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Summary 

A factor (Modulator II) partially purified from lactating rat mammary gland 
causes a marked substrate-dependent inhibition of  the activity of  mammary 
cytosol  cyclic AMP-dependent protein kinase (ATP : protamine O-phospho- 
transferase, EC 2.7.1.70) for the phosphorylat ion of casein, calf thymus whole, 
F- l ,  F-2b, F-3 and F-2a histones and mammary whole histones and mito- 
chondrial, plasma membrane and ribosomal phosphoproteins whereas it has no 
effect  on the phosphorylat ion of  protamine. Modulator II is stable to heating 
at 100°C for 30 min, is assumed to be a protein since it is inactivated by treat- 
ment  with trypsin and it has a molecular weight of approximately 18 000 by 
gel exclusion. The modula tor  acts noncompeti t ively with respect to protein 
kinase substrates, ATP and histones and to activator molecules, cyclic AMP 
and Co 2÷. The modula tor  does not  function by destroying ATP nor by acting 
as a phosphoprotein phosphatase. However, it causes a marked alteration in the 
pH and metal ion activation properties of  the kinase. The reactivities of the 
modula tor  were nearly identical with the holoenzyme and the catalytic subunit  
of  protein kinase. The results suggest that  the modulator  (M) interacts directly 
with the catalytic subunit  (C) of  cyclic AMP-dependent protein kinase to cause 
the formation of  a complex (CM) which has an altered pattern of substrate 
specificity. 

Introduction 

Previous studies have characterized a cyclic AMP-dependent cytosol  protein 
kinase (ATP : protamine O-phosphotransferase, EC 2.7.1.70) of  mammary 
gland and have demonstrated its central role in the hormonal regulation of  
mammary cells [1--3].  Cyclic AMP-dependent protein kinase (RC) of  
mammary gland and a large number  of  other tissues is an inactive complex of  a 
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catalytic subunit  (C) and a regulatory subunit (R) [3--9].  Cyclic AMP causes 
the activation of  the holoenzyme by specifically binding with the regulatory 
subunit  (R) thereby dissociating the regulatory subunit from the catalytic sub- 
unit (C) which is the active form of the enzyme. Phosphorylation of several 
specific phosphoprotein components  of highly purified plasma membranes, 
ribosomes and chromatin in cultured mammary epithelial cells is under 
hormonal regulation and these proteins may serve as substrates of the 
hormonally-induced protein kinase [3,10].  Preliminary studies from this 
laboratory provided evidence for the presence of  two additional proteins 
(Modulator I and II) in rat mammary gland which may further regulate the 
activity of protein kinase [11]. The present studies characterize the modulator  
II which causes substrate-specific inhibition of  the hormonally induced cyclic 
AMP-dependent protein kinase in vitro for the phosphorylat ion of  multiple 
organelle-associated phosphoproteins.  The results are consistent with the view 
that the modulator  II (M) interacts directly with the catalytic subunit  (C) to 
cause the formation of  a complex (CM), which has an altered pattern of 
substrate specificity. 

Materials and Methods 

Chemicals 
Adenosine 3 ' ,5 ' -monophosphate,  pancreatic DNAase, O-phosphoserine and 

O-phosphothreonine were obtained from Calbiochem. [7-32P]ATP (21 to 27 Ci 
per mmol) was a product  of  International Chemical and Nuclear Corporation. 
Calf thymus whole and fractionated histones, pancreatic RNAase (five times 
crystallized) and trypsin (crystallized two times) were from Worthington. 
DEAE-cellulose, ATP, protamine (salmon sperm), trypsin inhibitor (ovo- 
mucoid),  arginine-rich histone (calf thymus) and bovine serum albumin were 
purchased from Sigma. Ovalbumin was from Schwarz-Mann and Sephadex G-75 
and G-100 were products of  Pharmacia. Casein was from Nutritional Bio- 
chemicals. 

Homogeneous preparation of  catalytic subunit  of rabbit skeletal muscle 
cyclic AMP-dependent protein kinase was generously provided by Dr. J. Beavo 
of  the University of California, Davis. 

Isolation of  mammary protein kinases 
Partially purified cyclic AMP-dependent protein kinase II isolated from 

lactating rat mammary gland [1] was further purified by Sephadex gel filtra- 
tion. Active fractions following DEAE-cellulose chromatography were pooled 
together and concentrated by ultrafiltration through a PM-30 Amicon 
membrane. The concentrated fraction was dialysed against 4 mM sodium 
glycerophosphate buffer (pH 6.5) and subjected to gel filtration on a column 
(2.8 × 35 cm) of Sephadex G-100. Elution was carried out  with the same 
buffer, flow rate was 30 ml per h and volume in each fraction was 4 ml. The 
cyclic AMP-dependent protein kinase was eluted as a single enzymatic species 
peaking at fraction No. 15. Enzyme activities in the fractions 13 to 17 were 
pooled, concentrated by filtration through Amicon PM-30 membrane and 
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finally preserved in 40% glycerol containing 2 mM sodium glycerophosphate 
buffer  (pH 6.5) a t - -25°C.  

Catalytic and regulatory subunits of  cyclic AMP-dependent mammary 
protein kinase were isolated by the procedure described earlier [3] .  All the 
steps were carried out  at 0 to 4 ° C. 

Isolation o f  mammary  protein kinase modulator H 
(a) Heated modulator II. Modulator  II was isolated by the method described 

previously [ 11 ] from the lactating rat mammary h omogenate previously heated 
at 90°C for 10 min. 

