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Summary 

A protein kinase (ATP:protein phosphotransferase, EC 2.7.1.37) which 
catalyzes the phosphorylation of troponin T, phosvitin and casein has been 
purified over 2000 fold from rabbit skeletal muscle. The partial purification of 
this new enzyme, designated troponin T kinase, involves precipitation of con- 
taminating proteins at pH 6.1, fractionation of the supernatant with 
(NH4)2SO4 and successive column chromatographies on DEAE~ellulose, 
hydroxyapatite and Sepharose 6B. The chromatographic patterns on DEAE- 
cellulose and hydroxyapatite columns show two peaks of troponin T kinase 
activity. Gel filtration experiments indicate the existence of multiple, possibly 
aggregated, forms of the enzyme. The purified enzyme does not catalyze the 
phosphorylation of phosphorylase b, troponin I, troponin C, tropomyosin, 
protamine, or myosin light chain 2 nor does it catalyze the interconversion of 
glycogen synthase I into the D form. Troponin T kinase is not affected by the 
addition of cyclic nucleotides or AMP to the reaction mixture. Divalent cations 
(other than Mg 2÷, required for the reaction) do not stimulate the enzyme, and 
several are inhibitory. Other characteristics of the reaction catalyzed by 
troponin T kinase, such as Km values for ATP and substrate proteins, pH 
optima, effect of the concentration of Mg 2÷, substitution of ATP for GTP have 
also been studied. 

I n t r o d u c t i o n  

Since the first report by Bailey and Villar-Palasi [1] on the covalent phos- 
phorylation of troponin I by cyclic AMP<iependent protein kinase (ATP:pro- 
rein phosphotransferase, EC 2.7.1.37), many investigations have been per- 
formed in the field of contractile protein phosphorylation. It has been shown 
that two sites of troponin I are phosphorylated by cyclic AMP<lependent pro- 
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tein kinase and phosphorylase b kinase [2--4], and that three sites of troponin 
T may be phosphorylated by phosphorylase b kinase [4,5]. However, the 
finding that extracts of muscle from mice with phosphorylase b kinase 
deficiency are able to phosphorylate troponin T [6] suggests the existence of a 
troponin T kinase distinct from phosphorylase b kinase. 

The purpose of the present work was to study the chromatographic distribu- 
tion of the protein kinases responsible for the phosphorylation of contractile 
proteins and their relationship to known protein kinases present in skeletal 
muscle. In the course of these studies, a new specific troponin T kinase was 
detected and purified free of phosphorylase b kinase and cyclic AMP-depen- 
dent protein kinase. The substrate specificity and other properties of this 
troponin T kinase were studied. This new protein kinase differs in its substrate 
specificity from the troponin T kinase recently isolated by Dobrovol'skii et al. 
[71. 

Experimental procedures 

Protein substrates. Tropomyosin and troponins T, I, and C were prepared 
from fresh rabbit muscle. After obtaining myofibrils by the method of Perry 
and Zydow [8], the troponin-tropomyosin complex was isolated by the 
method of Hartshorne and Mueller [9]. Troponins T, I, and C were purified by 
the methods described by Eisenberg and Kielley [10] and Greaser and Gergely 
[11]. Troponin T was also prepared by the method of Wilkinson [12]. Tropo- 
myosin was isolated and purified by the procedure of Eisenberg and Kielley 
[10], followed by precipitation with Bailey's solution [13]. The purity of each 
preparation was determined by means of polyacrylamide disc gel electro- 
phoresis [14] in the presence of sodium dodecyl sulfate (Fig. 1). In all cases, 
the troponin fractions were over 95% pure. The endogenous phosphate content 
of the isolated proteins was determined by a combination of the methods of 
Ames [15] and Itaya and Ui [16]. Tropomyosin, troponin T, troponin I, and 
troponin C contained 0.16, 0.50, 0.02 and 0.05 mol of total phosphate/tool of 
protein, respectively. Phosphorylase b was prepared from rabbit skeletal muscle 
according to the method of Fischer and Krebs [17]. Myosin light chain 2 was 
purified from rabbit skeletal muscle by the method of Holt and Lowey [18]. 
Calf thymus mixed histone (histone IIA), egg phosvitin, milk casein, s-casein, 
fl-casein, ~/-casein, salmon sperm protamine and bovine serum albumin were 
purchased from the Sigma Chemical Company. 

Enzymes. Glycogen synthase I (purified by the method of Takeda et al. 
[19], specific activity 32 pmol glucose incorporated into glycogen/mg protein 
per min) and cyclic AMP-independent synthase I kinase (prepared essentially as 
described by Itarte et al. [20], specific activity 38 nmol 32p incorporated into 
phosvitin/mg protein per 10 min) were gifts from Drs. P.J. Roach and A.A. de 
Paoli-Roach. Cyclic AMP<iependent protein kinase (purified according to 
Huang and Huang [21], specific activity 425 #mol 32p incorporated into 
histone/mg protein per min) was donated by Dr. L.C. Huang. 

Assay methods. Incubations were carried out at 30°C in a total volume of 
100 pl. The composition of the assay mixtures was as follows: for cyclic AMP- 
dependent protein kinase: 0.1 mM [~'-32P]ATP, 1 mg histone IIA/ml, 5 mM 
MgC12, 40 mM Tris-HCl (pH 7.5), 30 mM 2-mercaptoethanol, and 5 ~M cyclic 
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Fig. I. Polyacrylamide (10% gels) gel electrophoresis in the presence of sodium dodecyl sulfate of samples 
of troponin T (left), troponln I (middle) and troponin C (right). 20 pg of each sample were applied to 
each gel. The protein bands were stained with Coomassie blue. 

