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~ .  Proteins extracted from cal f  thymus nuclei with 2 M NaCl and sepa- 
rated by Bio-Rex 70 column chromatography were analyzed for the i r  a b i l i t y  to 
bind to cycl ic  nucleotides and to ca l f  thymus DNA. Several nuclear protein 
fract ions contain both cycl ic  GMP-binding and DNA-binding ac t i v i t i es .  One pro- 
tein fract ion binds cycl ic GMP with an apparent high a f f i n i t y ,  as determined 
by equi l ibr ium d ia lys is .  At low concentrations (IO-6M - IO-~M) cyc l ic  GMP 
s l i gh t l y  enhances the a b i l i t y  of proteins in th is  f ract ion to bind 12Sl-la- 
belled DNA, while at concentrations >IO-SM the cycl ic nucleotide is strongly 
inh ib i to ry  to DNA binding. 

Cyclic GMP (guanosine 3',5'-monophosphate) has been implicated as a pos- 

sible ce l lu la r  regt, latory agent in a number of animal species and tissues ( I ,  

2). I t  has been hypothesized that in mammalian cel ls  cycl ic  GMP represents 

a mitogenic signal regulating certain events essential to the process of in-  

duction of cel l  p ro l i fe ra t ion  (3). In lymphocytes cycl ic  GMP has been im- 

pl icated in the st imulation of both nuclear acidic protein phosphorylation 

(4) and RNA polymerase I ac t i v i t y  (5,6) which occur early upon induction of 

pro l i fe ra t ion  by mitogens. In the present report, we provide evidence that cy- 

c l i c  GMP modifies in v i t ro  DNA binding by a ca l f  thymus nuclear protein fract ion 

Materials and Methods. Calf thymus nuclei (I0-25g, wet weight) were prepared 
as described previously (7) and dissociated by incubation for 2 hrs at 4 ° in 
I0 volumes of a solut ion with f ina l  concentrations of 2 M NaCl, ImM EDTA, ImM 
d i th io th re i to l  (DTT), 30% glycerol and 0.I M Tr is-Cl ,  pH 8.0. After cent r i fu -  
gation for 14 hrs at I00,000 x g, the supernatant solut ion was dialyzed against 
a solution of 0.05 M NaCI, ImM EDTA, ImM DTT, 30% glycerol and 0.01M Tr is-Cl ,  
pH 7.4 containing I00 mg/l of Nori t  SG-Extra activated charcoal, and cent r i -  
fuged for 20 min at 20,000 x g to remove insoluble material. Proteins in 60 
ml were applied to a Bio-Rex 70 column (7 cm x 3.5 cm diam) in the 0.05 M NaCl 
buffer and eluted with a l inear  NaCl gradient (0.05 M to 1.5 M NaCI) in the 
same buffer. 

Eluted fract ions were assayed for proteins capable of binding ei ther 
[3H]cyclic AMP or [3H]cyclic GMP using a f i l t e r  retention assay based upon that 
described by Gilman (8) for measuring binding of cycl ic  AMP to protein. La- 

Copyright o 1975 by Academic Press, Inc. 
All rights o f  reproduction in any form reserved. 

714 



Vol. 65, No. 2, 1 9 7 5  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

belled cyclic nucleotide (New England Nuclear,Boston,Mass.; [3H]cyclic AMP: 
33 Ci/mmole; [3H]cyclic GMP: 3.4 Ci/mmole) was incubated at 1.2 x lO-~M with 
the protein to be assayed in 2.0 ml of a solution containing 20 mM Mg-acetate, 
2mM CaCl2, ImM 2-mercaptoethanol, 5 x lO-SM papaverine, I0% glycerol and 50mM 
Na-acetate, pH 6.0. In assays for cyclic GMP binding, unlabelled 5'-GMP and 2', 
3'-GMP were each present in the assay mixture at 5 x lO -SM to reduce non-spe- 
c i f ic  binding of the labelled cyclic nucleotide. In assays for cyclic AMP bind- 
ing, unlabelled 5'-AMP and 2',3'-AMP were similarly present in the assay mix- 
ture. After incubation for lO min at 30 ° , samples were f i l tered through M i l l i -  
pore HA f i l t e rs  (0.45 p pore size), and the f i l te rs  were washed once with 2 ml 
of assay buffer, with papaverine and nucleotides omitted, and assayed for radio- 
act iv i ty by sc in t i l la t ion spectrometry. 