(b) Native modulator II. An important  feature of  this procedure is that  it 
does no t  involve any heat t reatment  during the isolation procedure. Lactating 
rat mammary gland was homogenized in 4 mM EDTA, pH 7.0, the homogenate  
was centrifuged at 25 000 X g for 30 min and the pellet was discarded. The pH 
of the supernate was adjusted to 4.6 by addition of  1.0 M acetic acid with 
constant  stirring. After 30 min the suspension was centrifuged at 25 000 X g for 
10 min and the precipitate was discarded. The pH of the supernatant fluid was 
adjusted to 6.5 with sodium bicarbonate and solid ammonium sulfate was 
added to the above solution (48 g/100 ml) with stirring. After 30 min the 
precipitate was sedimented by centrifugation at 25 000 X g for 10 min and the 
supernate was discarded (Step. 1). The residue was dissolved in 5 mM 
potassium phosphate buffer  (pH 7.0) and dialysed against the same buffer  prior 
to application to a column of DEAE-cellulose (2.8 X 30 cm) previously 
equilibrated with 5 mM potassium phosphate buffer  pH 7.0. The column was 
washed with 150 ml of  the equilibrating buffer  prior to further elution with a 
linear gradient of  potassium phosphate (5 to 500 mM) in a total value of  350 
ml of  the buffer. The flow rate was 36 ml per h and the volume in each fraction 
was 12 ml (Step 2). Active fractions (fractions 24 to 33) were pooled together, 
concentrated by ultrafiltration through Amicon membrane PM-30, equilibrated 
with 4 mM sodium glycerophosphate • HC1 buffer  (pH 6.5) and subjected to gel 
filtration on a column (2.8 X 30 cm) of  Sephadex G-100. Elution was carried- 
ou t  with the same buffer, the flow rate was 30 ml per hour and the volume in 
each fraction was 4 ml. Fractions 26 to 32 containing modulator  II activity 
were pooled together, concentrated by filtration through Amicon membrane 
UM-2 and the concentrate was preserved at --25 ° C in 40% glycerol containing 
2 mM sodium glycerophosphate • HC1 buffer, pH 6.5 (Step 3). All the steps 
were carried ou t  at 0--4 ° C. 

Assay o f  protein kinase modulator H 
The effect  of  modulator  II on the activity of  protein kinase was determined 

by using a slight modification of  the protein kinase assay method described 
previously [3]. The standard assay system contained in a final volume of 0.2 
ml, 10 pmol  of  sodium glycerophosphate-HC1 (pH 6.5), 1 nmol of  [~'-32P]ATP 
containing 2 to 6 • 10 s cpm, 2 pmol  of  sodium fluoride, 0.4 pmol  of  theo- 
phylline, 0.5 mg of  calf thymus  whole histones, 0.06 pmol  of  ethylene glycol 
bis-(/3-aminoethyl ether)-N,N'-tetraacetic acid, 2 pmol  of  cobalt  chloride, 200 
pmol  of  cyclic AMP, 20 to 40 units of  cyclic AMP-dependent mammary protein 
kinase (holenzyme) and varying amounts  of  protein kinase modula tor  II as 
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specified. The incubation was carried out  at 30°C for 20 min. The reaction was 
terminated and the degree of  histone phosphorylation was measured as 
described earlier [2]. A unit of the activity of modulator  II was defined as the 
amount  of the modulator  which would inhibit the activity of  protein kinase by 
50% under the standard assay conditions. 

A unit of protein kinase activity was defined as the amount  of the enzyme 
which causes the transfer of  1 pmol of 32p from [7-32p]ATP to histones during 
20 min of incubation (without modulator  II) under the standard assay condi- 
tions. The specific activity of the isolated mammary cyclic AMP-dependent 
protein kinase was 2 units per pg protein. 

Preparation of  32P-labeled histones 
Histones were phosphorylated enzymatically by the isolated mammary 

cyclic AMP-dependent protein kinase. The reaction mixture contained 40 pmol 
of sodium glycerophosphate • HC1 (pH 6.5), 2.0 mg whole histones or a histone 
subfraction, 10 nmol of [7-32p]ATP containing 6.0 • 106 cpm, 0.24 pmol of 
ethylene glycol bis-(~-amino-ethyl ether)-N,N'-tetraacetic acid, 8 pmol of cobalt 
chloride, 1 nmol of cyclic AMP, 12 pmol of sodium fluoride, 2 pmol of 
theophylline, 200 units of protein kinase II with or without  140 pg of protein 
kinase modulator  II (heated) in a total volume of 0.8 ml. The mixture was 
incubated at 30°C for 30 min and the reaction was arrested by addition of 5 ml 
of 10% trichloroacetic acid and [32P]histones were isolated by the procedure 
described earlier [2]. 

Subcellular fractionation 
Nuclei were isolated from homogenates of lactating rat mammary gland and 

were purified by discontinuous sucrose density gradient centrifugation as 
previously described [1]. Histones were extracted in 0.25 M HC1 according to 
Marzluff et al. [12]. Purified mammary plasma membranes were isolated by a 
slight modification of the method of Neville [13] as described earlier [2]. For 
the isolation of mitochondria and ribosomes lactating mammary gland was 
homogenized in 0.05 M Tris • HC1 buffer, pH 7.6 containing 0.25 M sucrose in 
a Dounce homogenizer, the homogenate was centrifuged at 1000 × g, for 10 
min and the pellet was discarded. Mitochondria were isolated from the resulting 
supernate by centrifugation at 17 000 X g for 20 min and microsomes were 
sedimented by centrifugation of post-mitochondrial supernate at 110 000 X g 
for 60 min. Purified ribosomes were isolated from the crude microsomal pellet 
by a slight modification of the method of Moldave and Skogerson [14] as 
described earlier [2]. 

