK), and MAPK. Because adenosine 3',5'-mono- 
phosphate (CAMP) does not activate MAPK and has some opposing physiologic effects, 
the effect of increasing intracellular concentrations of cAMP with forskolin and 3-isobutyl- 
1 -methylxanthine on the EGF-stimulated MAPK pathway was studied. Increased concen- 
trations of cAMP blocked activation of Raf-I, MKK, and MAPK in Ratl hER fibroblasts, 
accompanied by a threefold increase in Raf-1 phosphorylation on serine 43 in the regu- 
latory domain. Phosphorylation of Raf-1 in vitro and in vivo reduces the apparent affinity 
with which it binds to Ras and may contribute to the blockade by CAMP. 

Signal transduction pathways used by EGF p44mapk (or ERK1) , which are closely relat- 
include activation of p42mapk [or extracel- ed protein serine-threonine kinases regulat- 
lular signal-regulated kinase 2 (ERK2)l and ed by dual tyrosine and threonine phos- 

phorylation (1). MAPK is likely to mediate 
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in a MAPK activation pathway mediated by 
Ras. EGF induces autophosphorylation of 
the EGF receptor (EGFR) on tyrosine resi- 
dues, creating specific binding sites for Src 
homology 2 (SH2)-containing proteins, in- 
cluding a multiprotein complex that acti- 
vates Ras (2). The guanine nucleotide- 
releasing protein Sos, the mammalian ho- 
molog of the Drosophila protein Son of 
sevenless, is complexed in the cytoplasm to 
an SH2-containing adapter protein, growth 
factor receptor-bound protein 2 (Grb2). 
After EGFR tyrosine phosphorylation, the 
Grb2-Sos complex is recruited to the recep- 
tor by the SH2 domain of Grb2; localiza- 
tion of Sos with its membrane-bound target 
Ras catalyzes formation of the active, gua- 
nosine triphosphate (GTP)-bound form of 
Ras. Activated Ras in turn causes activa- 
tion of Raf-1 bv an undefined mechanism 
that appears to involve direct interaction of 
Ras and Raf- 1 (3, 4). Activated Raf- 1 then 
phosphorylates and activates MKKs, the 
specific activators of MAPK (5). 

Cellular control cannot be achieved by 
collections of linear signal transduction - 
pathways alone; mechanisms for integrating 
pathways and generating interactions be- 
tween pathways are required. MAPK is 
activated by a diverse set of factors, but 
notably not by agents that increase intra- 
cellular concentrations of cyclic adenosine 
monophosphate (CAMP) (6). Because the 
antagonism between insulin and CAMP- 
elevating agents is well known and because 
cAMP counteracts some biologic effects of 
oncogenes that activate MAPK (7), we 
conducted studies to determine whether 
cAMP inhibits the MAPK pathway. 

Ratl fibroblasts that overexpress the hu- 
man EGFR (RatlhER) were deprived of 
serum and incubated with or without forsko- 
lin or 3-isobutyl- 1 -methylxanthine (IBMX) 
or both agents for 15 min before stimulation 
with EGF (50 or 200 nglml). Forskolin 
directly activates the catalytic subunit of 
adenvlate cvclase ( 8 ) .  IBMX inhibits cAMP ~, 

phosphodiesterase and may also block inhib- 
itory adenosine receptors linked to Gi to 
increase the intracellular concentrations of 
cAMP (9). Thus, both agents enhance 
cAMP accumulation but by different mech- 
anisms. Cells treated with forskolin or IBMX 
contained activity from the catalytic subunit 
of CAMP-dependent protein kinase (PKA) 
[assessed by PKA-inhibitor peptide (PK1)- 
sensitive histone H1 kinase activity] that 
was 10 and 4 times that in control cells, 
respectively (1 0). The stimulation of cells 
with EGF (50 ng/ml for 5 min) without prior 
incubation with forskolin or IBMX resulted 
in PKI-insensitive kinase activity in the cell 
extract supernatant toward myelin basic pro- 
tein (MBP) that was four times greater than 
that in untreated cells (1 0). However, the 
EGF-dependent increase in MBP kinase ac- 
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tivity was nearly abolished by prior incuba- 
tion with forskolin or IBMX or both (1 0). 

