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ABSTRACT Non-histone chromosomal proteins are phosphorylated and de- 
phosphorylated within the intact nucleus by two independent sets of reactions, a 
protein kinase reaction which transfers the terminal phosphate group of a variety 
of nucleoside and deoxynucleoside triphosphates to serine and threonine residues 
in the proteins, and a phosphatase reaction which cleaves these phosphoserine 
and phosphothreonine bonds and releases inorganic phosphate. Several lines of 
evidence are consistent with the hypothesis that the phosphorylation and dephos- 
phorylation of these proteins is involved in gene control mechanisms, including 
the findings that phosphorylated non-histone proteins are highly heterogeneous 
and their phosphorylation patterns are tissue specific, changes in their phos- 
phorylation correlate with changes in chromatin structure and gene activity, 
addition of phosphorylated non-histone proteins increases RNA synthesis in vitro, 
and phosphorylated non-histone proteins bind specifically to DNA. 

Cyclic AMP has both stimulatory and inhibitory properties on non-histone pro- 
tein phosphorylation, depending on the enzyme fraction and substrate employed. 
A specific protein component whose phosphorylation is inhibited by cyclic AMP has 
been found to be associated with RNA polymerase. The cyclic AMP-induced de- 
crease in the phosphorylation of this protein correlates with an  enhancement of 
RNA synthesis in vitro. These results suggest that both phosphorylation and 
dephosphorylation of chromatin-associated proteins may be involved in the control 
of gene readout. 

The specific regulation of the process of 
gene transcription is thought to play a key 
role in both the development and normal 
functioning of the cells of higher organisms. 
Since the DNA of each cell in a multicellu- 
lar animal appears to be the same, and yet 
each cell type performs different functions, 
this means that various cells must use the 
information encoded in their DNA differ- 
ently. One way in which such control may 
be exerted is through the activation and 
inactivation of particular regions of the 
genome for RNA synthesis, depending on 
the particular needs of the cell at the time. 

Although the mechanism by which such 
control is achieved is yet to be determined 
in eukaryotic cells, considerable progress 
has been made on this problem in recent 
years in microbial systems. A number of 
DNA-associated proteins have been isolated, 
such as the lac, lambda, gal,  trp, and hut 
repressors, as well as the cyclic AMP-re- 
ceptor protein, all of which bind to DNA 
and serve to regulate transcription (Gilbert 
and Mueller-Hill, '67; Ptashne, '67; Nak- 
anishi et al., '73; Shimizu et al., '73; 

Hagen and Magasanik, '73; Riggs et al., 
'71). The DNA-associated proteins of the 
eukaryotic chromosome have also come 
under intensive study, but their role in the 
regulation of transcription seems less cer- 
tain. The proteins involved in this case fall 
into two general classes, the highly basic 
histones and the mildly acidic non-histones. 
The histones are known to act as general 
inhibitors of RNA synthesis, but their lim- 
ited heterogeneity and relative constancy 
between diverse cell types and under differ- 
ent physiological conditions has led to the 
general conclusion that they are not in- 
volved in regulating the activity of specific 
genes (for review see Hnilica, '72). On the 
other hand the non-histone proteins exhibit 
considerable heterogeneity and variability, 
and a number of lines of evidence, includ- 
ing chromatin reconstitution experiments, 
suggest an important role for these pro- 
teins in the specific regulation of gene 
transcription (for review see Stein et al., 
'74). 

1 This work was supported by grant GB-23921 from 
the U .  S .  National Science Foundation. 
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In this presentation I would like to dis- 
cuss one special aspect of these non-his- 
tone proteins which I feel may have impor- 
tant implications for this genetic regulatory 
role, and that is the extensive occurrence 
of phosphorylation and dephosphorylation 
reactions within this protein class. I would 
first like to review some of the older evi- 
dence which was obtained concerning the 
nature of the phosphorylation and dephos- 
phorylation reactions, and then describe 
some of the functional properties of non- 
histone phosphoproteins which are com- 
patable with a role in gene regulation. 

