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A cDNA library was constructed from rabbit muscle 
poly(A) RNA. Limited amino acid sequence informa- 
tion was obtained on rabbit muscle creatine phospho- 
kinase and this  was the basis for design and synthesis 
of two oligonucleotide probes complementary to a crea- 
tine  kinase cDNA sequence which encodes a pentapep- 
tide. Colony hybridizations with  the probes and sub- 
sequent steps led to  isolation of two  clones, whose 
cDNA segments partially  overlap and which together 
encode the entire protein. The primary structure was 
established from the sequence of  two cDNA clones and 
from independently determined sequences of scattered 
portions of  the polypeptide. The reactive  cysteine  has 
been located to position 282 within  the 380 amino acid 
polypeptide. The rabbit cDNA hybridizes to digests  of 
human chromosomal DNA. This  reveals a restriction 
fragment length polymorphism associated with  the hu- 
man homologue(s) which hybridizes to the rabbit 
cDNA. 

Creatine  phosphokinase  is  prominent  in energy  metabolism 
of muscle tissue where it generates ATP from  creatine  phos- 
phate  and  ADP.  There  are two isozymes: M, which is  found 
as  the  MM  dimer  in  skeletal muscle and  as  the  MB  hetero- 
dimer in cardiac tissue; and  B, which is  present  as a BB  dimer 
in brain  and  in  many  other  tissues (1). The M-isozyme has 
been  extensively investigated from the  standpoint of mecha- 
nism and  structure-function (see Refs. 1-9 and references 
therein).  In  spite of many  investigations,  detailed  interpreta- 
tions  are  prevented by the lack of a primary  structure. 

For  the  purpose of determination of the  primary  structure 
and  to gain  access to  creatine  kinase genes, we attempted  to 
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isolate  a muscle creatine  kinase cDNA clone. cDNA  clones 
for 13 muscle-specific proteins were previously  identified in a 
rabbit muscle cDNA  library  by shotgun sequencing (10).  The 
translated sequences of randomly  selected  clones were com- 
pared  with known amino acid  sequences of muscle-specific 
proteins.  The more abundant muscle-specific cDNA clones 
were identified by their respective  sequences. The  paucity of 
known creatine  phosphokinase  amino acid  sequences de- 
creased sharply  the effectiveness of the  approach for detecting 
the M-isozyme  cDNA. To identify clones of rabbit muscle 
creatine  phosphokinase from a cDNA  library, synthetic oli- 
gonucleotides complementary  to  the  creatine  phosphokinase 
cDNA were used as specific hybridization  probes to screen 
the library. 

The cDNA library was constructed  in  the PstI site of 
pBR322  by addition of dC  tails  to mRNA:cDNA hybrids 
(synthesized by reverse transcriptase  extension from an 
oligo(dT)  primer (ll)), annealing  to  dG-tailed pBR322 and 
transforming Escherichia coli strain C600. Approximately 
1600 ampicillin-sensitive tetracycline-resistant clones were 
obtained from 5.0  pg of rabbit muscle poly(A) mRNA. 

Two deoxyoligonucleotides, each 14  nucleotides long, were 
used as hybridization  prove to screen and identify  M creatine 
phosphokinase clones  in  a  cDNA library  constructed from 
rabbit muscle poly(A)  RNA. As the basis for selecting the 
deoxyoligonucleotide probe  sequences, experiments were de- 
signed to  obtain a peptide sequence with two closely spaced 
methionine residues. Rabbit M creatine  phosphokinase was 
cleaved with cyanogen  bromide and  the sequence of the  re- 
sultant  fragments was determined by GC/MS.’  (12, 13).  Be- 
cause peptides  containing more than  approximately six amino 
acids are  not  detected by GC/MS  and because  cyanogen 
bromide  cleaves after  methionine  (14),  any  peptide sequence 
obtained is likely to have  two methionine residues closely 
spaced in  the  amino acid  sequence. These  experiments,  and 
an  independent  determination (by Edman  degradation) of the 
sequence of a fragment isolated  from  a  proteolytic  digestion, 
established  the presence of the  peptide Leu-Met-Val-Glu- 
Met-Glu. 