AMP (as indicated). For phosphorylase b kinase: 0.1 mM [~/32P]ATP, 1 mg 
phosphorylase b/ml, 10 mM MgCI:, 90 mM Tris-HC1 (pH 8.0), 30 mM 2-mer- 
captoethanol. The phosphorylation reaction mixtures for troponins, tropo- 
myosin, phosvitin, casein and other protein substrates were as follows: 0.1 mM 
[~/3~P]ATP, 5 mM MgC12, 30 mM Tris-HC1 (pH 8.0), 90 mM KC1, 5 pM cyclic 
AMP (as indicated) and one of the following: 0.9 mg troponin T/ml, 1.1 mg 
troponin I/ml, 1.5 mg troponin C/ml, 1.1 mg tropomyosin/ml, 1 mg phosvitin, 
casein, or others/ml. The specific radioactivity of the [732P]ATP was 33--135 
cpm/pmol, unless otherwise indicated. For the assay of the effects of ATP con- 
centration of the activity, the specific radioactivity was 935 cpm/pmol. Each 
reaction was started by the addition of 10 pl enzyme solution diluted appro- 
priately. All assays were linear and proportional to the amount of enzyme 
tested under these conditions. At the end of the incubation, 75-~1 aliquots of 
the reaction mixtures were spotted onto 2 × 2 cm squares of Whatman ET 31 
paper, which were then washed successively with 20% trichloroacetic acid, 10% 
trichloroacetic acid (twice), 5% trichloroacetic acid (twice) 50% ethanol/ 
diethyl ether and diethyl ether alone. The washed papers were dried and placed 
in vials containing 10 ml of toluene/0.5% 2,5<liphenyloxazole scintillator. The 
radioactivity of the samples was measured with a liquid scintillation counter 
(Beckman, Model LS-3133). The degree of phosphorylation was calculated by 
subtracting radioactivity incorporated in each sample in the absence of sub- 
strate from the radioactivity incorporated in the presence of the substrate. For 
the assays of glycogen synthase interconversion, the following method was 
used. 5 pl of purified rabbit skeletal muscle synthetase I (equivalent to 10 pg 
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enzyme) were mixed with 25 pl of  a solution containing 60 mM Tris-HC1, pH 
7.8, 2 mM ATP, 12 mM MgC12, and 0.1 mM EGTA. To this mixture, one of the 
following was added: 10 ~l of water, 10 pl of  purified cyclic AMP-independent 
synthase I kinase (0.7--0.8 mg/ml), 10 pl of  cyclic AMP<lependent protein 
kinase (1.1. mg/ml) containing 5 pM cyclic AMP, or 10 pl of  purified troponin 
T kinase (1.2 mg/ml). Immediately after mixing at 0°C, and also after 30 and 
60 min of  incubation at 30°C, samples of  5 ~l of  each mixture were diluted 
with 500 t~l of 50 mM Tris-HC1, pH 7.8, containing 20 mM KF, 5 mM EDTA, 
2 mM EGTA and 1 mg rabbit liver glycogen/ml, at 0°C. Aliquots of  these 
diluted samples were used for the assay of  glycogen synthase activity by the 
method of Thomas et al. [22]. The decrease in the ratio of  the activity in the 
absence of glucose 6-phosphate to that in the presence of  this activator 
(originally 95 -99%)  was used as index of the interconverting activity of  each 
enzyme preparation used. 

Other methods. [~/-32P]ATP was prepared by the method of  Glynn and 
Chappell [23]. [7-32P]GTP {1.85 Ci/mmol) was purchsed from Amersham 
Corporation. Protein concentrations of the solutions of troponins T, I, and C 
were determined spectrophotometrically by the method of  Eisenberg and 
Kielley [10],  and those of  other proteins by the method of Lowry et al. [24] 
with bovine serum albumin as standard. 

Materials. DEAE-cellulose (DE-52) was purchased from Whatman. Hydroxy- 
apatite (Bio-Gel HTP) was obtained from Bio-Rad Laboratories. Sepharose 6B 
and Ficoll were purchased from Pharmacia Fine Chemicals. 

Results 

Resolution of  various protein kinases by column chromatography 
All procedures were carried out  at 4°C. 100 g fresh rabbit back muscle were 

ground and homogenized for 1 min in a Waring Blendor with 20 mM Tris-HC1, 
2 mM EDTA, 15 mM 2-mercaptoethanol (pH 7.5, buffer  1). The homogenate 
was centrifuged at 20 000 ×g for 40 min and the supernatant fluid filtered 
through glass wool. The filtrate was diluted with an equal volume of glass 
distilled water and was applied to a DE-52 column (2.2 ~< 22 cm) previously 
equilibrated with buffer 1. After washing the column with the same buffer, elu- 
tion was performed with a 600 ml linear concentration gradient of  0- .300 mM 
NaC1 in buffer 1. 7.5-ml fractions were collected and analysed for various pro- 
tein kinase activities (Fig. 2). Hist0ne phosphorylating activity was resolved 
into three peaks. The activities of  the first and the third peaks were stimulated 
by cylic AMP (Fig. 2A}; therefore, they correspond to the two cyclic AMP- 
dependent  protein kinase (types I and II) isoenzymes. Phosphorylase b kinase 
appeared as a single, broad peak with a maximum coinciding with the second 
peak of cyclic AMP-dependent protein kinase (Fig. 2A). 

