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C-protein, a component of the  thick  filament of 
striated muscles, becomes phosphorylated  in  response 
to  @-adrenergic  receptor  stimulation  and dephospho- 
rylated  in response to  cholinergic  receptor  stimulation 
in  heart. We have  purified  C-protein  in  high  yield  from 
cardiac muscle (-50% yield: 0.3 mg of C-protein/g of 
frozen  chicken  heart).  C-protein  has  a  molecular 
weight  on sodium dodecyl sulfate  polyacrylamide  gels 
of 155,000 but  the  native  protein  migrates as a globu- 
lar  protein of 209,000 daltons  in gel filtration on Se- 
phacryl S-300, suggesting that  it is an asymmetric 
molecule composed of a single  155,000-dalton polypep- 
tide. C-protein  from  chicken  cardiac muscle has  an 
amino  acid composition similar  to  that of C-proteins 
from  other muscles. The  purified  protein  contains  ap- 
proximately 0.2 mol  of phosphate/mol of C-protein. 
The  purified  C-protein  has  no  endogenous  protein 
phosphatase  activity  but does exhibit  protein  kinase 
activity  in  the  presence of calcium and calmodulin 
(-160 pmol of phosphate  incorporated/min/mg of  C- 
protein).  This  endogenous  kinase  catalyzes  the  incor- 
poration of approximately 1 mol of phosphate/mol of 
C-protein.  C-protein  is an excellent  substrate  for  cat- 
alytic  subunit of CAMP-dependent protein  kinase (K,  
= 4 PM, Vmax = 18.6 pmol/min/mg). Phosphorylation by 
catalytic  subunit of CAMP-dependent protein  kinase 
exhibits a broad pH optimum  between pH 8 and 9 and 
results  in  the  incorporation of up  to 3 mol of phosphate/ 
mol of C-protein.  Phosphate is incorporated  into 3-5 
different sites at both  phosphothreonine and phospho- 
serine residues. The phosphorylated  C-protein  does not 
differ  from  unphosphorylated  C-protein  with  regard 
to  Stokes  radius,  migration on  sodium dodecyl sulfate- 
polyacrylamide  gels, or UV spectrum. 

C-protein  is a component of the  thick  filament of skeletal 
and  cardiac muscle (Offer et al., 1973; Yamamoto  and Moos, 
1983).  The  function of C-protein  remains  unknown,  but  it 
has been  suggested that  C-protein may  regulate thick  filament 
length  (Koretz et al., 1982; Squire, 1981), participate in thick 
filament  structural  support (Offer et at., 1973, Pepe  and 
Drucker, 1975) or regulate  cross-bridge movement  during 
contraction (Offer et al., 1973). C-protein  has a number of 
properties which make  the suggestion that  it plays  a role in 
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regulation of contractile  activity  particularly  attractive.  For 
example, C-protein  binds to  both purified actin (Moos et al., 
1978) and myosin (Moos et al., 1975; Starr  and Offer,  1978) 
and  can affect the ability of actin  to  stimulate myosin ATPase 
(Offer et al., 1973; Moos et al., 1978 Moos and Feng, 1980; 
Yamamoto  and Moos, 1983). Although the  binding of C- 
protein  to purified actin  is  independent of calcium  ion con- 
centration (Moos et al., 19781, C-protein binding to  thin 
filaments occurs  only  in the presence of micromolar  concen- 
trations of calcium ion (Moos,  1981),  suggesting that  the 
physiological role of C-protein may involve calcium-regulated 
binding  to  thin  filaments. Recently, it  has been  shown that 
C-protein becomes phosphorylated in  cardiac muscle in  re- 
sponse to P-adrenergic agonists  and becomes dephosphoryl- 
ated  in response to cholinergic agonists  (Jeacocke  and  Eng- 
land, 1980; Hartzell  and  Titus, 1982; England, 1983). The 
extent of phosphorylation of C-protein  correlates with the 
rate of relaxation of the  cardiac  contraction  (Hartzell, 1984). 
A variety of indirect evidence  suggests that CAMP-dependent 
protein  kinase  is  the enzyme that  phosphorylates  C-protein 
in vivo in response to @-adrenergic  receptor stimulation 
(Hartzell  and  Titus, 1982). 

