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Abstract Choline/ethanolamine kinase (CK/EK) is the
first enzyme in phosphatidylcholine/phosphatidylethanol-
amine biosynthesis in all animal cells. The highly purified
CKs from mammalian sources and their recombinant gene
products so far were all shown to have EK activity also, in-
dicating that both activities reside on the same protein.
CK/EK in most animal cells exists as several isoforms, for
two of which (

 

a

 

 and 

 

b

 

) their cDNAs have been cloned
from both the rat and mouse, and they are found to be
separate gene products. The physiological significance for
the existence of more than one CK/EK enzyme, however,
remains to be clarified. In this study, we isolated mouse
genes encoding both types of CK/EK isozyme and deter-
mined their entire structure. The 5

 

9

 

-flanking promoter re-
gions were found to have quite different features from
each other, indicating that their expression could be un-
der distinct control. Comparison of the nucleotide se-
quence between the corresponding coding exons showed
the best homology (75%) residing on exon VIII. A search
of the database resulted in the possible existence of 17
different origins of eukaryotic CK and/or EK, each of
which presumably contained the entire amino acid se-
quence. Multialignment of their putative amino acid
sequences led to an identification of the novel consensus
sequence possibly required for the expression of either
CK or EK activity, which corresponded to the sequence
within exons VII and VIII of CK/EK-

 

a

 

 and -

 

b

 

 genes from
the mouse. This sequence was localized in close proximity
to the C-terminal region of the general (Brenner’s) phos-
photransferase concensus sequence which was also com-
pletely conserved in all of the putative eukaryotic CK/EK
proteins.  The results demonstrated that, while both
CK/EK-

 

a

 

 and -

 

b 

 

genes were composed of 11 major exons,
the size of their genes was quite different: 40 kb for CK/EK-

 

a

 

,
whereas it was only 3.5 kb for CK/EK-

 

b

 

.
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Choline kinase (CK) (ATP: choline phosphotransfer-
ase, EC 2.7.1.32) and ethanolamine kinase (EK) (ATP:
ethanolamine O-phosphotransferase, EC 2.7.1.82) cata-
lyze the phosphorylation of choline/ethanolamine by
ATP yielding phosphocholine/phosphoethanolamine. This
step commits choline/ethanolamine to the CDP-choline/
CDP-ethanolamine pathway for the biosynthesis of phos-
phatidylcholine (PC)/phosphatidylethanolamine (PE) in
all animal cells. Although the CTP: phosphocholine (phos-
phoethanolamine) cytidylyltransferase, the second en-
zyme in the pathway, is commonly referred to as the
rate-limiting step in PC (PE) biosynthesis (1, 2), consid-
erable evidence indicates that CK is also a slow step and
can be regulatory for PC biosynthesis in a number of sit-
uations where increased (decreased) CK activity results
in a similarly increased (decreased) rate of PC biosyn-
thesis (2, 3).

CK has been purified to apparent homogeneity from
rat kidney (4), liver (5), and brain (6) and the purified
preparations were all shown to have significant EK activi-
ties. These as well as other (7, 8) investigations suggested
also that CK/EK does not exist in one particular active
form but exists in several isoforms in rat tissues. Uchida
and Yamashita (9) were the first to report a cloning of the
mammalian CK cDNA from rat liver cDNA library. The
cloned cDNA had an ORF encoding a protein of 435
amino acids with a calculated molecular size of 50 kDa

 

Abbreviations: CK, choline kinase; EK, ethanolamine kinase; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; ORF, open read-
ing frame; M-CPTI, carnitine palmitoyltransferase I (muscle type);
DIG, digoxigenin; 5

 

9

 

-RACE, rapid amplification of cDNA 5

 

9

 

-end; XRE,
xenobiotic responsive element; PAH, polycyclic aromatic hydrocarbon;
CC1
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, carbon tetrachloride; pfu, plaque-forming unit.
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(tentatively termed CK/EK-

 

a

 

1 in this paper

 

3

 

). Expression
in 

 

E. coli

 

 of this cDNA resulted in high production of not
only CK but also significant amount of EK activities in the
cell lysate which otherwise lacking these activities. Subse-
quently, Uchida (10) isolated another CK/EK cDNA from
the same library in which an extra 54 b internal sequence
was inserted into that of CK-

 

a

 

1 probably through an alter-
native splicing, thus predictedly encoding 453 amino
acids with a molecular size of 52 kDa (termed CK/EK-

 

a

 

2).
A human homolog to the rat 

 

a

 

2 cDNA has previously
been isolated by Hosaka et al. (11) from a glioblastoma
cDNA library. On the other hand, we have recently iso-
lated a cDNA clone for a 42 kDa (estimated by SDS-PAGE)
rat kidney CK/EK encoding a protein of 394 amino acids
with a calculated molecular size of 45 kDa (12). The pre-
dicted amino acid sequence showed only 57–59% homol-
ogy to either CK/EK-