Other analytical methods 
The protein contents of all samples were measured by the method of Lowry 

et al. [15] using bovine serum albumin as standard. Isolated 32p-labeled 
histones were subjected to amino acid analysis and polyacrylamide gel electro- 
phoresis as previously described [ 1 ]. 

Results 

Purification of  protein kinase modulation H 
One peak of native modulator  II which inhibits the activity of  the cyclic 
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AMP-dependent mammary protein kinase was obtained by DEAE-cellulose 
chromatography (Fig. 1). The DEAE-cellulose eluate of  the modulator con- 
taining large amount  of  endogenous cyclic AMP-dependent protein kinase was 
subjected to molecular sieving on a column of  Sephadex G-100 (Fig. 2). One 
peak of  native modulator was obtained which was clearly separated from the 
cyclic AMP-dependent protein kinase peak. The preparation of  native modulator 
II as obtained by Sephadex gel filtration was essentially free from the activity 
of  protein kinase. Results of  a typical purification procedure are shown in 
Table I. The activity of  the modulator was undetectable prior to the 
ammonium sulfate fractionation procedure. The activities of  both the native 
and heated modulator preparations further increased (approx. 200%) following 
DEAE-cellulose chromatography. Native modulator II was purified to 40-fold 
and the heated modulator to 50-fold compared to the corresponding 
ammonium sulfate fraction. The specific activities of  the native and heated 
modulator preparations were 33 and 40 units per mg protein respectively. 
Efforts to purify further both the heated and native modulator were unsuccess- 
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F i g .  1.  D E A E - c e U u l o s e  c h r o m a t o g r a p h y  p a t t e r n  o f  nat ive  m o d u l a t o r  I I  ( e  e ) .  A m m o n i u m  su l fa te  
f r a c t i o n  o f  the  m o d u l a t o r  o b t a i n e d  f r o m  7 0  g l a c t a t i n g  rat m a m m a r y  g land  was  app l i ed  to  t h e  c o l u m n  
( 2 . 8  X 3 0  c m ) .  A n  a l i q u o t  o f  5 0  #1 o f  e a c h  f rac t ion  w a s  h e a t e d  in a b o i l i n g  w a t e r  b a t h  for  2 rain to  
d e s t r o y  t h e  e n d o g e n o u s  p r o t e i n  k inase  ac t iv i ty  prior  to  assay o f  m o d u l a t o r  ac t iv i ty  us ing  3 0  uni t s  o f  
c y c l i c  A M P - d e p e n d e n t  p r o t e i n  k inase  u n d e r  t h e  s t a n d a r d  assay c o n d i t i o n s .  

F i g .  2 .  E l u t i o n  prof i l e  o f  t h e  c h r o m a t o g r a p h y  o f  the  nat ive  m o d u l a t o r  II o n  S e p h a d e x  G - 1 0 0  ( 4  A). 
D E A E - c e l i u l o s e  e l u a t e  o f  t h e  m o d u l a t o r  o b t a i n e d  f r o m  7 0  g of  l a c t a t i n g  rat m a m m a r y  g land  was  app l i ed  
t o  a c o l u m n  ( 2 . 8  X 3 0  c m ) .  A n  a l i q u o t  o f  50/~1 of  e a c h  f r a c t i o n  was  a s sayed  for  p r o t e i n  k inase  ac t iv i ty  in 
p r e s e n c e  o f  2 # M  c y c l i c  A M P  w i t h o u t  a n y  e x o g e n o u s  m o d u l a t o r  u n d e r  the  s tandard  assay c o n d i t i o n s .  
M o d u l a t o r  ac t iv i ty  in the  f r a c t i o n s  w a s  a s s a y e d  b y  t h e  p r o c e d u r e  d e s c r i b e d  in l e g e n d  for  F i g .  1.  
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T A B L E  I 

S U M M A R Y  OF T H E  P U R I F I C A T I O N  OF M O D U L A T O R  II  F R O M  L A C T A T I N G  R A T  M A M M A R Y  
G L A N D  

The  f rac t ions  ob t a ined  a t  var ious  stages of  the  pur i f i ca t ion  of  the  na t ive  m o d u l a t o r  II  were  sub jec ted  to  
h e a t  t r e a t m e n t  at  100°C  for  2 rain to des t roy  e n d o g e n o u s  p ro t e in  kinase ac t iv i ty  p r io r  to assay of 
m o d u l a t o r  ac t iv i ty .  The  act ivi t ies  of  all the  f rac t ions  were  m e a s u r e d  u n d e r  the  s t anda rd  assay cond i t ions  
using 30 and  25 uni ts  of  cyclic A M P - d e p e n d e n t  p r o t e i n  kinase for  the  na t ive  and  h e a t e d  m o d u l a t o r  frac- 
t ions  respec t ive ly .  

