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ABSTRACT Creatine kinase (ATP creatine N-phospho-
transferase, EC 2.7.3.2) is important in the maintenance of
ATP levels in high energy-requiring tissues such as muscle and
brain. A complete understanding of its function requires
knowledge of its amino acid sequence. To obtain cDNA clones
encoding creatine kinase sequences, a cDNA bank was con-
structed using mRNA from the electric organ of Torpedo cali-
fornica and was screened by comparing differential colony hy-
bridization of electric organ and liver-derived 32P-labeled
c¢DNAs. Cloned DNAs have been isolated that can arrest the
abundant synthesis of M, 40,000-43,000 material seen after in
vitro translation of electric organ mRNA. One of the clones,
CK52g8, was sequenced by the dideoxy M13 method and was
found to encode a M, 42,941 protein, which is 68% homolo-
gous to a known partial sequence of rabbit muscle creatine
kinase and which has a compesition similar to creatine kinases
from chicken and rabbit tissues. By contrast, no significant
homology was found with the known sequences of kinases that
use other substrates. RNA blot hybridization analysis indicat-
ed that CK52g8 is complementary to a 1600-base-pair mRNA.
Primer extension analysis indicated that CK52g8 is only S nu-
cleotides short of a full-length cDNA, implying that it encodes
a complete protein sequence. The availability of this complete
sequence should be useful in further studies of creatine kinase
structure and function using techniques such as site-specific
mutagenesis.

Creatine kinase (CK; ATP creatine N-phosphotransferase,
EC 2.7.3.2), helps maintain necessary ATP levels in high en-
ergy-requiring tissues, such as muscle and brain, by catalyz-
ing the reversible transfer of a phosphoryl group between
ATP and creatine. Several features of the enzyme have been
observed that require a more complete explanation in molec-
ular terms. These include a specific localization of a portion
of CK within the cell (1), conformational changes within the
enzyme (2-4), and, of course, the catalytic activity. Con-
cerning the catalytic activity, functional roles have been sug-
gested for certain amino acids in or near the active site: a
lysine and an arginine are thought to interact with the trans-
ferring phosphate group (5-7), a tryptophan is thought to in-
teract with the adenine group (8), a histidine is presumed to
act as the acid-base catalyst (9), and a cysteine can be chemi-
cally modified to cause changes in enzyme activity (10, 11).
To create molecular models for how these amino acids con-
tribute to catalysis, conformational changes, and cellular lo-
calization of the enzyme, it is imperative to know the struc-
ture of CK and to know its primary amino acid sequence.
Although amino acid composition data have been obtained
for CK from several species (12, 13), and a partial amino acid
sequence has been reported for the rabbit muscle enzyme
(14), no complete amino acid sequence has yet been reported.
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In earlier studies of the in vitro translation of mRNA from
the electric organ of Torpedo californica (15, 16), the pres-
ence of heavy [>*SImethionine incorporation in the region of
M, 40,000-43,000 was observed. Since a single subunit of
CK has this molecular weight and since the electric organ is
rich in Na*/K*-ATPase (17) and presumably requires high
energy reservoirs to regenerate its ionic balance after dis-
charge, it was reasoned that this tissue might contain an
abundance of mRNA coding for CK. In this report, we de-
scribe the cloning and sequencing of a cDNA to electric or-
gan mRNA, which does encode a protein sequence highly
homologous to a previously known partial sequence of rabbit
muscle CK. Other groups have reported the isolation of CK
cDNA clones from the chicken muscle, but no sequence for
these was given (18, 19).

MATERIALS AND METHODS

RNA Preparation and cDNA Library Construction. To ob-
tain RNA, frozen electric organ tissue (Biomarine Labora-
tories, Venice, CA) was pulverized and homogenized in gua-
nidine thiocyanate, followed by lithium chloride precipita-
tion, as described by Cathala et al. (16). Poly(A) RNA was
prepared by oligo(dT)-cellulose chromatography (20).