The ability of the different fractions to catalyze the phosphorylation of  
t ropomyosin and troponins T, I, and C was also tested (Fig. 2B). Tropomyosin 
and troponin C were not appreciably phosphorylated by any fraction. 
Troponin I phosphorylation was observed with two peaks, corresponding to the 
elution positions of the first cyclic AMP-dependent protein kinase and the peak 
containing both the second cyclic AMP-dependent protein kinase and phos- 
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Fig. 2. DE-52 c h r o m a t o g r a p h y  of  r abb i t  skeletal  musc le  ex t rac t .  (A)  Act iv i t ies  of phosphory l a se  b kinase  
(X) and cycl ic  A M P - d e p e n d e n t  p ro t e in  kinase in the  p resence  (e)  and absence  (c )  of  5 pM cyclic AMP. 
For  the  assay,  10 pl of  each  f rac t ion ,  d i l tued  1 : 10, were  used.  (B) Ph o sp h o ry l a t i o n  of  t r o p o n i n  T (e) ,  
t r o p o n i n  I (in the  p resence  of  5 ~M cyclic  AMP) (o) ,  t r o p o n i n  C (A), and t r o p o m y o s i n  (X). l~ractions 
d i lu ted  1 : 5, 10/~l we re  used  for  the  assay.  The  o rd ina te  indica tes  p m o l  p h o s p h a t e  i n c o r p o r a t e d  into each 
substrate//~l of  und i lu t ed  e lua te  f rac t ion  a f te r  90  m i n  i n c u b a t i o n  . . . . .  p ro t e in  c o n c e n t r a t i o n .  

phorylase b kinase. This is expected in view of the reports of  troponin I phos- 
phorylat ion by these two kinases [2--4].  Likewise, the phosphorylating activity 
towards troponin T was resolved into two regions, a small shoulder corre- 
sponding with the phosphorylase b kinase maximum, and a larger peak which 
eluted at a higher salt concentration (fraction 61). The small shoulder may be 
explained by the reported phosphorylat ion of  t roponin T by phosphorylase b 
kinase [4,5] bu t  the main peak did not  correspond with the maximum of any of 
the other  kinases tested, suggesting, therefore, the existence of  a specific kinase 
for t roponin T. 

Purification of troponin T kinase 
Back muscle of  three rabbits was ground and homogenized for 1 min in a 

Waring Blendor with ice-cold 4 mM EDTA (pH 7.0). All operations were 
carried out  at 0--4°C. The homogenate was centrifuged at 4000 ×g for 40 min 
and the supernatant fluid was filtered through glass wool.  The pH of the 
extract was adjusted to 6.1 by the dropwise addition of  1 N acetic acid; the sus- 
pension was stirred for 10 min and was centrifuged at 4000 ×g for 30 min. The 
pH of the resulting supernatant fluid was then adjusted to 7.0 with 1 M Tris 
base. Solid (NH4)2SO4 was added slowly while stirring to bring the solution to 
35% saturation; the mixture was maintained at pH 7.0 by  addition of NH4OH. 
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After stirring for 30 min, the suspensions was centrifuged at 4000  ;~g for 30 
min. The supernatant fluid was brought to 70% saturation by the further addi- 
tion of  solid (NH4)2SO4, while maintaining the pH at 7.0 with NH4OH. After 
stirring for 30 rain, the suspension was centrifuged at 4000  × g  for 30 min. 
The precipitate was dissolved in 20 mM Tris-HC1 (pH 7.5), 2 mM EDTA, 1 mM 
dithiothreitol, 0.15 M NaC1 (buffer 2). After dialysis against two changes of 
buffer 2, the dialyzed sample was diluted with water in order to bring the 
conductivity of  the solution to that of  buffer 2. Cyclic AMP was added (final 
concentration 0.1 mM) to the diluted sample in order to dissociate the cyclic 
AMP-dependent protein kinase. This solution was then applied to a DE-52 
column (4 × 25 cm) previously equilibrated with buffer 2 /10  gM cyclic AMP 
(12.9-ml fractions). The column was washed with buffer 2 /10  pM cyclic AMP 
and the enzyme eluted using a linear gradient of  0 .15--0.3  M NaCl in 20 mM 
Tris-HC1 (pH 7.5), 2 mM EDTA, 1 mM dithiothreitol (Fig. 3). The fractions 
5 4 - 8 5 ,  containing troponin T kinase activity, were combined and dialyzed 
four times against 20 mM potassium phosphate buffer (pH 7.5), 0.5 mM dithio- 
threitol (buffer 3). The dialyzed sample was applied to a hydroapatite column 
(1 .53× 17 cm) equilibrated with buffer 3 and the column was washed with the 
same buffer (3.9-ml fractions). Then, a linear 300 ml gradient of  20- -250  mM 
potassium phosphate (pH 7.5), 0.5 mM dithiothreitol was applied to the 
column in order to elute the enzyme. Fractions 40--61 (Fig. 4) were combined 
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Fig. 3. D1~-52 column chromatography  of ( N H 4 ) 2 S O  4 f ract ion.  The d ia lyzed ( N H 4 ) 2 S O  4 f ract ion ( 3 5 - -  
7 0 % ) ,  w i t h  cycl ic A M P  added to a concentra t ion  of  0.1 raM,  was appUed to a 4 .0  X 24 em D E - 5 2  column 
equi l ibrated w i t h  buf fer  2 / 1 0  /~M cyclic A M P .  A f t e r  the co lumn had been washed w i th  1 2 5 0  m!  of  bu f fe r  
2 / 1 0  /~M cyclic A M P ,  the co lumn was eluted w i t h  a 1 7 0 0  ml l inear gradient of 0 . 1 5 - - 0 . 3 0  M NaCl  in 20  
m M  Tr is-HCl  (pH  7 .5 )  2 m M  E D T A ,  1 m M  d i th io thre i to l  (12 .9-m1 fract ions) .  Phosphorus incorporat ion 
into t~oponin T (e ) ,  p h o s v i t i n  (¢:), p h o s p h o r y l a s e  b (X)  and mixed  histone (z~) in the presence of  5 /~M 