Phosphorylation of non-histone proteins 
i n  intact nuclei 

The first studies demonstrating the ex- 
istence of protein phosphorylation in the 
intact nucleus were performed employing 
isolated calf thymus nuclei incubated in the 
presence of :’?P-orthophosphate (Kleinsmith 
et al., ’66a). These experiments demon- 
strated that incorporation of :i.P into nu- 
clear proteins occurs in a reaction which 

is energy dependent, since .it is blocked by 
inhibitors of ATP formation such as iodo- 
acetate and 2,4-dinitrophenol. The major 
site of protein phosphorylation was found 
to be the hydroxyl group of serine residues, 
which accounts for about 90% of the incor- 
porated :?.P. The remaining 10% of the 
radioactivity incorporated into protein is 
found as phosphothreonine. In order to 
determine whether these phosphorylated 
amino acids are incorporated into the nu- 
clear proteins as part of the process of 
protein synthesis or after ithe polypeptide 
chains have been completed, experiments 
were performed to determine the effects of 
the protein synthesis inhibitor puromycin 
on protein phosphorylation.. Under condi- 
tions where protein synthesis was inhib- 
ited up to 90%, no change in the incor- 
poration of :I2P into nuc1ea.r proteins was 
observed, indicating that the phosphate 
groups are put on the protein molecules 
after the polypeptide chains have been com- 
pleted. 

Since phosphate groups are thus at- 

ATP 

GTP 

I T P  

CTP 

UTP 
ezzd 

d ATP 

(p-p32! 

ADP 
mm 

1 
PP32 p i  32 

Fig. 1 Phosphorylation of purified non-histone phosphoprotein by various :12P. labeled sub- 
strates in vitro. The reaction volume of 0.5 ml contained 2.5 pmoles of MgCI,, 20 pmoles of 
Tris-HC1 (pH 7.4), 0.5 pmoles of [y-:”P]ATP. and  60 p g  of purified non-histone phosphopro- 
tein. After incubation for 10 min at 37”.  radioactivity bound to protein and releasable in 1.0 
N NaOH was assayed as  a measure of protein phosphorylation (Kleinsmith and Allfrey, ’69a). 
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tached to nuclear proteins independent of 
protein synthesis, the question arose as to 
whether phosphate groups are also removed 
from these proteins independent of pro- 
tein degradation. This problem was ap- 
proached in pulse-chase experiments, where 
it was found that 70-80% of previously 
incorporated :IzP is lost from the nuclear 
proteins independent of any protein break- 
down. 

In addition to demonstrating the exist- 
ence of protein phosphorylation and dephos- 
phorylation in intact nuclei, these early 
studies also established that the major site 
of nuclear protein phosphorylation is the 
non-histone chromosomal proteins. A crude 
fractionation of nuclei into nuclear sap, 
histone, and non-histone proteins showed 
that over 90% of the phosphoprotein is in 
the non-histone protein fraction. Although 
the existence of histone phosphorylation 
has been confirmed and extensively studied 
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by other investigators (for review see Hni- 
lica, '72), it accounts for only a very small 
portion of nuclear protein phosphorylation 
in quantitative terms. The functional sig- 
nificance of histone phosphorylation is 
unknown, although it has been implicated 
in hormone action as well as in changes in 
chromosome condensation during the cell 
cycle (Langan, '69; Louie and Dixon, '73). 
The phosphorylation of non-histone pro- 
teins, on the other hand, is of special inter- 
est because of the previously mentioned 
evidence suggesting a role for non-histone 
proteins in specific gene regulation, and 
will therefore be the subject of the remain- 
der of this article. 

Purijication a n d  enzymatic studies of 
non-histone phosphoproteins 

Most of the studies on the phosphoryla- 
tion of non-histone proteins carried out in 
our laboratory have involved the purifica- 
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Fig. 2 Model summarizing the relationships between the phosphorylation and dephos- 
phorylation reactions of non-histone phosphoproteins. Serine (and threonine) residues in the 
proteins are phosphorylated via the terminal phosphate of various nucleoside and deoxynuclm- 
side triphosphates in a typical protein kinase reaction. In a separate phosphatase reaction the 
phosphoserine (and phosphothreonine) bonds are broken, releasing inorganic phosphate. 
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tion of a subfraction of the non-histone 
proteins which is enriched in phosphopro- 
teins. This purification procedure has been 
described in detail elsewhere (Langan, 
'67; Gershey and Kleinsmith, '69a; Kish 
and Kleinsmith, '74), and will only be 
briefly outlined here. In this scheme nuclei 
are first washed with dilute salt solutions to 
remove the soluble proteins, after which 
the chromatin is solubilized with 1.0 M 
NaCl. This extract is then diluted back to 
a final salt concentration of 0.4 M, at which 
point the DNA and histones precipitate out 
of solution, leaving the bulk of the non-his- 
tone phosphoprotein in the supernatant. 
The phosphoproteins are then further puri- 
fied by adsorption with calcium phosphate 
gel. The final product usually averages 
about 1.2% phosphorus by weight, which is 

enough to phosphorylate 4 or 5 out of every 
100 amino residues preseni . As can be seen 
in table 1, which summarizes the yield of 
purified non-histone phosphoprotein from 
several sources, this material is a major 
component of the cell nucleus, accounting 
for 5 1 0 %  of the total nuclear mass. 