Before the biochemical effects of phosphorylation  on C- 
protein  function  can be fully determined,  it is necessary to 
have a  complete  description of the  phosphorylation reaction. 
In  this  paper, we describe  a new method for  purification of 
cardiac muscle C-protein  in high yield, This  preparation  is 
nearly  homogeneous and  is free of contaminating  phospho- 
protein  phosphatase  but  contains an  endogenous  calcium- 
calmodulin  regulated protein kinase. The  phosphorylation of 
purified C-protein by the endogenous protein kinase and by 
purified  CAMP-dependent protein  kinase  has been character- 
ized. 

EXPERIMENTAL  PROCEDURES 

Preparation of Enzymes and Substrates-Catalytic subunit of 
CAMP-dependent protein  kinase was prepared  from bovine heart 
according to  Method I of Bechtel et al.  (1977). Using mixed histone 
(Sigma Type 11-A) as a substrate,  catalytic  subunit  had a specific 
activity of  4.1 pmol/min/mg under  the  assay  conditions described 
previously (Glass  and  Smith, 1983). Histone  H2B was prepared  from 
calf thymus by the  method of Johns (1964) and was further purified 
as described by Oliver et al. (1972). Protein  kinase  inhibitor was  a 
gift from Louisa Titus  (Department of  Anatomy,  Emory  University 
School of Medicine) and was prepared according to Ashby and  Walsh 
(1974) and repurified  according to  Kanter  et al. (1981). [Y-~*P]ATP 
was prepared by the  method of Walseth  and  Johnson (1979) and 
purified by the  method of Palmer  and Avruch (1981). 

C-protein  Purification-C-protein was purified  from  frozen  chicken 
heart  (Tyson Foods, Cumming, GA) by first preparing  detergent- 
washed myofibrils by a method  similar  to  that of Stull  and  Buss 
(1977). All steps were performed at  2-4 “C. Frozen  chicken heart (250 
g) was pulverized and homogenized in 750 ml  of buffer A (50 mM 
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KC1, 2 mM EDTA, 20 mM Tris-HC1, and  15 mM 2-mercaptoethanol, 
pH 7.9) for 2 min in a Waring  Blendor.  The homogenate  was centri- 
fuged a t  3000 X g for 15 min. The  pellet was  washed three  additional 
times by resuspension in 750 ml of buffer  A  with a Polytron homog- 
enizer  (Brinkman  Inst.,  Westburg,  NY)  (setting 3.5, 10 s) and  cen- 
trifugation a t  3000 X g for  15 min.  This pellet was washed in  the 
same way two  more times  with 750 ml of buffer  A containing 1% 
Triton X-100 and five more times  in buffer A. C-protein was then 
extracted from the  final pellets of washed  myofibrils by resuspension 
in 400  ml  of EDTA-PO4 buffer, pH 5.9 (10 mM EDTA-Na2, 124 mM 
NaH2P04, 31 mM Na2HP04) with the  Polytron  (setting 4, 30 s) and 
centrifugation a t  10,000 X g for 20 min.  The  supernatant was saved 
and  the  pellet  extracted  an  additional  time with 400 ml of EDTA- 
PO4,  pH 5.9. The  extracts were pooled and  concentrated by addition 
of saturated  ammonium  sulfate  to a  final saturation of 55% followed 
by centrifugation a t  15,000 X g for 15  min.  The  precipitated  protein 
was  dissolved in 20 ml of 300 mM KC1, 5.2 mM K2HP04, 4.8 mM 
NaH2P04, 2 mM NaN3, 0.1 mM EDTA, 3 mM 2-mercaptoethanol  (pH 
6.8) and dialyzed overnight  against  this buffer. During dialysis, some 
precipitate formed  which  was removed by centrifugation a t  15,000 X 
g for 15 min. 