Equilibrium dialysis was employed to obtain quantitative measurements of 
cyclic GMP-binding by specific nuclear protein fractions. Protein fractions 
from the Bio-Rex column (l.O ml; 500pg of protein) were dialyzed for 60 hrs at 
0 ° against 250 ml of solution containing 5 x lO'SM papaverine, 3mM 2-mercapto- 
ethanol, ImM CaCl 2, I0% glycerol, 50 mM Na-acetate, lO mM Mg-acetate, pH 6.0,  
and varying concentrations of [JH] cyclicGMP (3.4~mmole;~w England Nuclear). 
Aliquots of the dialyzed protein solution and the dialysis buffer were assayed 
for Kadioactivity by sc in t i l la t ion spectrometry. Values presented for binding 
of [~H] cyclic GMP have been corrected for binding obtained in the presence of 
excess unlabelled cyclic GMP. 

The ab i l i t y  of nuclear proteins to bind DNA was measured using a f i l t e r  
retention assay similar to that developed for measuring binding of the lac re- 
pressor to the lac operator (9). Heat-denatured calf thymus DNA was labelled 
with 12sI (New England Nuclear) by the procedure of Commerford (lO) and used at 
a specific act iv i ty of 3-I0 x lO 3 cpm/pg DNA. Proteins (O.Ipg - 50 pg) were in- 
cubated for 30 min at 25 ° with [12SI]DNA (20 pg) in 2.0 ml of a solution con- 
taining 5 x lO-SM papaverine, O.ImM EDTA, O.ImM DTT, 50 pg/ml BSA, 5% dimethyl 
sulfoxide, 0.02 M Tris-acetate, pH 6.9, and various concentrations of cyclic nu- 
cleotides. Upon f i l t ra t ion  of the incubation mixture through nitrocellulose 
f i l te rs  as described ( l l ) ,  DNA-protein complexes are retained and assayed quan- 
t i ta t i ve ly  by sc in t i l la t ion spectrometry. 

Results and Discussion. 

Calf thymus nuclear proteins were extracted in 2 M NaCl and fractionated 

by ion,exchange chromatography on Bio-Rex 70. Each fraction was tested for i ts 

a f f in i ty  for cyclic nucleotides. I t  can be seen from Fig. l that several peaks 

of cyclic GMP-binding act iv i ty are eluted from the Bio-Rex column over a range 

of NaCl concentrations from 0.25 M to 1.2 M. In contrast, > 90% of the cyclic 

AMP-binding act iv i ty is eluted at 0.05 - 0.I M NaCl, in the column runoff frac- 

tion containing the nuclear acidic proteins. Of al l  fractions in which cyclic 

GMP-binding act iv i ty is detected, s~x peaks (numbered I-VI in Fig. l )  contain 

binding act iv i ty which is reduced by addition of unlabelled cyclic GMP to the 

binding assay mixture. Peak I elutes with the nuclear acidic proteins and in- 

cludes the peak of highest cyclic AMP-binding act ivi ty.  This acidic protein 

fraction also contains al l  of the cyclic AMP-dependent histone HI kinase act iv i -  
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Fig. I .  Binding of [3H]cyclic nucleotides to nuclear protein fractions separa- 
ted by Bio-Rex 70 column chromatography. Proteins were extracted from calf thy- 
mus nuclei with 2M NaCl and subjected to chromatography as described in the 
text. l Oml fractions were collected. O.Sml aliquots from every third frac- 
tion were incubated with 1.2 x lO-~M [3Hlcyclic GMP or [3H]cyclic AMP, and 
cyclic nucleotide binding to protein was measured by the f i l ter -b inding meth- 
od described in the text. Cyclic GMP-binding act iv i ty  is depicted in the top 
panel as measured in either the presence or absence of added lO-SM unlabelled 
cyclic GMP. Binding of [3H]cyclic AMP, presented in the center panel, was re- 
duced to about 0.8 pmole/O.Sml aliquot in al l  column fractions by addition of 
lO-SM unlabelled cyclic AMP to the binding assay medium. Note that several 
peaks of cyclic GMP-binding act iv i ty  do not correspond to peaks of cyclic AMP- 
binding act iv i ty .  