cycl ic A M P / 3 0  rain was measured wi th  the standard react ion mix ture  by  employing 10 /z l  eluate.  Prote in  
concentra t ion  ( . . . . . .  ) was determined by  the method  of L o w r y  et all. [ 2 4 ] .  
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Fig. 4. H y d r o x y a p a t i t e  c o l u m n  c h r o m a t o g r a p h y  of  the DE-52  c o l u m n  f rac t ion .  The  DE-52  c o l u m n  f rac t ions  
54 - -85  were  c o m b i n e d ,  d ia lyzed  and  appl ied  to  a 1.5 X 17 cm h y d r o x y a p a t i t e  c o l u m n  equi l ib ra ted  wi th  
20  mM po ta s s ium p h o s p h a t e  b u f f e r  (pH 7 .5) ,  0 .5 mM d i th io th re i to l .  Af t e r  washing the  c o l u m n  wi th  130 
ml  of the above  buf fe r ,  the c o l u m n  c h r o m a t o g r a p h y  was  p e r f o r m e d  by a 300 ml  l inear  g rad ien t  of  2 0 - -  
250 mM po t a s s i um  p h o s p h a t e  buf fe r  (pH 7.5) ,  0 .5  m M  d i th io th re i t o l  (3 .9-ml  f rac t ions) .  Th e  assay mix-  
ture  con ta ined  5/Jl  e lua te  in the s tandard  r eac t ion  m i x t u r e ,  and the  i n c u b a t i o n  was  carr ied ou t  for  30 
rain.  P h o s p h o r u s  i n c o r p o r a t e d  dur ing  30 rain i ncuba t ion  into t r o p o n i n  T (e ) ,  phosv i t in  (o) ,  p h o sp h o ry l a se  
b (X), and  m i xed  h l s tone  (A) in the  p resence  of  5 pM cyclic AMP is s h o w n  respec t ive ly .  Pro te in  concen t r a -  
t ion  also is given ( . . . . . .  ). 

and concentrated by  dialysis against solid Ficoll and then against 20 mM 
potassium phosphate buffer  (pH 7.5), 2 mM EDTA, 4 mM dithiothreitol,  50% 
glycerol. The concentrated enzyme (4.4 mg protein/ml) was stored at --20°C 
without  freezing. This preparation was used for most  of the kinetic studies. 

• 50% of the activity was lost in 2 months under these conditions. 
One port ion of  the concentrated enzyme (3.3 mg protein) was applied to a 

Sepharose 6B column (2.5 × 88 cm) equilibrated with 20 mM potassium buffer 
(pH 7.5), 1 mM dithiothreitol (3.9-ml fractions, flow rate 0.16 ml/min). Frac- 
tions 36--46, 47--52,  53--56, 57--62 and 6 3 - 6 8  were combined separately as 
Sepharose fractions I, II, III, IV, and V, respectively (Fig. 5). Troponin T 
kinase activity was accompanied in every fraction by phosvitin and casein phos- 
phorylating activities. After polyacrylamide gel electrophoresis in the presence 
of  SDS [14],  the best purified enzyme fractions showed a main protein band, 
consistently present in every preparation and several faint bands. Therefore, 
these preparations were not  homogeneous.  Table I is a summary of the purifica- 
tion of t roponin T kinase and the removal of  other contaminating protein 
kinases. 

Gel electrophoresis of Troponin T phosphorylated with purified troponin T 
k inase 

Troponin T was incubated in the normal t roponin phosphorylat ion reaction 
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Fig. 5. Sepharose  6B gel f i l t rat ion of the e n z y m e .  The  e n z y m e  purif ied by h y d r o x y a p a t i t e  Coiumn 
c h r o m a t o g r a p h y  (24 n m o l  p h o s p h o r u s  inco rpora t ed  into t r opon in  T/ ra in)  was c o n c e n t r a t e d  to 5"ml and 
3.3 mg  pro te in  (6.7 n m o l  p h o s p h o r u s  incorpora ted  into t r opon in  T / m i n )  was applied to a Sepharose  6B 
c o l u m n  (2.5 × 88 cm )  equi l ibra ted  wi th  20 mM potass ium p h o sp h a t e  bu f f e r  (pH 7.5) ,  I mM di thio-  
th re i to l  (3 .9-ml  fract ions;  flow ra te  0 .16 m l / m i n ) .  T r o p o n i n  T (o) and phosvi t in  (~) were  incuba ted  for  
30 min  with 10 pl eluate in the s tandard  reac t ion  mix tu re .  Prote in  c o n c e n t r a t i o n  is also given ( . . . . . .  ). 

mixtured with [7-32P]ATP and purified troponin T kinase (hydroxyapati te  
column fraction). After incubation, the reaction mixture was analyzed by 
means of SDS-polyacrylamide gel electrophoresis (Fig. 6A). Essentially all the 
radioactivity incorporated was recovered in a protein band with a R F = 0 . 4 5 ,  

corresponding to troponin T. A very minor radioactivity band (migrating at a 
different RF) was also present in the control incubated without  troponin T 
(Fig. 6B), and, therefore, represents phosphorylation of a protein present in the 
troponin T kinase preparation and can be discounted. 

