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SUMMARY 

A phosphoprotein fraction has been isolated from calf thymus nuclei which 
contains about 1.3 Yo alkali-labile phosphorus by wt. The enzymatic reaction in which 
serine and threonine residues in the protein are phosphorylated by the terminal 
phosphate of ATP (and other nucleoside triphosphates) has been extensively studied 
in vitro. The purified protein fraction contains endogenous kinase activity, so that  
protein phosphorylation proceeds without the need for any added enzyme. Radio- 
active phosphate groups incorporated in this reaction are stable to incubation in a 
medium containing an excess of unlabeled ATP, indicating that  the enzyme activity 
responsible for the rapid " turnover"  of protein-phosphate groups seen in intact nuclei 
is not an inherent part  of the phosphoprotein. The reaction between ATP and the 
nuclear phosphoprotein is only slightly reversible, making it appear unlikely that  this 
phosphoprotein functions as a high-energy phosphate reservoir or as a high-energy 
intermediate in oxidative phosphorylation. 

INTRODUCTION 

The occurrence of phosphoprotein fractions in a variety of cell types has been 
known for many  years 1-4, but it was not until quite recently that  it was discovered 
that  a major portion of the phosphoprotein fraction is localized in cell nucleiS, ~. The 
phosphoprotein fraction from rat liver nuclei has been extensively purified and studied 
by LANGAN 5. He found that  this protein fraction inhibits the ability of histones to 
inhibit RNA polymerase act ivi ty in vitro, leading to the suggestion that  phospho- 
protein-histone interactions might function in the regulation of RNA synthesis. 

In an a t tempt  to find out more about the possible physiological function of the 
nuclear phosphoproteins, we have previously investigated the metabolism of this 
protein fraction in intact lymphocyte nuclei",L We have found that  phosphorylation 
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of serine and threonine residues in nuclear protein can be observed in isolated calf 
thymus nuclei utilizing [a2p iorthophosphat e as a precursor. The reaction is energy- 
dependent, and occurs after the polypeptide chain has been completed. The phosphate 
groups, once incorporated into the protein, are not stable, but are subiect to a very 
rapid turnover reaction. An interesting finding is that the rate of these reactions is 
stimulated very early in the course of gene activation induced in lymphocytes with 
phytohemagglutinin, supporting the hypothesis that these proteins are involved in 
gene activity. 

As an extension of these studies, the present paper describes the isolation and 
partial characterization of the phosphoprotein fraction from calf thymus nuclei. It 
has been found that this protein fraction is similar in several aspects to the one isolated 
from rat liver nuclei by LANGAN. It contains about 1.3% phosphorus by wt., or the 
equivalent of 4-5 phosphorylated amino acids per IOO residues. The protein fraction 
retains its own phosphoprotein kinase activity, so that it can be phosphorylated 
directly in vitro by the addition of ATP and Mg 2+ without the need for any other added 
enzyme. It  has been discovered that in addition to ATP, several other ribonucleoside- 
and deoxyribonucleoside triphosphates are capable of phosphorylating the protein 
i~t vitro. Unlike the case of phosvitin s, the enzymatic reaction between ATP and the 
nuclear phosphoprotein appears to be almost irreversible. Furthermore, phosphate 
groups which have been incorporated into the nuclear phosphoprotein i~t vitro are 
stable to incubation, indicating the absence of the enzyme activity which is responsible 
for the rapid "turnover" of phosphate groups seen in the phosphoproteins of intact 
nuclei 6. 

METHODS 

Purification of phosphoprotein from calf thynus nuclei 
The procedure employed for purification of the calf thymus nuclear phospho- 

protein was a slight modification of the method developed by LANGAN AND LIPMANI~ ~ 
for the isolation of phosphoprotein from rat liver nuclei. The rationale of the procedure 
is as follows. Nuclei are first isolated and are then washed with dilute salt solutions to 
remove the soluble nuclear proteins and ribosomes. The phosphoprotein is solubilized 
along with the DNA and histones by homogenizing in I.O M NaC1. The DNA and 
histones are then precipitated from this extract by lowering the salt concentration to 
0. 4 M. Any basic protein remaining in the supernatant is removed by a bulk adsorption 
with a cation-exchange resin. The phosphoprotein is then removed from the solution 
by adsorption on a calcium phosphate gel. The gel is washed and then dissolved in 
o.2 M EDTA, bringing the phosphoprotein into solution. The salts and EDTA are 
finally removed by gel filtration on Bio-Gel P-Io. The details of the procedure are 
described in the following paragraphs. 

