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Summary 

An adenosine 3 ' :5 ' -monophosphate-dependent  protein kinase II (ATP: 
protein phosphotransferase, EC 2.7.1.37) was partially purified from the cyto- 
sol fraction of an exponentially growing culture of Tetrahymena pyriformis. 
Protein kinase II represented approximately 90% of the cytosolic protein 
kinase activity. The enzyme had a high degree of substrate specificity for calf 
thymus and Tetrahymena histones as compared to casein, protamine and phos- 
vitin. The enzyme incorporated the terminal phosphate of ATP into serine and 
threonine residues of all the histone fractions. The apparent Km of the enzyme 
for adenosine 3 ' :5 ' -monophosphate (cyclic AMP) was 1 • 10 -s M. Protein 
kinase II was also activated by other cyclic nucleotides with apparent Km 
values in the range 2 .5 .10-6--5 .0  • 10 -6 M. 

The specific activity of  the cyclic AMP-dependent protein kinase of Tetra- 
hymena decreases markedly from initial high values during the transition from 
the lag to early log phase of growth. This is followed by a sharp increase in the 
activity of the enzyme as the log phase of growth progresses. The specific 
activity of the enzyme increased rapidly during the heat-induced synchroniza- 
tion of Tetrahymena cells. The capacity for rapid phosphorylation of multiple 
classes of organelle-specific phosphoproteins and the level of cyclic AMP were 
maximal in Tetrahymena during the earliest phase of growth. These results 
demonstrate that  the cell cycle of Tetrahymena may be coordinated by marked 
variations in the level of cyclic AMP which in turn regulate the cyclic AMP- 
dependent  protein kinase. 

Address for correspondence: Charles E. Elson, 1270 ,  Linden Drive, Madison, Wisc. 53706, U.S.A. 
Abbreviations: Cyclic AMP, adenosine 3' : 5'-monophosphatc;  cyclic GMP, guanosine 3' : 5'-mono- 
phosphate; cyclic UMP, uridine 3':5'-monophosphate;  cyclic CMP, cytidine 3:5'-monophosphate.  
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Introduction 

There is ample evidence to support the postulation that the action of 
cyclic AMP may be propagated and amplified by activating protein kinases 
which in turn cause the phosphorylation of multiple classes of phosphoproteins 
in eukaryotic cells [1--6]. The unicellular eukaryotic organism Tetrahymena 
pyriformis offers a model system for the study of the evolutionary develop- 
ment of cyclic AMP as a regulatory agent in the intermediary metabolism. 
Previous studies from this laboratory demonstrated that the concentration of 
cyclic AMP in Tetrahymena pyriformis varies markedly during the growth cycle 
[7]. The level of cyclic AMP is maximal during the early log phase of growth 
and declines sharply during the late log to early stationary phase of growth. 
Recently a cyclic AMP-independent protein kinase has been partially purified 
from axonemes of Tetrahymena cilia and the enzyme causes phosphorylation 
of ciliary tubulin in vitro [8]. The present studies characterize for the first time 
a cytosol protein kinase from Tetrahymena pyriformis cells which is activated 
specifically by cyclic AMP. The level of the cyclic AMP-dependent protein 
kinase fluctuates markedly during the growth cycle. The results are consistent 
with the postulation that the protein kinase as well as cyclic AMP play a key 
regulatory role in the process of transition of cells from the G1 to S phase of 
cell cycle. 

Materials and Methods 

Chemicals 
Adenosine 3': 5'-monophosphate, O-phosphoserine, O-phosphothreonine 

and phosvitin were purchased from Calbiochem. [7-32P] ATP (spec. act. 
23.2--38.2 Ci/mmol) and 32 Pi (carrier-free) were products of International 
Chemical and Nuclear Corporation. [8-3 H] Adenosine 3':5'-monophosphate 
(16.3 Ci/mmol) was obtained from Schwarz BioResearch, Histones (calf thy- 
mus) were from Worthington and cyclic GMP, cyclic CMP and cyclic UMP were 
obtained from Boehringer Mannheim. DEAE-cellulose (cellex-D) was a product 
of Bio-Rad and cycloheximide was from Nutritional Biochemicals. Protamine 
was obtained from Sigma. All other chemicals were of the higl~est grade com- 
mercially available. 