Possible  codons  encoding Met-Val-Glu-Met-Glu were 
considered, as well as codon usage patterns of rabbit 
muscle mRNA (IO). Two deoxyoligonucleotides were 
made by the  phosphotriester  method (15, 16): probe I, 5’ 
TCCATCTCCACCAT;  and probe 11, 5‘ TCCATTTCAAC- 
CAT. 

Both oligonucleotides were labeled at the  5’-end  and hy- 
bridized by the  method of Wallace et al. (17) to a cDNA 
library  constructed  in  the  PstI  site of pBR322. Of 1600 inde- 
pendent colonies,  14 contain  inserts  that hybridize to  both 
probes. Further  analysis led to isolation of two clones which 
collectively contain  the  entire  creatine  phosphokinase coding 
sequence. These clones are  designated  pCKM15  and 
pCKM19. Both  plasmids have  a  180-bp PstI  fragment; 
pCKM15  has sequences  3‘ to  this  fragment (including the 
poly(A) tract), while pCKM19  has  the cDNA 5’ to  the frag- 

‘ The abbreviations used are: GC/MS, gas chromotography/mass 
spectrometry; FAB/MS, fast-atom bombardment/mass  spectrometry; 
SSC, sodium chloride and sodium citrate buffer (3  M NaCI, 4 1  mM 
sodium citrate,  pH 7.0); kb, kilobase; bp, base pair. 
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14318 Rabbit  Muscle  Creatine  Phosphokinase cDNA Clone and  Sequence 

FIG. 1. Map of M creatine phosphokinase cDNA showing 
location of clones pCKM15 and pCKM19. The coding region 
begins 55 nucleotides from the 5' side and  ends 268 nucleotides from 
the poly(A) tract  at  the 3' side. These  points  are indicated with 

ment (Fig. 1). The cDNA  sequence of M creatine  phosphoki- 
nase was determined  using  the dideoxy technique  after M13 
cloning (18, 19). 

The cDNA and  amino acid  sequence  shown in Fig. 2 for 

arrows showing the amino and carboxyl termini. The location hybrid- 
izing to  the oligonucleotide probes  (encoding  Met-Val-Glu-Met-Glu) 
is shown by the ouerbar, and  the location of the 180-bp PstI fragment 
(which encodes the reactive  cysteine)  is  also indicated. The regions 
of the cDNA contained by pCKM15 and pCKM19  are  indicated by 
the brackets. 

ACACGTAGCCCCGCTTCAGCACAGCCCAGCCAGCCCCCCGACGCCGCCACC ATG CCG TTC GGC AAC ACC CAC AAC AAG TAC AAG CTG  AAC TAC AAS TCC 
P r o   P h e  G> @ T h r  l i i s  A s n   L y s   T y r   L y s  Leu A s n   T y r   L y s  set 15 
" 
7 - 

GAG GAG GAG TAC CCG GAC TTG AGC AAA CAC AAC AAC CAC ATG GCC AAG GTG  CTG ACC CCC GAC CTC  TAC  AAG  AAG  CTG CGC GAC AAG GAG 
G l u   G l u   G l u   T u r   P r o   A s p  zr & H i s  A s n   A s n  H i s  M e t   A l a  Cy_s__ValJ-cu T h r   P r o   A s p  Leu T y r  Ly~-Lys-Ley A r g   A s p   L y s   G l u  4 5  
"7 - - - """"- ~ _.""_ - - - . . - . . . - - - - - . . . - - . - . -. . - 
ACG CCC TCC GGC TTC ACC CTC GAC GAT GTC ATC CAG ACA GGC GTG GAC AAC  CCA GGG CAC CCT TTC  ATC  ATG ACC GTG GGC  TrJC GTG GCC 
T h r   P r o   S e r   G l y   P h e   T h r   L e u   A s p   A s p   V a l  I l e  G l n   T h r   G l y   V a l   A s p   A s n   P r o   G l y  H i s  P r o   P h e  Il-e_Met_Jhr V a l   G l y   C y s  '431 A l a  7 5  

