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sine aminotransferase gene expression 
are mediated by an activation of cyclic 
AMP-dependent protein kinase (12). 

We have previously used the clonal rat 
pituitary cell line GH4 to characterize the 
regulation of prolactin gene transcription 
by peptide hormones-thyrotropin-re- 
leasing hormone (TRH) and epidermal 
growth factor (EGF)-and cyclic AMP 
and to describe the hormone-dependent 
phosphorylation in the nucleus of a 23- 
kilodalton (kD) basic protein, referred to 
as BRP (5, 13). 

Although TRH produces only small Cyclic AMP Regulation of Eukaryotic Gene Transcription by stimulations of adenylate cyclase 
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Two Discrete Molecular Mechanisms various cyclic AMP analogs and forsko- 
lin rapidly stimulate prolactin gene tran- 

Abstract. In experiments designed to study the mechanism by which peptide scription, inducing an increase in tran- 
hormones binding to their plasma membrane receptors stimulate the expression of scription by a factor of 3 to 5 in less than 
speciJic genes, the transcription of two neuroendocrine genes, prolactin and growth 10 minutes (5). In the present study, the 
hormone, was analyzed in a rat pituitary cell line. The results showed that cyclic maximum stimulation of prolactin gene 
adenosine monophosphate (cyclic AMP) stimulates the transcription of discrete transcription produced by cyclic AMP 
subsets of eukaryotic genes by at least two independent molecular mechanisms. was no more than 50 to 60 percent of that 
Cyclic AMP stimulated growth hormone gene transcription andphosphorylation of a produced by the peptide hormone TRH 
19,000-dalton nuclear protein; this appears to reflect direct nuclear actions of the (Fig. 1) and was not augmented by simul- 
cyclic AMP-dependent protein kinase. In contrast, the stimulation by cyclic AMP of taneous addition of the calcium iono- 
prolactin gene transcription appears to reject activation of a discrete calcium- phore A23187 to mimic the increase in 
dependent event. intracellular free calcium produced by 

TRH (15). Simultaneous treatment of 
MARIAN WATERMAN gene transcription has been shown for GH4 cells with maximally stimulating 
GEOFFREY H. MURDOCH several genes, including prolactin (4, 5), concentrations of TRH and forskolin 
Eukaryotic Regulatory Biology phosphoenolpyruvate carboxykinase (6, produced the same stimulation of prolac- 
Program, University of California 73, lactate dehydrogenase (8), and possi- tin gene transcription as treatment with 
at San Diego, La Jolla 92093 bly the tyrosine hydroxylase (9) genes. TRH alone. This is consistent with the 
RONALD M. EVANS The two mammalian forms of CRP ap- possibility that the effects of TRH and 
Molecular Biology and Virology pear to have lost the DNA-binding do- forskolin are mediated by the same 
Laboratory, Salk Institute, main characteristic of bacterial CRP mechanism. 
San Diego, California 92138 (lo), which suggests the importance of One such mechanism may be the acti- 
MICHAEL G. ROSENFELD the catalytic subunit in regulation of gene vation of cyclic AMP-dependent protein 
Eukaryotic Regulatory Biology Program, transcription. Analysis of mutations of kinase by TRH. Cyclic AMP-dependent 
University of California at Sun Diego cyclic AMP-dependent protein kinase in protein kinase phosphorylates two sub- 

several cell lines has suggested that types of histone H l  at a single site ( S ~ I - ~ ~ )  
Evolutionary conservation of critical most, and perhaps all, of the intracellular both in vivo and in vitro (16). Tryptic 

regulatory signal systems has been re- effects of cyclic AMP are mediated by peptide maps of the combined histone 
ported for organisms as distantly related cyclic AMP-dependent protein kinase H1 fraction showed a marked phospho- 
as bacteria and mammals. An example of (11). The effects of cyclic AMP on tyro- rylation of the peptide containing Ser37 
such a conserved system is 3',5'-adeno- 
sine monophosphate (cyclic AMP). The 