Growth of organisms 
Tetrahymena pyriformis, Strain E, was grown at 24°C with gentle shaking 

in Erlenmeyer flasks filled to 20% of capacity with a medium composed of 2% 
proteose-peptone [9]. Unless otherwise indicated, growth was initiated by 
adding an inoculum (1%) from an early stationary phase culture. Synchronous 
cell division was induced in an exponentially growing population (a 24 h cul- 
ture was diluted to 1 • 104 cells/ml) by the method of Scherbaum et al. [10]. 
The culture was heated with shaking for six 30 min periods at 34°C alternating 
with five 30 rain periods at 24°C and restored to the optimum 24°C incubation 
after the last heat treatment. The degree of synchronization in the first division 
was approximately 89%. Growth of the cultures was followed by counting cells 
with a Coulter counter. 
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Isolation of protein kinase 
Cells were harvested by centrifugation at 600 × g and the pellet was 

washed twice with 0.25 M sucrose. The cells were ruptured by freezing and 
thawing (2×) in 0.25 M sucrose and the lysed cells were centrifuged at 5000 × 
g for 15 min. The supernate was dialyzed against 5 mM sodium glycerophos- 
phate/HC1 buffer, pH 6.0, and 0.2 mM dithiothreitol. Protein kinase activity 
was measured in the dialyzed preparations. 

In studies on the subcellular distribution of protein kinase and properties 
of the cytosol enzyme, the cells from 24-h cultures were harvested by centrifu- 
gation at 600 × g and washed twice with 0.25 M sucrose. The cell pellet was 
homogenized in a glass, motor-driven Potter-Elvehjem homogenizer and the 
homogenate was centrifuged at 110 000 × g for 60 min. To the resulting 
cytosol fraction, solid ammonium sulfate was added with stirring to bring the 
ammonium sulfate concentration to 50% saturation. After 30 min, the precipi- 
tate was collected by centrifugation at 27 000 × g for 10 min and the residue 
was discarded. The supernate was dialyzed extensively against 0.2 mM potas- 
sium phosphate buffer, pH 7.0. The dialyzed enzyme preparation was applied 
to a DEAE-cellulose column (0.9 × 16 cm) previously equilibrated with 0.2 
mM potassium phosphate buffer, pH 7.0. The column was washed with 30 ml 
of the equilibrating buffer prior to elution with a linear gradient of potassium 
phosphate buffer (0.2--67 mM) in a total volume of 150 ml of the buffer. The 
flow rate was 7.3 ml/h, and the volume in each fraction was 2.2 ml. All steps 
were carried out at 0--4 ° C. 

Assay of protein kinase 
The activity of protein kinase in the dialyzed samples was measured by a 

slight modification of the method described previously [11]. The standard 
assay medium contained 10 pmol of sodium glycerophosphate/HC1 (pH 6.0), 
1.0 mg of calf thymus histones, 1 nmol of [7 -32 p] ATP containing 1 • l0  s --5 • 
l0  s cpm, 2 #mol of sodium fluoride, 0.4 pmol of theophylline, 0.06 ~mol of 
ethylene glycol bis(~-aminoethyl ether)-N,N'-tetraacetic acid, 2 pmol of cobalt 
chloride and protein kinase with or without 200 pmol of cyclic AMP in a total 
volume of 0.2 ml. The incubation was carried out at 30 ° C for 30 min, and the 
reaction was stopped with the addition of 5 ml of cold 10% trichloroacetic 
acid. Casein (2.5 mg), non-isotopic ATP (1.0 pmol), and disodium phosphate (10 
pmol) were then added and the mixture was allowed to stand at 0°C for at least 
30 min. The precipitate was collected on Whatman GF/C glass fiber discs and 
washed successively with 20 ml of 10% trichloroacetic acid, ethanol, ethanol/ 
ether (3 : 1, v/v) and finally with ether. The filter discs were placed in vials 
containing toluene/0.4% 2,5-diphenyloxazole/0.005% 1,4-bis(5-phenyl- 
oxazole)benzene scintillation fluid and the amounts of 32p incorporated into 
histone were determined by liquid scintillation spectrometry. Systems lacking 
the enzyme preparation served as blanks. The incorporation of 32p into the 
endogenous proteins of the enzyme preparations was insignificant. A unit of 
enzyme activity was defined as the amount of enzyme which catalyzed the 
transfer of 1 pmol of 32 p from [7 -32 p] ATP to the recovered protein during 30 
min under the standard assay conditions. The specific activity of the protein 
kinase is expressed as units of activity per gg of protein. 
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Incorporation of  ~ 2p into phosphoproteins of  Tetrahymena cells and various 
subceUular fractions 