F r ac t i on  P repa ra t ion  of  Yield Pur i f ica t ion  * 
m o d u l a t o r  II  (%) (-fold) 

1. A m m o n i u m  sulfa te  30 1 
p rec ip i t a t e  

2. DEAE-ceUulose  e lua te  Nat ive  100 5 

3. S e p h a d e x  G-75 e lua te  75 40 

1. A m m o n i u m  sulfa te  
p rec ip i t a t e  35  1 

2. DEAE-ce l lu lose  e lua te  H e a t e d  100 6 
3. S e p h a d e x  G-100  e lua te  70 50 

* Fo r  the  ca lcu la t ion  of  the  pur i f i ca t ion  it  has been  a s su med  tha t  100% of the  m o d u l a t o r  ac t iv i ty  is 
p re sen t  in the  a m m o n i u m  sulfa te  f rac t ion .  

ful because of  the instability of  the modulator.  Modulator preparations purified 
through Sephadex gel filtration step were used in these studies. 

Time course 
Modulator  II inhibited the rate of  phosphorylat ion of  calf thymus whole 

histones by the cyclic AMP-dependent mammary protein kinase and the reac- 
tion was linear for at least 30 min in presence of  either heated or native 
modula tor  II. 

Modulator concentration 
The effect  of varying concentrations of  heated and native modulator  II on 

the phosphorylat ion of  histones by the cyclic AMP-dependent protein kinase 
is shown in Fig. 3. Both the modula tor  preparations showed similar patterns of  
progressive increase in the degree of  inhibition of  protein kinase with increase 
in the concentration of  the modulator.  

Protein kinase concentration 
The effect  of  varying concentrations of  mammary cyclic AMP-dependent 

protein kinase (5 to 100 units) on the action of modula tor  II (heated or native) 
for the phosphorylat ion of histones was measured. The degrees of  inhibition of  
protein kinase activity by the modulator  II were nearly identical at varying 
concentrations of  the protein kinase indicating that the inhibitory action of  
modula tor  is independent  of  the concentrat ion of  protein kinase. 

p H  optima 
Heated modula tor  II caused a marked alteration in the pH-opt imum curve of  

the cyclic AMP-dependent mammary protein kinase (Fig. 4). The opt imum pH 
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F i g .  3 .  S t a n d a r d  curve  for  the  assay o f  m a m m a r y  m o d u l a t o r  II.  E x t e n t  o f  p h o s p h o r y l a t i o n  o f  h i s t o n e s  
c a t a l y s e d  b y  c y c l i c  A M P - d e p e n d e n t  p r o t e i n  k inase  ( 3 0  u n i t s )  was  m e a s u r e d  as a f u n c t i o n  o f  m o d u l a t o r  
c o n c e n t r a t i o n  (nat ive ,  • e ;  h e a t e d ,  • • )  in t h e  s tandard  assay p r o c e d u r e .  

F i g .  4 .  E f f e c t  o f  p H  o n  t h e  ac t iv i ty  o f  m o d u l a t o r  II ( h e a t e d ,  6 5  # g )  for  i ts  a c t i o n  o n  c y c l i c  A M P - d e p e n d e n t  
m a m m a r y  p r o t e i n  k inase  ( 2 5  un i t s )  was  d e t e r m i n e d  u n d e r  t h e  s tandard  assay c o n d i t i o n s  e x c e p t  for  the  
var iat ion  in  the  p H  o f  the  s o d i u m  g l y c e r o p h o s p h a t e / H C 1  b u f f e r .  
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for the activity of  the kinase without and with modulator II were 6.0 to 6.5 
and 5.5, respectively. The degree of  inhibition of protein kinase activity by the 
modulator II was maximal at pH 6.5 to 7.0. The optimum pH for the action.of 
native modulator II was nearly identical to that of  the heated modulator. 

Concentrations of  histones, ATP and cyclic AMP 
The effects of  varying concentrations of  whole histones and [732-p]ATP for 

the action of  heated modulator II on cyclic AMP-dependent protein kinase are 
shown in Fig. 5. The degrees of  inhibition of  kinase by the modulator were 
observed to be independent of  the concentration of  the kinase substrates, 
histones and ATP. Studies with varying concentrations (0.01 to 10 #M) of  
cyclic AMP showed that the inhibitory action of  modulator was nearly 
identical at these concentrations of  the cyclic nucleotide. These results demon- 
strate that modulator II inhibits mammary protein kinase noncompetitively 
with respect to histones, ATP and cyclic AMP. Nearly identical results were 
also observed with the native modulator II. 

Metal ions 
The activity of  mammary cyclic AMP-dependent protein kinase is dependent 
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Fig. 5. Double - rec iproca l  p lo ts  of  the  init ial  ve loc i ty  of  the  p h o s p h o r y l a t i o n  of  h is tones  by  cyclic AMP- 
d e p e n d e n t  p ro t e in  kinase versus  (A)  calf  t h y m u s  who le  histories c o n c e n t r a t i o n  and  (B) ATP  concen t r a -  
t ion  a t  c o n s t a n t  level of  the  h e a t e d  m o d u l a t o r  I I  (30  ~g).  Standaxd assay cond i t ions  were used e x c e p t  the 
var ia t ions  in the  c o n c e n t r a t i o n  of  the  c ons tRue n t s  as specif ied.  