All steps of the purification were carried out at 4 ° . Nuclei were first prepared 
from 200 g fresh calf thymus according to the procedure of ALLFREY et al. 9. The nuclear 
suspension was sedimented at IOOO × g, and was then washed first with iooo ml of 
o.oi M Tris (pH 7-4), 3 mM MgCI~, and then with 500 ml of o.14 M NaC1. After each 
wash the nuclei were collected by centrifugation at IOOO × g for 7 minutes. The sedi- 
ment was resuspended in 27 ° ml ofo.I  4 M NaC1 and was then added to 27 ° m l  of2.o M 
NaC1, 0.03 M Tris (pH 7.4). The resulting gel was homogenized for 5 rain at iooo rev./ 
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min in a Waring blendor, and was then centrifuged for 15 min at 33 ooo × g. The 
supernatant was collected and slowly diluted with I. 5 vol. of o.o2 M Tris (pH 7.4) ; 
the nucleoprotein aggregate which formed was dispersed by blending for 2 min at 
iooo rev./nain in the Waring blendor. The resulting suspension was centrifuged for 
75 nain at lO5 ooo × g. 

To the supernatant was added IO g of Bio-Rex 7 ° (Na +) which had been equili- 
brated with 0.4 M NaC1, 0.02 M Tris (pH 7-4)- After stirring io nain, the suspension 
was centrifuged IO nain at 6000 × g and the resin washed with 50 nil 0. 4 M NaC1, 0.02 M 
Tris (pH 7.4). The two supernatants were combined and 66 nag of calcium phosphate 
gel added ~°. After stirring IO nfin, the gel was collected by centrifuging 5 rain at 
6000 X g. It  was washed by resuspending in zoo nal of I.O M (NH4)2SO 4, 0.o5 M Tris 
(pH 7.4), and was again collected by centrifugation. The gel was then dissolved in 
32 nal ofo.2 M EDTA (pH 7.4), 0.33 M (NH4)2SO 4 by gentle stirring for 45 rain. A small 
insoluble residue was removed by centrifuging Io nain at 33 ooo × g, and the super- 
natant desalted by passing over a column ofBio-Gel P-Io (2.5 cna × 44 cm) equilibrated 
with 0.05 M Tris (pH 7.4). The exclusion peak, containing lO-25 nag phosphoprotein, 
was collected and stored at --9 o°. At this tenaperature the preparation is stable for 
at least a year. 

Ana@tical methods 
Alkali-labile phosphate, phosphoserine, and phosphothreonine were determined 

as described previously G. Amino acid analyses were performed on a Beckman automatic 
analyzer al. 

Tryptophan was determined by a micro-scale modification of a method described 
by SPIES AND CHAMBERS 12. Approximately 500 #g of phosphoprotein was precipitated 
with IO vol. of acetone and resuspended in 0.5 ml of a solution of dimethylanainobenzal- 
dehyde (3 nag/ml in 9.5 M H2SQ). After standing in the dark for 19 h with occasional 
stirring, 0.025 nfl of 0.009% NaNO2 was added, and the resulting color read 30 main 
later at 61o in/,. A standard curve was run with tubes containing 2, 4, and 8/~g trypto- 
phan in the same volume. 

Assay of enzymatic phosphorylation of nuclear phosphoprotein 
In the standard assay procedure, o.5 nal of final incubation mixture was made by 

combining the following components: o.4 nal of purified phosphoprotein in o.o5 M 
Tris, pH 7.4 (IOO-~5o/~g/ml) ; o.o5 nal of o.o5 M MgCI~; and o.o5 ml of [7-a2P]ATP 
(I re#mole/nil, 3oo-3ooo mC/mmole). Tubes were incubated for IO rain at 37 °, and 
the reaction stopped with cold 25 ~o trichloroacetic acid. To each tube o. 5 nag phosvitin 
was added as carrier, and the precipitates were washed three times with cold 25 °/o 
trichloroacetie acid and once with 2o% ethanol in ether. Incorporation of 32p into 
alkali-labile phosphate was determined as described previously 6. About 9o% of the 
counts in the alkali-labile phosphate fraction originate from phosphoserine, and the 
remaining IO% are from phosphothreonine. 