To confirm that the changes in MBP 
kinase activity in the supernatants from cell 
lysates were attributable to MAPK, we per- 
formed immune complex kinase assays with 
a polyclonal antibody (TR2) to p42"pk 
(anti-p42"~k) (1 I) (Fig. 1). MBP kinase 
activity immunoprecipitated from lysates of 
cells stimulated with EGF was greater than 
that from lysates of untreated cells, which 
indicates that activation of p42""pk had 
occurred. Treatment of cells with forskolin 
or IBMX or both blocked stimulation of 
p42"pk by EGF. 

Phosphorylation and activation of MAPK 
is catalyzed by one or more MKKs (12-1 5). 
To determine whether forskolin and IBMX 
also blocked the EGF stimulation of MKKs, 
we assayed portions of supernatants from 
cell lysates for MKK activity by 32P incor- 
poration into recombinant kinadefective 
p42""pk (KR) (Fig. 2) (12). The treatment 
of cells with EGF increased MKK activity 
approximately eightfold in cells not treated 
with forskolin or IBMX (Fig. 2). This re- 
sponse to EGF was not altered in cells 
treated with the dimethyl sulfoxide 
(DMSO) vehicle. In contrast, prior treat- 
ment with forskolin or IBMX or both 
blocked the EGF-stimulated activation of 
MKK by approximately 90% (Fig. 2). 

To exclude the possibility that forskolin 
acted by inhibiting EGF-stimulated receptor 
autophosphorylation of sites required for 
Grb2 binding (1 6), we immunoprecipitated 
EGFR (Fig. 3B) for protein immunoblotting 
with antibody to phosphotyrosine (anti- 
pTyr) (Fig. 3A) or antibody to Grb2 (Fig. 
3C). EGF stimulated immunoreactivity to 
anti-pTyr (Fig. 3A) equally, irrespective of 
prior treatment with forskolin (Fig. 3A). 
GRB2 was not bound detectably to EGFRs 
in untreated cells (Fig. 3C) but was bound to 
receptors after EGF stimulation, and this 
effect was not altered by prior treatment with 
forskolin. 

Because EGF-dependent MKK activa- 
tion was blocked by forskolin or IBMX, we 
considered the possibility that PKA might 
directly phosphorylate and inactivate 
MKKl and MKK2. However, MKKl and 
MKK2 were poor substrates for PKA (1 0) , 
which prompted us to examine the effect of 
forskolin on EGF-dependent activation of 
Raf-1 (Fig. 4). The activation of Raf-1 was 
measured in immune complexes of antibod- 
ies to Raf-1 (anti-Raf-1) (I I), with [y-32P]- 
adenosine triphosphate (ATP) and nearly 
homogeneous baculovirus-expressed MKKl 
(17) as substrates. EGF stimulated Raf-1 
kinase activity nearly fivefold, and stimula- 
tion was ablated by prior treatment with 
forskolin. Taken together, our data (Figs. 1 
through 4) localize the point or points of 
action of forskolin (and presumptively, of 

IBMX) to steps between Grb2 binding and 
activation of Raf-1. 

Ras appears to interact directly with 
Raf-1 (3, 4). Raf-1 binds to immobilized 
Ras-GMP-PNP (guanylyl-irnidodiphosphate) 
or RasVa"2.GMP-PNP but not to a modified 
form of Ras with a mutation in the effector 
domain (Rasm6) (3). Other studies have 
.used a yeast genetic system or recombinant 
proteins expressed in Escherichia cob to dem- 
onstrate that NH2-terminal fragments of 
Raf-1 interact with Ras (4). Expressed frag- 
ments of Raf-1 bind to Ras in a manner 
dependent on GTP and an intact Ras effec- 
tor domain. Because expression of an NH2- 
terminal fragment of Raf-1 acts as a domi- 
nant inhibitor of Ras effects (18), the 

Ras:Raf-1 interaction is presumed to have 
mechanistic significance. For these reasons, 
we tested the ability of PKA to phosphoryl- 
ate Raf-1 and regulate Ras:Raf-1 binding. 