To synthesize full-length double-stranded cDNA, each
first strand of the cDNA was tailed with =15 dCMP residues
using terminal deoxynucleotide transferase (P-L Biochemi-
cals) and synthesis of the second strand was primed with
oligo(dG),o (Collaborative Research, Waltham, MA), as de-
scribed by Cooke et al. (21) and Land et al. (22). The tailing
was done after the first strand was heated at 70°C for 20 min.
in 0.1 M NaOH to remove the RNA. The double-stranded
cDNA (12 ug) was then treated with 2000 units of S1 nucle-
ase (Miles) in 100 ul of 300 mM NaCl/30 mM NaOAc, pH
4.5/3 mM ZnSO4 at 37°C for 1 hr. The double-stranded
cDNA was then fractionated on a 10% polyacrylamide gel
(23), selecting only the material longer than 500 base pairs
(determined by DNA length markers), for recovery by elec-
troelution. Approximately 10 ng of this material was tailed
with dCMP and cloned by annealing to Pst I-cut, dGMP-
tailed pBR322. A total of 2600 ampicillin-sensitive, tetracy-
cline-resistant clones were obtained after transforming Esch-
erichia coli strain RR1 with this DNA and plating onto LB
agar plates containing 5 ug of tetracycline per ml.

Hybrid-Arrested Translation. For hybrid-arrested transla-
tion analysis, 0.4 ug of poly(A)* RNA and 2.5 ug of HindIII-
cut plasmid DNA were hybridized using the conditions of
Paterson et al. (24). In vitro translation of the RNA was per-
formed using reticulocyte lysates (25) in the presence of 100
uCi of L-[>*S]methionine (>600 Ci/mmol; 1 Ci = 37 GBg;
Amersham) in 30 ul. Protein samples were fractionated by
NaDodSO,/polyacrylamide gel electrophoresis according to
Laemmli (26). Two cycles of CsCl gradient purification of
the DNA were necessary to avoid nonspecific inhibition of

Abbreviation: CK, creatine kinase.
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translation as reported by Kronenberg ez al. (27).

DNA Sequencing. DNA sequencing was done by the di-
deoxy method (28), after subcloning overlapping fragments
into the M13 phage vector MP10 (29), using E. coli strain
JM101 as host. Dideoxynucleotides were from P-L Biochem-
icals, Klenow fragment of DNA polymerase I was from
Boehringer Mannheim, and [a->?P]1dCTP (400 Ci/mmol) was
from Amersham.

RESULTS

The first clone used for hybrid-arrested translation analysis,
CKABh9, was chosen because it gave a very strong signal
when probed by colony hybridization (30) with 32P-labeled
cDNA to poly(A) RNA from the electric organ but little or
no signal with a probe made from Torpedo liver poly(A)
RNA (not shown). The CKABh9 clone specifically arrested
the in vitro synthesis of the major protein(s) at M, 40,000-
43,000 (Fig. 1), and hence was a candidate for a creatine ki-
nase-encoding cDNA. The 500 base pair insert of CKABh9
was 32P-labeled by nick-translation (31) and the 2600 clones
were screened by colony hybridization. Forty-eight clones
were positive by this assay, and forty-one of these were cho-
sen for further analysis after purification of the DNA by the
method of Holmes and Quigley (32). Seven of the largest
clones appeared to be very close in size, having inserts
~1500 base pairs long. The restriction map of one of these
clones, CK52g8, is shown in Fig. 2. Six other positive clones
were close in size to CK52g8, and all had identical restriction
maps, except that one or both of the vector Pst I sites were
not reconstructed in some. The CKABH9 insert was found to
have the same Bgl 11, Cla 1, and Pst 1 sites present in the 3’
portion of CK52g8. CK52g8 DNA also arrested the in vitro
synthesis of the M, 40,000-43,000 protein(s) (not shown).

The DNA sequence obtained for the CK52g8 insert is
shown in Fig. 3. There are 1428 bases in this insert, followed
by a stretch of poly(A) and bounded by the G-C tails used for
annealing to pBR322. The sequencing strategy is shown in
Fig. 2. All portions of the sequence were derived from at
least two phage templates, and 92% was sequenced on both
strands.