ty (data not shown). Cyclic GMP-binding peaks I I-VI do not correspond to major 

peaks of cyclic AMP-binding act iv i ty .  Peak I I  elutes between the nuclear acid- 

ic proteins (0.05 - O.l M NaCl) and the histories (0.6 - 1.5 M NaCI). Cyclic GMP- 

binding act iv i ty  in this region is eluted from the Bio-Rex column with 0.25 - 

0.4 M NaCl. I t  can be seen from Fig. l that at the concentrations of cyclic 
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nucleotides used, proteins in peak I I  bind about 0.4 pmoles of cycl ic  GMP as com- 

pared to less than 0.2 pmoles of cyc l ic  AMP. Cyclic GMP-binding ac t i v i t y  in 

peak I I  could be stabi l ized with 30% glycerol ,  0.I mM DTT and 0.I mM EDTA and 

stored at -80 ° for several weeks. Cyclic GMP-binding peaks I I I - V I  elute with 

the nuclear protein fract ions containing histones. Cyclic GMP-binding ac t i v i t y  

in these basic protein fract ions is variable and unstable, and cannot be detect- 

ed af ter  2 days at -80 ° under conditions by which peak I I  ac t i v i t y  is s tabi l ized.  

Proteins in Bio-Rex peak I I  bind cycl ic  GMP with an apparent high a f f i n i t y ,  

as determined by equi l ibr ium d ia lys is  (Fig. 2). Curvature of the Scatchard plot  

of cycl ic  GMP binding indicates complexity in the interact ion of the cycl ic  nu- 

cleot ide with i t s  binding si tes and may be due to several poss ib i l i t i es .  The 

observed curvature of the Scatchard p lot  may indicate the presence of mult ip le 

classes of cycl ic  GMP-binding s i tes,  or of negative cooperat iv i ty among cycl ic 
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Fig. 2. Scatchard plot  of binding of cycl ic  GMP to Bio-Rex 70 peak I I  nuclear 
protein f ract ion.  Nuclear proteins were isolated and separated, and binding 
of [3H]cycl ic GMP was determined by equi l ibr ium d ia lys is ,  as described in the 
text ,  using concentrations of cycl ic  GMP ranging from IO-SM to 5 x I0-11M and 
1.0 ml protein fract ions containing 500 ~g of protein. 
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GMP-binding sites in this fraction. Estimates of apparent equilibrium dissoci- 

ation constants for binding of cyclic GMP to the nuclear protein fraction, based on 

reciprocal slopes of curve segments shown in the inset to Fig. 2 r~nge from about 

6 x lO-9M to 2.5 x lO-lIM. This high a f f in i ty  of cyclic GMP binding suggests 

that the binding protein(s) involved are not l ikely to be guanyl cyclase or 

phosphodiesterase enzymes, which are known to have much lower af f in i t ies for the 

cyclic nucleotide (2). Further experiments are necessary to determine whether 

cyclic GMP-binding proteins observed in the present study bind nucleotides other 

than cyclic GMP. 

In the presence of cyclic GMP, DNA binding of proteins in Bio-Rex peak I I  

is altered (Fig. 3). Proteins in the peak I I  fraction bind labelled calf thy- 

mus DNA in the absence of added cyclic nucleotide. Low concentrations (lO-6M - 
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Fig. 3. Effects of cyclic nucleotides upon ab i l i ty  of Bio-Rex 70 peak 11 nu- 
clear proteins to bind 12Sl-labelled calf thymus DNA. Protein (lO ug) was pre- 
incubated with the cyclic nucleotide for 5 min at 25 ° before addition of la- 
belled DNA (20 ~g; 4400 cpm/ug). Incubation was carried out, and DNA-protein 
complexes were assayed as described in the text. Values for retention of la- 
belled DNA in the absence of added protein (600-650 cpm) have been substracted 
so that values presented represent binding of protein to DNA. Standard errors 
of t r ip l icate measurements were always <5% of the average DNA binding observed. 
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lo-lOM) of cyclic GMP stimulate binding of this protein fraction to DNA. In 