 

a

 

1 or -

 

a

 

2, indicating that the 42 kDa
rat kidney CK/EK (termed CK/EK-

 

b

 

) must be a product
of a gene distinct from that for CK/EK-

 

a

 

. Most recently,
the mouse cDNA homologs to both CK/EK-

 

a

 

(

 

a

 

1/

 

a

 

2) and
-

 

b

 

 have been cloned in our laboratory (13).
The most intriguing characteristic feature of CK/EK in

mammals could be its inducibility in various experimental
systems (for review, see refs. 14–16). Although the exact
physiological meaning of the inducibility has not been
fully understood, the induction of CK/EK by several means
suggests that the enzyme plays an important role in the
long-term regulation of the CDP–choline pathway and may
be involved in the coordinate regulation of PE biosynthesis.
Alternatively, the induction of CK/EK could be associated
with the increased generation of phosphocholine/phos-
phoethanolamine which has been proposed recently as an
essential event in the activation of MAP-kinase cascade dur-
ing certain growth factor-induced mitogenic stimulation (2,
16, 17). The latter mechanism appears to be independent
of the rate of net PC/PE biosynthesis.

In this study, we have isolated mouse genes for both
CK/EK-

 

a

 

 and -

 

b

 

 and determined their entire structures.
The 5

 

9

 

-flanking region of approximately 4 kb each has
been sequenced and searched for the possible 

 

cis

 

-ele-
ments. Comparison of the nucleotide sequence between
the corresponding coding exons of CK/EK-

 

a

 

 and -

 

b

 

 has
led us to determine finally a novel consensus amino acid
sequence which must be critical for the expression of not
only CK but also EK activity in all eukaryotic cells. In addi-
tion, the gene for CK/EK-

 

b

 

 was shown to be located only
300 b (human) or 560 b (mouse and rat) (N. Yamazaki, Y.
Shinohara, K. Kajimoto, M. Shindo, and H. Terada, un-
published observations) upstream of the gene for an
isozyme (muscle-type) of carnitine palmitoyltransferase I
(M-CPTI) (18, 19).

3 We suggest that the previous nomenclatures for the 50 kDa and 52
kDa CK/EK isoforms (CKR1 and CKR2 for the rat enzyme), both of
which have been shown to be derived from the same gene with an al-
ternative splicing, should be denoted hereafter together as CK/EK-a,
or a1 and a2, respectively, for individual isoforms. Then, another
isozyme, 42 kDa CK/EK should be denoted as CK/EK-b, as this form
was shown to be a product of separate gene from that of CK/EK-a.

 

EXPERIMENTAL PROCEDURES

 

Materials

 

All restriction endonucleases with their reaction buffers and
other enzymes were purchased from TaKaRa and TOYOBO,
Japan. A PCR DIG Probe Synthesis Kit, DIG Easy hyb, DIG Wash
and Block Buffer Set, Anti-digoxigenin-AP Fab Fragment and
CSPD were from Boehringer Mannheim. The DNA prepara-
tion kit was obtained either from Qiagen (Lambda System for
phage DNA) or Promega (Wizard Minipreps for plasmid or
PCR-amplified DNAs). The 

 

Taq

 

 polymerases (r

 

Taq

 

 and Ex

 

Taq

 

)
were from TaKaRa, Japan.

 

Isolation and characterization of the mouse
CK/EK-

 

a

 

 genomic clones

 

Two DIG-labeled PCR products amplified from a mouse CK/
EK-

 

a

 

 cDNA (13) by sets of primers (probe-1: 5

 

9

 

-CTGGAGC
AGTTTATCCC-3

 

9

 

 and 5

 

9

 

-CCAAGCTTCCTCTTCTG-3

 

9

 

, and
probe-2: 5

 

9

 

-GCCTACCTGTGGTGTAAGGA-3

 

9

 

 and 5

 

9

 

-TTCATAC
CATGAAATGTGGCC-3

 

9

 

) were used for screening a mouse 129/
SV genomic DNA library in 

 

l

 

FIXII (STRATAGENE, Cat. No.
946305). Three phage clones containing the part of a CK/EK-

 

a

 

gene, one (clone 2-1) by probe-1 and the other two (clones 17-1
and 28-1) by probe-2, were obtained. These three clones were
further confirmed by Southern blot analysis using the corre-
sponding DIG-labeled probes (probe-1 located in the 3

 

9

 

-region
709-1463 and probe-2 in the 5

 

9

 