Time course of troponin T and phosvitin phosphorylation 
In order to better define assay conditions, the time courses of troponin T 

(Fig. 7A) and phosvitin (Fig. 7B) phosphorylation were determined using 
various concentrations of troponin T kinase. When less than 44 ug/ml of  
enzyme were used the amount  of phosphorus incorporated into the substrates 
was proportional to the incubation time for up to 10 min. However, incubation 
for longer than 10 rain resulted in a decreased rate of phosphorylation of both 
substrates. This was especially marked in the ease of troponin T phosphoryla- 
tion. The decrease in reaction rate appeared to be due to a change in the 
enzyme activity, rather than to the exhaustion of any other component  of  the 
reaction mixture, because (a) the time couse of phosphorylation by even the 
lowest concentration of  enzyme used (0.9 ~g/0.1 ml) showed this behavior, and 
(b) because further addition of enzyme later during the incubation increased 
the 32p incorporation into the substrate protein. Incorporation of radioactivity 
into proteins present in the enzyme preparation itself was negligible. Up to 
0.15 mol 32p phosphate was bound/mol of troponin T (over the endogenous 
0.5 mol/mol).  It is not yet  clear whether this is the true maximum value. 
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TABLE I 

SUMMARY OF THE PURIFICATION OF TROPONIN T KINASE 

Activities were determined in each case under conditions where phosphorYlation was proportional to 

enzyme concentration and time of incubation (I0 rain). Troponin I and mixed h/stone (+cAMP) phospho- 
rylating activities were measured in the presence of 5 #M cyclic AMP. All Sepharose 6B fractions were 

concentrated before the determinations of protein concentrations and enzyme activites. 

F r a c t i o n s  T o t a l  
p r o t e i n  
( rag)  

P h o s p h o r u s  i n c o r p o r a t e d  ( n m o l / m i n  p e r  f r a c t i o n ) ( y i e l d ,  %) in:  

T r o p o n i n  T r o p o n i n  Phos-  Phos-  Mixed  H i s tone  
T I v i t in  p h o r y l a s e  (+cAMP)  ( - - c A M P )  

1. C r u d e  34  5 0 0  2 6 4  2 2 7  3 6 3  86  3 0 0  5 1 0 0  1 8 9 0  
E x t r a c t  ( 1 0 0 )  ( 1 0 0 )  ( 1 0 0 )  ( 1 0 0 )  ( 1 0 0 )  ( 1 0 0 )  
2. S u p e r n a t a n t  33  9 0 0  9 7  2 0 0  2 1 7  31  0 0 0  6 4 0 0  2 2 1 0  
a t  p H  6.1 (37)  (88)  (60)  (36)  ( 1 2 5 )  ( 1 1 7 )  
3.  ( N H 4 ) 2 S O 4  14  9 0 0  52  6 8 0  10  2 4 2 0  1 0 0 0  
f r a c t i o n  ( 3 5 - -  (20)  (3)  (22)  ( 0 . 0 1 2 )  (47)  (53)  
70%)  
4.  D E - 5 2  col-  13 0 0 0  < 0 . 3  5 4 8  8 2 6 0 0  2 8 3 0  
u m n  f r a c t i o n  (2)  (13)  ( 0 . 0 0 9 )  (51)  ( 1 5 0 )  
passed  through 

F r a c t i o n  3 0 7  ~ 0 . 5  < 0 . 5  6 6 1 2 2  1 1 6  
w a s h e d  o u t  (2)  ( 0 . 0 0 7 )  (2)  (6)  

F r a c t i o n s  6 0  4 4  <:0.2 23  1 5 5 
5 4 - - 8 5  (17)  (6)  (O,OO1) (0 .1 )  (0 .3 )  
5. H y d r o x y -  12  2 4  '~0 .2  17 0 .4  0 .7  0 .7  
a p a t i t e  co l -  (9)  (5)  ( 0 . 0 0 0 5 )  (0 .01 )  ( 0 . 0 4 )  
u m n  f r a c t i o n s  
4 0 - - 6 1  
6.  S e p h a r o s e  
6B c o l u m n :  

F r a c t i o n  I 0 .5  8 ,3  <:0,1 5.3 < 0 . 1  0 .3  0 .3  
(3 .1 )  (1 .5)  ( 0 . 0 0 6 )  ( 0 . 0 1 6 )  

F r a c t i o n  II 0 .4  2 .8  <:0 . I  2 .0  <:0 . I  <:0 . I  < 0 . I  
(1.1) (0.6) 

F r a c t i o n  III 0 .6  1.8 ,~0.1 1 .3  <:0.1 <~0.1 "~0.1 
(O.7) (0 .4 )  

F r a c t i o n  IV 3.7  2 .2  < 0 . 1  1 .4  < 0 . 1  < 0 . 1  < 0 . 1  
(0.8) (0 .4)  

F r a c t i o n  V 1.4 0 .9  < 0 . 1  0 .8  < 0 , 1  < 0 , 1  < 0 . 1  
(0.3) (0.2) 

Phosphorylation of  troponin T was proportional to enzyme concentration of  
up to 2.2 ag/0.1 ml. With phosvitin as substrate, proportionality was observed 
even at 4.4 pg of  enzyme/0.1  ml. All experiments described were performed 
under conditions where the reaction rate was proportional to time and enzyme 
concentration. 

pH optima 
The opt imum pH for troponin T phosphorylation was 8.0; with phosvitin as 

substrate it was 7.0, both with rather broad activity-pH profiles. 