' B Fig. 1. Differential in- 
hibition of forskolin- 
stimulated prolactin - 
(A) and growth hor- 
mane (B) gene tran- 
scription. Rates of 
prolactin and growth 
hormone gene tran- - 
scription were simul- 
taneously measured 
in GH4 cultures treat- 
ed with TRH (3 x 
1 0 - ' ~  for 30 minutes) 

discovery of the cyclic AMP receptor 20 

protein (CRP) and its identification as 
the regulatory subunit of cyclic AMP- , 16 

dependent protein kinase in eukaryotes - 
(1) has led to its characterization as an 12 

important regulator of prokaryotic gene .- % 
expression. In the presence of cyclic $ 8 

AMP, bacterial cyclic AMP receptor 

- ? - +J coc12g 4 or forskolin (10-6M bacterial genome), permitting the bind- Control TRH Forskolin Control TRH Forskolin for 30 minutes). 
ing of RNA polymerase and subsequent Where indicated 
transcription (2). In eukaryotic orga- (shaded bars), cobalt chloride (CoCI,, 1 mM) was added 5 minutes before addition of TRH or 
nisms, AMP or hormones that forskolin. Prolactin gene transcription was measured by DNA excess hybridization of nascent 

RNA transcripts isotopically labeled by chain elongation in isolated nuclei as described (5, 13). 
adenylate cyclase influence the Results are the average of triplicate determinations + standard error of the mean. TRH, 

Wnthesis proteins (3). A di- forskolin, and cobalt had no effect on the transcription rate of three constitutively expressed 
rect effect of cyclic AMP at the level of genes. 

protein binds to specific DNA sequences 
in the promoter region of catabolite-sen- 
sitive operons (about 10 percent of the 

- A  

- 
- 
- 
- 
- 
- I 



in forskolin-treated G& cell cultures 
(Fig. 2A). Because TRH did not stimu- 
late phosphorylation of histone H1 at 
SeS7 under conditions where prolactin 
gene transcription and BRP phosphoryl- 
ation are maximally stimulated, it is un- 
likely that the nuclear effects of TRH are 
mediated by the activation of cyclic 

AMP-dependent protein kinase. Howev- 
er, treatment of GH4 cells with forskolin 
stimulated phosphorylation of BRP (Fig. 
3A) to an extent comparable to that 
reported for the response to TRH (13). 
Tryptic peptide maps of BRP isolated 
from cells treated with TRH or forskolin 
(Fig. 4) revealed an identical pattern of 

phosphopeptides, suggesting that cyclic 
AMP and TRH stimulate phosphoryl- 
ation at the same sites; each site is a 
serine residue, as determined by phos- 
phoamino acid analysis. The most plau- 
sible explanation of these data is that the 
binding of TRH to its plasma membrane 
receptor and the stimulatisn of cyclic 
AMP-dependent protein kinase produce 
an activation of a shared protein kinase 
that is distinct from the cyclic AMP- 
dependent protein kinase. 

The effect of cyclic AMP on growth 
hormone gene transcription was evaluat- 
ed by examining the response to forsko- 
lin and cyclic AMP analogs. Elevated 
amounts of intracellular cyclic AMP rap- 
idly increased stimulation of growth hor- 
mone gene transcription in G& cells by 
a factor of about 3, which is comparable 
to the increase seen in primary cultures 
of pituitary cells treated with forskolin 
(17) (Fig. 1). In contrast to the reciprocal 
effects of most hormonal agents on the 
biosynthesis of prolactin and growth hor- 
mone, increased amounts of intracellular 
cyclic AMP stimulated the synthesis of 
both prolactin and growth hormone (Fig. 
1). 

We have shown that the calcium an- 
tagonist cobalt chloride is a potent inhib- 
itor of the stimulation of prolactin gene 
transcription by peptide hormones (13). 
These results are interpreted as defining 

Fi. 2. Autoradio- 
graphs of tryptic 
phosphopeptide maps 
of histone HI. GH, 
cells were treated 
with 32P-labeled phos- 
phate before use, and 
proteins were pre- 
pared and subjected 
to electrophoresis as 
described (13). The 
complete set of H1 
proteins was isolated 
from two-dimensional 
gels of acid-soluble 
nuclear proteins from 
(A) control, forskolin- 
treated (10-6M for 30 
minutes), or TRH- 
treated cells (3 x 
10-'M for 30 minutes) 
or (B) cells treated for 
30 minutes with fors- 
kolin alone or with 
forskolin after a 5- 
minute incubation 
with cobalt chloride 
(1 mM). Tryptic maps 
were prepared as de- 
scribed (22). 

