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proliferation. 

Chromatin protein phosphorylation 
is an early event preceding the exten- 
sive gene activation occurring upon 
induction of lymphocyte proliferation 
by mitogens (1, 2). Certain of the 
effects of exogenously added mitogens 
upon chromatin structure and activ- 

ity may be mediated by guanosine 
3',5'-monophosphate (cyclic GMP). 
The mitogens phytohemagglutinin and 
concanavalin A (Con A) have both 
been observed to elevate intracellular 
levels of cyclic GMP more than ten- 
fold within minutes of addition to 
human lymphocyte cultures (3, 4). On 
the basis of evidence obtained with 
a number of cell types induced to 

proliferate (5), it has been hypothe- 
sized that cyclic GMP mediates the 
intracellular effects of mitogens act- 

ing at the cell surface, and that, con- 

versely, adenosine 3',5'monophosphate 
(cyclic AMP) mediates actions antag- 
onistic to the mitogenic process (3). 
We now provide evidence that op- 
posing influences of cyclic GMP and 

cyclic AMP upon lymphocyte prolif- 
eration may be mediated through the 
effects of these agents on phosphoryla- 
tion of specific nonhistone chromatin 

proteins. 
Lymphocytes were purified from 

horse peripheral blood by centrifuga- 
tion over a cushion of Ficoll-Isopaque 
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(2). Cells prepared as described were 
>90 percent lymphocytes, the re- 

maining cells consisting primarily of 

monocytes, which were removed by 
glass adherence. Lymphocytes, cul- 
tured for 24 hours prior to use in 

experiments, were treated with [32p]- 

phosphate as described in the legend 
to Fig. 1. After cell activity was 

stopped by rapidly freezing at -70?C, 
nuclei were isolated and nuclear 
acidic proteins were extracted (2, 6, 7). 
The protein fraction contained only 
10 to 20 percent of the total lympho- 
cyte nuclear protein (2). These pro- 
teins constitute a class of phospho- 
proteins that are species specific, tis- 
sue specific, and that have been ob- 
served to stimulate transcription from 
isolated DNA in vitro (6). These 

phenol-extracted acidic phosphopro- 
teins were subjected to sodium dodecyl 
sulfate disc-gel electrophoresis, and 

[32P]phosphate was assayed in in- 
dividual electrophoretic protein bands 

(7). 
The differing effects of cyclic GMP 

and cyclic AMP on the amount of 

[32P]phosphate incorporated into 

lymphocyte nuclear acidic proteins 
are shown in Fig. 1A. At a concentra- 
tion of 10-6M cyclic GMP stimulates 

phosphorylation of the total phenol- 
extracted protein fraction about two- 
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sulfate disc-gel electrophoresis, and 

[32P]phosphate was assayed in in- 
dividual electrophoretic protein bands 

(7). 
The differing effects of cyclic GMP 

and cyclic AMP on the amount of 

[32P]phosphate incorporated into 

lymphocyte nuclear acidic proteins 
are shown in Fig. 1A. At a concentra- 
tion of 10-6M cyclic GMP stimulates 

phosphorylation of the total phenol- 
extracted protein fraction about two- 

fold 10 minutes after addition to the 
culture medium. In contrast to this 
stimulatory effect of cyclic GMP, 
cyclic AMP, at any concentration 
tested, does not increase phosphate 
incorporation into the total nonhistone 
chromatin protein fraction. Both cyclic 
GMP and cyclic AMP inhibit nuclear 
acidic protein phosphorylation at 
concentrations >10-5M. The 8-bromo 
derivative of cyclic GMP stimulates 
nuclear acidic protein phosphorylation 
at lower concentrations than does 
cyclic GMP. One-and-a-half- to two- 
fold stimulation of phosphate in- 
corporation into total nuclear acidic 
proteins was obtained at concentra- 
tions of 8-bromo cyclic GMP rang- 
ing from 10-7M to 10--9M in dif- 
ferent experiments. 8-Bromo cyclic 
GMP does not inhibit nuclear acidic 

protein phosphorylation at concentra- 
tions as high as 10-5M. Monobutyryl 
derivatives of both cyclic GMP and 
cyclic AMP have no effect when used 
at low concentrations and are strongly 
inhibitory to phosphate incorporation 
at concentrations >10-5M. 

Agents known to elevate cyclic 
GMP concentrations in lymphocytes 
have effects on nuclear acidic protein 
phosphorylation opposite to those 
of agents known to elevate cyclic 
AMP. Cholinergic agents selectively 
elevate cyclic GMP in several tissues 
including lymphocytes (8). The data 
in Fig. 1B show that acetylcholine 
(10-6M) stimulates the rate of phos- 
phate incorporation into lymphocyte 
nuclear acidic proteins. The rate of 

protein phosphorylation is stimulated 
maximally within 10 minutes of acetyl- 
choline addition and returns to control 
values within 90 minutes. Prostaglandin 
El (PGE1), an agent observed to raise 

cyclic AMP in lymphocytes (9), has 
effects on nuclear protein phosphoryla- 
tion opposite to those exerted by the 

cholinergic agents (Fig. 1B). At 
10-4M, PGE1 inhibits nonhistone 
chromatin protein phosphorylation 60 

percent within 45 minutes of addition 
to lymphocyte cultures. At the con- 
centrations used, neither acetylcholine 
nor PGE1 affects the viability of lym- 
phocytes up to 24 hours after addition. 