Tetrahymena pyriformis, strain E, was grown with gentle shaking at 24°C 
in a 2% proteose-peptone medium [9] .  1% inoculum was used from a sta- 
t ionary phase culture for the growth of  this organism. [32 p] Orthophosphate  
was added to the media (17 gCi/ml) at various stages of growth cycle. Follow- 
ing a 4 h incubation with 32 p, a large excess of non-isotopic inorganic phos- 
phate (5 gmol/ml)  was added and the culture chilled immediately. To insure 
the recovery of  the 32 P-labeled phosphoproteins,  a large excess of  non-labeled 
cells (approx. 1.8 • l 0  s /ml)  obtained from a stationary phase culture was added 
to the flask. The cells were harvested by centrifugation at 600 X g for 10 min 
and washed twice with ice-cold 0.25 M sucrose. The cell pellet was homo- 
genized in a Potter-Elvehjem homogenizer and the homogenate  centrifuged at 
1000 × g for 10 min to sediment nuclei. Mitochondria were obtained from the 
supernate by centrifugation at 12 000 × g for 10 min and the resulting super- 
nate was centrifuged at 110 000 × g for 60 min to sediment microsomes. 
Ribosomes were isolated from the crude microsomal pellet by the method of  
Moldave and Skogerson [12] .  All of  the particle fractions were washed twice 
with 0.25 M sucrose and finally suspended in 0.25 M sucrose. 

Nuclear protein fraction was fractionated into histones and nuclear acidic 
proteins [13] .  For the measurement  of  radioactivity in 32 P-labeled phospho- 
proteins, an aliquot of  the preparation of  subcellular fractions was treated with 
ice-cold 5% trichloroacetic acid and the suspension was heated at 90°C for 30 
min and centrifuged. The process of  hot  trichloroacetic acid extraction was 
repeated and the precipitate was washed three times in 5% trichloroacetic acid, 
three times in ether/ethanol  (1 : 3, v/v) and finally in ether [1] .  The precipitate 
was dissolved in soluene (Packard) and counted in toluene scintillation solvent. 

Preparation of  3 ~ P.labeled histones 
Calf thymus  histones were phosphorylated enzymatically by the isolated 

protein kinase II. The reaction mixture contained 40 pmol  of sodium glycero- 
phosphate/HC1 (pH 6.0), 6.0 mg of  calf thymus  histones, 4 nmol of  [~/.32 p] _ 
ATP containing 1 • 107 cpm, 2 pmol  of  cobalt  chloride, 8 pmol  of  NaF, 0.24 
pmoles of  ethylene glycol bis(~-aminoethyl ether)-N,N'-tetraacetic acid, 25 pg 
of  protein kinase II with or wi thout  1.0 nmol  of  cyclic AMP in a total volume 
of 0.8 ml. The incubation was carried out  at 30°C for 30 min. The reaction was 
arrested by  chilling and the reaction mixture was rapidly dialyzed against 
deionized water at 4 ° C with several changes of  water. The 32 P-labeled histone 
preparations were used for amino acid analysis and polyacrylamide gel electro- 
phoresis. 

Polyacrylamide gel electrophoresis 
32 P-labeled histones were fractionated by polyacrylamide gel electro- 

phoresis [13] .  The upper gel contained 15% acrylamide, 0.1% ethylene diacryl- 
amide, 0.3 M acetate buffer  (pH 4.4) and 0.125% potassium persulfate. The 
lower gel contained 5% acrylamide, 2.5% bisacrylamide, 0.43 M acetate buffer 
(pH 6.7) and 0.001% riboflavin. Both the gels contained 6 M urea and the 
buffer  for both  reservoirs was 0.1 M ~-alanine-acetate buffer,  pH 4.2. The elec- 
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trophoresis was carried out at a constant current of 4 mA per tube. After the 
electrophoresis, the gels were stained with amido black, fixed in 7.5% acetic 
acid, frozen and finally sectioned with a manual slicing device [14], the thick- 
ness of each gel section being 1 mm. The gel sections were counted directly in 
Bray's solution [15]. 

Other methods 
The cyclic AMP content of Tetrahymena pyriformis at various stages of 

the growth cycle was determined as previously described [7]. Protein concen- 
tration in the samples was measured by the method of Lowry et al. [16] using 
bovine serum albumin as the standard. 

32 P-labeled phosphoproteins were hydrolysed in 2 M HCI at 100°C for 
16 h and the hydrolysate was subjected to paper electrophoresis to separate 
O-phosphoserine and O-phosphothreonine [1,17]. The amount of radioactivity 
in [32 p] serine and [32 p] threonine spots was counted in toluene scintillation 
solvent. 

Results 

Enzyme purification 
The cytosol protein kinase preparation from Tetrahymena pyriformis was 

resolved by DEAE-cellulose chromatography into two distinct peaks of enzyme 
activity (Fig. 1). The activity of protein kinase II was greatly stimulated 
(7--9-fold) by cyclic AMP whereas protein kinase I was activated to a much 
smaller extent (1.5-fold). Approximately 90% of the cytosol protein kinase 
activity was associated with protein kinase II. Rechromatography on DEAE-cel- 
lulose yielded a single peak of activity with each enzyme preparation. Protein 
kinase II (fractions 24 to 34) was purified to 80-fold as compared to the 
homogenate of Tetrahymena cells, and in the subsequent studies this prepara- 
tion was used to evaluate certain properties of the enzyme. 
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Fig.  1. S e p a r a t i o n  o f  t w o  c y t o s o l  p r o t e i n  k inases  (I a n d  I I )  o f  e x p o n e n t i a l l y  g r o w i n g  (24  h cu l tu re )  
Tetrahyrnena pyriformis b y  c h r o m a t o g z a p h y  o n  DEAE-ce l lu lose .  An  a l i q u o t  o f  25/41 of  e a c h  ~zaction was  
a s say ed  for  pro t e i n  k inase  act iv i ty  in the  p r e s e n c e  and a bsence  of  cycl ic  AMP b y  the  s tandard assay  