on a divalent  metal  ion  Co 2÷, Mn 2÷ or  M g  2+ [1]  and the  effects  o f  these metal  
ions  on  the  act ion  o f  heated modu la tor  II with the  mammary  prote in  kinase are 
s h o w n  in Table II. The ex ten t  o f  inh ib i t ion  o f  prote in  kinase by the  modu la tor  
is d e p e n d e n t  on the  nature o f  the  activator metal  io:]. The inhibi tory  activity of  
the  modula tor  was observed in presence o f  all these  metal  ions  and the  inhibi-  
t ion  was maximal  in presence o f  Co 2+. The metal  ion  act ivat ion property  o f  the  
e n z y m e  was markedly altered by the  modulator .  In its absence Co 2÷ caused 
maximal  act ivat ion o f  the  kinase whereas in its presence Mg 2÷ was most  effec- 

T A B L E  n 

E F F E C T  OF M E T A L  IONS ON T H E  A C T I V I T Y  OF M O D U L A T O R  II  F O R  ITS A C T I O N  ON CYCLIC 
A M P - D E P E N D E N T  M A M M A R Y  P R O T E I N  K I N A S E  

The  s t anda rd  assay s y s t e m  was used  e x c e p t  the  ind ica ted  changes  in the  n a t u r e  and  c o n c e n t r a t i o n  of the  
d iva len t  m e t a l  ions.  35  un i t s  of  cycl ic  A M P - d e p e n d e n t  m a m m a r y  p ro te in  kinase  and  40  ~tg of  h e a t e d  
m o d u l a t o r  II  were  used in this  e x p e r i m e n t .  In  absence  of  the  d iva len t  me t a l  ion the  ac t iv i ty  of  p ro t e in  
kinase was  insignif icant .  

Metal ion 
(14 mM) 

Incorporation of 32p into Protein (pmol/20 rain) 

Cont ro l  M o d u l a t o r  II  % 
inh ib i t ion  

Cobal t  chlor ide  34 .5  12.1 65  
Magnes ium ace ta te  24.9 13.4 46 
Manganese  chlor ide  7.2 3.4 53 
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tive. Further  studies with varying concentrations of  Co 2÷ demonstrated the 
noncompeti t ive nature of  inhibition of protein kinase by the modula tor  with 
respect to the metal ion. 

Substrate specificity 
As demonstrated previously, the mammary cytosol  cyclic AMP-dependent 

protein kinase has high degree of  substrate specificity for the basic proteins 
histones and protamine [1]. Of all the histone species F-2b histone was most  
effective as protein substrate of  the mammary holoenzyme (Table III). The 
rates of  phosphorylat ion of  calf thymus whole histones and histone subfrac- 
tions and casein by protein kinase were markedly inhibited in presence of  
modula tor  II and the degree of  this inhibition is substrate specific. Of all these 
proteins tested the rate of  phosphorylat ion of  F-1 histone was most  strongly 
inhibited (75%) by heated modula tor  II as compared to 65% inhibition for 
F-2b, 57% for F-3 and 50% for F-2a histone. Whereas it had no significant 
effect  on the phosphorylat ion of  protamine. The patterns of  inhibition of  pro- 
tein kinase for the phosphorylat ion of  the various proteins by native and 
heated modula tor  II were nearly identical. 

The effects of  varying concentrations (25 to 220 pg) of  calf thymus histone 
species F- l ,  F-3, F-2a and F-2b on the activity of  mammary cyclic AMP- 
dependent  protein kinase (30 units) at constant  level of  the heated modulator  
II (40 pg) were measured under the standard assay conditions. The extents of  
inhibition of  protein kinase by the modula tor  II were independent  of  the con- 
centration of  each of  the protein substrates. Modulator II inhibited the rate of  
phosphorylat ion of  F- l ,  F-2b, F-3 and F-2a histones by 75%, 66%, 60% and 
50%, respectively. These studies further extend the view that the inhibitory 
action of  modula tor  II on protein kinase is substrate specific. 

Characterization of phosphorylated histones 
a2P-labeled F-l ,  F-2a, F-2b and F-3 histones obtained by  phosphorylat ion 

T A B L E  I I I  

E F F E C T S  OF M O D U L A T O R  II  ON T H E  A C T I V I T Y  OF T H E  CYCLIC A M P - D E P E N D E N T  M A M M A R Y  
P R O T E I N  K I N A S E  F O R  T H E  P H O S P H O R Y L A T I O N  OF V A R I O U S  M O D E L  P R O T E I N  S U B S T R A T E S  

The  e f f e c t s  o f  h e a t e d  m o d u l a t o r  I I  (40  ~g prote in )  o n  the  act iv i ty  o f  the  cyc l i c  A M P - d e p e n d e n t  m a m m a r y  
p~ote in  kinase (35  uni t s )  were  m e a s u r e d  using 250  pg of  each  o f  var ious  calf  t h y m u s  h i s tones  and  
p r o t a m i n e  and  2 m g  of  casein as subs t ra tes  u n d e r  the  s tandaxd assay co nd i t i o ns .  

Substrate  I n c o r p o r a t i o n  of  32p in to  p ro t e in  ( p m o l / 2 0  min )  

Con tr o l  M o d u l a t o r  I I  I nh ib i t i on  (%) 

Whole  h i s tones  30 11 63 
F-1 hist  one 60  15 75 
F-2b h i s tone  120  42 65 
F-3 h i s tone  36 15 57 
F-2a h i s tone  20 10 50 

Lys ing  r ich h i s t one  14 6 57 
Casein 14 8 43 
Protamine  16 17 0 
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with mammary cyclic AMP-dependent protein kinase in presence and absence 
of  heated modulator  II were fractionated by polyacrylamide gel electrophoresis. 
With each of these preparations one major 32p-labeled band was identified and 
of all these species of histones the rate of phosphorylation of  F-1 histone was 
maximally inhibited by modulator  II and the order of inhibition of the phos- 
phorylat ion of other histone species by modulator  II was F-2b, F-3 and F-2a as 
also observed previously using standard assays (Table III). 