The dialyzed crude  C-protein was purified as described by Starr 
and Offer  (1982) by chromatography  on a 2.5 X 35-cm column of 
hydroxylapatite (Calbiochem  high-resolution  powder)  using  a  500-ml 
phosphate  gradient from 0.3 M NaCI,  2 mM NaN3, 0.1 mM EDTA, 3 
mM 2-mercaptoethanol, 15 mM NaH2P04,  and 28 mM K2HP04  (pH 
6.8) to  0.3 M NaCI,  2 mM NaN3, 0.1 mM EDTA, 3 mM 2-mercapto- 
ethanol, 56 mM NaH2P04,  and 119 mM K2HPO4 (pH 6.8). The major 
protein peak eluting between 60-120 mM phosphate was concentrated 
by addition of saturated  ammonium  sulfate  to a final  saturation of 
55% and  centrifugation at 15,000 X g for 15  min.  The  precipitated 
protein was dissolved in 4 mM NaH2P04, 6 mM K2HP04, 5 mM 
Na4P207, 2 mM NaN3,  0.1 mM EDTA  (pH 8.3) and dialyzed overnight 
against  this buffer. The hydroxylapatite-purified  C-protein was fur- 
ther purified by chromatography  on a 1.6 X 35-cm column of DEAE- 
Sephacel (Pharmacia  Fine  Chemicals)  using a 250-ml gradient from 
4 mM NaH2P04, 5 mM Na4P207, 2 mM NaN3,  0.1 mM EDTA  (pH  8.3) 
to 250 mM NaH2P04, 5 mM Na4P207, 2 mM NaN3,  0.1 mM EDTA 
(final  pH 6.0 with NaOH).  The major protein  peak was termed  DEAE- 
purified C-protein  and  stored  in buffer  B (60 mM NaCI, 25 mM Tris- 
HC1,O.l mM EDTA, 2 mM NaN3, pH 8.0) a t  4  "C. 

SDS'-Polyacrylamide Gel Electrophoresis-C-protein purity was 
assessed by SDS-polyacrylamide gel electrophoresis on a 1.5-mm 
thick  slab gel composed of a 3% acrylamide  stacking gel and a 5-15% 
acrylamide gradient resolving gel (Laemmli, 1970).  Gels were run  at  
a constant voltage of 45 V  for 15  h. Molecular  weight  was determined 
by comparison  with the  migration of standards.  The following stand- 
ards were obtained from  Bio-Rad Laboratories,  Richmond, CA: 
myosin, 200,000; @-galactosidase, 116,250; phosphorylase b, 92,500; 
bovine serum  albumin, 66,200; ovalbumin, 45,000. Additional stand- 
ards included proteins  in a preparation of myofibrils made from 
rabbit  fast-twitch  skeletal muscle: myomesin (170,000; Trinick  and 
Lowey, 1977); C-protein (140,000; Offer et al., 1973); a-actinin 
(95,000; Hammond  and Goll, 1975); actin (41,700; Elzinga and Collins, 
1972). 

The  purity of C-protein was estimated by quantitative  densitome- 
try (Hartzell  and  Titus, 1982).  Coomassie Blue-stained  SDS gels were 
scanned with  a Transidyne 2500/2510 scanning  densitometer at  595 
nm  and  the  area of the  protein  peaks  integrated.  The  area of the  C- 
protein peak was linear  from  about 0.1 pg to  about 2  gg  of  loaded 
protein.  Within  this  range,  the  integrated  area of the  C-protein peak 
was 99% of the  total  area of the scan. With  these  loads of C-protein, 
it was possible that  the  amount of contamination was underestimated 
because the  contaminating  bands were below the  linear range. Thus, 
large loads of protein (20-40 pg) were used to  estimate  the  concentra- 
tion of contaminants  and low loads of protein (1 pg) were used to 
estimate  the  amount of C-protein. 