different experiments DNA binding was increased 25-50% and was maximal at lO'8M - 

l O-9M cyclic GMP. High concentrations of cyclic GMP (>lO-5M) inhib i t  DNA bind- 

ing. I t  can be seen that lO-4M cyclic GMP inhibits DNA binding as much as 60% 

(Fig. 3). Cyclic AMP at low concentrations has a sl ight inhibitory effect upon 

DNA binding by this nuclear protein fraction, and appears to parallel effects 

of cyclic GMP at concentrations >lO-SM (Fig.3). Fig. 4 depicts the ab i l i ty  of 

cyclic GMP to modify binding of peak I I  proteins to DNA at different concentra- 

tions of added protein. I t  can be seen that at protein concentrations less than 

lO ~g/2 ml, lO-4M cyclic GMP inhibits DNA binding by more than 60% while lO-8M 

cyclic GMP stimulates DNA binding 1.3-fold to 2-fold. 

All cyclic GMP-binding peaks from the Bio-Rex 70 column possess DNA-bind- 

ing act ivi ty.  Peak I I  is the only fraction tested which exhibits enhanced DNA 

binding in the presence of cyclic GMP. DNA binding by peaks I I I  and IV is in- 

hibited by cyclic GMP, even at concentrations as low as lO-9M. Cyclic GMP- 

binding act iv i ty and effects of cyclic GMP on DNA binding are not observed when 

[ h I i 

+IO-8M ; . ~ , / ~  

5 I0 15 20 
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Fig. 4. Effects of IO-SM or IO-4M cyclic GMP upon binding of labelled calf 
thymus DNA by different concentrations of Bio-Rex 70 peak I I  nuclear protein. 
Protein was preincubated in the presence or absence of cyclic nucleotide for 
5 min at 25 ° before addition of labelled DNA (20 ug; 3950 cpm/~g). Incubation 
was carried out and DNA-protein complexes were assayed as described in the 
text. Note that lO-SM cyclic GMP enhances binding of this nuclear protein frac- 
tion to DNA while lO-"M cyclic GMP strongly inhibits DNA-binding. 
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crude nuclear proteins are assayed prior to fractionation on the Bio-Rex 70 column 

The functional role of nuclear cyclic GMP-binding proteins is presently 

not known. The finding that these proteins bind cyclic GMP at lO'9M - lO-~ l M 

suggests that this binding could serve some regulatory purpose, since cyclic 

GMP is present in resting lymphocytes at about lO-8M - lO-9M (3). The nuclear 

cyclic GMP-binding proteins from calf thymus may be similar to cyclic GMP-bind- 

ing proteins found associated with RNA polymerase fractions in rat mammary gland 

nuclear extracts (12). Cyc]ic GMP has been observed to enhance act iv i ty of RNA 

polymerase I from human lymphocyte nuclei maximally at lO-8M - lO-9M and to in- 

h ib i t  act ivi ty at higher concentrations (5,6). I t  should be noted that inE. 

coli effects of cyclic nucleotides on RNA synthesis are mediated by binding of 

a cyclic nucleotide receptor protein to DNA (13,14). The possibi l i ty must also 

be considered that nuclear cyclic GMP-binding proteins include subunits of cyclic 

GMP-dependent protein kinases. Cyclic GMP-dependent protein kinases have been 

extracted from mammalian tissues (15,16). This consideration is relevant in 

view of recent results indicating that cyclic AMP-dependent protein kinase can 

bind to DNA ( l l ) .  Cyclic GMP-binding proteins have previously been found in 

malignant lymphoid tissue (17), and cyclic GMP-binding proteins which bind to 

DNA have been extracted from calf thymus nuclei (18). The present results 

are consistent with the possibi l i ty that cyclic GMP acts in the cell nucleus 

early in the induction of lymphocyte proliferation by mitogens. 