m e t h o d .  
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Enzy me properties 
The amount  of  histones phosphorylated by  protein kinase II increased 

linearly with t ime for a period of  at least 40 min in the presence or absence of  
cyclic AMP. The rate of  phosphorylat ion of  calf thymus  histones also increased 
linearly as the amount  of  the enzyme in the assay mixture was increased to 330 
units. 

The effect  of  varying concentrat ions of  histones on the activity of Tetra- 
hymena protein kinase II was examined. The Km value for histones of  kinase II 
was 0.6 mg per ml when assayed in presence or absence of  cyclic AMP. The V 
value was increased f rom 13.3 to 147.1 units by  the addition of  cyclic AMP. 
The Km value for ATP of the Tetrahymena protein kinase II was 3.1 pM, when 
assayed in presence or absence of  cyclic AMP. V increased from 16.6 to 200.0 
units with the addition of  cyclic AMP. The enzyme had high activity in the 
acidic pH range and maximal activity was observed between pH 5.5 and 6.0. 
The pH vs activity curves of  the enzyme in the presence and absence of  cyclic 
AMP were nearly identical. The enzyme was stable to heat t reatment  at 40°C 
for 15 min. A further increase in temperature  rapidly inactivated the enzyme 
and the enzyme lost its activity when heated at 60°C for 15 min. The heat 
sensitivity of  the enzyme was similar in the presence and absence of  cyclic 
AMP. 

The effects of  various cyclic nucleotides on the activity of  Tetrahymena 
protein kinase II were evaluated. At lower concentrations of  cyclic nucleotides, 
cyclic AMP was most  effective for the activation of  protein kinase II (approx. 
10-fold increase), as compared to the other  cyclic nucleotides. However, at 
higher concentrat ions (1 • 10 -4 M) all the cyclic nucleotides stimulated the ac- 
tivity of  protein kinase II to nearly the same extent.  The apparent K m values of  
the enzyme for cyclic AMP, cyclic GMP, cyclic UMP and cyclic CMP were 0.01 
gM, 2.5 #M, 2.5 tiM and 5.0 tiM, respectively. 

The rates of  phosphorylat ion of  various protein substrates by Tetra- 
hymena protein kinase II were compared (Table I). The results demonstrate 
that  protein kinase II phosphorylates histones at much faster rates than those 
for protamine, phosvitin and casein. Histones from Tetrahymena pyriformis 
were phosphorylated at a slightly lower rate than that  in calf thymus histones. 
Proteins in intact r ibosomes of  Tetrahymena were potential  substrates for the 
isolated cytosol  protein kinase II whereas proteins of  intact nuclei and mito- 
chondria were relatively ineffective as substrate for the cytosol  enzyme. Cyclic 
AMP augmented the rates of  phosphorylat ion of  all the proteins by protein 
kinase II. 

32 P-labeled calf thymus  histones obtained by  phosphorylat ion with pro- 
tein kinase II were fractionated by  polyacrylamide gel electrophoresis (Fig. 2). 
The major protein peaks were designated according to the notat ion of  Johns 
[18] and were previously identified by  comparing their electrophoretic mobil- 
ities with those of  pure histone fractions obtained from rat liver and HeLa cells 
by  the method of  Johns [18] .  Whereas Tetrahyrnena protein kinase II caused 
the phosphorylat ion of  all the histone fractions, F2b histone was the most  
heavily phosphorylated fraction. Cyclic AMP coordinately stimulated the rates 
of  phosphorylat ion of  all the histones by  protein kinase II. 32 P-labeled calf 
thymus  histones were further studied by amino acid analysis. The 32p was 
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T A B L E  I 

S U B S T R A T E  S P E C I F I C I T Y  O F  T E T R A H Y M E N A  P R O T E I N  K I N A S E  II 

S t a n d a r d  a s say  c o n d i t i o n s  w e r e  u s e d  e x c e p t  f o r  t h e  v a r i a t i o n  in  t he  a m o u n t  a n d  n a t u r e  o f  p r o t e i n  sub-  

s t r a t e .  