Effects of  protein substrate concentration on the activity 
The relationship between troponin T and phosvitin concentrations and phos- 

phorylating activity of  the purified enzyme is shown in Fig. 8. The apparent 
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Fig. 6. SDS-polyacryiamide disc gel electrophoresis o f  p h o s p h o r y Z a t e d  t r o p o n i n  T. The phosphorylation 
m i x t u r e  was  6 0  m M  Tris-HCI ( p H  8 .0 ) ,  3 0  m M  2 - m e r c a p t o e t h a n o l ,  0.1 mM [ ' y - 3 2 p ] A T P  ( 3 1 3 0  c p m /  
p m o l ) ,  2 0  m M  MgCI2;  4 .4  p g  p u r i f i e d  t r o p o n i n  T k inase  a n d  e i t he r  6 4  #g  t r o p o n i n  T (A)  o r  n o  s u b s t r a t e  
(B).  ( T o t a l  v o l u m e ,  1 0 0  /~1; f o r  6 0  ra in  a t  3 0 ° C . )  T h e  r e a c t i o n s  were  s t o p p e d  b y  the  a d d i t i o n  o f  4 0 0  pl  of  
sample  b u f f e r  (1% SDS,  1% 2 - m e r c a p t o e t h a n o l ,  1 0  m M  s o d i u m  p h o s p h a t e ,  6 M u r e a ,  p H  7 .2 ) .  A f t e r  10  
m i n  in a bo i l ing  w a t e r  b a t h ,  1 0 0  /~1 o f  e ach  s ample  ( c o n t a i n i n g  5 ~zl 0 .5% b r o m p h e n o l  b lue )  were  app l i ed  
per  gel.  • e ,  r a d i o a c t i v i t y  i n c o r p o r a t e d ;  a b s o r b a n c e  ( . . . . . .  ), a b s o r b a n e e  of  s t a ined  b a n d s .  

Fig.  7 .  T ime  cou r se  o f  t r o p o n i n  T a n d  p h o s v i t i n  p h o s p h o r y l a t i o n  b y  va r ious  a m o u n t s  o f  e n z y m e .  The  
p h o s p h o r y l a t i o n s  o f  t r o p o n i n  T (A)  a n d  p h o s v i t i n  (B) were  m e a s u r e d  b y  the  e n z y m e  a m o u n t s  o f  0 .9  (X), 
1.3 (A), 2 .2  (e ) ,  4 .4  (e) ,  2 2  (o) ,  a n d  4 4  (~) pg  in t he  r egu l a r  r e a c t i o n  m i x t u r e  (0.1 ml) .  
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Fig. 8. The e f fec t s  o f  s u b s t r a t e  p r o t e i n  c o n c e n t r a t i o n  o n  p h ,  ~horus i n c o r p o r a t i o n  i n to  t r o p o n i n  T a n d  
phosv i t in .  T r o p o n i n  T ( e )  o f  0 . 2 9 ,  0 . 5 8 ,  a n d  0 . 8 7  m g / m l ,  z;~ : phosv i t i n  (o) o f  0 . 1 7 ,  0 . 3 3 ,  0 . 6 7  a n d  1.0 
m g / m l  were  i n c u b a t e d  fo r  10  ra in  w i t h  1 .8 / ag  e n z y m e  in the  ~,,.:,dar r e a c t i o n  m i x t u r e  (0.1 ml) .  
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K m for phosvitin was 0.2 mg/ml; therefore, the phosvitin concentration used in 
the standard assay mixture (1 mg/ml) was nearly saturating. On the other hand, 
troponin T phosphorylation was proportional to the concentration of troponin 
T added up to a concentration of 0.87 mg/ml. Since troponin T is relatively 
insoluble in the test mixture, it was not feasible to determine its K m under 
the conditions used. 

Substrate specificity 
Protein substrate specificity studies of troponin T kinase are presented in 

Table II. Of all the skeletal muscle proteins tested, only troponin T was phos- 
phorylated. Acidic proteins, such as phosvitin and caseins, were also phos- 
phorylated. 

The effects of troponin T kinase on the activity of glycogen synthase were 
tested as follow: the phosvitin phosphorylating activity of troponin T kinase 
and cyclic AMP-independent synthase I kinase [19] were measured. Amounts 
of each enzyme having equivalent phosvitin phosphorylating activity (30 pmol/ 
min at 30°C, in 10 ul) were tested as described in the Experimental procedures. 
A blank without added enzyme (to correct for a small amount of endogenous 
kinase activity present in the synthase I preparation) was incubated in parallel. 
Cyclic AMP<iependent protein kinase was also tested simultaneously as a con- 
trol. Under these conditions, cyclic AMP-independent synthase I kinase was 
able to decrease the per cent synthase I from 99% to 42% in 60 min. The 
decrease observed with cyclic AMP<lependent protein kinase was from 97% 
to 23%. However, troponin T kinase did not catalyze any conversion above 
that of the water blank (from 95% to 87% in 60 min). Troponin T kinase, 

T A B L E  II  

S U B S T R A T E  S P E C I F I C I T Y  OF T R O P O N I N  T K I N A S E  

The ind ica ted  a m o u n t s  o f  substrate  l i s ted  in the  table were  incuba ted  for  10 rain wi th  0.9 #g e n z y m e  in 
the regular  reac t ion  m i x t u r e  for  t r o p o n i n  T.  Relat ive  p h o s p h o r y l a t i o n  act iv i ty  was  ex pres sed  % of  t rop-  
onin  T p h o s p b o r y l a t i o n .  

Subs t ra te  (#g/assay)  Relat ive  act iv i ty  (%) 

T r o p o n i n  T (87)  100  
Phosvit in (100)  83 
s-Casein  (100)  52 
Casein ( 100 )  39 
-,f-Casein (100) 18 
~3-Casein (100)  I 0  
Mixed h is tone  * 8 
Mixed  h i s tone  (100) ** 4 
T r o p o m y o s i n  (108)  4 
T r o p o n i n  I (102  ** 0 
T r o p o n i n  C (98)  0 
Myosin  t ight  cha in  2 (100)  0 
P ro t am i ne  (100 )  0 
Phosphory lase  b (100 )  0 
Se rum a l bum i n  (100)  0 

* Mixed his tone  p h o s p h o r y l a t t o n  in the  absence  o f  cyclic AMP. 
** Mix ed  b i s t one  or t r a p o n i n  I p h o s p h o r y l a t i o n  in the  presence  o f  5/~M cyclic  AMP. 
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therefore, was unable to catalyze the interconversion of glycogen synthase 1 
into the D form. 