32P-labeled nucleoside triphosphates were obtained from International Chemical 
and Nuclear Corporation. Ifl-a2PJADP was prepared from [/3,y-32PJATP obtained from 
Schwartz Bioresearch. The fi, 7-1abeled ATP was incubated for 2o nain with the phos- 
phoprotein as described above in order to cleave the terminal phosphate linkage and 
form [fl-32PjADP. The material was then placed on a column of Bio-Gel TE-2 (o. 9 cm × 
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7.5 cnl) equilibrated with 0.08 M glycine HC1 (pH 3.2), o.15 3I KC1, and tile column 
eluted with the same buffer. The ifi-a2pJADP passes through the colmnn quickly and 
was collected, leaving the Eft, 7-a2PI ATP behind. 

Preparation of a2 p-labeled phosph@rotein 
In order to study the reversibility of tile phosphorylation reaction, phospho- 

protein was labeled with a~p by incubating it in the presence of [7-a2PiATP as described 
above. After 2o min of incubation, the mixture was extensively dialyzed in the cold, 
first against o.oi M EDTA (pH 7.4), and then against 0.05 M Tris (pH 7-4), 5 mM 
MgC12. After dialysis the phosphoprotein was diluted to a final concentration of Ioo ooo 
counts/min per ml, and was incubated with excess ADP as described by  RABINOWlTZ 
AND LIPMANN 8. 

RESULTS 

Composition of purified phosphoprotein fraction 
The alkali-labile phosphorus content of the phosphoprotein fraction purified 

from calf thymus nuclei was found to be 1.28%, compared to 1.14% obtained by 
LANGAN 5 for the rat  liver phosphoprotein (Table I). In both cases, this phosphorus 

TABLE [ 

PHOSPHORUS CONTENT OF NUCLEAR PROTEIN 

Data  for the composit ion of ra t  liver nuclear phosphoprote in  were obtained f rom LANGAN (ref..5, 
personal  communication).  

Calf thymus Rat liver 

Total  nuclear protein 0.07% P o.~4°/0 P 
Purified phosphoprote in  1.28% P 1.14°/o P 
Purification 19 x 8 × 
Yield 12 °/o 2 5 °/o 

Maximal est imate of: 

phosphoprotc in  

total  dry  wt. nucleus 

phosphoprote in  

DNA 

0.04 0.09 

o.I 4 o.49 

occurs primarily as phosphoserine, with smaller amounts (about lO%) of pbospho- 
threonine. The amino acid compositions of the phosphoproteins from these two 
different sources are also quite similar (Table II).  

As has been pointed out by  LANGAN 5, the amino acid composition of the phos- 
phoprotein fraction bears some resemblance to that  of certain histone subfractions 
(see Table II).  One difference between these two protein classes is the occurrence of 
t ryptophan in the phosphoprotein fraction and its absence from the histones, but  the 
major distinction between the amino acid compositions of these two types of protein 
is in the ratio of basic to acidic residues, which is much lower in the phosphoproteins 
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T A B L E  1[ 

COMPARISON OF AMINO ACID COMPOSITION OF NUCLEAR PHOSPHOPROTEIN AND HISTONE FRACTIONS 

Amino  acid compos i t ions  are  expressed  in  t e rms  of moles per  ioo  moles of amino  acids  recovered  
(except  for t r y p t o p h a n  which  is expressed  in t e rms  of percen t  by  wt). Compos i t ion  of  r a t  l iver  
nuclear  phosphop ro t e in  is f rom LANGAN 5, and  d a t a  for the  F2b h is tone  are f rom BUSCH 13. 