32P-labeled whole histones obtained by phosphorylation with kinase in 
presence and absence of the modulator  were also analysed for the measure- 
ment  of  radioactivity in P-serine and P-threonine residues (Table IV). Approxi- 
mately 95% of radioactivity was recovered in P-serine as opposed to 5% in P- 
threonine and modulator  II showed little specificity for the phosphorylation of 
serine and threonine residues of whole histones. 

Incubation of isolated [32p]histones with mammary protein kinase in 
presence and absence of  modulator  II (heated) in the standard modulator  
assay system at 30 ° C for periods upto 60 min did not  cause any significant loss 
of 32p from the histones indicating that  the inhibitory action of the modulator  
is not  due to dephosphorylation or proteolysis of [32p]histones. There was no 
appreciable loss of 32p when [~/32-P]ATP was incubated at 30°C periods upto 
30 min with and without  protein kinase in the presence of the modulator  under 
the standard assay conditions (minus histones), as demonstrated by the analysis 
of the products of this reaction with high voltage electrophoresis [ 1]. Thus the 
inhibitory action of modulator  II is not  due to the presence of ATPase activity 
either in the modulator  or in the protein kinase preparation. 

Molecular weight 
Both the native and heated modulator  II preparations were nondialysable 

and 100% stable when heated at 100°C for 30 min. As shown in Table V, the 
activity of modulator  II was markedly lost when subjected to the proteolytic 
action of trypsin indicating the polypeptide nature of the modulator.  Whereas 
treatments with DNAase and RNAase had little effect on the activity of the 
modulator.  Molecular weight of the modulator  II (native or heated) was 
observed to be approximately 18 000 as determined by the method of molec- 
ular sieving on Sephadex G-100 (Fig. 6). 

T A B L E  IV 

D I S T R I B U T I O N  OF [ 3 2 p ] P H O S P H O S E R I N E  A N D  [ 3 2 p ] P H O S P H O T H R E O N I N E  IN C A L F  T H Y M U S  
[ 3 2 p ] H I S T O N E S  

32p- labeled  whole  h is tones  were  h y d r o l y s e d  wi th  2 M HC1 and  sub jec ted  to  high vol tage e lec t rophores i s  
by  the  procedure  descr ibed  in the  t ex t .  A p p r o x i m a t e l y  70% of the  [ 3 2 p ] h i s t o n e  rad ioac t iv i ty  was 
r e c o v e r e d  in the  O-phosphose r ine  and  O - p h o s p h o t h r e o n i n e  spots .  

S y s t e m  32p-labeled 32p-labeled 
serine t h r eon ine  
rad ioac t iv i ty  rad ioac t iv i ty  
( c p m )  ( c pm)  

Cont ro l  9 8 0 0  500 
Modu l a t o r  I I  3300  (66)  * 180 (64)  * 

• Figures wi th in  pa ren theses  r ep re sen t  p e r c e n t  inh ib i t ion .  
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T A B L E  V 

E F F E C T  OF V A R I O U S  E N Z Y M E  T R E A T M E N T S  ON T H E  A C T I V I T Y  OF M O D U L A T O R  II  

F o u r  uni t s  of  h e a t e d  m o d u l a t o r  I I  ( 1 0 0  #g pe r  0.2 ml )  were  i n c u b a t e d  wi th  or  w i t h o u t  the  ind ica ted  
e n z y m e s  at  30°C  for  3 h in 4 m M  s o d i u m  g l y c c r o p h o s p h a t e  bu f fe r ,  p H  6.5.  Magnes ium ace ta t e  (0 .05  M) 
was p r e sen t  dur ing  i n c u b a t i o n  wi th  DNAase .  The  i n c u b a t i o n  wi th  t ryps in  was s t o p p e d  b y  add ing  50-fold 
excess  of  egg whi te  t ryps in  inh ib i tor .  All the  i n c u b a t e d  samples  were  d ia lysed  against  4 m M  s o d i u m  
g l y c e r o p h o s p h a t e  bu f f e r ,  p H  6.5 a t  4 °C  p r io r  to  the  d e t e r m i n a t i o n  of  the  m o d u l a t o r  ac t iv i ty  u n d e r  the  
s t a n d a r d  assay cond i t ions  using 30  uni ts  of  p ro t e in  kinase  and  100/~1 of the  dia lysed p repa ra t ions .  

T r e a t m e n t  M odu la to r  ac t iv i ty  r ema in ing  

None  100  
Tryps in ,  10 pg  30  
Tryps in ,  25 pg  17 
RNAase ,  25 pg  100  
DNAase ,  25 #g  95  

Action of  modulator H on isolated catalytic subunit o f  protein kinase 
The action of  modulator II (heated) on the partially purified catalytic sub- 

unit (C) of  cyclic AMP-dependent mammary protein kinase (RC) was deter- 
mined. The extents of  inhibition of  the phosphorylation of  whole histones with 
C and RC by modulator II were nearly identical. Addition of  regulatory sub- 
unit of  protein kinase (R) had little effect on the substrate-specific inhibition 
of kinase by modulator II when the assays were carried out at 2 #m concentra- 
tion of  cyclic AMP. These results demonstrate that the modulator is clearly 
different from the regulatory subunit and the observed protein substrate- 
dependent inhibitory action of  the modulator represents the interaction of  
catalytic subunit (C) with the modulator. 