. - - -- --- - w--- - 
A control % Forskolln 

TRH 

C o n  kol in  + Cc 

p. 3 (left). (A) Phosphorylation of BFW and 
5P in forskolin-treated GH4 cells. GH4 cells 
:re treated with "P-labeled phosphate be- 

fore use, and proteins were prepared and 
subjected to electrophoresis as described (13). 
Autoradiographs are of two-dimensional gels 

I of acid-soluble nuclear proteins from unstimu- 
lated cultures or from cells treated with fors- 
kolin alone (10-6M for 30 minutes) or with 
forskolin after a 5-minute incubation with 

k cobalt chloride (1 mM). (B) Phosphorylation 
of CBP by cyclic AMP in broken cells. Ho- 

2 A mogenates of GH, cells were labeled [90 
seconds at 20°C in 150 rnM sucrose, 25 mM 

Hepes (pH 7.2), 5 mM magnesium acetate, and 5 mM dithiothreitol] with adenosine [a-32P]triphosphate (2 x 10-6M, >400 Ci/mmol) in the 
presence or absence of cyclic AMP (10-%4). Autoradiographs are of two-dimensional gels of acid-soluble chromatin proteins. Fig. 4 (right). 
Tryptic phosphopeptide maps of BFW isolated from GH, cells treated with forskolin (A) or TRH (B). BFW was isolated by punching the 
appropriate protein spot from two-dimensional gels prepared from cells treated with 32P-labeled phosphate and with TRH (3 x 1 0 - ' ~  for 30 
minutes) or forskolin (10-6M for 30 minutes); the material was subjected to trypsin digestion and two-dimensional chromatography as described 
(22). 
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a calcium-dependent event that is essen- 
tial for prolactin gene regulation by pep- 
tide hormones. We therefore investigat- 

and growth hormone gene transcription 
is unlikely on the basis of their abun- 
dance. However, their analysis together 

3. R. A. Jungmann and E. G. Kranias, Int. J. 
Biochem. 8 ,  819 (1977). 

4. R. A. Maurer, Nature (London) 294, 94 (1981). 
5. G. H. Murdoch, M. G.  Rosenfeld, R. M. Evans, 

Science 218. 1315 (1982). 
ed the possibility that cobalt ions might 
distinguish the effects of cyclic AMP on 
prolactin and growth hormone gene tran- 
scriution. Cobalt inhibited the stimula- 

with the transcriptional data shows that 
increased amounts of intracellular cyclic 
AMP modulate a second protein kinase 

- . . . . . - - . . - -  - -  \ - -  - -  
6. W. H. L a m e r ~ ,  R. W.   an son, H. M. Meissner, 
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(1983). 

that exhibits calcium-dependent activa- 
tion of prolactin gene transcription by 
forskolin (Fig. 1) or 8-bromo cyclic 
AMP, which is comparable to the effects 
of cobalt on TRH-stimulated prolactin 
gene transcription. In contrast to the 
effects on prolactin gene expression, the 

tion or activity. 
Cyclic AMP exerts various effects on 9. E. JT'~ewis et al., ibid., p. 14632. 
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cellular calcium metabolism (20) and can . , 

modulate many kinase systems either 
directly or by activation of a protein 
phosphatase inhibitor (21). The identifi- 
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13. G. H. Murdoch et al., Nature (London) 300, 192 

(1982); G. H. Murdoch et al., J. Biol. Chem. 
258, 15329 (1983). 