Nuclear phosphoprotein Histone 
(e2b) 

Calf thymus Rat liver 

Lys ine  9.4 8.0 14. 5 
H i s t i d ine  i .9 2.2 2.5 
Argin ine  8.5 9.8 7.5 
A s p a r t i c  acid lO-5 9-5 5-5 
Glu tamic  acid 14. 9 13. 5 9.0 
Threonine  3.8 4.3 6.5 
Serine lO. 3 lO. 3 9.0 
Prol ine  6.2 7. i 4.5 
Glycine  6.8 7.6 7.0 
Alan ine  6.2 6.4 io.5 
Cyste ine  o.6 o.3 - -  
Val ine 4.5 5. I 6.8 
Meth ion ine  i-9 i .6 0. 7 
l so leuc ine  3.0 3.2 5.0 
Leucine  6.2 6.5 6.o 
Tyros ine  2.4 2.i  3. i 
P h e n y l a l a n i n e  2.8 2.7 2.o 
T r y p t o p h a n  0.9 % - -  
Phosphorus  (alkali- labile)  i .28 % i. 14 % 0.02 % 
Bas ics /Acid ics  o.78 o.87 1.69 

than in the histones. This difference is reflected in a large difference in isoelectric 
points. At pH 7.2, the histones carry a heavy positive charge and migrate rapidly 
toward the cathode during electrophoresis, while the phosphoprotein fraction carries 
a net negative charge and moves toward the anode (Fig. i). Although the phospho- 
proteins appear to be moving as one band during electrophoresis on cellulose poly- 
acetate, preliminary experiments employing discontinuous polyacrylamide gel electro- 
phoresis have indicated the presence of at least five separate components in this 
fraction. 

The ultraviolet spectra of phosphoprotein preparations indicate the presence 
of another form of heterogeneity (Fig. 2). Calculations based on the ratio of absorbance 
at 28o m#/26o m/~ (ref. 14) indicate the occurrence of from 5 - I2% nucleic acid by wt. 
in various phosphoprotein preparations. Thus far it has not been possible to completely 
separate the nucleic acid from the phosphoprotein by physical means, indicating the 
possibility that some type of binding exists between the two species. This observation 
is of possible interest in relation to the proposed role of the phosphoproteins in modi- 
fying chromatin structure and DNA template activity. 

Enzymatic phosphorylation of nuclear phosphoprotein 
The purified phosphoprotein fraction can be phosphorylated in vitro by incubat- 

ing it in the presence of [7-~2P]ATP and Mg 2+ (Table In). This reaction is different 
from similar reactions involving phosphoproteins such as casein and phosvitin in that  
it does not require the addition of the enzyme phosphoprotein kinase. That  the reaction 
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Fig. I. E lec t rophore t i c  p a t t e r n s  of phosphopro te in  and h is tone  p repa ra t ions  from calf  t h y m u s  
nuclei  on cellulose p o l y a c e t a t e  s t r ips  (o.oi M Tris buffer, p H  7.2, 4 ° rain a t  2oo V). The pro te ins  
were s t a ined  wi th  Amido b lack  toB. 

Fig. 2. U l t r av io l e t  spec t ra  of two phosphopro te in  p r epa ra t i ons  wi th  different  nucleic acid con- 
tents .  Note  t h a t  the  spec t ra  are cons iderab ly  shif ted a w a y  f rom 28o m/~ and toward  26o m/,, as 
would  be expec ted  if  nucleic acids were present .  

between ATP and the nuclear phosphoprotein is enzymatic is indicated by its thermal 
lability; it can be completely abolished by pre-heating the phosphoprotein for 3 min 
at 6o °. Either the nuclear phosphoprotein fraction carries along some phosphoprotein 
kinase as a contaminant,  or else the phosphoprotein has its own inherent kinase 
activity. 

The standard incubation mixture used in the initial studies was made with a 
final concentration of 5 mM MgC12 because this is the concentration employed in the 
past with phosphoprotein kinase systems 5,8,15. When a Mg2+-concentration curve was 

T A B L E  I I I  

E N Z Y M A T I C  P H O S P H O R Y L A T I O N  O F  N U C L E A R  P H O S P H O P R O T E I N  

The purif ied phosphopro te in  f rac t ion  was i ncuba t ed  for io  min  a t  37 ° in the  presence of ioo /qzmoles  
E},-a~P]ATP and  5 mM Mg 2+ as descr ibed in the  tex t .  I nco rpo ra t i on  of 32p in to  a lka l i - lab i le  phos- 
p h a t e  was  then  de termined.  

d lkali-labile 
a2p formed 
(/q2moles) 

Complete  sy s t em lO.84 
zero t ime  o.oi  
minus  MgC12 0.03 
p rehea t  3 min  a t  60 ° o.o8 
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Fig. 3. Effect of varying Mg 2+ concentration on the phosphorylation of nuclear phosphoprotein 
by ly-3H)JATP and [y-32PjdATP. After io rain of incubation with ioo lq, moles of substrate, the 
incorporation of 22p into alkali-labile phosphate was determined. The arrow indicates the con- 
centration of Mg 2 ~ (5 raM) usually employed in phosphoprotein kinase assay systems. 