To this end, kinasedefective (His), 
Raf-1 in which Lys375 is changed to methi- 
onine [Raf(K375M)] was expressed in Sf9 
insect cells and partially purified by nickel- 
chelate affinity chromatography (1 7). Incu- 
bation of Raf(K375M) with PKA and 
[y-32P]ATP resulted in phosphorylation of a 
75-kD band in the Raf-1 preparation (Fig. 
5A) that was not detectable in control 
reactions containing PKA or the prepara- 
tion of Raf(K375M) incubated alone with 
[y-32P]ATP. The 75-kD phosphoprotein 
was identified as Raf-1 by protein immuno- 

Flg. 1. lnhibition of EGFdependent activation of p 4 F k  
by forskolin and IBMX. RatlhER cells were grown in 
Dulbecco's modified Eagle's minimum essential medium 
and 10% fetal calf serum. Confluent cells (one 6-cm 
plate per condition) were incubated (at 37% for 50 min) 
in Kreb's Ringer bicarbonate-Hepes (KRB-Hepes) buff- 
er (29) and then left untreated (vehicle added) or treated 
with 50 pM forskolin, 0.5 mM IBMX, or 50 pM forskolin 
plus 0.5 mM IBMX for 15 min. After EGF stimulation (5 
min), cells were washed with cold phosphate-buffered 
saline. Each plate of cells was lysed in 0.5 ml of ice-cold 
buffer A (30) and centrifuged at 16,000g for 20 min. 
Portions (0.1 ml1 of each suoernatant were immuno~re- 
cipitated with antkp4pa@ ( T R ~ )  coupled to protein'A-Sepharose beads, and p42mapk act~ity in the 
immune complex was determined. MBP kinase assays were done essentially as described (12), 
except that 2 pM PKI (Gibco-BRL, Gaithersburg. Maryland) was included in the reaction mixture and 
reactions were carried out at 30°C for 12 min. The data shown are the average of two experiments. 

Flg. 2. Inhibition of MKK activation by forskolin NFIF+ID 
and IBMX. Cells were incubated and supema- kD 1 2 3 4 5 6 7 8 9 10 111213141516 
tants were prepared from treated cells as de- 200- b. - 
scribed (Fig. 1). Supematants were diluted to EGFR- - r 
one-fifth the original concentration, and portions 
(5 pI) were assayed for MKK activity as described 97. 

(12) with p4r"apk-K52R as the substrate. Phos- 68 

phorylation was analyzed by autoradiography 
45- after SDSPAGE (on 10% gels). Cells were incu- KR- 

bated without (N) or with forskolin (F), IBMX (I). 
forskolin plus IBMX (F + I) ,  or DMSO (D) (solvent 29. 
for forskolin and IBMX) before stimulation with 
EGF for 5 min. Lanes 1,4,7, 10, and 13: nonstimulated cells; lanes 2,5,8,11, and 14: cells stimulated 
with 50 nglml EGF; lanes 3, 6, 9, 12, and 15: cells stimulated with 200 ng/ml EGF; lane 16: no cell 
sample added (control reaction). Arrows indicate the KR substrate and autophosphorylated EGF 
receptors (EGFRs). A duplicate experiment showed similar results. Band densities on the autoradio- 
graphs were quantitated with a densitometer (Molecular Dynamics, Sunnyvale, California). 