Once this purification procedure had 
been developed, we then had a tool with 
which we could answer some of the basic 
questions about the nature of the phospho- 
rylation and dephosphoryl ation reactions. 
The way I originally viewed the situation 
these non-histone phosphoproteins could 
have fit into one of two general functional 
categories. On one hand they might be 
intermediates in phosphate transfer reac- 
tions, in which case the origin and fate of 
the phosphate groups would be the focus of 
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Fig. 3 The incorporation of S2P into non-histone phosphoproteins of WI-38 (-0) and 
SV-40 transformed WI-38 (0-0) human fibroblasts. Cells were labeled for one hour with 
radioisotope, the non-histone phosphoprotein fraction isolated, and electrophoresis of the pro- 
teins performed in 10% polyacrylamide gels containing 0.1 % SDS. The radioactivity in each gel 
slice is plotted as a function of the distance of migration. Note the incre,.tsed radioactivity in the 
high molecular weight components of the transformed fibroblasts. 
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interest, with the proteins simply serving 
as  intermediate agents which transfer the 
phosphate groups. On the other hand the 
addition and removal of phosphate groups 
might be serving the function of altering 
the structure and function of the proteins 
themselves. In this case changes in the non- 
histone proteins would be the focus of in- 
terest, with the phosphate groups serv- 
ing merely as agents which induce such 
changes. It is obvious that in order to dis- 
tinguish 
one must 
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the phosphate groups involved in non-his- 
tone protein phosphorylation and dephos- 
phorylation. 

The fate of the protein-bound phosphate 
groups was studied by adding purified phos- 
phoprotein labeled with :Wserine and :j2P- 
orthophosphate to unlabeled nuclei, and 
determining the subsequent fate of these 
isotopes. Although it was found that the 
serine label was completely stable to incu- 
bation, indicating the absence of proteo- 

between these two possibilities 
know both the origin and fate of 

lysis, the R2P was rapidly released-as in- 
organic phosphate (Kleinsmith and Allfrey, 
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Fig. 4 Binding of phosphorylated non-histone ,proteins to DNA prepared from various 

sources. The  :'2P-laheled phosphoprotein fraction prepared from rat  livrr was reacted with 
DNA-cellulose a t  an ionic strength of 0.14 M NaCI, and bound material eluted at  0.6 M NaCl. 
The bars show the relative binding of these proteins to various DNAs, with rat  liver DNA set 
equal to 100 as a basis for comparison (Kleinsmith, '73). 
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TABLE 1 

Yf eld of ?ion-histone p h o s p h o p r o t e l m  cwrctcted 
from vorioris tissues 

Calf Rat Beef 
thymus 1 liver I kidney 

Phosphorus content 
Total nuclear 

Purified phospho- 
protein 0.07% 0.14% 0.12% 

protein 1.2 5% 1.3 70 1.1 % 
Purification 1 7 x  9 x  9 x  
Yield 18 '3% 25 % 18 5 % ~  
Phosphoprotein 
content expressed as 
percent of: 

Dry wt nucleus 5 %  9 %  8 %  
Total acidic 

proteins 15 9'0 50 % 36 % 

' Kleinsmith and AILfrey, '69a. 
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'69b). Since the release of no other labeled 
product could be detected, i t  seems unlikely 
that the non-histone proteins transfer their 
phosphate groups to other molecules. 

The question of the phosphate donors 
involved in non-histone protein phospho- 
rylation was studied in a1 cell-free system 
where the purified phosphoprotein fraction 
was incubated in the presence of magne- 
sium and [Y-:?~P] ATP. Under such condi- 
tions the phosphorylation of serine and 
threonine residues occurs without the ad- 
dition of any other enzyme, demonstrating 
that protein kinase activity is present in 
the non-histone phosphoprotein fraction 
(Kleinsmith and Allfrey, 't'jga). In addition 
to ATP a variety of other nucleoside and 
deoxynucleoside triphosph ates were found 
to be capable of phosphor ylating the non- 
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Fig. 5 Fractionation of protein kinase activities from purified non-histone phlosphoprotein 
of beef liver. Purified non-histone phosphoproteins were applied to a phosphocellulose column 
equilibrated with 0.05 M Tris-HC1 (pH 7.5) - 0.3 M NaCl, and eluted with steps of 0.05 M Tris- 
HCl (pH 8.1) - 0.6 M NaCl and 0.05 M Tris-HC1 (pH 8.1) - 1.0 M NaCl. Protein was measured 
by absorption at 280 n m  (---I, Protein kinase activity was measured as incorporation of 
radioactivity from [y3ZP] ATP into endogenous protein substrate (O---O). Twelve distinct 
protein kinase fractions can be resolved under these conditions (Kish and Kleinsmith, '74). 
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Figure 6 