Gel-filtration Chromatography-C-protein was chromatographed 
on a 2.5 X 95-cm column of Sephacryl S-300 (Pharmacia  Fine 
Chemicals) at  a flow rate of 30 ml/h in 60 mM NaCl, 25 mM Tris- 
HCI, 0.1 mM EDTA, 2 mM NaN3, 3 mM 2-mercaptoethanol  (pH 8.0). 
The column  was calibrated with catalase,  ferritin,  and aldolase (Phar- 
macia Fine  Chemicals). Usually, 10 mg  of each  protein  in 2 ml was 

The  abbreviations used  are: SDS, sodium dodecyl sulfate; PIPES, 
1,4-piperazinediethanesulfonic acid)  MES,  2-[N-morpholino]ethane- 
sulfonic  acid, DTT,  dithiothreitol. 

loaded onto  the column and  the  elution  monitored by an Isco UA-5 
absorbance  monitor.  Each  protein was chromatographed a t  least  three 
times  on  the  same column. Kav was  calculated as Kav = ( V, - V,,)/( V ,  
- VO) where V, is the  elution volume, V, is  the column bed volume, 
and Vo is the void volume of the column. K.. values  varied less than 
0.02 between  replicate runs of the  same  protein. 

Pho~phory l~ t i~n  of C-protein-Initial velocity assays were per- 
formed  for 1 or 2  min at  30 "C in a 100-~1  reaction mixture  containing 
1-40 p M  C-protein, 48 mM NaC1,  20 mM Tris-HC1, 0.08 mM EDTA, 
1.6 mM NaN3, 3 mM MgSO, 3 mM DTT, 0.3 mg/ml bovine serum 
albumin, 1 mM [Y-~*P]ATP (specific activity, 100-250 cpm/pmol), 
and 0.05-0.2 pg/ml catalytic  subunit of CAMP-dependent protein 
kinase. Experiments  to  determine  the maximum amount of phosphate 
incorporation  into  C-protein were performed under  similar  conditions 
except that  the  reaction  mixture  contained  up  to 10  pg/ml catalytic 
subunit of CAMP-dependent protein  kinase. 

Phosphorylation  mixtures  containing  all  reactants were preincu- 
bated a t  30 "C for 1 min  and  the reaction initiated by addition of [r- 
3ZP]ATP.  The reaction  was terminated by spottingan aliquot  (usually 
10-50 p l )  of the reaction mixture  onto a square of Whatman P-81 
phosphocellulose  ion-exchange paper  and  the  [32P]phospho-C-protein 
separated from [Y-~'P]ATP by washing the  papers  three  times for  5 
min  in 75 mM H3P04 as described by Roskoski (1983). C-protein  (up 
to 5 nmol) was quantitatively  retained by the phosphocellulose paper. 
Separation of [32P]phospho-C-protein from [Y-~'P]ATP by ammo- 
nium  sulfate  precipitation  and gel filtration  on Bio-Gel P-100  pro- 
duced results  comparable  to  those  obtained with the phosphocellulose 
paper  method. 

The  activities of endogenous protein  kinase(s) were assayed under 
similar  conditions  as  those described above except that  exogenous 
protein kinase  was not  added  and  either calmodulin,  calcium, EGTA, 
CAMP,  or  protein kinase inhibitor were added  as indicated. Free 
calcium concentrations were calculated as described by Steinhardt  et 
al. (1977). 

The  pH optimum of the  phosphorylation reaction  was determined 
by measuring  the  transfer of phosphate to C-protein  as described 
above,  except that  the  pH of the final  reaction mixture was adjusted 
by a mixture of Tris  and  MES buffers such  that  the  sum of the  Tris 
and  MES  concentrations always  equalled 50 mM. 

Determination of Kinetic Constants-Values for apparent K,  and 
V,,, were determined from measurements of initial velocities of 
phosphorylation.  In  all  initial velocity measurements,  the  reactions 
were linear with respect to time  and  enzyme  concentration.  Kinetic 
constants were  calculated  from  nonweighted least-squares  fits of the 
data  on double-reciprocal plots  performed  on  an Apple 111 microcom- 
puter. 

Preparatiue Phosphorylation of C-protein-C-protein (3-8 mg) was 
phosphorylated  as described  above  except that bovine serum  albumin 
was omitted from the reaction  mixture.  0.3 pg  of catalytic  subunit of 
CAMP-dependent protein kinase was used for each mg of C-protein 
in  the reaction. The reaction  was incubated a t  30 "C for 20 min and 
was terminated by addition of an  equal volume of cold saturated 
ammonium  sulfate. The reaction mixture was centrifuged a t  5000 X 
g for 10 min.  The pellet was dissolved in 250 p1 of buffer B. ["PI 
Phospho-C-protein was separated from [r3'P]ATP by gel filtration 
on a 1.2 X 25-cm column of Bio-Gel P-100  or Bio-Gel P-6 equilibrated 
in  the  desired buffer  (see below) and  run at 5  ml/h. The purified [32P] 
phospho-C-protein  contained less than 0.01% [y3'P]ATP  or 13'P]Pi 
as  determined by trichloroacetic  acid-precipitable  radioactivity. 