- 
7- 

" 

GGT GAC GAG GAG TCC  TAC ACG GTG TTC AAG 6AC  CTG  TTC GAC CCC ATC  ATC  CAG GAC CGC CAC GGG  GGC TTC  AAA CCC ACC GAC AAG CAC 
G l y   A s p   G l u   G l u   S e r   T y r   T h r - V a l - P j e  Lys A s p   L e u   P h e   A s p   P r o  I l e  I l e  G l n   A s p   A r g  H i s  G l y   G l y   P h e   L y s   P r o   T h r  Asp Lys E s  1 0 5  

" 
" 

AAG ACC GAC CTC  AAC CAC GAG AAC  CTC  AAA GGT GGG GAC GAC TTG  LAC CCC CAC TAC  GTG  CTC AGC  AGC  CGC GTG CGC  ACC  GGC  CGC  AGC 
Lys T h r   A s p  Leu A s n  H i s  G l u   A s n  Leu L y s  9 G a  9 ASJ Le! As! Yj-2 T x  Va! L e u   S e y  S&r A~J V J   A 2   T h r   G l y   A r g  &r 1 3 5  - - - - - - - - - . -. . - - - . - - . . 

" "_ _ ~ . ~ _ ~ ~  
- 

ATC AAG GGC TAC ACG CTG CCC CCG CAC TGC TCC CGT GGC GAG CGC CGG  GCC GTG GAG AAG CTC TCC GTG  GAA GCC CTC  AAC AGC CTG ACG 
I l e  Lys G l y   T y r   T h r   L e u   P r o   P r o  H i s  C y s   S e r   A r q  Q AIJ A r g   A l a   V a l   G l u  Lys Leu S e r  V /  GA L a  L z  As? Se: Leu Th; 165 

GGC GAG TTC AAG GGG AAG TAC  TAC CCC CTG  AAG AGC ATG ACC GAG CAG GAG CAG CAG CAG C x  ATC GAC GAC CAC TTC  CTG  TTC GAC AAG 

" 

" - - - - - - - - - - . - . . . - . - . - - . - - - - - - - - - -. ." - 
% G l y   P h ?  &s G 2   L z s  ~~~~-JJ~-~-~~-_L?~ Lys Ser M e t   T h r   G l u   G l n   G l u   G l n   G l n   G l n   L e u  I l e  A s p   A s p  H i s  P h e  Leu P h e   A s p  Lys 195 - - - - - - - 
-. . . . . - . " 

.- " 

.7 

~~ 

CCC GTG TCC CCG CTG  CTG  CTG GCC TCG GGG ATG GCC CGC GAT TGG CCC GAC GCC  CGC GGT ATC TGG CAC AAC GAC AAC AAG AGC TTC  CTG 
P r o  !?!-Zer_p_ro Leu Leu__L_e_u-Ala_ G l y  Met A l a   A r g  Asp T z p   P r o   A s p   A 1 2  2 G l y   I l e   T r p  H i s  A s n   A s p   A s n   L y s  - S e r  Phe L e u  225 

""77" - 
GTG TGG GTC AAC GAG GAG GAC CAC  CTC CGG GTC  ATC TCC ATG GAG AAG GGC 6GC AAC ATG  AAG  GAG  GTC  TTC  C6C CGC TTC TGC GTG GGG 
Val T r p   V a l   A s n   G l u  Glu A s p  H i s  Leu A r g   V a l   I l e   S e r   M e t   G l u  Lys G l y   G l y   A s n  Met L y s   G l u   V a l   P h e   A r g   A r g   P h e   C y s  Va! S L y  255 

"--F " 