histone phosphoproteins in this system 

Another problem which could be studied 
in this cell-free system concerns the nature 
of the enzymatic activity involved in the 
dephosphorylation reaction. We have al- 
ready seen that the phosphorylating (pro- 
tein kinase) activity is carried along with 
the non-histone phosphoprotein during 
purification, and the question arises as to 
whether the dephosphorylating activity is 
also part of this same complex. Studies on 
phosphate turnover in the cell-free system, 
however, showed that no detectable loss of 
previously incorporated :jzP could be ob- 
served (Kleinsmith and Allfrey, '69a). This 
result suggests that the enzymes involved 
in protein phosphorylation and dephos- 
phorylation are different from each other, 
and led to the general model of protein 
phosphate metabolism summarized in fig- 
ure 2 .  

Having established that phosphorylation 
and dephosphorylation of non-histone pro- 
teins occurs via two independent sets of 
reactions, the next obvious question con- 
cerns the functional significance of these 
processes. The fact that the phosphate 
donor is a high energy compound such as 
ATP while the phosphate is released in the 
low energy form of inorganic phosphate 
indicates that considerable energy is being 
expended. The above data rule against 
the possibility of a phosphate transfer func- 
tion, leaving the alternative possibility that 
the addition and removal of phosphate 
groups is serving to alter the structural and 
functional properties of the proteins. There 
is now ample evidence that such protein 
modification reactions may be important 
regulatory mechanisms for other proteins 
(Krebs, '72; Segal, '73), and so the hypoth- 

(fig. 1). 

Fig. 6 Demonstration ofdifferences in thephos- 
phorylation pattern of non-histone proteins phos- 
phorylated by various protein kinase fractions. The 
non-histone phosphoprotein fraction employed as 
substrate was preheated at  60" for 3 min to inacti- 
vate its endogenous protein kinase activity. These 
phosphoproteins were labeled by incubation with 
[?-:?'PI ATP in the presence of the appropriate pro- 
tein kinase fraction (designated by Roman numer- 
als referring to fractions obtained as shown in fig. 
51, and then electrophoresed in 10% polyacryla- 
mide gels containing 0.1 '36 SDS. Note the different 
patterns of phosphorylation.2 

2 Reprinted, with permission of publishers. from Klsh 
and Kleinsmith ('74).  indicated in references cited. 
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esis has arisen that the phosphorylation where differences in gene expression occur. 
and dephosphorylation of non-histone pro- Employing the technique of SIDS-acrylamide 
teins is involved in modifying their struc- gel electrophoresis we have: been able to 
tural and functional interactions in chro- observe the occurrence of considerable het- 
matin in a way as to provide a mechanism erogeneity in this protein fraction (Platz 
for the regulation of gene activity. This et al., '70). At least 25-30 bands are rou- 
hypothesis can be used to generate a num- tinely resolvable, with this number almost 
ber of specific predictions about the be- certainly representing a lower limit esti- 
havior and properties of these proteins mate of the number of components present. 
which can be easily tested. The overall banding patterns, from tissue to 

tissue have been found to share many fea- 
Heterogeneity and tissue specijicity of tures in common, but each has a unique, 

reproducible pattern which differs both 
quantitatively and qualitatj.vely from the 

If the phosphorylated non-histone pro- others. Labeling with :jeP indicates that 
teins are involved in specific gene regula- most of these bands represent phosphoryl- 
tion, then one would expect this protein ated proteins, and their phosphorylation 
fraction to be heterogeneous and exhibit patterns have also been fouirid to be tissue 
specific differences in tissues and cell types specific. These studies, which are consist- 

non-histone protein 
phosphorylation 

I m E 5 c x I m m E x x ~  
PROTEIN KINASE POOL 

Fig. 7 Effects of 1 0 - - 6  M cyclic AMP on non-histone phosphoprotein phosphorylation 
catalyzed by various protein kinase fractions. The  non-histone phosphoprotein fraction em- 
ployed as  substrate was preheated at 60" for 3 min to inactivate its endogenous protein kinase 
activity. The dotted line represents control levels, while the bars represent the effects of cyclic 
AMP with each protein kinase fraction (Roman numerals refer to fractions obtained as shown 
in fig. 5) .  Note that both stimulatory and inhibitory effects of the cyclic nucleotide are ob- 
served.2 