The above view was further strengthened by the studies of  the action of 
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Fig. 6. D e t e r m i n a t i o n  of  the  mo le c u l a r  we igh t  of  the  m a m m a r y  m o d u l a t o r  II  by  gel f i l t ra t ion.  The  molec -  
u lar  we igh t  of  the  m o d u l a t o r  was d e t e r m i n e d  using a c o l u m n  of Sephadex  G-100  (2.8 X 39 c m )  by  the 
m e t h o d  of  Whi taker  [ 1 6 ] .  Gel was equ i l ib ra ted  wi th  5 m M  s o d i u m  g l y c e r o p h o s p h a t e  • HC1 buf fe r ,  pH 6.5 
and  12 m g  of  the  m o d u l a t o r  was  appl ied  to  t he  c o l u m n .  S t a n d a r d  p ro t e in s  and  blue d e x t r a n  were  
d e t e c t e d  by  a b s o r p t i o n  a t  280  n m  and the ac t iv i ty  of  the  m o d u l a t o r  was assayed u n d e r  the  s t anda rd  assay 
condi t ions .  The  m o l e c u l a r  weights  of  the  p ro t e in s  used  as s t andards  were  BSA: bov ine  s e r u m  a lb u min  
(70  000) ,  o v a l b u m i n  (45  000)  and  t ryps in  (24  000) .  
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T A B L E  VI  

E F F E C T  OF M A M M A R Y  M O D U L A T O R  n ON T H E  S U B S T R A T E  S P E C I F I C I T Y  OF P U R I F I E D  
C A T A L Y T I C  S U B U N I T  OF R A B B I T  S K E L E T A L  M U S C L E  CYCLIC A M P - D E P E N D E N T  P R O T E I N  
K I N A S E  

The  e f fec t  of  h e a t e d  m o d u l a t o r  I I  (40 pg  p ro te in )  on the  act iv i ty  of  the pur i f ied  ca ta ly t ic  subun i t  of the 
r a b b i t  skeletal  musc le  cycl ic  A M P - d e p e n d e n t  p ro t e in  kinase (30  uni ts)  was d e t e r m i n e d  using 250 #g of  
each  of  the  var ious  calf  t h y m u s  h i s tones  and p r o t a m i n e  an d  3 m g  of casein as subs t ra tes  u n d e r  the 
s t a n d a r d  assay cond i t ions  (minus  cycl ic  AMP).  

Subs t ra t e  I n c o r p o r a t i o n  of 32p into p ro t e in  ( p m o l / 2 0  rain) 

Cont ro l  M odu la to r  II % 

inhib i t ion  

Whole h i s tones  20 8 60 
F-1 h i s tone  45  14 70 
F-2b h i s tone  160  53 66 
F-3 h i s tone  34 14 58 
F-2a h i s tone  24 11 55 
Lysine r ich h i s tone  13 6 53 
Casein 9 4 55 
P r o t a m i n e  20 20 0 

mammary modulator  II on the purified catalytic subunit  (C) of  the rabbit 
skeletal muscle cyclic AMP-depndent protein kinase (Table VI). Modulator II 
as well produced substrate-specific inhibition of  the muscle protein kinase for 
the phosphorylat ion of  a variety of  protein species and in this respect rat 
mammary and rabbit muscle kinases behaved similarly. Cyclic AMP had no 
effect  on the action of  modulator  with the catalytic subunit. 

T A B L E  VII  

E F F E C T  OF M O D U L A T O R  II  ON T H E  S U B S T R A T E  S P E C I F I C I T Y  OF M A M M A R Y  CYCLIC AMP- 
D E P E N D E N T  P R O T E I N  K I N A S E  F O R  T H E  P H O S P H O R Y L A T I O N  OF M A M M A R Y  P R O T E I N  SUB- 
S T R A T E S .  

Highly pur i f ied  p r epa ra t i ons  of r a t  m a m m a r y  m i t o c b o n d r i a ,  p l a sma  m e m b r a n e  and r i bosomes  were  hea t ed  
a t  100°C  fo r  2 rain to des t roy  intr insic  p ro t e in  kinase activit ies.  These hea t - t r ea t ed  organelles an d  isolated 
m a m m a r y  h i s tones  served as p ro t e in  subs t ra tes  of  the  m a m m a r y  cyclic A M P - d e p e n d e n t  p ro te in  kinase (50  
un i t s )  u n d e r  the  s t anda rd  assay cond i t ions  wi th  and w i t h o u t  h e a t e d  m o d u l a t o r  II  (40  pg).  