. 
" - - 

CTG CAG  AAG ATT GAG GAG ATC T T T  AAG AAA GCT GGC CAC CCC TTC  ATG TGG AAT GAG CAC CTG GGC TAC GTG  CTC ACC TGC CCG TCC AAC 
Leu G l n   L y s  I l e  G l u  G!uh!!_e-Phe Lys Lys Ala 9 !ij., p! Ph: Me; Tr? &n fiiy H i s  Leu, G 1 z   T y '  Vh-l Leu T h r   C y s   P r o  Sey As: 285 

CTG GGC ACC  GGG CTG  CGT SGG GGC GTG CAC GTG AAG CTG GCG CAC CTG AGC AAG CAC CCC AAG TTC GAG GAG ATT CTC ACC CCC CTG CGC 

-7 - 
" 
"7 

- - - - - - - - - - - 
7 " 

7 Leu G& T h r  G& Leu Arq s ly  G l y   V a l  H i s  V a l  Lys Leu A l a  H i s  Leu Ser Lys H i s  P r o  Ly2 _Clg G j _ u  I l e  L e u   T h r   A r g  Leu A r g  315 -" -7 
- - - - - - - - - - - - - 
" 

CTG CAG  AAG CGG  GGC ACA GGG  GGC GTG GAC ACG GCT GCC GTG GGC TCG  GTG TTC GAC ATT TCC AAC GCC GAC CGG CTG GGC TCG TCC GAG 
Leu G1 n A r g   G l y   T h r   G l y   G l y   V a l   A s p   T h r   A l a   A l a   V a l   G l y   S e r   V a l  Phe A s p  I l e  S e r   A s n   A l a   A s p   A r q  Leu G l y   S e r   S e r   S l u  345 
" - - - 
GTC GAG CAG GTG  CAG  CTG GTT GTG GAC GGT GTS AAG  CTC  ATG  GTG GAG ATG  GAG AAG AAG CTG  GAG  AAA GGC CAG TCC ATC GAC GAC  ATG 
Val 61u C l n  Val G l n   C e q - V a l  _v_a_l.Asfi G l y   V a l  Lys Leu Met VaJ Glu, M e t   G L u  % Lys  Leu G l u  Lys G l y   G l n  Ser I l e  A s p   A s p   M e t   3 7 5  - - - - - - - - - - - - - - - - - - . . - - - - - - . - . . . . -. - - - - . " - - - - - - -. 

7 

- - - - - - - - - - - . - - - - . . - . - - - - - - - . - - - . . 
" 

ATC CCC GCC CAG AAG TAGGCGCGCAGCCCGCCGCCGCCGCCGCCGCCTGGAGCCGCCCCTCGCCCGCAGCGCGCGCGGCCCCGGGGGCTCGGAGTTCCAGCCAATGGGCCCCGT 
I l e  P r o   A l a  $ l n  \ y s  38 0 

CGTCTGCGTCCTGGCCAATGAAATCCCTCCCTCACACCTCGCTGTCCCCGAGCT~CGCCCACCTCCGGAGCACCTGCTGACGGCTGGCGGCGGGGGGGGCTCGGCTCCCGGCGTGT~T~ 

" 

G A G C G C G G G C T T T T T C C C C A C G C A A A G C A G T G ~ ~ ]  AGCAGCGGCGGCCTTAAAAAAAAAAA.. . . 
FIG. 2. Rabbit muscle creatine phosphokinase cDNA sequence and translated polypeptide sequence. 