2 Reprinted with permission of publishers, from Kish and Kleinsmith ("741, indicaited in refer- 
ences cited. 
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ent with the results of others (Teng et al., 
'71; Rickwood et al., '73), show that in 
contrast to the histones, the non-histone 
phosphoproteins are highly heterogeneous 
and exhibit patterns which are specific for 
different tissues. 

Changes  in non-his tone phosphorylat ion 
and g e n e  activity 

The hypothesis that the phosphorylation 
of non-histone proteins is related to the con- 
trol of gene expression also leads to the ob- 
vious prediction that changes in the phos- 
phorylation of these proteins ought to 
correlate with changes in gene activity. 
One of the first tests of this prediction was 
made in human lymphocytes stimulated by 
the addition of phytohemagglutinin, where 
it was observed that an increased rate of 
nuclear protein phosphorylation occurred 
within the first hour of activation, prior to 
a major increase in RNA synthesis (Klein- 
smith et al., '66b). A similar correlation was 
found in studies on the maturation of avian 
red blood cells (Gershey and Kleinsmith, 
'69b), where it was found that young cells 

Histone 

I n  fa1 

DNA 

Acidic phosphoprotein 

(synthesis or activation) 

with dispersed, active chromatin exhibited 
faster rates of non-histone protein phos- 
phorylation and contained more protein- 
bound phosphate and protein kinase than 
mature cells with compact, inactive chro- 
matin (table 2). Another example of strik- 
ing changes in the pattern of non-histone 
protein phosphorylation is to be found in 
the recent observations of D. Pumo, G.  
Stein, and myself on SV-40 transformed 
fibroblasts (fig. 3).  The dramatic increase 
in phosphorylation of high molecular weight 
non-histone proteins which we have seen 
in these transformed cells is of special inter- 
est because of its possible relationship to 
the altered control of cell proliferation 
which characterizes the malignant state. 

Other examples of correlations between 
non-histone protein phosphorylation and 
cellular and/or gene activity have now 
been reported in a large number of differ- 
ent systems, including testosterone stim- 
ulated prostate cells (Ahmed and Ishida, 
'71 ; Schauder et al., '74), mammary glands 
stimulated by prolactin (Turkington and 
Riddle, '69), ovaries stimulated by chorionic 
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Fig. 8 One model of gene activation incorporating some of the properties of non-histone 
phosphoproteins. The model is based on the specific binding of non-histone proteins to DNA, 
their subsequent phosphorylation, and finally histone displacement. The resufting naked DNA is 
then capable of synthesizing RNA. 
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TABLE 2 

Phosphorylnt ion of nicclenr pro te ins  i n  civitin 
ery throcy te s  * 

Young Mature 
reticulo- erythro- 

cytes cytes 

- RNA synthesis + 
DNA synthesis + 
State of chromatin Diffuse Dense 
Phosphorylation rate 

Turnover rate (t 112) 15min 40min 
Phosphoprotein kinase 

(unitslmg DNA) 4.6 2.3 
Phosphoprotein - P 

DNA - P 

- 

(cpm/30 min) 2850 1120 

,074 ,023 
~ ~ 

I Gershey and Kleinsmith, '69b. 

gonadotropin (Jungmann and Schweppe, 
'72), cortisol and corticosterone stimulated 
liver (Allfrey et al., '73; Bottoms and Jung- 
mann, '73), aldosterone stimulated kidney 
(Liew et al., '73), synchronously dividing 
HeLa cells (Platz et al., '73; Karn et al., 
'74), mitotic cycle of Physarum polyceph-  
a l u m  (LeStourgeon and Rusch, '71), growth 
cycle of Yoshida ascites sarcoma cells 
(Riches et al., '73), sea urchin development 
(Platz and Hnilica, '73), isoproterenol stim- 
ulated salivary glands (Ishida and Ahmed, 
'73, '74), breast carcinoma (Kadohama and 
Turkington, '73), azo-dye carcinogenesis 
(Chiu et al., '73), and phenobarbital treat- 
ed liver (Blankenship and Bresnick, '74). 
Thus in a wide variety of different experi- 
mental situations the phosphorylation of 
non-histone proteins has been found to be 
subject to alteration as the activity of the 
cell and genome is modified. 