A B

92,500

69,000

46,000

30,000

FiG. 1. Hybrid-arrested in vitro translation of Torpedo electric
organ mRNA. Arrow indicates position of M, 40,000-43,000 pro-
teins(s). After hybridization of mRNA to CKABh9 DNA, [**S]meth-
ionine incorporation into the M, 40,000-43,000 protein(s) is blocked
(lane B), whereas incorporation is strong after control hybridization
without CKABh9 DNA (lane A). Five microliters of each translation
mixture was loaded on the gel (2100 cpm in lane A, 1600 cpm in lane
B). Molecular weights indicated on the left were taken from 4C-
methylated protein markers (phosphorylase b, bovine serum albu-
min, ovalbumin, and carbonic anhydrase) run on the same 12.5%
polyacrylamide gel. Autoradiography was done for 21 days.
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Translation of the sequence gives an open reading frame
after the first ATG at nucleotides 90-92 that extends for 381
amino acids to a stop codon at positions 1233-1235. The oth-
er two reading frames contain either 17 or 14 stop codons
distributed over this same span. In Fig. 3, the amino acids at
positions 268-292 are compared with the amino acid se-
quence reported by Atherton et al. (14) for rabbit muscle
CK. There is 68% homology (with no gaps introduced) for
the entire sequence, and 100% homology for a 17-amino acid
stretch following the glutamic acid at amino acid 275. The
inferred carboxyl-terminal dipeptide, Gln-Lys, is identical to
the carboxyl-terminal dipeptide for rabbit muscle CK (33).
The molecular weight for this inferred protein is 42,941. Cy-
tosine, guanine, uracil, and adenine are used in 47%, 29%,
17%, and 7%, respectively, of the third positions of degener-
ate codons. The presumed polyadenylylation signal se-
quence A-A-T-A-A-A (34) appears at nucleotide position
1419. The precise start of polyadenylylation after this signal
was not determined because of interference by the G-C and
AT stretches in the sequencing reactions.

RNA blot hybridization analysis of electric organ poly(A)
RNA, using 3*P-labeled CK52g8 insert DNA as the probe,
indicates only one band migrating in the 1600-base-pair posi-
tion of glyoxylated DNA markers (Fig. 4). In another RNA
blot experiment, using 3*P-labeled CKABh9 insert DNA as
the probe, a single band of the same size was obtained (not
shown).

To determine whether most of the 5’ noncoding sequence
was present in CK52g8, the 105-base-pair Ava II/EcoRI
fragment was used as a primer for *?P-labeled cDNA synthe-
sis, with electric organ mRNA serving as the template. The
longest 3?P-labeled cDNA synthesized extended only 5 nu-
cleotides beyond the 5’ end of CK52g8 (not shown). Thus, it
is probable that CK52g8 contains a nearly complete cDNA
insert. The difference between the mRNA size (1600 base
pairs) and the cDNA size (1428 base pairs) is likely due to
additional poly(A) in the mRNA that is not complete in the
cDNA (38).

No significant homology with the CK52g8-encoded pro-
tein could be found with any of the 2222 proteins listed for
the Protein Data Bank of the National Biomedical Research
Foundation, except for the partial sequence to rabbit muscle
CK, using the programs of Martinez et al. (39). Kinases list-
ed in the library included Bacillus stearothermophilus phos-
phofructokinase, Herpes simplex thymidine Kinase, E. coli
aspartokinase I/homoserine dehydrogenase I, E. coli homo-
serine kinase, Rous sarcoma transforming protein, bovine
cAMP-dependent protein kinase, pig and human adenylate
kinases, and horse and human phosphoglycerate kinases.
Saccharomyces cerevisiae pyruvate Kinase (40), not listed in
the library, was also examined and found to have no signifi-
cant sequence homology.

DISCUSSION

The RNA blot hybridization results and the primer extension
results indicate that CK52g8 is a nearly complete cDNA.
This would imply that the protein sequence encoded by
CK52g8 is also complete. Although it cannot yet be deter-
mined whether this inferred protein has CK activity, its ami-
no acid sequence is 68% homologous to the reported partial
sequence of rabbit muscle CK (14), and its composition (Ta-
ble 1) is very close to the compositions of rabbit and chicken
CKs reported by Eppenberger et al. (12). The similarities in
composition of these sequences are reflected in low differ-
ence index values (41) of 9.1, 7.6, 9.7, and 8.6 for compari-
sons of the CK52g8-inferred protein composition with the
compositions of chicken brain, chicken muscle, rabbit brain,
and rabbit muscle, respectively. Thus, the CK52g8-inferred
protein is certainly related to CK proteins.
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FiG. 2. Partial restriction map and sequencing strategy of CK52g8. The position from the 5’ end of each restriction endonuclease site listed
is given in parentheses. Each arrow represents at least one dideoxy sequencing reaction using separate DNA fragments of CK52g8 subcloned
into bacteriophage M13. Length of each arrow indicates length of sequence determination for each reaction.