Fig. 3. Autophosphorylation of EGFRs and GRB2 A B C 
binding. Quiescent Rat1 hER cells were pre- 1 2 3  1 2 3  1 2 3  
treated with DMSO (lanes 1 and 21 or forskolin m~--- - -  
(lanes 3) for 15 min'and then left "nstimulated '00- 

(lanes 1) or were stimulated with EGF (200 ng/ml) 
-EGFR- + 

for 5 min (lanes 2 and 3). Cells were lvsed in 97. 
buffer containing detergent, and EGFRS were 

- 

immunoprecipitated as described (31) from 
equal portions of the lysate supernatants with RK-2, a rabbit pdyclonal antibody to the EGFR. 
lmmunoprecipitated proteins were separated by SDS-PAGE (10% gel) and transferred to a nitrocel- 
lulose membrane. The top half of the membrane was immunoblotted with anti-pTyr (32) (A); after the 
antibody was removed, the membrane was reprobed with antibody to the EGFR (6). The bottom half 
of the membrane was immunoblotted with a monoclonal antibody to Grb2 (arrow) (Transduction 
Laboratories, Lexington, Kentucky) (C). Molecular size markers are shown on the left in kilodaltons. 
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blotting (10). Thus, Raf-1 is an in vitro 
substrate for PKA. 

We next compared the abilities of PKA- 
phosphorylated Raf(K375M) and nonphos- 
phorylated Raf(K375M) to bind to immo- 
bilized RasV"12. Phosphorylated and non- 
phosphorylated Raf(K375M) were prepared 
and were treated identically except for ad- 
dition of PKA at the initiation or conclu- 

Fig. 4. Raf-1 kinase activity in cells treated with 
forskolin. RatlhER cells (one 15-cm plate per 
condition) were grown to confluence, rendered 
quiescent, incubated with DMSO (vehicle) or 
forskolin, and stimulated with EGF as described 
(Fig. 1). Cell lysis, immunoprecipitation of Raf- 
1, and an assay of Raf-1 kinase activity in the 
immune complexes were done as described 
(1 1) by transfer of 32P incorporation into ho- 
mogenous, baculwirus-rat MKKl as the sub- 
strate (17). MKKl was separated by SDS- 
PAGE (on 10% gels), and the 3zP incorporated 
into MKKl was quantitated by Cerenkov radia- 
tion by counting of excised MKKl bands. Val- 
ues represent the mean of four experiments. 
Data were corrected for MKKl autophospho- 
rylation and for background radioactivity in the 
Raf-1 immune complex; the corrected incorpo- 
ration (+EGF) was set to 100% (range = 1000 
to 3000 cpm). Bars indicate standard error. 

sion of the phosphorylation reaction, re- 
spectively (Fig. 5A). Equal portions of 
phosphorylated and nonphosphorylated 
Raf(K375M) were incubated with immobi- 
lized Rasva"' loaded with either GMP-PNP 
or guanosine diphosphate (GDP) , and pro- 
teins retained after washing were subjected 
to SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and protein immunoblotting 
with antibody to Raf-1 (Fig. 5B). Nonphos- 
phorylated Raf(K375M) bound preferen- 
tially to RasVa112.GMP-PNP (3, 4). How- 
ever, the binding of PKA-phosphorylated 
Raf(K375M) to RasVa12.GMP-PNP and to 
RasVa112.GDP was reduced approximately 
75% in comparison to that of nonphospho- 
rylated Raf. Reciprocal changes in the 
amount of Raf(K375M) were detected in 
Supernatants from the binding reactions 
(10). These experiments were repeated 
three times with similar results. Thus, these 
data demonstrate that phosphorylation of 
Raf-1 in vitro by PKA can inhibit binding 
of Raf-1 to Ras. 