Effects  of non-his tone phosphoproteins 
on R N A  synthesis  

If the non-histone phosphoproteins are 
regulators of gene activity, then one would 
also predict that they should affect the rate 
of RNA synthesis in cell-free systems. We 
have tested this point in a system employ- 
ing rat DNA as a template with purified 
rat liver RNA polymerase, and have found 
that the addition of rat liver phosphoprotein 
can cause more than a doubling in the syn- 
thesis of RNA (Shea and Kleinsmith, '73). 
Interestingly this effect is blocked by pre- 
incubating the phosphoprotein with alka- 
line phosphatase, suggesting that the pro- 
tein-bound phosphate groups are critical in 
this regard. Furthermore the observed stim- 

ulatory effect on RNA synthesis appears to 
be template specific, sinclt: the synthesis of 
RNA from foreign DNA sources was not 
found to be stimulated by the rat liver 
phosphoprotein. Stimulatory effects of non- 
histone phosphoproteins on RNA synthesis 
have also been observed in other labora- 
tories (Langan, '67; Kamiyama et al., '71, 
'72; Kostraba and Wang, '72a,b; Teng et 
al., '71 ; Rickwood et al., '7'2). 

DNA-binding of phosphorylated 
non-his tone proteins 

Since specific genetic regulatory mole- 
cules purified from microbial systems have 
turned out to be allosterjc proteins which 
recognize and bind to specific sites on DNA, 
it might be expected that specific gene reg- 
ulators in eukaryotic ce1l.s would also be 
able to bind to DNA in a. specific fashion. 
In order to explore this question experi- 
ments were performed employing DNA- 
cellulose chromotography to test the DNA- 
binding properties of thle phosphorylated 
non-histone proteins (Kleinsmith, '73). It 
was found that at physiological ionic 
strength, about 1 % of this protein fraction 
prepared from rat liver wil.1 bind to columns 
of rat DNA. Both the percentage of bind- 
ing observed and the binding constant for 
the protein-DNA interaction were found to 
depend on the ionic strength. Treatment 
with various enzymes demonstrated the 
protein nature of the bound material. At  
physiological ionic strength, binding sites 
on the DNA were found to be saturated at 
a value approximately 1 /dg of phosphoryl- 
ated protein per 100 pg of DNA. The mate- 
rial which bound to the DNA was observed 
on SDS-acrylamide gel electrophoresis to be 
a heterogeneous family of proteins in 
the molecular weight range of 30,000 to 
70,000. Most interesting was the observa- 
tion that these proteins bound preferen- 
tially to homologous DNA, and exhibited a 
decreasing affinity for DNAs as they be- 
come more distant evolutionarily (fig. 4). 

Nuclear protein kinases:  heterogeneity 
and ef fects  o f c y c l i c  A M P  

If the phosphorylation of non-histone 
proteins is involved in gene control, then 
one would expect this protein modification 
reaction to be itself subject to external reg- 
ulation. An obvious candidate for a reg- 
ulator of this reaction is of course cyclic 
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AMP, which is known to be an activator of 
protein phosphorylation reactions. Many of 
the early studies on protein phosphoryla- 
tion in intact nuclei or in non-histone pro- 
tein fractions, however, failed to show any 
significant effects of cyclic AMP (Kaplowitz 
et al., '71; Ahmed, '71; Kamiyama and 
Dastugue, '71). But when the protein ki- 
nase activities associated with the purified 
non-histone phosphoprotein fraction are 
separated via phosphocellulose chromatog- 

I 

raphy, a very different picture emerges 
(Kish and Kleinsmith, '74). It turns out 
that a heterogeneous family of nuclear 
protein kinases exist which phosphorylate 
the non-histone proteins in different ways 
and which differ in their regulation via 
cyclic AMP (figs. 5-7). Some of these pro- 
tein kinases are stimulated via cyclic AMP, 
while the phosphorylation reactions cata- 
lyzed by others are inhibited. Thus, the 
earlier failures to observe effects of cyclic 
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1 +Histone & CAMP --I--+ 

Control H-i 

+ Histone fi 
1 +Histone &cGMP 1 i 4 

8 0  20 40 60 100 
RNA SYNTHESIS (%control) 