S u b s t r a t e  A m o u n t  Re la t i ve  a c t i v i t y  (%) 
o f  p r o t e i n  
(#g)  +cyc l i c  AMP - - c y c l i c  A M P  

Ca l f  t h y m u s  2 5 0  1 0 0  a 13  
5 0  53  6 

Case in  2 5 0  3 4  6 
5 0  17  3 

Tetrahymena h i s t o n e s  b 2 5 0  9 2  13 
5 0  4 4  6 

P z o t a m i n e  2 5 0  8 5  1 2  
5 0  4 0  5 

P h o s v i t i n  2 5 0  0 0 
5 0  0 0 

a E n z y m e  a c t i v i t y  w a s  I I 0  un i t s .  
b Tetruhymena h i s t o n e s  w e r e  e x t r a c t e d  f r o m  t h e  i s o l a t e d  n u c l e a r  pe l l e t  w i t h  0 . 2 5  M HCI a t  4 ° C  f o r  
4 h a n d  t h e  s u s p e n s i o n  w a s  c e n t r i f u g e d  a t  2 7  0 0 0  X g f o r  3 0  r a i n  [ 1 1 ] .  T h e  s u p e r n a t e  c o n t a i n i n g  
h i s t o n e s  w a s  d i a l y z e d  e x t e n s i v e l y  a g a i n s t  d e i o n i z e d  w a t e r  a t  4 ° C  a n d  f ina l ly  l y o p h f l i z e d .  

distributed between the serine (54%) and threonine (46%) residues of histones. 
Cyclic AMP augmented the rates of incorporation of 32 p into serine and thre- 
onine residues by protein kinase II to the same magnitude. 

The presence of a specific cyclic AMP-binding protein in Tetrahymena 
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Fig. 2. E l e c t ~ o p h o r e t o g r a m  r a d i o a c t i v i t y  p r o f i l e s  o f  c a l f  t h y m u s  3 2 p d a b e l e d  h ~ t o n e s ,  p b o s p h o r y l a t e d  b y  
Tetrahyrnena p r o t e i n  k ina se  II in v i t ro ,  in  t h e  p r e s e n c e  (¢ --) a n d  a b s e n c e  (o • o)  o f  c y c l i c  AMP.  
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protein kinase II was demonstrated by using the assay procedure described 
previously [1]. The conversion of the cyclic AMP-dependent protein kinase to 
a cyclic AMP-independent protein kinase was demonstrated by DEAE-cellulose 
chromatography of the enzyme [1] in the presence of 1 • 10 -6 M cyclic AMP. 
These observations are compatible with the view that the Tetrahymena cyclic 
AMP-dependent protein kinase, like the protein kinases of many animal tissues, 
is an inactive complex of a regulatory subunit (R) and a catalytic subunit (C) and 
cyclic AMP activates the enzyme by its specific binding with the regulatory 
subunit thereby causing its dissociation from the active catalytic subunit [1,19-- 
24].  

Subcellular distribution of protein kinase 
The enzyme activity was measured in subceUular fractions of Tetrahy- 

mena pyriformis isolated by differential sedimentation. Table II shows that 
approximately 75% of the total protein kinase activity of the cell was recovered 
in the cytosol fraction although smaller amounts of enzyme were associated 
with nuclei, mitochondria and microsomes. For the phosphorylation of his- 
tones, organelle-bound protein kinases were activated by cyclic AMP to a much 
smaller extent (20--70% increase) than the cytosol enzyme (130% increase). 
Results similar to those in Table II were also obtained when the purified 
organelles were isolated from Tetrahymena by zonal centrifugation through a 
linear sucrose gradient [25].  It was further observed that intrinsic protein 
kinase activities in the purified nuclei, mitochondria and ribosomes can cause 
the phosphorylation of the endogenous phosphoproteins and these reactions 
were not  influenced by cyclic AMP. 

Protein kinase activity during the growth cycle of Tetrahymena 
Protein kinase measured during a normal unsynchronized growth cycle of 

the organism shows a striking decrease (approx. 4-fold) in the specific activities 

T A B L E  II 

S U B C E L L U L A R  L O C A L I Z A T I O N  O F  P R O T E I N  K I N A S E  A C T I V I T Y  IN T E T R A H Y M E N A  P Y R I F O R -  
MIS 