The inferred amino terminus of CK52g8 occupies a posi-
tion consistent with the observation that most eukaryotic
mRNAs studied begin translation at the first 5’ AUG (42).
The nucleotide sequence in this region contains elements
(adenine at position 87, cytidine at positions 85, 88, and 89)
that have been shown (43, 44) to be part of a consensus se-
quence for an initiating AUG. Because the amino-terminal
protein sequence of Torpedo electric organ CK is not
known, it is not possible to know whether translation does
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begin at this methionine nor is it possible to know whether
post-translational processing alters the amino-terminal struc-
ture. Useful information concerning these questions might
be derived from the microsequence analysis (45) of the first
40 amino-terminal residues of rat brain CK, which indicate
the presence of leucine residues at positions 11 and 22, with
no methionine. If the first methionine encoded by CK52g8 is
removed post-translationally, the leucine occupies positions
11 and 22 of the CK52g8-encoded protein as well. Since the

met pro phe gly asn thr his 7

ATG CCT TTC GGA AAC ACT CAC 110

ser lys his asn asn his met ala lys ala leu thr leu asp 37
AGC AAG CAC AAC AAC CAC ATG GCC AAG GCT TTA ACC CTG GAC 200
asp asp ile ile gln thr gly val asp asn pro gly his pro 67
GAT GAT ATC ATC CAG ACA GGA GTG GAC AAC CCA GGT CAC CCC 290
val phe lys asp leu phe asp pro val ile glu asp arg his 97
GTT TTC AAG GAC CTG TTC GAT CCC GTC ATT GAG GAC CGC CAC 380
asn leu lys gly gly asp asp leu asp pro asn tyr val leu 127
AAC CTG AAG GGC GGC GAT GAC CTC GAC CCG AAT TAC GTC CTG 470
pro his cys ser arg gly glu arg arg leu val glu lys leu 157
CCT CAC TGC AGC CGC GGG GAG CGC CGT CTG GTT GAG AAG CTC 560
tyr pro leu ser ser met ser asp ala glu gln gln gln leu 187
TAC CCC CTC TCC TCC ATG TCT GAT GCA GAG CAG CAG CAG CTG 650
ala ser gly met ala arg asp trp pro asp gly arg gly ile 217
GCC TCT GGC ATG GCT CGG GAC TGG CCC GAT GGC CGG GGC ATT 740
his leu arg val ile ser met gln lys gly gly asn met lys 247
CAC CTC CGA GTC ATC TCG ATG CAG AAA GGT GGC AAC ATG AAG 830

ala gly pro his phe met glu asn his leu

phe val lys ala gly arg gly phe met trp asn glu his leu 277
TTC GTG AAG GCT GGC CGT GGC TTC ATG TGG AAC GAG CAC CTG 920
gly val his val lys ile pro his leu cys lys his glu 1lys 307
GGT GTC CAC GTG AAA ATC CCT CAC CTC TGC AAG CAC GAG AAG 1010
gly val asp thr ala ala val gly ser ile tyr asp ile ser 337
GGA GTG GAT ACC GCA GCG GTT GGC AGC ATC TAT GAC ATC TCC 1100
val asp gly val lys leu met val glu met glu lys arg leu 367
GTG GAC GGT GTG AAG CTG ATG GTC GAG ATG GAG AAG AGG CTG 1190
381

ACCTTGGGTTGGCTGGGTGCCTGCCACTCTGAGATGCCTTGAAATATCACAGGTCGCGAA 1295

1428

FiG. 3. DNA sequence of CK52g8 and inferred amino acid sequence. The nucleotide numbering, beginning from the 5’ end, appears in the
right margin next to the DNA sequence. The inferred amino acid sequence with its own numbering appears above the nucleotide sequence. To
localize homology between predicted protein sequence and CK sequence from rabbit muscle, the 25 amino acid sequence reported by Atherton
et al. (14) for rabbit muscle CK is shown above the Torpedo sequence between amino acid numbers 268 and 292. Nucleotides 1-89 and 1233-

1428 represent inferred 5’ and 3’ noncoding regions.
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FiG. 4. RNA blot hybridization analysis of electric organ
mRNA, using 3?P-labeled EcoRI/Bgl 11 fragment as probe. Five mi-
crograms of electric organ poly(A) RNA was prepared for hybridiza-
tion according to Thomas (35). Hybridization was done for 15 hr at
42°C in a 13-ml vol containing the following: 5X Denhardt’s solution
(36), 0.75 M NaCl, 0.075 M Na; citrate, 20 mM NaPO, (pH 6.5), 200
ug of sheared boiled calf thymus DNA per ml, and 2 X 10° cpm of
boiled 2P-labeled EcoRl/Bgl II fragment DNA. The blot was then
washed in 30 mM NaCl, 3 mM Na; citrate, pH 7, containing 0.1%
NaDodSO, at 42°C and was then autoradiographed. Length markers
on the left represent base pairs X 1073 and are derived from 9000
cpm of 32P-labeled HindIll-cut phage PM2 DNA (37), which was
glyoxalated (35) and electrophoresed in another lane of the same gel.

carboxyl-terminal dipeptide, GIn-Lys, predicted by CK52g8
is identical to that for rabbit muscle CK (33), it is unlikely
that the carboxyl terminus is post-translationally modified.