Fig. 9 Effects of histone and cyclic nucleotides on RNA synthesis in vitro. The reaction vol- 
ume of 0.75 ml contained 45 pmoles Tris-HC1, pH 8.0; 2.25 pmoles NaF; 15 pmoles MnCIz; 
2.25 pmoles spermine tetrahydrochloride; 0.3 pmoles CTP, GTP, and ATP; 100 p g  calf thymus 
DNA; 1 pC 3H-UTP; 0.4 mg total ra t  liver RNA polymerase (Roeder and Rutter, '70); and where 
indicated, 100 p g  f, histone and 1 0 - 5  M cyclic AMP or cyclic GMP. Incubation was performed 
20 min at 37O, and incorporation of radioactivity into acid-insoluble material determined by 
precipitation and washing in 10% TCA - 2% pyrophosphate. Note that cyclic AMP, but not 
cyclic GMP, stimulates RNA synthesis in the presence of histone. 



470 LEWIS J.  KLEINSMITH 

AMP on non-histone protein phosphoryla- 
tion may have been due to the masking of 
these complex and divergent effects which 
occurs when analyses are performed on less 
purified preparations. 

A similar problem has occurred in at- 
tempts to observe effects of cyclic AMP on 
non-histone protein phosphorylation in in- 
tact animals. Although the phosphorylation 
of total non-histone proteins has been re- 
ported to be unaffected by injections of 
cyclic AMP (Byvoet, '71), analyses of the 
phosphorylation of individual components 
by SDS-acrylamide gel electrophoresis indi- 
cates a small stimulation of some specific 
components (Johnson and Allfrey, '72). 

Effects of histones on non-histone 
protein phosphorylation 

In addition to cyclic AMP, another fac- 

tor which has been found to influence the 
phosphorylation of non-histone proteins is 
the presence of histones. In view of the fact 
that histones are generally viewed as inhib- 
itors of enzymatic reactions., it was rather 
surprising to find that the addition of his- 
tones to the purified non-histone phospho- 
protein fraction greatly enhanced the 
endogenous rate of phosphorylation (Kap- 
lowitz et al., '71). 'The stimulatory effect 
of histones is quite specific, since other 
small basic proteins like cytochrome c were 
not found to exert a compara.ble effect. The 
evidence suggested that the histones are 
not being phosphorylated themselves, but 
rather act to make more siteis available for 
phosphorylation in the phosphoprotein it- 
self. 

These findings indicate that histone- 
phosphoprotein interactions may result in 

Control t--+ 

I 10-6M cAMP 

1 1 0 - 7 ~  CAMP 

I 

I 10-8M cAMP 4 
1 I I I I 1 

20 40 60 80 100 
HISTONE PHOSPHORYLATION (70 control) 

Fig. 10 Effects of cyclic AMP on fi histone phosphorylation employing RNA polymerase as 
the source of protein kinase. The reaction volume of 0.5 ml contained 25 pmoles Tris-HC1, 
pH 7.4; 12.5 pmoles MgCI2; 1 /IC [Y-~ZP] ATP; 0.3 mg rat liver RNA polymerase (Iloeder and 
Rutter, '70); 100 pg f, histone, and varying concentrations of cyclic AMP. After incubation for 
10 min at 30°, incorporation of radioactivity into acid-insoluble material was determined by 
precipitation and washing in 10% TCA - 2 %  pyrophosphate. Note that cyclic AMP has no 
significant effect on the phosphorylation of fi histone in this system. 
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significant changes in the properties of the 
phosphoprotein, and specifically may lead 
to an increase in the degree of phosphoryl- 
ation. This increase in phosphorylation re- 
sults in an increased negative charge on the 
phosphoprotein, and would therefore serve 
to strengthen the ionic binding between 
the phosphoprotein and the positively 
charged histones. Thus, when phosphopro- 
tein and histone come together in vivo, one 
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would expect this interaction to lead to 
phosphorylation of the phosphoprotein, re- 
sulting in a rapid increase in the strength 
of attraction between phosphoprotein and 
histone. Such an increased attraction might 
be sufficient to displace the histone from 
the DNA double helix, thereby allowing 
gene transcription to take place. Since some 
of the non-histone phosphoproteins have 
the ability to recognize and bind to spe- 

- Control r--l =--a +CAMP 

I 

0' 5 10 1'5 20 25 30 35 
SLICE NO. 