Fig. 4. Effect of pH on the phosphorylation of nuclear phosphoprotein by Iy-22P]ATP. After 
1o rain of incubation, the incorporation of 22i) into alkali-labile phosphate was determined. Tris- 
maleate buffer (o.o 4 M) was used to extend the pH range. 

run ,  h o w e v e r ,  i t  was  f o u n d  t h a t  t h e  o p t i m u m  for t h e  n u c l e a r  p h o s p h o r y l a t i o n  r eac t i o n  

a c t u a l l y  o c c u r r e d  c loser  to  25 m M  MgC12 (Fig. 3). The  r e a c t i o n  e x h i b i t e d  a specif ic  

r e q u i r e m e n t  for  Mg~+; of  I I  o t h e r  d i v a l e n t  c a t i on s  t e s t e d ,  o n l y  Fe  2+, Mn 2+, a n d  Co 2+ 

s h o w e d  s ign i f i can t  a c t i v i t y ,  a n d  t h e s e  were  o n l y  a b o u t  h a l f  as a c t i v e  as Mg 2+ (Table  IV).  

M a n y  of  t h e  d i v a l e n t  c a t i o n s  t e s t e d  were  h i g h l y  i n h i b i t o r y .  In  t h e  p r e s e n c e  of  5 m M  

Mg 2+, smal l  a m o u n t s  ( i  mM) of  Be  2+, Zn  ~+, a n d  P d  2+ i n h i b i t e d  t h e  p h o s p h o r y l a t i o n  

r e a c t i o n  m o r e  t h a n  95 % ; Fe2+, Cu 2+, Cd 2+, a n d  Ni 2+ were  i n h i b i t o r y  to  a lesser  e x t e n t .  

TABLE 1V 

EFFECTS OF DIVALENT CATIONS ON THE ENZYMATIC PHOSPHORYLATION OF NUCLEAR PHOSPHO- 
PROTEIN 

Nuclear phosphoprotein was incubated with [y-32PIATP for io rain with varying divalent cations 
present. Incorporation of 32p into alkali-labile phosphate is expressed as percentage of value 
obtained when incubation was run with Mg 2+. 

Divalent No Alg 2+ 5 m M  A4g 2+ 
cation 5 m M  X 2+ • m M  322+ 
tested 

~g2  I IO0.O IO0.O 
Fe~+ 60.3 7.5 
Mn" ~ , 51 .2  I00. 5 
Co ~+ 36.8 77.0 
Ca 2: 0. 7 115.o 
13a 2+ i. 5 lO3. 7 
Cd2+ 3. t 2o.7 
Ni 2~ 1.8 23. 3 
Cu2+ 0.7 9.5 
P(t2 + 3 . 2  3 .  i 

Zn 2+ 2. 4 2.2 
t3e 2. 0.2 1.6 
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T A B L E  V 

E N Z Y M A T I C  P H O S P H O R Y L A T I O N  O F  N U C L E A R  P H O S P H O P R O T E I N  B Y  D I F F E R E N T  S U B S T R A T I ~ ; S  

The purif ied phosphopro te in  f rac t ion  was i ncuba t ed  for I o nlin a t  37 ~ in  the  presence of [ oo/*/,moles 
of s u b s t r a t e  and  5 mM Mg 2+ as descr ibed in the  text .  I nco rpora t ion  of a2p in to  a lka l i - l ab i le  phos- 
p h a t e  was de t e rmined  as descr ibed in t i le  text .  