We conducted studies to determine 
whether Raf-1 from forskolin-treated cells 
also has decreased binding a h i t y  for Ras. 
RatlhER cells were treated or not treated 
with forskolin and then stimulated with and 
without EGF. Equal portions of supema- 
tants from lysates of cells treated under the 
diiTerent conditions were analyzed for their 
ability to bind to immobilized Ras (Fig. 6). 
Raf-1 from cells not treated with forskolin 
bound preferentially to RasaGMP-PNP. In 
contrast, the binding of Raf-1 from cells 
treated with forskolin to Ras-GMP-PNP 
was decreased by approximately 70 -+ 10% 
(average of two experiments -+ range). The 
use of phosphatase inhibitors and the use of 
subsaturating concentrations of lysate ap- 
peared to be important for the detection of 
the difference in binding. Thus, increased 
concentrations of CAMP in vivo decrease 
the apparent &nity of Raf-1 for Ras. Be- 

Fig. 5. Effect of PKA phosphorylation of Raf-1 on A B 
binding to Ras. (A) Phosphorylation of kinase- 1 2 3  1 2 3 4  
defective Raf-1 by PKA. Kinase-defective :;: -'l -Rd - -ST 

Raf(K375M). tagged with (His), at the COOH- 97- 
terminus, was expressed in Sf9 cells by a recom- 43- - .C --PKA - ' -Raf 
binant baculwirus and partially purified by nick- 43- 

el-chelate affinity chromatography. Raf(K375M) 
preparation (1 0 kg of total protein; estimated 1 % 
purity) was phosphorylated (at 30°C for 30 min) in a total volume of 100 k1 containing 20 mM tris-Cl 
(pH 7.5 at 4"C), 0.1 mM [Y-~~P]ATP (10 cprn/fmol), 10 mM magnesium acetate, and 1 kg of the 
catalytic subunit of PKA. Reactions were terminated with sample buffer and subjected to SDS-PAGE 
(on a 10% gel) and autoradiography [for 45 min with Xomat AR5 (Kodak, Rochester, New York)]. 
Lane 1: reaction omitting Raf; lane 2: reaction omitting PKA, lane 3: complete reaction mixture. (B) 
Binding of Raf to immobilized Ras. The K375M preparation was incubated with or without PKA as 
above, except radioactive ATP was omitted and 20 mM EDTA (final concentration) was added at the 
end of the incubation to quench the reaction. PKA was added to the tube containing quenched. 
non-PKA-phosphorylated Raf(K375M). Aliquots of the phosphorylated and nonphosphorylated Raf 
were analyzed for binding to immobilized Rasva112 prebound to GMP-PNP (lanes 1 and 3) or GDP 
(lanes 2 and 4) as described (3). Bound Raf was detected by protein immunoblotting with 
anti-Raf-CR2 by enhanced chemiluminescence. Lanes 1 and 2, nonphosphorylated Raf; lanes 3 
and 4, phosphorylated Raf. Molecular size markers are shown on the left in kilodaltons. 

cause similar inhibition of Raf-1 binding is 
caused by phosphorylation of Raf-1 in vitro 
by PKA, a plausible mechanism for the 
reduction of Raf:Ras a h i t y  that occurs in 
intact cells is phosphorylation of Raf-1 by 
PKA. 

To determine whether forskolin induces 
Raf-1 phosphorylation in intact cells, we 
labeled RatlhER cells with 32P and treated 
them with or without forskolin. Raf-1 was 
isolated by immunoprecipitation and SDS- 
PAGE. The 32P content of Raf-1, quanti- 
tated by Cerenkov radiation, was increased 
1.5 2 0.2 times (average of two experi- 
ments -+ range) by forskolin. Three major 
tryptic phosphopeptides (a, p, and y) were 
observed upon analysis of the 32P-labeled 
Raf-1 protein band from RatlhER cells 
treated with forskolin that corresponded to 
three phosphopeptides (a, b, and c) of 
Raf-1 from untreated cells (Fig. 7). The 32P 
content of phosphopeptides a, p, and y was 
4.7 -+ 0.9, 1.5 -+0.2,and2.1 -+ 0.2 times 
that of phosphopeptides a, b, and c (aver- 
ages of two experiments + range), respec- 
tively. Assuming that the modest increase 
in 32P content of phosphopeptide b is not 
significant, the 32P content of phosphopep- 
tide b provides an intemal control. With 
this assumption, forskolin treatment in- 
creased the "P content of phosphopeptide 
a threefold. 