M a m m a r y  pro-  A m o u n t  of  
rein subs t ra te  p ro t e in  

(ug) 

I n c o r p o r a t i o n  of 32p in to  p ro t e in  
( p m o l / 2 0  rain) 

Cont ro l  Mo d u la to r  II  % Inh ib i t ion  

His tones  200  30 13 57 
600 50 22 56 

Plasma m e m b r a n e s  200 10 5.5 45 
600 16 8.6 46 

Mi tochondr i a  200 15 5.3 65  
600  22 8.3 62 

R i b o s o m e s  200 20 9.2 54 
600  30 14.4  52 
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Mammary protein substrates 
As demonstrated previously protein kinase activities are tightly bound with 

the organelles of the mammary epithelial cells which can cause the phosphoryla- 
tion of the respective endogenous phosphoproteins [3]. Modulator II had little 
effect  on these endogenous phosphorylat ion reactions. As shown in Table VII 
modula tor  II, however,  causes varying degrees of  inhibition of  the cyclic AMP- 
dependent  mammary cytosol  protein kinase for the phosphorylat ion of 
mammary histones and proteins associated with the heat-treated mitochondria,  
r ibosomes and plasma membranes.  The magnitude of inhibition by the 
modula tor  was highest for the phosphorylat ion of  mitochondrial proteins 
(65%) and least for the plasma membrane proteins (45%). 

Discussion 

The present studies characterize a heat-stable protein (Modulator II) from 
lactating rat mammary gland which can modulate  the activity of mammary 
cytosol  cyclic AMP-dependent protein kinase. The modulator  has a molecular 
weight of  approximately 18 000 and it produces a marked substrate-specific 
inhibition of the activity of  the protein kinase for the phosphorylat ion of  
casein, calf thymus  whole, F-I,  F-3, F-2a and F-2b histones and mammary 
whole histones and mitochondrial,  plasma membrane and ribosomal phospho- 
proteins. Whereas the modula tor  has no significant effect  on the phosphoryla- 
tion of  protamine. The patterns of  this substrate-specific inhibition are nearly 
identical when the holoenzyme or the catalytic subunit  is used as the enzyme. 

The modula tor  acts noncompeti t ively with respect to the substrates of  the 
cyclic AMP-dependent protein kinase, namely calf thymus whole and frac- 
t ionated histones and ATP and to the activator molecules, cyclic AMP and 
Co 2÷. The modula tor  does not  catalyse the breakdown of [732-P]ATP and the 
dephosphorylat ion or proteolysis of  the phosphoprotein product  of  the kinase. 
It seems unlikely that  the inhibitory action of  modulator  II on protein kinase is 
due to any structural modification of  the protein substrates (histones) since the 
gel electrophoretic patterns of  histones remain unchanged following incubation 
with the modulator .  The interaction between the catalytic subunit  and the 
modula tor  thus appears to be direct as represented by the reaction of the 
simplified Eqn. 1. 

C + M -~ CM (1) 

In this reaction M represents the modula tor  and CM is a complex of  the 
modula tor  and the catalytic subunit.  The activity of  the complex CM is not  
influenced by either cyclic AMP or the regulatory subunit  and it has an altered 
pattern of  substrate specificity for the phosphorylat ion of proteins. This 
mechanism of the action of  the modulator  accounts for its substrate-dependent 
inhibitory action on protein kinase. The observations that  the modulator  causes 
a marked alteration in the pH (Fig. 4) and metal ion (Table II) activation 
properties of  the holoenzyme are consistent with the above view. 

The products  of the histone phosphorylat ion reactions catalysed by the 
holoenzyme were characterized by polyacrylamide gel electrophoresis and 
amino acid analysis. The modula tor  has no specificity for the phosphorylat ion 



292 

of seryl and threonyl residues of calf thymus histones. The observations that  
the native and heated modulator  preparations have nearly identical molecular 
size and reactivities towards the protein kinase strengthens the view that  the 
observed properties of the modulator  are not  an artifact due to its isolation 
procedure. 

Protein kinase inhibitor [17,18] and modulator  [19,20] activities have been 
demonstrated in several other sources. Rabbit skeletal muscle protein kinase 
inhibitor interacts directly with the catalytic subunit of the cyclic AMP- 
dependent  protein kinase of the same tissue to cause marked inhibition of the 
phosphorylat ion of the protein substrates [18]. The properties of the 
mammary modulator  are clearly different from those of the muscle protein 
kinase inhibitor particularly in relation to its molecular size and specificity 
of  action on protein kinase [17]. The finding that  the mammary modulator II 
also causes substrate-specific inhibition of the catalytic subunit from the rabbit 
skeletal muscle for the phosphorylation of several species of proteins (Table 
VI) further supports this view. A modulator  from lobster tail muscle has been 
shown to act by altering the substrate specificity of both the cyclic GMP- 
dependent  and cyclic AMP-dependent protein kinases, increasing the rate of 
phosphorylation of some protein substrates and decreasing that  of others 
[19,20]. It is thus possible that  the process of cell differentiation confers upon 
cells a tissue-specific pattern of protein kinase modulator  distribution. Previous 
studies postulated that  the holoenzyme, induced rapidly in mammary gland in 
response to prolactin, propagates the initial action of the hormone on the cell 
surface throughout  functionally distinct compartments of the cell by phosp- 
phorylating specific protein components of plasma membrane, ribosomes and 
nuclei [10,21]. The observation that  the modulator  II produces substrate- 
specific inhibitory effect in vitro on the holoenzyme for the phosphorylation 
of multiple mammary organelle-bound phosphoproteins suggests the possibility 
that  the modulator  may have an important  regulatory role to cause an altered 
pattern of substrate specificity for the hormonally induced protein kinase. 
Elucidation of the physiological significance of the modulator  during cell 
differentiation in mammary gland is currently under investigation. 
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