Substrate A lkali-labile 3~p formed 

(Iq2moles) ( % of A T P  
activity) 

[y-32P]ATP I I . 26  IOO.O 
[Y-s*P] GTP  6.46 57.4 
[Y-s2P] I T P  4 .22 37-5 
[y-32P]CTP 2.42 21. 5 
[y-s2P]UTP o.68 6.o 
~y-s~P]dATP 11.33 lOO.6 
[fl-32P]ADP 0.25 2.2 
a2P 1 0.06 0. 5 
s2pp 0.002 0.02 

The phosphorylation of nuclear phosphoprotein in vitro does not exhibit a sharp pH 
optimum, but  the reaction strongly favors the alkaline pH range (Fig. 4)- 

In an a t tempt  to determine the substrate specificity of the phosphorylation 
reaction, various unlabeled nucleoside triphosphates were tested as competitive 
inhibitors of the reaction between [y-32PIATP and the phosphoprotein. I t  was found 
that  in addition to nonradioactive ATP, the nucleotides GTP, CTP and UTP were also 
effective as competit ive inhibitors of the reaction (Fig. 5). Although none of the latter 
were as effective as ATP, the results indicated the possibility that  these nucleoside 
triphosphates might be active as phosphoryl group donors. When this possibility was 
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Fig. 5. Effects of different  un labe led  nucleoside t r i phospha t e s  on the  p h o s p h o r y l a t i o n  of nuc lea r  
phosphopro te in  by  [?-8~P]ATP. Inco rpora t ion  of 82p in to  a lka l i - l ab i le  p h o s p h a t e  is p lo t t ed  as a 
func t ion  of  the  pe rcen t  of un labe led  nuc leo t ide  in the  [y-s~Pl A T P - X T P  mix ture .  

Fig. 6. R a t e  of p h o s p h o r y l a t i o n  of nuclear  phosphopro t e in  as a func t ion  of s u b s t r a t e  concent ra -  
t ion.  All  subs t r a t e s  were labe led  in  the  p-pos i t ion  w i t h  32p. Note  t h a t  d A T P  is as ac t ive  as ATP  in 
p h o s p h o r y l a t i n g  the  pro te in  only  a t  low concen t ra t ions  of subs t ra te .  
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tested by substituting the different 32p-labeled nucleoside triphosphates for [7-3~P1 - 
ATP in the incubation mixture, it was found that  [7-a2P 1GTP, IT-a2Pl ITP, [7-32P] CTP, 
[7-a2pJUTP, and [7-32pjdATP were all capable, to varying degrees, of labeling the 
phosphoprotein (Table V). On the other hand, [fl-32pIADP, [82Plpyrophosphate, and 
[~2Piorthophosphate were inactive as phosphorylating agents. 

Of all the nucleoside triphosphates tested as possible phosphate donors, only 
dATP appeared to be as active as ATP in phosphorylating the phosphoprotein (Table 
V). However, when the reaction was studied at varying concentrations of substrate, it 
was discovered that  dATP is as active as ATP only at low substrate concentrations; 
at higher concentrations, dATP is much less effective than ATP as a phosphorylating 
agent (Fig. 6). When the change in reaction velocity is plotted as a function of substrate 
concentration, it is seen that  all the ribonucleoside triphosphates (ATP, GTP, ITP, 
CTP, UTP) follow the same curve, while the dATP exhibits a much lower rate of 
increase in reaction velocity with increasing substrate concentration (Fig. 7). The 
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Fig. 7. Data  f rom Fig. 6 are replotted by set t ing all the reaction rates  at the lowest subs t ra te  con- 
centrat ion tested equal to i. In  this way, the relative increase in reaction rates with increasing 
subs t ra te  concentrat ion can be compared. Note t ha t  all the ribonucleoside t r iphosphates  exhibit  
a similar increase in reaction velocity with increasing subs t ra te  concentration, and tha t  the rate  
of this increase is considerably greater than  tha t  seen with dATP. 

Fig. 8. The da ta  of Fig. 6 are replotted according to the method of LINEWEAVER A N D  B U R K  1°. 
The intercept  with the x axis equals the negative reciprocal of the Michaelis cons tant  (Kin). Note 
t ha t  the ribonucleoside t r iphosphates  share a similar Kin, which is considerably higher t han  t h a t  
of dATP in the reaction. 

meaning of this relationship becomes apparent  when the data are replotted according 
to the method of LINEWEAVER AND BURK 16, where it is discovered that  the various 
ribonucleoside triphosphates share a common Michaelis constant (Kin), which is 
considerably higher than the Km for dATP (Fig. 8). 