Acetylcholine stimulated phosphoryla- 
tion maximally at concentrations rang- 
ing from 10-6M to 10-8M in different 

experiments, while maximal inhibition 
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and papaverine were also examined for 
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Phosphorylation of Lymphocyte Nuclear Acidic Proteins: 

Regulation by Cyclic Nucleotides 

Abstract. Guanosine 3',5'-monophosphate (cyclic GMP) and cholinergic agents 
stimulate incorporation of phosphate into specific nuclear acidic proteins of horse 

peripheral blood lymphocytes. Agents that raise intracellular adenosine 3',5'-mono- 

phosphate (cyclic AMP) inhibit nuclear acidic protein phosphorylation. The 

opposing effects of cyclic GMP and cyclic AMP upon nuclear protein phosphoryla- 
tion parallel the effects of the cyclic nucleotides upon induction of lymphocyte 
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their effects on nuclear acidic protein 
phosphorylation. Both theophylline 
(10-3M) and papaverine (10-4M) 
strongly inhibit phosphorylation in- 
duced by Con A. When added alone to 
cultures of resting lymphocytes, 104M 
papaverine inhibits phosphate incorpo- 
ration into nuclear acidic proteins 60 

percent within 80 minutes of addition. 

Papaverine has been observed to selec- 
tively inhibit hydrolysis of cyclic AMP 
(10). 

In Fig. 2 are shown the contrasting 
effects of the acetylcholine analog 
carbachol (carbamylcholine) at 10-7M 
and PGEI at 10-6M upon phosphate 
incorporation into individual non- 
histone chromatin proteins separated 
by sodium dodecyl sulfate disc-gel elec- 

trophoresis. Carbachol selectively stimu- 
lates phosphate incorporation into spe- 
cific lymphocyte chromatin proteins. Its 
effects are at a maximum at concentra- 
tions of 0-7M to 10-9M. Effects of 
carbachol are blocked by inclusion of a 
tenfold excess of atropine in the lym- 
phocyte culture medium (data not 
shown). PGE1 selectively inhibits chro- 
matin protein phosphorylation (Fig. 2). 
Carbachol and PGE1 have opposing ef- 
fects on phosphorylation of a gel band 
having a molecular weight of about 
52,000. Phosphorylation of this partic- 
ular protein band is also preferentially 
stimulated early in the induction of lym- 
phocyte proliferation by Con A (2). 

None of the agents examined alters 
the specific activity of incorporation 

of [32P]phosphate into adenosine tri- 
phosphate (ATP) pools in lympho- 
cytes. Since ATP is the donor of 
phosphate incorporated into nuclear 
proteins, this finding indicates that cy- 
clic nucleotides regulate nonhistone 
chromatin protein phosphorylation by 
affecting the activity of protein kinases 
or protein phosphatases. Cyclic GMP- 
dependent protein kinases have been 
identified in several mammalian tissues 
(11), and cyclic GMP-dependent phos- 
phorylation of specific mammalian 
smooth muscle membrane proteins has 
been observed (12). While no lympho- 
cyte cyclic GMP-dependent protein 
kinase has yet been reported, our re- 
sults suggest that such a kinase may be 
active in the horse lymphocyte nucleus. 
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Fig. 1 (left). (A) Effects of cyclic GMP and cyclic AMP upon the . 150 . . i 
amount of {[2PJphosphate incorporated into lymphocyte nuclear acidic r l 
proteins. Lymphocytes (5 ml; 2 X 17 cells per milliliter) were incu- >0,ooo l125.000 
bated for 20 minutes at 37?C with 5 mc of [2P]NaH PO4 in phosphate- -- ' 

I 
free Eagle's minimum essential medium with 10 percent fetal calf 
serum. After addition of 0.5 ml of cyclic nucleotide to each portion i 
of 10' cells, incubation was continued for 10 minutes. Cells were 50 
centrifuged, and the cell pellet was frozen by contact with acetone at i 
-70?C. Nuclear acidic proteins were extracted and analyzed for radio- o I I I 
activity (2). The control incorporation of 3P was 32,000 count/min r C NTR L . 
per milligram of nuclear acidic protein. (B) Contrasting effects of . 150- 