The coding region begins with proline at  amino acid +l.  The poly(A) addition signal sequence AATAAA is boxed. 
Dashed lines are placed under  peptides identified by GC/MS sequencing. Successive Edman degradations  on 

experiment). Solid underlines are placed under peptides identified by FAB/MS. The Edman  shortened  peptides 
internal fragments and  the N terminus  are designated by arrows.  (Dashed  arrows indicate  uncertainty in an  Edman 

analyzed by FAB/MS are shown by arrows  immediately  underneath  the solid lines. Rabbit muscle creatine 
phosphokinase was cleaved by cyanogen bromide, elastase, and thermolysin, or proteinase K for GC/MS  analysis 
(12, 13). The protein was carboxymethylated, cleaved by trypsin (with some chymotryptic  activity) for FAB/MS 
analysis (22) using the procedure developed by Gibson and Biemann (21). The molecular weights of the  tryptic 
and chymotryptic  fragments were determined, in addition, the exact mass values (with an accuracy of 4 millimass 
units) of 21 of these fragments were obtained to confirm their identities. The fragments were also subjected to 
Edman  degradation(s) and  the molecular weights of the shortened  peptides were determined by FAB/MS  (21). 
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Rabbit  Muscle  Creatine  Phosphokinase cDNA Clone and  Sequence 14319 

rabbit M creatine  phosphokinase  is  the  first  complete  se- 
quence of this  enzyme  to be determined from any organism. 
Several criteria  confirm  that  the  translated cDNA  sequence 
corresponds  exactly  to  that of the  protein. 1) The first ATG 
from the  5'-end  (at nucleotide 52) begins an  open  reading 
frame  that  ends  with  the  termination codon TAG at nucleo- 
tide 1195, while each of the  other two reading  frames  contains 
a number of termination codons. In  the  open  reading frame, 
the polypeptide, beginning with a proline encoded by CCG 
after  the  initiator  ATG,  contains 380 amino  acids with  a 
calculated  molecular weight of 42,932. This  compares well 
with that  determined by other physical methods  (20).  2)  19% 
of the polypeptide  sequence is confirmed by short  amino acid 
sequences determined by GC/MS  and  distributed  throughout 
the polypeptide  sequence. Tryptic  and  chymotryptic  peptides 
covering 86% of the sequence were matched  (21) by molecular 
weight as  determined by FAB/MS (22). There were no pep- 
tides  detected by FAB/MS which  did not  match  any of the 
predicted  ones. Edman  degradation of some tryptic  peptides 
confirmed 26% of the sequence.  Altogether  90% of the  trans- 
lated sequence  was  confirmed independently.  3)  The  amino 
terminus of the polypeptide is  confirmed by the  detection of 
the predicted N-terminal  tryptic  peptide by FAB/MS  and 
four Edman  steps  on  the whole protein.  Carboxypeptidase 
digestion  revealed Gln-Lys as  the C terminus of the  creatine 
phosphokinase  (23) as predicted by the DNA  sequence. In 
addition,  the  C-terminal  tryptic  dodecapeptide was detected 
by FAB/MS. 4)  Three  independent  determinations of the 
amino acid composition of rabbit muscle creatine  phospho- 
kinase  (20, 24, 25)  agree within  15%  or  better with that 
calculated for the  protein  structure deduced from  the DNA 
sequence. 

Creatine  phosphokinase  contains a reactive cysteine which 
is at  or  near  the active site  (1,4).  Cysteines  are located in  the 
primary  structure a t  positions 73, 145, 253, and 282. By 
comparing  the  partial sequence of the labeled peptides (26, 
27) containing  the reactive cysteine with the sequence  in Fig. 
2, we located the reactive cysteine to position 282. Recent 
experiments suggest that  three  histidines  are  at  or  near  the 
active  site (8). Note  that His-268,  His-275, and His-295 are 
close to Cys-282. Having  established  the sequence, the precise 
identification of these  histidines  and of the  active-site  carbox- 
ylate  (6, 28) and  arginine  (29)  is now possible. 

The  canonical sequence AATAAA (30) occurs 15 nucleo- 
tides  prior  to  the poly(A) tract (Fig.  2). RNA  blot hybridiza- 
tion,  using  the  180-bp  PstI  fragment  as a  prohe,  shows the 
length of the message encoding M creatine  phosphokinase  to 
be about 1600 nucleotides.* The  length of the cDNA is 1470 
base  pairs  and,  assuming  the poly(A) tract  is 100 to 150 
nucleotides  in length,  this would make  the cDNA the  same 
size as  the message. 