Phosphopeptides a, b, and c appear to 
correspond to previously described (1 9) 
phosphopeptides A, B, and X identified as 
in vivo sites of Raf-1 phosphorylation in 
NIH 3T3 cells. The sites of phosphoryla- 
tion in phosphopeptides A and B were 
identified as Ser43 and Ser621, respectively 
(19). To confirm that forskolin treatment 
induced phosphorylation of Ser43, we phos- 
phorylated a synthetic peptide containing 
Ser43 in vitro with PKA and cleaved it with 
trypsin (19). The tryptic peptide 
(RAS43DDG) (20) contains only one po- 

Forskolin , + . 
EGF -,fs-js 

z L 2 5 :  

Fig. 6. Binding of Raf from cells treated with or 
without forskolin to immobilized Ras. Conflu- 
ent plates of Rat1 hER cells (four 15-cm plates 
per condition) were cultured without serum 
(18 hours), incubated with or without forskolin, 
and treated with or without EGF (100 nglml, 
final concentration) as described (Fig. 1). Por- 
tions of supernatant protein from each treat- 
ment were analyzed (32) for Raf binding to 
immobilized c-Ha-Ras loaded with GMP-PNP 
or GDP. The arrow indicates Raf detected by 
protein immunoblotting. 
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Fig. ,. Analysis of for- -- ~ .- . .- -- -- - . ~ 

skolin-induced phospho- A B C 
lylation of Raf-1 in 
RatlhER cells by phos- 
phopeptide mapping. 
Confluent RatlhER cells 4 c/r .  
in 15cm plates were b* 

p& b l~ .  

washed three times with . a - 'he 

KRBHepes buffer and 
then incubated for 2.5 0 0 
hours with 10 ml per plate D 
of KRB-Hepes buffer con- 

E 

taming 5 mCi of [32P]- 
orthophosphate. Forsko- 
lin or DMSO (vehicle con- 
trol) was added directly to 
the labeling medium, and b. c. 

the cells were incubated A- 
b a d - -  , 

for 20 min at 37% before 
lysis and immunoprecipi- 
tation of Raf-1 (Fig. 4). Irn- 
munoprecipitated proteins were separated by SDSPAGE; Raf-1 proteins were processed for tryptic 
p h w t i d e  mapping as described (19). Radiolabeled phosphopepti were visualized and 
quantitated with a Phosphorlmager (Molecular Dynamics). (A) Raf-1 from DMSO-treated cells. (B) Raf-1 
from forskolin-treated cells. Samples in (A) and (B) were processed identically. (C) Mixture of 
phosphopeptides used in (A) and (B). (D) Tryptic phosphopepti mapping of a synthetic peptide 
(ISPTIVQQFGYQRRAsaDDGKLTD) (20) containing Sera (19). The peptide was phosptmylated by 
PKA and purified by SDS-Tricine gel electrophoresis before trypsin digestion as described (19). (E) 
Mixture of Sera peptiie (D) and Raf-1 peptides (A). The labels a, b, and c and a, p, and v denote three 
major phosphopeptides derived from Raf-1 of DMSO- and forskolin-treated cells, respectively. A, tryptic 
peptide containing Ser"; arrowhead, origin; arrows, two partially digested peptides derived from the 
Sera peptide. This experiment was repeated with similar results. 

tential phosphorylation site, Ser43. Phos- 
phopeptides a (a) comigrated with this 
tryptic phosphopeptide, which identifies 
Ser43 as the principal site of Raf-1 phos- 
phorylation in cells containing increased 
concentrations of CAMP. Ser43 resides in a 
sequence, RRXS" (20), favorable (21) for 
phosphorylation by PKA; Ser43 is located 
in the NH2-terminal regulatory domain of 
Raf-1 that binds to Ras (4). Thus, it is 
reasonable to ascribe to Ser43 phosphoryla- 
tion the CAMP-induced reduction in bind- 
ing afhnity of Raf-1 to Ras, but contribu- 
tions from other PKA sites (or targets) 
cannot be excluded. Increased concentra- 
tions of CAMP induced by forskolin might 
also activate cyclic guanosine monophos- 
phate-dependent protein kinase, an en- 
zyme with overlapping but not identical 
substrate specificity to PKA (22). Thus, our 
data do not resolve the relative contribu- 
tion of these two enzymes for the mediation 
of the effect of forskolin or IBMX. 