14. D. Gourdji et al., FEBS Lett. 14, 165 (1979). 
15. M. C. Gershengom, Mol. Cell. Biochem. 45, 163 

(1982); K .  N. Tan and A. H. Tashjian, Jr. ,  J. 
Biol. Chem. 256. 8994 (1981). 

stimulation of growth hormone gene 
transcription by forskolin was potentiat- 
ed by cobalt ions (Fig. 1). Cobalt also 

cation of discrete regulatory pathways 
mediating the effects of cyclic AMP on 
prolactin and growth hormone gene tran- 

decreased the level of prolactin gene 
transcription in unstimulated cultures by 
50 percent (Fig. 1). We (13) and others 
(18) have noted that, under usual condi- 

scription suggests that a single intracellu- 
lar mediator can simultaneously regulate 
the transcription of different sets of re- 
sponsive genes by stimulating indepen- 
dent biochemical events. In this regard, 
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by which cyclic AMP acts to regulate 
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serum. Thus, prolactin gene transcrip- 
tion was 1.5 to 2 parts per million per 
kilobase in serum-free conditions, and 
no further decrease in transcription rate 
was observed when cobalt was added. 
The possibility that the regulatory mech- 
anism for cyclic AMP stimulation of pro- 
lactin and growth hormone gene expres- 
sion is the same, but that a calcium- 
dependent process operates selectively 

ca2+ and ca2+-~ctivated K+ Currents in Mammalian Gastric 
Smooth Muscle Cells 

in prolactin but not in growth hormone 
gene transcription, is therefore unlikely. 

Cobalt ions inhibited forskolin-stimu- 
lated BRP phosphorylation (Fig. 3A) to 
the levels observed in cells cultured in 
serum-free media; however, cobalt ions 

Abstract. Inward movement of calcium through voltage-dependent channels in 
muscle is thought to  initiate the action potential and trigger contraction. Calcium- 
activated potassium channels carry large outward potassium currents that may be 
responsible for membrane repolarization. Calcium and calcium-activated potassium 
currents were identified in enzymatically isolated mammalian gastric myocytes. 
These currents were blocked by cadmium and nifedipine but were not substantially 
affected by diltiazem or 0600. N o  evidence for a tetrodotoxin-sensitive sodium 
current or an inwardly rectifying potassium current was found. 

did not prevent forskolin stimulation of 
cyclic AMP accumulation (19) or the 
phosphorylation of histone H1 at Ser3' 
(Fig.ZB), showing that cobalt does not 
inhibit cyclic AMP-dependent protein 
kinase activity. Cobalt ions also potenti- 
ated phosphorylation by cyclic AMP of a 
19-kD basic nuclear protein (CBP) (Fig. 
3A) that was soluble in dilute acid, could 
be precipitated by perchloric acid, and 
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logical properties. Voltage clamp stud- 
ies, however, have been complicated by 
the syncytial nature of this tissue. Tem- 
poral and spatial clamp inhomogeneity 
and the accumulation and depletion of 
ions in restricted extracellular spaces 
have made it difficult to characterize the 
ionic currents. These problems are large- 
ly overcome by studying isolated cells, 
and such studies have already been per- 
formed on toad gastric cells (4) and mam- 
malian jejunal cells (5). We now describe 
the electrophysiological properties of 
isolated single gastric myocytes studied 
by the whole-cell voltage clamp tech- 
nique (6). A new method was used to 
isolate gastric cells from the corpus re- 
gion of guinea pig and rabbit stomach (7). 
We found that gastric myocytes have 
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could be distinguished from previously 
described histone and high-mobility 
group proteins. The phosphorylation of 
CBP was greatly stimulated by addition 
of cyclic AMP to homogenates of GH4 
cells (Fig. 3B). Phosphorylation of BRP 
was unaffected by addition of cyclic 
AMP to identical homogenates (Fig. 3B). 
Therefore, CBP may be a direct sub- 

Electrophysiological studies of mam- 
malian gastric muscle strips have shown 
membrane activity consisting of slow 
wave depolarizations, spike discharges, 
plateau phases, or a combination of 
these activities (1-3). The presence of 
any particular type of activity depends 
on the species as well as on the anatomi- 
cal location of the gastric muscle from 
which it is recorded. These studies have 
also examined the ionic and pharmaco- 
logic dependence of the electrophysio- 

strate of the cyclic AMP-dependent pro- 
tein kinase in vivo. A relation between 
the phosphorylation of BRP and CBP 
and the mediation of altered prolactin 
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