Cells f r o m  a n  exponent ia l ly  growing c u l t u r e  (24-h )  o f  Tetrahymena w e r e  harvested and h o m o g e n i z e d  in  
0 . 2 5  M suc rose  c o n t a i n i n g  0 . 4  m M  Tris  • HC1 b u f f e r ,  p H  7 .4  a n d  0 .1  m M  E D T A  in  a m o t o r - d r i v e n  P o t t e r -  
E lveh jem h o m o g e n i z e r .  T h e  h o m o g e n a t e  w a s  c e n t r i f u g e d  a t  1 0 0 0  × g f o r  1 0  r a i n  to sediment  nuclei  and 
t h e  r e s u l t i n g  s u p e r n a t e  w a s  c e n t r i f u g e d  a t  8 0 0 0  × g f o r  1 0  r a i n  to isolate mitochondria .  Microsomes were  
i s o l a t e d  f r o m  the  s u p e r u a t e  b y  c e n t r i f u g a t i o n  a t  1 1 0  0 0 0  × g f o r  6 0  ra in .  R i b o s o m e s  were  i s o l a t e d  f r o m  
t h e  c r u d e  m i c r o s o m a l  p e l l e t  b y  t r e a t m e n t  w i t h  sodium deoxycho la te  and purified f u r t h e r  b y  t r e a t m e n t s  
w i th  v a r y i n g  c o n c e n t r a t i o n s  o f  MgCI 2 a n d  N H 4  CI [ 1 2 ] .  All  t h e  p a s t i c u l a t e  f r a c t i o n s  w e r e  washed twice in 
t h e  h o m o g e n i z i n g  b u f f e r .  T h e  a c t i v i t y  o f  p r o t e i n  k ina se  w a s  m e a s u r e d  b y  the  s t a n d a r d  assay  m e t h o d .  

S u b c e l l u l a r  P r o t e i n  k i n a s e  a c t i v i t y  Spec .  ac t ,  
f r a c t i o n s  (% d i s t r i b u t i o n )  (units/ /~g p r o t e i n )  

---cyclic AMP +cyc l i c  A M P  ---cyclic A M P  +cyc l i c  A M P  

H o m o g e n a t e  1 0 0  1 0 0  5 .3  10 .8  
N u c l e i  5 .7  4 .9  3 .8  6 .7  
Mitochondria  17 .8  13 .0  3 .0  4 .5  
M i c r o s o m e s  4 .1  2 .5  1 .2  1 .5  
S u p e r n a t e  7 2 . 4  79 .6  1 3 . 0  2 9 . 5  
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Fig .  3.  Specif ic  activities o f  p r o t e i n  k i n a s e  i n  Tetrahyrnena pyriforrnis d u r i n g  a n o r m a l  g r o w t h  cyc le .  

Prote in  kinase  activity was  m e a s u r e d  b y  t h e  s t a n d a r d  assay  m e t h o d  i n  p r e s e n c e  (e  e )  and absence  
(o ~) o f  c y c l i c  AMP.  

F ig .  4.  E f f e c t  o f  s y n c h r o n i z a t i o n  o f  Tetrahymena pyriformis o n  the specif ic  a c t i v i t y  o f  p r o t e i n  k ina se .  

The s y n c h r o n o u s  ce l l  d i v i s i o n  wa s  induced  in Tetrahymena cells b y  the p r o c e d u r e  d e s c r i b e d  i n  M a t e r i a l s  

and Methods  and p r o t e i n  k i n a s e  a c t i v i t y  was  m e a s u r e d  b y  t h e  s t a n d a r d  assay  p r o c e d u r e .  

of both the cyclic AMP-dependent protein kinases within the first 8 h of 
growth (Fig. 3). Subsequently during the log phase of growth a dramatic in- 
crease occurs and the maximal specific activity of the enzyme is attained at 
24--48 h of growth. During the late log and early stationary phases of growth 
there is a slow decrease in the specific activity of the enzyme. Both cyclic 
AMP-independent and -dependent protein kinases show these changes. 

Since marked changes in the specific activity of protein kinase occurred 
during the log growth phase of Tetrahymena, it was of interest to measure the 
activity of the enzyme in a synchronized cell culture and relate the level of 
protein kinase to the cell cycle. There was a rapid increase in the specific 
activity of protein kinase {assayed in presence and/or absence of cyclic AMP) 
during the periods of heat-shocks which are prerequisites for induction of 
synchronous division in Tetrahymena pyriformis (Fig. 4). The specific activity 
of the protein kinase increased by approximately 40% and 75%, respectively, at 
the end of 2nd and 4th heat-shocks. Subsequently the activity of the enzyme 
increased slowly and by the end of first synchronous cell division the activity 
of protein kinase had increased approximately 100%. 

In order to evaluate whether the increase in specific activity of protein 
kinase in Tetrahymena during heat-induced synchronization represents merely 
an activation of the existing protein kinase molecules or is due to new protein 
synthesis, the synchronization of the organism was carried out in presence or 
absence of cycloheximide, a potent inhibitor of protein synthesis. The addition 
of cycloheximide to the culture medium completely prevented the induction of 
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protein kinase in the heat-induced synchronized culture. This indicates that the 
increase of protein kinase activity in the synchronized cells requires concomi- 
tant synthesis of protein. 