Reversibility of the phosphorylation reaction 
Since the phosphorylation of phosvitin by  ATP is known to be a reversible 

reaction s, experiments were performed to determine whether the phosphorylation of 
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~2P-labeled p h o s p h o p r o t e i n  w a s  p r e p a r e d  as  d e s c r i b e d  in  t he  t e x t ,  an t i  w a s  i n c u b a t e d  ~tt a linai 
concentration of 4oo f fg /ml  (55 4 ° o  c o u n t s / m l )  w i t h  ADI?  ( ioo  mf fmo le /ml )  a n d  MgC12 (5 f fmolc /  
ml).  A f t e r  2 h of incubation, formation of  r a d i o a c t i v e  A' I 'P  was  d e t e r m i n e d  b y  adsorption on 
charcoal as described by ]{_ABINO\VITZ AND LIPMANN s. 

pH A TP  formed 
(counts/rain) 

7-5 ~4 o 
7.0 202 
6.5 242 
6.0 162 

the nuclear phosphoprotein by ATP is also reversible. 32P-labeled phosphoprotein was 
incubated for 2 h with excess ADP, after which the reaction mixture was assayed to 
see if any radioactive ATP had been formed. The results, summarized in Table VI, 
indicate that less than i °/o of the counts from the phosphoprotein are transferred to 
ADP during this time. This small amount of reversibility does not appear to be an 
artifact, since the reaction shows a pH optinmm at pH 6. 5, the same point as the 
optimum for the reaction in the phosvitin ATP system. However, the amount of 
reversibility is less than one-tenth that observed with phosvitin. 

t40 
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Fig. 9. Retention of aep by nuclear phosphoprotein during "cold chase" conditions. After 6 min 
of incubation with ioo ffffmoles of [7-32PIATP, excess unlabeled ATP (ioo ffrnoles) was added to 
several of the tubes. The dashed line shows that the 8~p counts already incorporated into the 
protein in these tubes are stable to further incubation. 

Lack of phosphoprotein-phosphate "turnover" in vitro 
Since phosphoproteins labeled with a=p in intact nuclei have been shown to 

rapidly "turn over" their phosphate groups in cold chase experiments ~, the question 
arose as to whether a similar phenomenon takes place in the isolated phosphoprotein. 
Purified phosphoprotein was incubated for 6 rain in the presence of Mg 2+ and [y a2p]_ 
A T P  a n d  w a s  t h e n  "chased"  b y  t h e  s u d d e n  a d d i t i o n  of  a t h o u s a n d - f o l d  exces s  of  

u n l a b e l e d  A T P .  T h e  results ,  s u m m a r i z e d  in Fig .  9, s h o w  t h a t  t h e  p h o s p h a t e  groups ,  
once  i n c o r p o r a t e d  in to  t h e  prote in ,  do  not  "turn over" u n d e r  co ld  chase  c o n d i t i o n s  

b u t  r emain  s t a b l y  b o u n d  to t h e  prote in .  

Biochim. Biophys. ,4cla, 175 (1969) I23  t35  



NUCLEAR PHOSPHOPROTEINS. I 133 

DISCUSSION 

The phosphoprotein fraction purified from calf thynms nuclei is similar in many 
of its chemical and physical properties to the preparation obtained from rat liver 
nuclei by LANGA.N '~. It should be emphasized that these protein fractions are still 

i i ~ o /  heterogeneous, so that the value ot I. - .a/o phosphorus for these proteins represents 
a minimal estimate. If  it is assumed for the sake of discussion that this value is approxi- 
mately correct, then some interesting theoretical calculations can be made (see 
Table I). For instance, it is found that the phosphoproteins account for 4% of the 
total dry wt. of the thymus nucleus, and o/ 9/o of the total dry wt. of the liver nucleus. 
Even if the value of 1.2 % phosphorus is low by a factor of IO, which seems exceedingly 
unlikely on the basis of the properties of the phosphoprotein fraction, then the phospho- 
proteins would still account for o.4% and o.9% of the total dry wt. of the thymus and 
liver nucleus respectively. These values are much higher than would be expected of an 
enzyme present in catalytic amounts, and point to the conclusion that the phospho- 
proteins are a major structural component of the cell nucleus. 