Acknowledgements. This work was supported by grants from the National Leukemia 
Association (EMJ),The Jane Coffin Childs Memorial Fund for Medical Research 
(EMJ), The American Cancer Society, VC-II4E (VGA), and NIH Grants CA 17805 and 
08748 (EMJ, JWH) and GM 17383 (VGA). EMJ is a Special Fellow of the Leukemia 
Society of America. JWH is an Established Investigator of the American Heart 
Association. We thank Dr. W. Prensky of Sloan-Kettering Institute for valuable 
advice concerning iodination of DNA. 

References. 

I. Hardman, J.G., Beavo, J.A., Gray, J.P., Chrisman, T.D., Patterson, W.D., 
and Sutherland, E.W. (1971) Annals N.Y. Acad. Sci.185, 27-35. 

2. Goldberg, N.D., O'Dea, R.F., and Haddox, M.K. (1973) in Adv. in Cyclic 
Nucleotide Res. Vol. 3, P. Greengard and G.A. Robison,---eds., pp. 155-223, 
Raven Press, New York. 

720 



Vol. 65, No. 2, 1 9 7 5  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

3. Hadden, J.W., Hadden, E.M., Haddox, M.K., and Goldberg, N.D. (1972) Proc. 
Nat. Acad. Sci. (U.S.A.) 69, 3024-3027. 

4. Johnson, E.M. and Hadden, J.W. (1975) Science 187, I198-1200. 
5. Johnson, L.D., Goldberg, N.D. and Hadden, J.W. (1974) in Adv. in Cyclic 

Nucleotide Res. Vol. 5, P. Greengard and G.A. Robison,~ds., pp. 821-822, 
Raven Press, New York. 

6. Hadden, J.W., Johnson, E.M., Hadden, E.M., Coffey, R.G., and Johnson, L.D. 
(1975) "Cyclic GMP and Lymphocyte Activation", in Ninth Leukocyte Culture 
Conference, A.S. Rosenthal, ed.,pp. 359-389, Aca~mic Press, New York. 

7. Al l frey, V.G., Inoue, A., Karn, J.,  Johnson, E.M., and Vidali, G. (1974) 
Cold Spring Harbor Symposium on Quantitative Biology XXXVIII, 785-801. 

8. Gilman, A.G. (1972) in Adv. in Cyclic Nucleotide Res. Vol. 2, P. Greengard, 
R. Paoletti, and G.A:--Robison, eds., pp. 9-24, Raven Press, New York. 

9. Riggs., A.D., Suzuki, H., and Bouv'geois, S. (1970) J. Mol. Biol. 48, 67-83. 
lO. Commerford, S.L. (1971) Biochemistry lO, 1993-2000. 
I I .  Johnson, E.M., Hadden, J.W., Inoue, A., and All frey, V.G. (1975) Biochem- 

is t ry ,  in press. 
12. Anderson, K.M., Mendelson, I.S., and Guzik, G. (1975) Biochim. Biophys. 

Acta 383, 56-66. 
13. Riggs, A.D., Reiness, G., and Zubay, G. (1971) Proc. Nat. Acad. Sci. (U.S.A.) 

68, 1222-1225. 
14. Anderson, W.B., Schneider, A.B., Emmer, M., Perlman, R.L., and Pastan, I. 

(1971) J. Biol. Chem. 246, 5929-5937. 
15. Greengard, P., and Kuo, J.F. (1970) in Role of Cyclic AMP in Cell Function, 

P. Greengard and E. Costa, eds. pp. ~6-306, Raven Press, New York. 
16. Kuo, J.F. (1974) Proc. Nat. Acad. Sci. (U.S.A.) 71, 4037-4041. 
17. Masaracchia, R., and Walsh, D.A. (1974) Fed. Proc. 33, 1324. 
18. Al l frey, V.G., Inoue, A., Karn, J. ,  Johnson, E.M., Good, R.A., and Hadden, 

J.W. (1975) in The Structure and Function of Chromatin, Ciba Foundation 
Symposium 28, pp. 199-218, Elsevier, Amsterdam. 

721 