CO 

acetylcholine and prostaglandin E1 (PGE1) on the rate of phosphate i 
incorporation into nuclear acidic proteins of lymphocytes. Portions of 
cultured lymphocytes as described in (A) were incubated for the 100 ! \L f 
indicated times in the presence of either acetylcholine (10-6M) or 
PGE1 (10-M). Portions of 108 cells were treated with 5 mc of 
[:P]NaH2POi for 30 minutes just prior to stopping cell activity byo 
freezing at -70?C at the indicated times after the addition of phar- 
macologic agents. Nuclear acidic proteins were extracted, and radio- 
active phosphate was assayed (2, 7). Because of differences in the 1 . . I I I . I . I 
magnitude of the response obtained in different experiments, data G0 20 40 50 60 70 80 
were not averaged, and representative experiments are shown. The 
control incorporation was 29,000 count/min per milligram of nuclear 
acidic protein. Fig. 2 (right). Contrasting effects of carbachol 
and PGE1 on phosphate incorporation into individual nuclear acidic proteins separated by sodium dodecyl sulfate disc-gel electro- phoresis. Lymphocytes were incubated for 20 minutes with [2P]phosphate as in Fig. 1A. After addition of carbachol or PGE, incubation was continued for 10 minutes. Cell activity was stopped by freezing at -70?C, and nuclear acidic proteins were isolated and subjected to electrophoresis on 8.75 percent polyacrylamide gels (2, 7). Each gel contained protein extracted from 10* lympho- cytes. At concentrations used, neither carbachol nor PGE1 altered the patterns of electrophoretic distribution of the nuclear acidic proteins. Gels were sliced transversely and slices were assayed for [3fP]phosphate (2). Effects of 10-M carbachol (A) and 10-?M PGEI (B) are compared with phosphate incorporation into control lymphocytes (C). Arrows pointing upward denote stimulation; those pointing downward denote inhibition of phosphorylation at the indicated molecular weights. The opposing effects of carbachol and PGE, on phosphate incorporation into a protein fraction having a molecular weight of about 52,000 are indicated by the dotted lines. 
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Increased cyclic AMP in lympho- 
cytes is associated with an inhibition 
of phosphorylation of chromatin pro- 
teins (13). Whether inhibition of phos- 
phorylation by cyclic AMP represents 
an effect of cyclic AMP on phosphatase 
activity remains to be determined. 

Several recent experiments support 
the hypothesis that cyclic GMP and 
cyclic AMP exert opposing influences 
on the induction of lymphocyte pro- 
liferation. Results obtained with sensi- 
tized rat spleen lymphocytes indicate 
that cyclic GMP and cholinergic agents 
enhance the cytotoxic function of T 

(thymus-derived) lymphocytes while 
agents which raise intracellular con- 
centrations of cyclic AMP are inhibi- 
tory (14). Both 8-bromo cyclic GMP 

(10-6M to 10-7M) and carbachol 
(10-10M to 10-13M) enhance the rate 
of labeled thymidine incorporation into 

graft-versus-host primed mouse spleno- 
cytes while theophylline and PGE1 in- 

hibit uptake of labeled thymidine (14). 
These findings correlate with results 

obtained with human peripheral blood 

lymphocytes indicating that cholinergic 
agents enhance phytohemagglutinin- 
stimulated uptake of labeled thymidine 
(8), while PGE1 inhibits this stimula- 

tion of thymidine incorporation (9). 
Our results suggest that stimulation of 

phosphorylation of nuclear acidic pro- 
teins by cholinergic agents may be part 
of the mechanism by which these agents 
enhance the induction of lymphocyte 
proliferation. Experiments are necessary 
to determine the effects of cholinergic 
agents upon lymphocyte RNA synthesis. 
Recent data indicate that cholinergic 
agents can influence lymphocyte in- 

corporation of labeled uridine. In hu- 
man lymphocytes, cholinergic agents 
stimulate ['4C]uridine incorporation in- 

to RNA (8) while PGEJ inhibits phyto- 
hemagglutinin-induced incorporation of 

uridine (9). These observations are in 
accord with the proposal (2) that 

phosphorylation of specific chromatin 

proteins is important in the regulation 
of synthesis of RNA necessary for pro- 
liferation. 

Phosphorylation of a protein frac- 
tion having a molecular weight of 

about 52,000 is stimulated by cho- 

linergic agents and inhibited by PGE1 
(Fig. 2). Phosphorylation of this same 
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proliferation and indicate that the 
phosphate content of this chromatin 
protein is regulated by cyclic nucleo- 
tides. The evidence supports the hy- 
pothesis that control of phosphoryla- 
tion of specific chromatin proteins is 
an important mechanism regulating 
early events in the induction of lym- 
phocyte proliferation. 

EDWARD M. JOHNSON 

JOHN W. HADDEN 

Memorial Sloan-Kettering Cancer 
Center, New York 1,0021 
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Transforming Potential of the Anticancer Drug Adriamycin 

Abstract. A Fischer rat embryo cell system in vitro, which had been shown to be 

highly accurate in identifying chemical carcinogens and to have application in the 

study of chemicals having anticancer properties, was used to study the anticancer 

drug adriamycin. At a nontoxic dose adriamycin not only did not protect the 

cells from transformation by the carcinogen 3-methylcholanthrene, but was found 

in two separate experiments to act on its own as a transforming agent. 
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