Protein  Phosphatase Assays-Protein phosphatase was assayed 
under two conditions at 30 "C. Condition 1: 5 p M  [32P]phosph~-C- 
protein was incubated  in 60 mM NaCl, 0.1 mM EDTA, 2 mM NaN3, 
3 mM 2-mercaptoethanol, 25 mM Na-PIPES  (pH 7.0). Condition 2: 5 
g~ [32P]phospho-C-protein was incubated  in 60 mM NaC1, 0.1 mM 
EDTA, 2 mM NaN3,  3 mM 2-mercaptoethanol,  10 mM Mg(CH3C00)2, 
2 mM MnC12, 1 mM EGTA, 25 mM Na-PIPES  (pH 7.0). At various 
times  during  the  incubation, aliquots were removed and  spotted  onto 
Whatman P-81 phosphocellulose paper.  The  papers were washed as 
described above. The decrease in radioactivity adhering  to  the  filters 
was a measure of phosphatase  activity. 

Proteolytic Digestion and  Peptide M~pping-[~~p]Phospho-C-pro- 
tein was hydrolyzed with  various proteases  in  0.1 M NH4HCO3 (pH 
7.9) for 20-36 h a t  25-30 "C using 2-5% by weight of protease  to C- 
protein.  The digestion  was terminated by lyophilization. The dried 
material was  resuspended in 2 M acetic acid and  aliquots were 
subjected to high-pressure  liquid chromatography.  The  chromato- 
graphic system  consisted of a Perkin-Elmer series  3B  liquid chro- 
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matograph linked to a  Perkin-Elmer LC-75 spectrophotometer and a 
Perkin-Elmer Sigma 10 chromatography data  station  as described by 
Noe and Spiess (1983). Reverse-phase high-pressure liquid chroma- 
tography was performed using a 4.6 X 25-mm Vydac 218TP column 
containing  C-18 end-capped with C-2. Elution was accomplished with 
a mixture of solutions A and B. Solution A contained 0.1% trifluo- 
roacetic acid in water. Solution B  contained 0.1% trifluoroacetic acid 
in 60% aqueous CHSCN. Samples were run at  room temperature 
(23  "C) at  a flow rate of 1 ml/min at  a column pressure of  9.4 
megapascals. Individual elution protocols are described in the figure 
legends. 

Analysis of Phosphoamino A~ids"[~'P]Phospho-C-protein was 
partially hydrolyzed by heating at 110 "C for 4 h  in 6 N HCI in an 
evacuated tube. After removal of the HCI, the hydrolysate was ana- 
lyzed  by high-voltage electrophoresis on cellulose thin-layer sheets 
for 60 min at  50 V/cm at  pH 1.9 (88% HCOOH:CH3COOH:H20, 
2887:900 (v/v/v)).  Phosphoamino acid standards were visualized with 
ninhydrin and [3'P]phosphoamino acids were located by autoradiog- 
raphy. 

Amino Acid Analysis-C-protein (200 pg) was hydrolyzed in 1 ml 
of 6 N HCI for 20-24 h at  110 "C in an evacuated tube. The acid was 
removed by rotary evaporation (Rotovac, Savant Co.). The amino 
acid composition was determined on Beckman 6300  AB amino acid 
analyzer. By performing hydrolysis for different times it was esti- 
mated that destruction of serine and threonine  during hydrolysis was 
approximately 5%. Corrections for destruction  during hydrolysis were 
not made. 