Relationship of protein kinase activity to cyclic AMP levels and phosphoryla- 
tion of proteins 

The results on the incorporation of 3 2 Pi into phosphoproteins of Tetra- 
hymena during the growth cycle is shown in Fig. 5. A striking feature of these 
data is that cells during lag phase of  the growth cycle (0--4 h) showed the 
highest rate of incorporation of 32 p into phosphoproteins of histones, nuclear 
acidic proteins, mitochondria, ribosomes and cytosol. 

The ability of these cells to incorporate 32 p into proteins decreased pro- 
gressively with the advance of the growth cycle. Such decrease in the amount  
of 32 p incorporated was most dramatic (4--15-fold) during the early log phase 
of the growth cycle. Of all the phosphoproteins tested, mitochondrial proteins 
were most heavily phosphorylated and histones were least phosphorylated 
during the entire growth cycle. Amino acid analysis of the 32 P-labeled orga- 
nelle-bound proteins demonstrated that  32p was incorporated into the serine 
and threonine residues of these proteins and the ratios of the radioactivity in 
[32P]serine and [32p]threonine were 1.1, 0.3, 1.0, 0.9 and 0.4 for histones 
and nuclear acidic, mitochondrial, ribosomal and cytosol proteins, respectively. 
These results indicate that the observed variation in the net  rate of incorpora- 
tion of 32p into proteins during the growth cycle of Tetrahymena reflects 
differential rate of phosphorylation of phosphoproteins. 

The temporal relationship of protein kinase activity in Tetrahymena 
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Fig.  5. Rate  o f  i n c o r p o r a t i o n  o f  3 2 p  i i n t o  mul t ip l e  c lasses  o f  p h o s p h o p r o t e i n s  b y  i n t a c t  Tetrahymena 
pyriforrni8 d u r i n g  g r o w t h  cyc l e .  Each  p o i n t  in th e  i n c o r p o r a t i o n  curve  represents  the  a m o u n t  o f  i s o t o p e  
i n c o r p o r a t e d  during t he  p r e c e d in g  4 h period.  
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Fig. 6. Specific activities of prote in  kinase (assayed in presence of cyclic AMP, • e) in relat ion to 
levels of cyclic AMP (4 4), and the rates of phosphory la t ion  of to ta l  phosphoprote ins  (~ D) in 
Tetrahymena pyriformis during growth cycle. Activity of pro te in  kinase was measured by the standard 
assay method.  Each poin t  in pro te in  phosphory la t ion  represents the incorporat ion of 321) dttring the 
preceding 4 h period. Total  321*-labeled phosphoprote ins  were isolated from whole homogenates  of 
321*-labeled cells by the procedure described in Materials and Methods. 

during the growth cycle to levels of cyclic AMP and rates of phosphorylation of 
proteins was evaluated (Fig. 6). The concentration of cyclic AMP was highest in 
10-h cultures (earliest period examined). Subsequently with the advance of the 
log phase there was a marked decrease in the level of cyclic AMP and at the end 
of 48 h of culture the level of cyclic AMP declined by approx. 5-fold. The 
pattern of change in the concentration of cyclic AMP in Tetrahymena during 
growth cycle strongly suggests that the level of cyclic AMP may be near maxi- 
mal during the lag phase of growth. Thus the lag phase of the growth cycle 
which is characterized by a high rate of phosphorylation of multiple classes of 
organelle-specific phosphoproteins is temporally associated with a high level of 
cyclic AMP and a rapidly declining level of cyclic AMP-dependent protein 
kinase activity which may be undergoing rapid turnover. Subsequently with the 
advance of the log phase there was a marked decrease in the level of cyclic AMP 
and the amount of phosphorylation of multiple classes of proteins in contrast 
to a sharp increase in the specific activity of cyclic AMP-dependent protein 
kinase. 

Discussion 

The present studies demonstrate the presence of a cytosol protein kinase 
II in Tetrahymena pyriformis which is specifically activated by cyclic AMP. 
Protein kinase II represents approximately 90% of total cytosol enzyme activ- 
ity. The apparent K m of the enzyme for cyclic AMP is 1 • 10 -8 M. The enzyme 
has a high degree of specificity for the phosphorylation of histones as com- 
pared to protamine, phosvitin and casein. The enzyme (RC) consists of a regu- 
latory (R) and a catalytic subunit (C) and causes the phosphorylation of serine 
and threonine residues of all the major histone fractions. The properties of the 
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cytosol cyclic AMP-dependent protein kinase of Tetrahymena cells are striking- 
ly different from those of the cyclic AMP-independent kinase extracted from 
the Tetrahymena ciliary axonemes in relation to substrate specificity, pH opti- 
mum and Km for ATP [8]. 