-region 421-812, of the CK/EK-

 

a

 

cDNA) in a DIG Easy hyb solution, following the protocol of the
manufacturer. After subcloning of restriction fragments into
pT7Blue (NOVAGEN) or pBluescript II (STRATAGENE), most
of their sequences were determined and mapped. The nucle-
otide sequence was analyzed by ABI PRIZM 377 DNA sequencer
using a Dye Terminator Cycle Sequencing Kit (Applied Biosys-
tems). While we could map exon I through exon II

 

9

 

 and exon IV
through exon XI, exon III could not be found in any of these
clones. Then, we examined genomic PCR (Ex 

 

Taq

 

) using a whole
DNA isolated from 129/SV ES cells as a template (upper primer:
5

 

9

 

-CTGGAGCAGTTTATCCC-3

 

9 

 

and lower primer: 5

 

9

 

-TCTTC
AGTGTCCAATCGCC-3

 

9

 

) and finally mapped the exon III at 1.3
kb upstream of the exon IV. In similar fashions, the nucleotide
distance between exon I and exon II (upper primer: 5

 

9

 

-GGCT
GCCACAAATAATCCTC-3

 

9

 

 and lower primer: 5

 

9

 

-GCTGT
CAAAGTACAGGGAAG-3

 

9

 

) as well as exon II

 

9

 

 and exon III (upper
primer: 5

 

9

 

-CTGGCACCCACATTCTTGTTC-3

 

9

 

 and lower primer:
5

 

9

 

-TGACCTCTCTGCAAGAATGGC-3

 

9

 

) was estimated by a ge-
nomic PCR analysis.

 

Isolation of the mouse genomic clones for M-CPTI 
and their characterization

 

Two positive clones (MG3 and MG5) were isolated from a ddy
mouse genomic library constructed in 

 

l

 

FIXII by screening with a
mouse M-CPTI cDNA probe (

 

2

 

1 to 466 where a putative transla-
tion start codon ATG was numbered as 

 

1

 

1; N. Yamazaki, Y. Shino-
hara, K. Kajimoto, M. Shindo, and H. Terada, unpublished obser-
vations). A multipriming method (

 

Redi

 

 prime DNA Labeling
System from Amersham) with [

 

a

 

-

 

32

 

P]dCTP was used instead of
the DIG-PCR labeling method for the preparation of a probe. A
library was constructed with partially Sau3AI-digested mouse (25-
weeks male) liver DNA fragments into 

 

l

 

FIXII Partial Fill-in vec-
tor (STRATAGENE) according to the manufacturer’s protocol,
then the ligated products were packaged in vitro with a Gigapack
III XL Packaging Extract (STRATAGENE). A titer of approxi-
mately 5.4 

 

3

 

 10

 

5

 

 pfu was obtained. Both MG3 and MG5 were
found to have an entire M-CPTI gene and its 5

 

9

 

-flanking region.
As we had been aware of the presence of a CK/EK-

 

b

 

 gene in short
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upstream of the M-CPTI gene in either human (18) or rat (19), we
first tried to confirm by Southern blot whether or not these clones
actually had a CK/EK-

 

b

 

 gene in their inserts. Two DIG-labeled
PCR products amplified either from a mouse CK/EK-

 

b

 

 cDNA (13)
by a set of primers (5

 

9

 

-region probe: 5

 

9

 

-CTATCAGTGGTGCCGG
GAGT-3

 

9

 

 and 5

 

9

 

-CGCTCACGGGACAAACGTTC-3

 

9

 

, 446–526 of
the cDNA) or from a rat CK/EK-

 

b

 

 cDNA (12) by another set
of primers (internal and 3

 

9

 

-region probe: 5

 

9

 

-TTGTTTGGGAC
CATGGAGCG-3

 

9

 

 and 5

 

9

 

-TTCTGCTGGAAGTAGAACTG-39, which
correspond to 846–1432 of the rat CK/EK-b cDNA) were used as
probes for Southern blot. A rat cDNA clone 3–1 (12) was used as a
PCR template for the preparation of the internal and 39-region
probe because a mouse cDNA clone m2–1 (13) was found to have
several intron sequences in its structure. After subcloning of re-
striction fragments into appropriate plasmid vectors as described
above, their sequences were determined thoroughly and mapped.
Finally, it was found that both MG3 and MG5 contained the entire
sequence of mouse CK/EK-b gene and clone MG5 had a sequence
of the longer 59-flanking region.