Fig. 11 Effect of cyclic AMP on the phosphorylation of endogenous proteins of rat liver RNA 
polymerase. Incubation conditions were as described in the legend to figure 10, except histone 
was omitted. Reactions were stopped by addition of solid urea to a final concentration of 
4 M.  Samples were dialyzed against 0.01 M sodium phosphate (pH 7.0) - 0.1% SDS - 0.1% 
P-mercaptoethanol, and elecmophoresis performed in 10% polyacrylamide gels containing 0.1 % 
SDS. Radioactivity in one mm gel slices is plotted. Note the peak of radioactivity which is in- 
hibited in the presence of 10- 6 M cyclic AMP (arrow). 
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and protein phosphorylation in cell-free 

systems suggest that one possible site for 
this effect is the enzyme RNA polymerase. 
It has been found in these studies that 
lo-"  M cyclic AMP will stimulate RNA syn- 
thesis in a system containi~ng purified rat 
DNA, rat liver RNA polymierase, and his- 
tone. This stimulatory effect is not observed 
in the absence of histone, nor is it produced 
by substituting cyclic GMP for cyclic AMP 
(fig. 9). Since the RNA polymerase fraction 
employed contains endogenous protein ki- 
nase activity, it seemed pci~ssible that the 
presence of cyclic AMP was affecting a pro- 
tein phosphorylation reaction. Studies on 
the effects of cyclic AMP o n  histone phos- 
phorylation in this system showed no- 
alteration in the presence of the cyclic 
nucleotide (fig. 10). Analyds of the phos- 
phorylation of proteins associated with 
the RNA polymerase fraction by SDS-acryl- 
amide gel electrophoresis, however, showed 
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Fig. 12 Fractionation of 32P-labeled RNA polymerase on DEAE-Sephadex (Roeder and Rut- 
ter, '70). Labeling was performed as  described in the legend to figure 1 1 ,  while RNA polymerase 
activity was measured as described in the legend to figure 9. Note that phosphorylated proteins 
appear in  the void volume, as well as in the regions where RNA polymerases I and I1 are eluted. 
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c 

that cyclic AMP was specifically inhibiting 
the phosphorylation of one protein compo- 
nent (fig. 11). 

In order to determine whether this pro- 
tein component was associated with RNA 
polymerase, DEAE-Sephadex column chro- 
matography was performed on the :3.P- 
labeled material. Although some of the 
phosphorylated proteins came out in the 
void volume where there is no RNA polym- 
erase activity, a great portion of the radio- 
activity was found in the regions where 
RNA polymerases I and I1 are eluted (fig. 
12). Most interesting was the finding that 
the labeling of the void volume proteins by 
[ Y - : ~ ~ P ]  ATP is enhanced by cyclic AMP in 
the classic fashion, but the labeling of the 
protein in the regions of RNA polymerases 
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I and I1 is inhibited by cyclic AMP (fig. 
13). These results point to the possibility 
that the enhancement of RNA synthesis by 
cyclic AMP may involve a decrease in the 
phosphorylation of a protein component 
which is closely associated with or part of 
this enzyme. 

CONCLUSION 

A number of properties of the phosphoryl- 
ated non-histone proteins have been de- 
scribed in this paper which are compatable 
with the idea that the phosphorylation of 
these proteins is involved in gene control 
mechanisms. Although none of these lines 
of evidence is conclusive in itself, the total 
picture which emerges from all these inde- 
pendent lines of approach is strongly sug- 

VOID VOLUME FRACTION I FRACTION II 
Fig. 13 Effects of cyclic AMP on protein kinase activities associated with total rat liver 

RNA polymerase. RNA polymerase was fractionated on a column of DEAE-Sephadex and the 
void volume, RNA polymerase I ,  and RNA polymerase I1 collected. Endogeneous protein 
phosphorylation was measured a s  described in the legend to figure 10. Note that cyclic AMP 
(10-6 M) stimulates protein phosphorylation in the void volume, but inhibits it in the regions 
of RNA polymerase I and 11. 
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gestive of some role of these proteins in 
genetic regulation. However, it also seems 
likely that no single model is adequate for 
explaining all the properties of these pro- 
teins. Indeed, in view of the large quantity 
of phosphorylated non-histone proteins 
present in chromatin, their marked hetero- 
geneity, and the large differences in the 
relative amounts of the various components, 
it appears much more reasonable to con- 
clude that this is a mixture of proteins 
which play a variety of different structur- 
al, enzymatic, and regulatory roles. As a 
result of this complexity, the purification 
and characterization o f  individual phospho- 
protein components will be required before 
the exact functions of individual compo- 
nents can be determined, and this task 
promises to be one of the critical challenges 
of the future. 
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