Effects o f  the concentration o f  A T P  and GTP on the kinase activity 
The phosphorylation of troponin T and phosvitin was tested using several 

concentrations of ATP. When troponin T was the substrate, the reaction 
followed Michaelis-Menten kinetics, with some inhibition at high ATP concen- 
trations. The apparent Km for ATP was 35 ~M. With phosvitin as substrate, the 
kinetic results did not fit a hyperbola and no clear saturation was observed. 
From double reciprocal plots, two apparent K m values, 25 pM and 400 gM, 
could be extrapolated from linear segments of the plot. The molecular basis for 
this non-hyperbolic behavior, however, remains to be established. 

Since several phosphoproteins from various sources are phosphorylated by 
kinases able to utilize GTP [25--29], the ability of GTP to substitute for ATP 
as phosphoryl donor was investigated. When GTP (at concentrations from 0.05 
to 15 mM) was used instead of  ATP in the standard reaction mixture, no phos- 
phate incorporation into either troponin T or phosvitin was observed. 

Heat stability o f  the enzyme 
Phosphorylating activity towards troponin T, phosvitin and casein was com- 

pletely lost by preincubating the enzyme for 30 min at 60°C. Heating the 
enzyme for 30 min at 45°C resulted in a 10% decrease of these activities. 40 
min preincubation of the enzyme at 50°C resulted in 67, 70, and 81% loss of 
the original troponin T, casein and phosvitin phosphorylating activities, respec- 
tively. Troponin T and casein phosphorylating activities were, therefore, more 
stable to thermal denaturation than was the phosvitin phosphorylating activity. 

Effects o f  divalent cations and EDTA on the phosphorylating activity 
The effects of the concentration of Mg 2÷ on troponin T and phosvitin phos- 

phorylation were studied. The maximal activities towards troponin T and phos- 
vitin were observed at 5 and 1 mM of added magnesium chloride, respectively. 
In the case of phosvitin, phosphorylation was observed without addition of  
Mg ~+ to the reaction mixture. The same result was obtained using phosvitin 
dialyzed successively against 5 mM EDTA, pH 8.0 (once, 4 h) and 5 mM Tris- 
HC1, pH 8.0 (twice, 4 h each time) (Fig. 9). The phosphorylation of phosvitin 
seems to require Mg 2÷, however, because addition of 10 mM EDTA to the stan- 
dard reaction mixture containing 5 mM MgCl~ inhibited completely not only 
troponin T phosphorylation but also phosvitin phosphorylation. Clark [30] has 
reported that egg phosvitin is contaminated by Mg ~+ (10--139 g magnesium/ 
104 g phosvitin) and that  it is very difficult to remove this contamination by 
dialysis. Therefore, the phosphorylation of phosvitin in the absence of added 
Mg 2÷ may be due to the presence of this metal in the phosvitin preparation 
itself. Table III shows the effects of several divalent cations (0.5 mM) added to 
the standard assay on troponin T and phosvitin phosphorylations. None of  
them had any stimulatory effect on either phorphorylation reaction, and, 
indeed, MnC12, ZnCl2, or HgCl~ inhibited both reactions. Moreover, none of the 
divalent cations listed in Table III (at 5 mM concentrations) could substitute 
for 5 mM Mg 2~ in the standard reaction mixture. 
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Fig. 9. The e f f e c t s  o f  MgCI 2 c o n c e n t r a t i o n s  on  t r o p o n i n  T and phosv i t in  p h o s p h o r y l a t i o n s .  Phosvi t in  was 
used after  dia lyz ing it against 5 m M  E D T A  (pH 8.0)  (once ,  4 h)  and 5 mM Tris-HCl (pH 8.0)  ( twice ,  4 h 
each) .  T r o p o n i n  T (o)  and phosvi t in  (e )  we re  incubated  for 10  rain w i t h  0.9 /~g e n z y m e  in the  regular  0.1 
ml  reac t ion  m i x t u r e  conta in ing  0 - - 5 0  m M  o f  ex terna l  MgCI 2 . 

Effects of nucleotides and other compounds on troponin T and phosvitin phos- 
phory lations 

Cyclic AMP, cyclic GMP, cyclic IMP, cyclic UMP, and cyclic CMP, at con- 
centrations from 1 to 100 pM, and AMP from 10 ~M to I mM had no effect on 
either the phosphorylation of  troponin T or phosvitin. Addition of ADP to the 
standard reaction mixture containing 0.1 mM ATP resulted in clear inhibition 
of  the phosphorylation of  troponin T and phosvitin. At 0.1 mM ADP, the 
inhibition was 30--40%, and at 1.0 mM ADP the inhibition reached 80--100%, 
depending on the protein substrate used. Dithiothreitol (1--50 mM), 2-mercap- 
toethanol (1--100 mM), and N-ethylmaleimide (1--5 mM) had no effect on 
either the phosphorylation of  troponin T or phosvitin. Potassium fluoride 
produced a 20% inhibition at 10 mM, and at 50 mM the inhibition observed 
reached 85--90%. 

T A B L E  III  

T H E  E F F E C T S  OF D I V A L E N T  C A T I O N S  ON T R O P O N I N  T A N D  P H O S V I T I N  P H O S P H O R Y L A T I O N  
A C T I V I T Y  

Various  kinds  o f  c a t i o n  ch lor ides  ( 0 . 5  raM) w e r e  added  to  the  regular react ion  m i x t u r e  conta in ing  5 pM 
MgC12 and t r o p o n i n  T and phosvi t in  p h o s p h o r y l a t i o n  react ions  were  p e r f o r m e d  for  10  rain w i t h  0.5  ~g 
e n z y m e .  