Another interesting relationship which emerges from such theoretical cal- 
culations is the difference between liver and thymus nuclei in regard to their concen- 
tration ofphosphoprotein per mg DNA. The maximal estimates for the phosphoprotein / 
DNA ratio are o.49 in liver and o.I 4 in thymus. Although these are only estimates 
based on the assumption that the phosphoprotein contains 1.2% phosphorus, the 
conclusion that the liver nucleus contains more than three times as much phospho- 
protein per mg DNA as the thynms nucleus is independent of this assumption. This is 
noteworthy because it is another example of a correlation between phosphoprotein 
content and the capacity for RNA synthesis; liver nuclei, which are largely derived 
from the metabolically active parenchymal cells and are very active in RNA synthesis, 
contain much more phosphoprotein in association with their DNA than do calf thymo- 
cyte nuclei, which are derived from small lymphocytes which are relatively inactive in 
RNA synthesis. 

The similarities in amino acid composition between some histone fractions and 
nuclear phosphoproteins, as well as the occurrence of phosphoserine in some histone 
preparations, suggest the possibility that these may be related proteinsS,6,1L Although 
phosphoserine has been obtained from highly purified histone fractions, the possibility 
exists that this might still represent contanfination of the histone fraction with other 
proteins or adsorbed peptides. However, LANGAN AND SMITH 18 have recently reported 
the isolation of a protein phosphokinase from rat liver which catalyzes the phosphory- 
lation of histones by ATP, but is not active with other phosphoproteins. The existence 
of such an enzyme supports the conclusion that the phosphoserine found in histone 
fractions does not originate from contamination by other proteins. 

An interesting finding in the current studies is that nucleoside triphosphates 
other than ATP are capable of donating their terminal phosphate groups to nuclear 
phosphoproteins. In order to interpret the functional significance of this finding, it 
will be necessary to determine whether these different precursors are phosphorylating 
the same or different sites in the phosphoprotein. The fact that  dATP has a higher 
affinity (lower Kin) for the nuclear phosphoprotein kinase system than any of the 
ribonucleoside triphosphates is noteworthy, and may have some bearing on the 
proposed role of phosphoproteins in modifying chromatin structure. The deoxy- 
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ribonucleoside triphosphates, such as dATP, are normal constituents of the cell nucleus 
whose concentrations would be expected to change during the cell cycle, and could 
conceivably be affecting the structural state of the chromatin through their reactivity 
with the phosphoprotein system. 

The failure to find a large degree of reversibility in the reaction between ATP 
and the nuclear phosphoprotein indicates that  the phosphoryl bonds in these proteins 
are not of high phosphoryl group transfer potential like those in phosvitin. This is 
further evidence against the possibility that  nuclear phosphoprotein functions as 
either a "high-energy" phosphate reservoir or as a "high-energy" intermediate in 
oxidative phosphorylation. 

Since the purified phosphoprotein is capable of being phosphorylated in vitro 
without the addition of any exogenous kinase, it can be concluded that  this protein 
fraction contains its own kinase activity. I t  has not yet been possible to determine 
whether this kinase activity is an inherent part  of the phosphoprotein, or whether it 
merely represents contamination of the phosphoprotein fraction with some phospho- 
protein kinase. I t  has been possible to determine, however, that  the enzyme activity 
responsible for the " turnover"  of phosphate groups from the protein is not an inherent 
part  of the phosphoprotein, since the rapid loss of 32p from nuclear proteins seen in 
intact nuclei does not occur in the isolated system. 

One of the major categories of phosphoprotein function which has not yet been 
ruled out in regard to the nuclear phosphoproteins is involvement in the enzymatic 
transfer of phosphate groups. From the current studies it is known that  the phospho- 
protein-phosphate group originates in the terminal phosphate of various nucleoside 
and deoxynucleoside triphosphates. I t  is also known that  these phosphoprotein- 
phosphate groups are rapidly removed from the protein in intact nuclei, but their 
metabolic fate is unknown, In order to determine whether we are dealing with a 
phosphoryl group transfer reaction, we must know what happens to these phosphoryl 
groups which are being continually "turned over".  Experiments designed to answer 
this question are described in the following paper. 
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