The inferred protein molecular weight for CK52g8 (42,941)
is close to that of CK purified from the electric organ of Tor-
pedo marmorata (46) and to the molecular weight of the in
vitro translation products that can be arrested by hybridiza-
tion of CKABh9 and CK52g8 DNAs. Barrantes et al. (46)
report immunological evidence for the presence in the elec-
tric organ of two isozymes, referred to as the “brain” and
“muscle” forms. It is clear that all of the cDNAs isolated in
our experiments are complementary to a single mRNA spe-
cies, because all of these clones had inserts with the same
restriction sites as CK52g8 and because a single band ap-
pears in the RNA blot hybridizations with both CK52g8 and
CKABM9 insert probes. The brain form of CK shown by Bar-
rantes et al. (46) to be associated with the acetylcholine re-
ceptor-enriched membranes of the electric organ has a pl in
the range of 6.0 to 6.5, but a pI value of 7.5 can be predicted

Proc. Natl. Acad. Sci. USA 81 (1984)

Table 1. Comparison of amino acid composition with chicken
and rabbit CKs

Torpedo
Amino  Electric organ Chicken Rabbit

acid CK52,8 Brain Muscle  Brain  Muscle
Lys 31 24 32 26 30
His 14 10 17 15 16
Arg 20 20 20 11 16
Asp 31 44 36 41 42
Thr 17 18 14 17 17
Ser 19 18 16 16 22
Glu 24 38 42 37 39
Pro 17 16 20 20 18
Gly 36 34 30 32 32
Ala 15 18 16 18 13
Val 26 24 24 24 24
Met 12 10 10 10 8
Ile 18 14 12 15 11
Leu 36 41 36 40 36
Tyr 9 10 8 10 10
Phe 16 15 16 20 16
Cys 7 ND ND ND ND
Trp S ND ND ND ND
Asn 17 ND ND ND ND
Gln 11 ND ND ND ND

Composition of chicken and rabbit CKs are calculated from Ep-
penberger et al. (12), assuming that dimer subunits are identical.
Units for all compositions are mol per mol of subunit. ND, not deter-
mined.

for the CK52g8-encoded protein by calculating the weighted
average of pK values for the 31 aspartic acid, 24 glutamic
acid, 31 lysine, and 20 arginine (pK = 3.86, 4.25, 10.53, and
12.48, respectively) residues. Identification of isozyme type
possibly must await expression of the CK52g8-encoded pro-
tein and an experimental determination of the pl value, as
well as further screening of the cDNA bank for other CK-
encoding clones.

The partial fragment from rabbit muscle CK chosen by
Atherton et al. (14) for protein sequencing contains a cys-
teine residue, which selectively reacts with sulfhydryl-modi-
fying reagents to affect enzyme activity. This cysteine lies in
a 17-amino acid stretch that has 100% homology (Fig. 3) to
the sequence derived here. Since this 17-amino acid stretch
is so highly conserved, even in an evolutionarily divergent
specie such as Torpedo (class Chondrichthyes), it probably
is important for some aspect of structure or function. The
Pro-Asp-Ser sequence after the cysteine strongly resembles
sequences in other proteins where 8 turns occur (47), but
knowing whether there is a B turn at this position may re-
quire elucidation of the crystal structure of CK (48-51).

Assuming that CK activity can be confirmed for the pro-
tein encoded by CK52g8, the availability of this full-length
sequence should greatly facilitate further studies on the
structure and function of the enzyme. By deriving the pro-
tein sequence of some mammalian CK and comparing its se-
quence with that obtained here for Torpedo, useful insights
into important conserved regions should be obtained. By ex-
pressing the CK52g8 sequence in a heterologous cell, studies
of the enzyme function should be possible using techniques
such as site-specific mutagenesis.

After completion of this manuscript, a paper by Benfield
et al. (52) appeared describing the partial protein sequence
and partial cDNA sequence for rat muscle CK. There is 83%
homology comparing the 295 amino acids obtained by their
techniques with the same region of the CK52g8-inferred pro-
tein, including a stretch of 28 identical amino acids in the
region of the reactive cysteine.
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