Previous studies in a variety of systems 
suggest that one site of action of cAMP lies 
downstream of Ras, which is consistent 
with our data. Forskolin inhibits the effect 
of v-Ras on the transcription of a rat pro- 
lactin promoter construct in GH4 pituitary 
cells (23). In addition, a revertant line of 
v-Ras-transformed NIH 3T3 cells contains 
enhanced PKA activitv. and increased 

not dissociate the GRB2-Sos complex in 
Rat lhER cells (25). 

Although these data are consistent with 
our suggestion that phosphorylation of 
Raf-1 on Ser43 may be one mechanism by 
which CAMP inhibits signaling from tyro- 
sine kinases, other targets such as phospho- 
lipase C-y 1 (26) and Sos are not excluded. 
Increased phosphorylation of Sos was ob- 
served in cells treated with forskolin (25). 
Raf-1 was expressed in all cells examined, 
and activation of MAPK by ligands for 
other receptor tyrosine kinases is also de- 
pendent on Ras (3,4,27). Thus, it is likely 
that similar antagonism between CAMP 
and MAPK will occur for insulin and plate- 
let-derived growth factor and possibly other 
ligands whose receptors are tyrosine ki- 
nases. Additional pathways for MKK acti- 
vation independent of Ras and mediated by 
MAP or ERK kinase (MEK) kinase (28), a 
mammalian homolog of the yeast protein 
STEl1, are likely. Thus, the possibility 
remains that some pathways for MKK acti- 
vation may not be inhibited by cAMP 
elevation. Our demonstration that CAMP 
elevation negatively regulates Raf-1 activa- 
tion begins the dissection of the complex 
interdigitation of the MAPK pathways with 
other signal-transducing pathways. 
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lnhi bition by cAMP of Ras-Dependent 
Activation of Raf 

Simon J. Cook* and Frank McCormick 
Activation of the Raf and extracellular signal-regulated kinases (ERKs) (or mitogen- 
activated protein kinases) are key events in mitogenic signaling, but little is known about 
interactions with other signaling pathways. Agents that raise levels of intracellular cyclic 
adenosine 3',5'-monophosphate (CAMP) blocked DNA synthesis and signal transduction 
in Ratl cells exposed to epidermal growth factor (EGF) or lysophosphatidic acid. In the 
case of EGF, receptor tyrosine kinase activity and association with the signaling molecules 
Grb2 and Shc were unaffected by CAMP. Likewise, EGF-dependent accumulation of the 
guanosine 5'-triphosphate-bound form of Ras was unaffected. In contrast, activation of 
Raf-1 and ERK kinases was inhibited. Thus, cAMP appears to inhibit signal transmission 
from Ras by preventing Ras-dependent activation of Raf-I. 

Cyclic adenosine 3',5'-monophosphate 
(CAMP) was the first second messenger to 
be identified, and its role in regulating 
physiological processes is well established 
(I ) . Hormone receptors increase the intra- 
cellular concentration of cAMP by increas- 
ing the amount of the free a subunit of the 
guanosine triphosphate (GTP) binding pro- 
tein G, (Gas-GTP), which activates ade- 
nylyl cyclase (2, 3). Despite literature dat- 
ing back 25 years (3), the precise role of 
cAMP in regulating cell growth and prolif- 
eration remains a matter of considerable 
debate (3, 4). In some cells, such as Swiss 
3T3 cells and thyrocytes, cAMP is a mito- 
genic messenger and promotes the Gl  to S 
phase transition in the cell cycle (4). In 
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contrast, cAMP inhibits the proliferation of 
many cell lines, including fibroblasts, T 
cells, neuroblastoma and astrocytoma cells, 
and cells transformed by Ras, Src, and 
polyoma middle T antigen (3). 