An inoculum from stationary phase culture was used for the growth of 
Tetrahymena in these studies. During stationary phase of culture the cells are 
likely to be mostly in the G1 phase of cell cycle. Consequently at the onset of 
the growth cycle (lag phase) cells are expected to be mostly in the process of 
transition from G1 to S phase of cell cycle and subsequently with the progress 
of the growth cycle, the proportion of the cells undergoing transition from G1 
to S phase are likely to be reduced markedly because of the appearance of cells 
of the various other stages [26] of cell cycle and increase in the generation 
time of these cells. From the results of the present studies, it can be postulated 
that the cells undergoing transition from G1 to S phase of cell cycle have 
maximal level of cyclic AMP as compared to the cells of the other phases of the 
cell cycle. High level of cyclic AMP in these cells will cause a marked increase in 
the rate of formation of the functionally active catalytic subunit of protein 
kinase (C) by specific interaction of cyclic AMP with the cyclic AMP-depen- 
dent  inactive protein kinase complex (RC) which is metabolically stable and 
the storage form of the enzyme in the cell. The nascent catalytically active 
protein kinase, which has a high rate of turnover, will act rapidly on protein 
substrates to cause the phosphorylation of multiple classes of organelle-specific 
phosphoproteins which may be important  determinants for the progress of the 
cell cycle from G1 to S phase. Because of the high level of cyclic AMP, the cells 
towards the end of G1 phase of cell cycle will possess the highest level of 
functionally active protein kinase (C). On the other hand, the cells of the 
other phases [26] of cell cycle will possess protein kinase activity mostly in the 
form of the stored functionally inactive protein kinase complex (RC) because 
of the rate-limiting concentration of cyclic AMP and hence the rate of phos- 
phorylation of proteins will be minimal in these cells despite the presence of 
high concentration of the cyclic AMP-dependent protein kinase complex. 

The above postulation provides an explanation for the observed decrease 
in the activity of protein kinase during the early phase of the growth (Fig. 3, 
0--8 h). The subsequent sharp increase in the specific activity of the protein 
kinase during the log to early stationary phase of growth can be attributed to 
the presence of much lower proport ion of cells undergoing transition from G1 
to S phase because of the appearance of a large population of cells of the other 
phases of cell cycle which are rich in the cyclic AMP-dependent inactive protein 
kinase complex. The above hypothesis also explains the observed high amount  
of phosphorylation of specific phosphoproteins during the lag phase and the 
subsequent rapid decrease in the phosphorylation of these proteins with the 
progress of growth cycle (Fig. 5). The possible presence of a short-lived cataly- 
tically active protein kinase (C) and a relatively stable cyclic AMP-dependent 
inactive protein kinase (RC) in intact cells of Tetrahymena is supported by the 
finding that the dissociated catalytic subunit of the enzyme is highly unstable 
in vitro as compared to the cyclic AMP-dependent protein kinase. The catalytic 
subunit lost approximately 70% of its activity during storage at 4°C for 20 h, 
whereas under the same conditions of storage the cyclic AMP-dependent pro- 
tein kinase complex did not  lose any significant activity. 
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The observation that  the activity of  cyclic AMP-dependent protein kinase 
is induced rapidly in Tetrahymena during the heat-shocks which are prerequi- 
sites for the induction of synchrony in these cells extends further support to 
the view that  protein kinase which may be induced specifically in cells towards 
the end of G1 phase of cell cycle may play a pivotal regulatory role for the 
transition of cells from G1 to S phase of the cell cycle. It is, therefore, possible 
that  during the normal growth cycle the activity of protein kinase is also 
induced in Tetrahymena during the lag phase of the growth although net in- 
crease in protein kinase activity was detectable only after 8 h of culture. One 
possible explanation for this observation is that protein kinase turns over rapid- 
ly in cells undergoing transition from G1 to S phase of the cell cycle as postu- 
lated above. The Tetrahymena protein kinase thus exhibits the property of a 
regulatory protein which mediates acute adaptation to environmental stimuli; 
the enzyme is induced rapidly, it is activated by cyclic AMP and the activated 
form undergoes rapid turnover. 

According to the above hypothesis, the progress of the cell cycle is regu- 
lated by marked variations in the level of cyclic AMP which is integrated with 
switching off and on of the activity of cyclic AMP-dependent protein kinase. 
Previous observations showing that  the level of cyclic AMP changes markedly 
during the cell cycle of mammalian cells in tissue culture [27,28] and the 
postulation that a decreased level of cyclic AMP at a specific point in the cell 
cycle, the mitotic phase [28],  may trigger the cell cycle are in accordance with 
the above proposed role of cyclic AMP in the regulation of cell cycle. At 
present it is not  known how this variation in the cyclic AMP level is controlled. 
The activities of cyclic nucleotide phosphodiesterase and adenylate cyclase 
show reciprocal changes during the growth cycle of Tetrahymena [7].  The 
controls of these enzymes and the  functional role played by the phosphopro- 
teins in the regulation of cell cycles require further study. 
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