Chemical Phosphate Analysis-The amount of phosphate  in C- 
protein was determined by a method similar to  that described by Buss 
and Stull (1983). C-protein samples containing -0.4-1.0 nmol of 
phosphate were precipitated with and washed once in 10% trichloro- 
acetic acid. The precipitated protein was resuspended in 25 pl of 
ashing reagent (10% MgN03*6H20 in 95% ethanol)  and heated to 
dryness in a  sand  bath at  90 "C for -1 h. The temperature in the 
sand  bath was then raised to 150 "C and  the samples heated until the 
brown fumes disappeared and only a white residue remained. The 
sample was then ashed in an intense Bunsen burner flame. The ashed 
sample was dissolved in 150 pl of  1.2 N HCl and phosphate was 
assayed as described by Buss and Stull (1983). 

RESULTS 

Purification of C-protein 
In our  experience, published methods for the purification 

of C-protein from skeletal muscle  (Starr and Offer, 1982; 
Offer et al., 1973) produced poor yields  when  applied to cardiac 
muscle.  Modifications  of these methods  described  by Yama- 
mot0 and Moos (1983) for  cardiac muscle also produced 
relatively  low  yields and the final C-protein preparation  was 
contaminated  with  protein phosphatase and protease activi- 
ties.* In an at tempt  to remove  these  contaminating  enzymes, 
we  devised a different procedure for C-protein purification 
from cardiac muscle. C-protein was purified from heart muscle 
by first preparing  detergent-washed  myofibrils  by a method 
similar to that used  by Stull and Buss (1977). These detergent- 
washed  myofibrils  were  composed  largely  of  identified con- 
tractile  proteins (Fig. L4). C-protein  was extracted from these 
detergent-washed  myofibrils  with 10 mM EDTA and 155 mM 
phosphate  buffer  (EDTA-PO4). The selectivity  of the extrac- 
tion was  quite dependent upon pH. Below pH 6, C-protein 
was  selectively extracted (Fig. 2). Above pH 6, other proteins 
(myosin,  actin,  tropomyosin, and the troponins)  were also 
extracted. Our routine  purification  included  two extractions 
with  EDTA-PO4 at pH 5.9-6.0. This  procedure  selectively 
removed  most of the C-protein from the myofibrils (Fig. L4). 
Any  contaminating  myosin  usually precipitated during the 
subsequent  dialysis step. Tropomyosin,  which  was the main 
contaminant remaining after dialysis,  was  effectively  removed 
by  hydroxylapatite  chromatography  by the method of Starr 
and Offer (1982). The absorbance profile from the hydroxyl- 

' H.  C. Hartzell, unpublished observations. 

apatite column is shown in Fig. 3A. C-protein eluted as the 
major peak at 145 mM phosphate. As described below, the 
hydroxylapatite-purified  C-protein  exhibited both protein ki- 
nase and protein phosphatase activities. For this reason, C- 
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FIG. 1. SDS-polyacrylamide  gel  electrophoresis of fractions 
during  the  purification  of  C-protein. 5-15% acrylamide gradient 
gels were prepared as described under "Experimental Procedures" 
and stained with Coomassie  Blue. A: MF, detergent-washed myofi- 
brils (178 pg  of total protein loaded). Protein bands labeled are: HC, 
myosin  heavy chain; C, C-protein; a A ,  a-actinin; A, actin; TnT, 
troponin-T, TM, tropomyosin; Tnl, troponin-I; TnC, troponin-C; and 
LC, myosin light chains. EXT, pooled EDTA-PO, (pH 5.9) extracts 

EDTA-PO, (pH 5.9) (150 pg  of protein loaded). HA, hydroxylapatite- 
(3 pg  of protein loaded). RES, residue remaining after  extraction with 

purified C-protein (5 pg  of protein loaded). DEAE, DEAE-purified 
C-protein (10 pg  of protein loaded). 3'P, an autoradiogram of 3'P- 
labeled DEAE-purified C-protein. C-protein was phosphorylated with 
CAMP-dependent protein kinase catalytic subunit as described under 
"Experimental Procedures" to a specific activity of  -100 cpm/pmol 
and 10 pg  of the phosphorylated C-protein was  loaded  on a gel. B 
molecular weight determination of DEAE-purified C-protein. The 
migration of the standards (see "Experimental Procedures") was 
measured from the top of the resolving gel and plotted on semi- 
logarithmic coordinates. The open circle  shows the migration of C-  
protein. 