Cat ion  Relat ive  act iv i ty  (%) 
(0.5 raM) 

Troponin T Phosvitin 

Contro l  100 100  
SrCI 2 106 89 
BaCI 2 104 63 
CuCI2 83 63 
CoCI 2 66 87 
CaCI 2 64  93  
MnCI 2 8 30  
ZnCl2 5 0 
HgC12 0 8 
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Discussion 

The distribution of cyclic AMP<lepcndent protein kinase, phosphorylase b 
kinase, and troponin and tropomyosin phosphorylating activities after chroma- 
tography (Fig. 2) supports the reports that troponins I and T are phos- 
phorylated by cyclic AMP<lependent protein kinase and/or phosphorylase b 
kinase, while troponin C and tropomyosin are not phosphorylated [31]. How- 
ever, the major troponin T phosphorylating activity peak was eluted later than 
the maximal activity of phosphorylase b kinase. This finding pointed to the 
possible phosphorylation of troponin T by an enzyme distinct from phos- 
phorylase b kinase. We have succeeded in the purification of a troponin T 
phosphorylating enzyme, tentatively designated as troponin T kinase. The puri- 
fied preparations of this new kinase are free of phosphorylase b kinase and 
cyclic AMP-dependent protein kinase (Table I). 

The crude muscle extract catalyzed the phosphorylation of troponin T, 
troponin I, phosvitin, phosphorylase b, and mixed histone. The activities 
towards these substrates were measured at every step of the purification. About 

of the original phosphorylase b kinase activity of the crude extract was 
removed in the pH 6.1 precipitate. Almost all of this remaining activity was 
recovered in the precipitate obtained at 35% saturation of (NH4)2SO4 (not 
shown). 

About 20% of the troponin T phosphorylating activity of the crude extract 
was retained on the DE-52 column. Under these conditions, the dissociated 
catalytic subunit of the cyclic AMP-dependent protein kinase was eluted in the 
pass-through and washout fractions. Troponin T kinase activity was eluted as 
two peaks of activity (Fig. 3). When the pooled fractions were applied to the 
hydroxapatite column and eluted, troponin T kinase activity again appeared in 
two peaks (Fig. 4). This elution pattern suggests the possible existence of two 
molecular species of the enzyme. On the other hand, troponin T kinase was 
eluted from the Sepharose 6B column in at least 5 peaks, which most likely 
represent molecular aggregates. 

Phosvitin phosphorylating activity coincided with troponin T phos- 
phorylating activity in the fraction obtained after DE-52 and hydroxyapatite 
chromatographies (Figs. 3 and 4) and Sepharose 6B gel filtration (Fig. 5). In 
every case troponin T kinase was also accompanied by casein-phosphorylating 
activity (not shown in the figures). Thus, these appear closely related activities. 

The specific troponin T phosphorylating activities of the crude extract and 
the main peak on Sepharose 6B gel filtration were 7.7 and 16 600 pmol/mg 
protein per min, respectively. Thus, troponin T kinase was purified by at least 
2156 fold (not correcting for the troponin T phosphorylating activity of phos- 
phorylase b kinase) by the methods described here. 

An evaluation of the relative troponin T phosphorylating activities of 
troponin T kinase and phosphorylase b kinase can be tentatively obtained from 
the data presented. After essentially complete removal of phosphorylase b 
kinase from the preparations (Table I, 35--70% ammonium sulfate saturation 
step), there remains 20% of the original troponin T phosphorylating activity. 
Furthermore, examination of the elution pattern of the crude extract on DE-52 
(Fig. 2) shows that the peak of phosphorylase b kinase activity coincided with 
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a small shoulder of troponin T phosphorylating activity. The main peak of 
troponin T phosphorylating activity eluted at higher salt concentrations 
(Fig. 2), coinciding with the elution pattern of troponin T kinase (Fig. 3). 
Therefore, it can be concluded that certainly no less than 20%, and probably 
over 59%, of the total troponin T phosphorylating activity in skeletal muscle 
can be accounted for by the troponin T kinase activity. 

Skeletal muscle appears to contain several protein kinases able to catalyze 
the phosphorylation of egg phosvitin [20]. One of these protein kinases, the 
major phosvitin kinase in muscle [32], catalyzes the phosphorylation of glyco- 
gen synthase I and its conversion into the D form [20,32,33], and, therefore, 
may have a physiological function. From the data presented in this paper it 
appears clear, however, that troponin T kinase and this glycogen synthase I 
kinase are different enzymes. Purified troponin T kinase was unable to catalyze 
the conversion of glycogen synthase I into the D form. Also, troponin T kinase 
was eluted from the DEAE-cellulose columns at a concentration of 0.22-- 
0.25 M NaC1 while higher salt concentrations (over 0.5 M NaC1) are required to 
elute synthetase I kinase [33]. Troponin T phosphorylating activity was as 
stable to thermal inactivation as casein phosphorylating activity, while glycogen 
synthase I phosphorylating activity is either more heat labile [33], or does not 
phosphorylate casein [32]. 

Finally, there is the question of the identity of the troponin T kinase 
reported here and that of Dobrovol'skii et al. [7]. There is only preliminary 
information about the characteristics of their protein kinase. Their data show, 
however, that histone is as good or better substrate than troponin T for their 
protein kinase, while the troponin T kinase purified by our method had little or 
no phosphorylating activity towards histone. The possible role of this new 
troponin T kinase must await further study. 
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