Kinetic analysis indicates cAMP exerts a 
cytostatic effect in the early Go to GI  phase 
as well as mid-G1 phase (5) and, in a few 
cases, G2 (3). Cyclic AMP inhibits prolif- 
eration by growth factors irrespective of 
their ability to activate the polyphospho- 
inositide (PI) pathway; therefore, the abil- 
ity of cAMP to inhibit full activation of the 
PI pathway is unlikely to explain its effects 
(5). Because cAMP inhibits proliferation 
stimulated by receptor tyrosine kinases or 
GTP binding protein-coupled or "serpen- 
tine" receptors, it is more likely to exert its 
effect downstream of receptor activation 
and second messenger generation, where 
signal transduction pathways converge. 

A common point of convergence for 
many, if not all, growth factors is the activa- 
tion of the Ras proteins (6 ) ,  which regulate 
signals to the mitogen-activated protein ki- 
nases ERKl and E M 2  (7). These are serine- 
threonine kinases that require phosphoryla- 
tion at both tyrosine and threonine for acti- 
vation; both phosphorylation events are cat- 
alyzed by the same dual-specificity mitogen- 
activated protein (MAP) kinase kinase called 
MAP or ERK kinase (MEK) (8). MEK is in 
turn regulated by at least two upstream ki- 
nases: the c-Raf-1 proto-oncogene product (9) 
or MEK kinase (10). The stimulation of 
quiescent cells with various growth factors or 
phorbol esters or the introduction of onco- 
genic Ras proteins leads to the activation of 
ERKs within minutes (7). Indeed, Ras is 
required for growth factors to fully activate the 
Raf-MEK-ERK pathway (7, 1 J), which sug- 
gests that Ras is a common target for growth 
factors and that this kinase cascade is impor- 
tant for regulating the GI to S phase transi- 
tion. In Ratl cells, Ras is a point of conver- 
gence for two different classes of growth fac- 
tor, lysophosphatidic acid (LPA) or epidermal 
growth factor (EGF), to fully stimulate DNA 
synthesis and ERK activation (1 I). Here, we 
have examined the effect of CAMP on growth 
factor stimulation of ERKl and ERK2. 

Quiescent Ratl cells were incubated 
with 1 mM dibutyryl cAMP for 10 min 
before stimulation with LPA or EGF, and 
ERK activation was assayed on protein im- 
munoblots by the appearance of activated, 
hyperphosphorylated forms with retarded 
mobility on SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) . Dibutyryl cAMP 
alone had no effect on the activation of 
ERKl and E M 2  in Ratl cells, but a 10-min 
treatment with dibutyryl cAMP completely 
inhibited the LPA- or EGF-induced mobil- 
ity shift (Fig. 1A); 8-bromc-CAMP was also 
effective (12). With a more sensitive im- 
mune complex kinase assay (1 3), we found 
that the ability of the phorbol ester PMA 
(phorbol 12-myristate 13-acetate) to acti- 
vate MAP kinases, albeit a submaximal 
activation compared with that of EGF, was 
also inhibited by dibutyryl cAMP (Fig. 1B). 
These effects were not due to contamina- 
tion of dibutyryl cAMP with butyrate or 
metabolic release of butyrate within the cell 
because butyrate itself (up to 1 mM) did not 
inhibit ERKl (Fig. 1B) or DNA synthesis 
(12). Furthermore, a 10-min exposure to 
dibutyryl cAMP did not affect the amount 
of immunoreactive ERKl and E M 2  (Fig. 
1 A), so the loss of ERK activity (Fig. 1B) 
did not result from a decreased amount of 
the enzyme. The 50% inhibition concen- 
tration (IC,,) of dibutyryl cAMP upon 
LPA- or EGF-stimulated ERKl was approx- 
imately 0.1 to 0.2 mM, which agreed with 
that for inhibition of DNA synthesis (12). 

The adenosine diphosphate (ADP) ribo- 
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