DNA from eleven unrelated  humans was  digested  with 
EcoRI, HindIII, MspI, or TaqI and probed  with either  the 
0.18-kb PstI  fragment  or  the 0.8-kb probe from pCK19 (Fig. 
1). With  either probe,  between three  and  eight  fragments were 
observed  with  each of the enzymes. In general, fragments 
observed  with the 0.18-kb probe were a subset of those visu- 
alized with the 0.8-kb probe. These  results suggest that  there 
are a t  least  three loci in the  human genome homologous to 
rabbit M creatine  phosphokinase. 

Fig. 3 shows  hybridization of the 0.8-kb fragment  to TaqI 
digested  DNA  from  four  subjects. Eight  bands  are observed, 
two of which hybridize  more intensely  than  the  others.  (Bands 
of differing intensities were also  seen  on blots  with the  other 

~~ 

L. Pickering  and P. Schimmel, unpublished observations. 
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FIG. 3. Hybridization of rabbit M creatine phosphokinase 
to human DNA. Human DNA from  four persons (lones A-D) were 
digested  with TaqI, electrophoresed, blotted  as previously described 
(31), and probed with  the  0.8-kb PstI fragment from pCKM19. Eight 
hands are visible,  two of which  (3.5  and  4.1  kb) are more intense and 
show  restriction fragment length polymorphism. Hybridization was 
done in 5 X SSC, 50% formamide at  42 "C, and  washes were in 1 X 
SSC,  0.1% sodium dodecyl sulfate  at 37 "C. 

enzymes.) A restriction  fragment  length polymorphism (32) 
is  also evident.  Individuals  in  lanes B and D display  a 4.1-kb 
fragment  not  seen in  lanes A and C. A  corresponding  decrease 
in the  intensity of the 3.5-kb TaqI band in  lanes B and D 
suggests that  the 3.5- and 4.1-kb fragments  are allelic. Inde- 
pendent polymorphisms were observed in  EcoRI and MspI 
digests (not  shown(). 

Altogether, at  least  three  independent  restriction fragment 
length  polymorphisms were observed,  with  digests of EcoRI, 
MspI, and TaqI. These polymorphisms may be  of use as 
genetic markers  (32).  Note  that hybridization of the rabbit 
cDNA to  human DNA occurs under moderately stringent 
conditions. Because  M creatine  phosphokinase from various 
species is similar  (as shown by partial sequences3 and by 
~ ." - ~~ .~ " ~ 

S. Kuby, unpublished observations. 
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14320 Rabbit Muscle Creatine Phosphokinase  cDNA  Clone and Sequence 

immunological cross-reactivity (33, 34)), it  is  not  surprising 
that specific human  fragments  are  detected  with  the  rabbit 
probe. In all experiments,  bands of two  different hybridizing 
intensities were seen.  The  intense  bands may be  due to 
hybridization to  the M-isozyme creatine kinase  gene while 
the weaker bands may contain  the B-isozyme genes. Hybrid- 
ization of the  rabbit M and B creatine  phosphokinase cDNAs 
has been observed.' 

The  rabbit muscle creatine  kinase sequence reported here 
is the  first complete  cDNA and  amino acid  sequence of 
creatine  kinase from any source.  Clones of chicken  muscle 
creatine  kinase cDNAs have been reported (35, 36) and a 
partial cDNA and  amino acid  sequence of rat muscle creatine 
kinase  has been published (37). The  latter lacks 5"noncoding 
and  amino-terminal coding  sequences. The 295 codons which 
have been determined  are  exactly colinear with  the  rabbit 
sequence reported here, with homology of the  partial nucleo- 
tide  and  amino acid  sequences of greater  than  90%.  The 3'- 
noncoding  sequences diverge, and  the  rabbit sequence has 73 
additional nucleotides  in the 3"noncoding region. 
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