59-RACE for the mouse kidney mRNA
Total RNA was extracted from freshly isolated mouse kidney with

ISOGEN (Nippon Gene Inc., Japan). Then, mRNA was purified
with an Oligo (dT)-cellulose column (mRNA Purification Kit from
Pharmacia Biotech). One microgram of the purified mRNA was
used for every 59-RACE reaction according to the manufacturer’s
(GIBCO BRL) protocol. For the reverse transcriptase reaction, 59-
TTCATACCATGAAATGTGGCC-39 (CK/EK-a) or 59-CGCTCACG
GGACAAACGTTC-39 (CK/EK-b) was used as a primer. The tailing
reaction to a 39-end of the resulting 1st strand cDNA, oligo (dA)
was used instead of oligo (dC) for CK/EK-a because it was found
that the 59-region of its cDNA had an extremely GC-rich sequence.
The first PCR was performed with a set of 59-RACE Abridged An-
chor Primer carrying oligo (dT) or oligo (dG) and a gene specific
primer, 59-TCTTCAGTGTCCAATCGCC-39 (CK/EK-a) or 59-ATC
CGCCTATCAGCTCTGC-39 (CK/EK-b). The second nested PCR
was then carried out with a set of primers, the Abridged Universal
Amplification Primer and either 59-TCCTTACACCACAGGTAGGC-
39 (CK/EK-a) or 59-AGGCAAAGAGGGACGGCAG-39 (CK/EK-b).
The amplified DNA band on agarose gel was cut off and extracted
with Wizard Minipreps resin (Promega), then subjected to TA clon-
ing (pT7Blue Vector from NOVAGEN and Ligation High form
TOYOBO, Japan) and sequenced.

Cap Site hunting
Cap Site cDNATM from the mouse brain was obtained from

Nippon Gene, Japan and the first PCR was performed with a set
of primers, 1CR2 (included in the Kit) and CK/EK-b gene-
specific primer 59-CGCTCACGGGACAAACGTTC-39. The second
nested PCR was performed with 2RC2 (in the Kit) and 59-ATG
ACGTGGGCTCCGTTAGG-39 as primers. The amplified DNA
fragment was purified as described above, then subjected to TA
cloning and sequenced.

RESULTS

Highly conserved domains among the putative amino acid 
sequences of CK/EK-a and CK/EK-b from the mouse, 
rat, and human

The entire amino acid sequences deduced from the
cloned cDNA of mouse CK/EK-a (13) and CK/EK-b (13),
rat CK/EK-a (9, 10) and CK/EK-b (12), and human CK/
EK-a (11) are aligned in Fig. 1A, together with that of the

hypothetical human CK/EK-b which has been assumed
from the genome sequence. We found that the genomic
DNA sequence for the putative human CK/EK-b reported
in the DNA database (Accession No. U62317) had a se-
quencing error in its coding exon I which resulted in a
frameshift to deduce an incorrect N-terminal amino acid
sequence. The human CK/EK-b sequence corrected by
our hand (Accession Nos. AB029885 and AB029886 in the
DDBJ/EMBL/GenBank) is shown in Fig. 1A. All of CK/
EK-a isozymes from mouse, rat, and human have been
shown to have a1 and a2 isoforms, the latters of which
have extra 18 amino acid sequences (Fig. 1B) inserted at
the position indicated by an arrowhead in Fig. 1A.

The similarity scores of the entire amino acid sequences
for CK/EK-a (a1) are: 97.9% between mouse and rat,
87.5% between mouse and human, and 88.4% between
rat and human. The scores for CK/EK-b are: 95.9% be-
tween mouse and rat, 86.0% between mouse and human,
and 85.6% between rat and human. On the other hand,
the similarity scores of the entire amino acid sequences
between a (a1) and b isozymes are 59.7% for both the
mouse and rat and 60.6% for the human. These results
clearly indicated that CK/EK-a and -b must be separate
gene products in all of these animal species. In addition,
the multialignment data for the putative entire amino
acid sequences of CK/EK-a and -b from the mouse, rat,
and human provided evidence for the presence of several
highly conserved sequence domains expanding from N-
terminal to C-terminal regions (d-1 to d-8 in Fig. 1A).
These domains were supposed to be essential parts of
catalytic and/or regulatory functions in CK/EK. One of
the most highly conserved domains (d-6) contained a
Brenner’s (20) phosphotransferase consensus sequence
(HxDhxxxNhhh.... ..D, where h stands for large hydropho-
bic amino acids, FLIMVWY), thus indicating this portion
possibly to be involved in the catalytic function. As shown
in Fig. 1B, an additional highly conserved domain existed
in the internal 18 amino acid sequence of the a2 isoforms.
Although the physiological meaning for the existence of
two isoforms of CK/EK-a (a1 and a2) as well as the differ-
ence in their catalytic functions are presently unknown,
the highly conservative nature of this inserted sequence
probably indicates an additional regulatory function with
the a2 isoform.

Structure of the mouse gene for CK/EK-a
A 129/SV strain mouse genomic library in lFIXII was

screened with mouse CK/EK-a1 cDNA probes. Three in-
dependent phage clones, 17-1, 28-1, and 2-1 were isolated
and most parts of their nucleotide sequences were deter-
mined. As shown in Fig. 2, clones 17-1 had only exon I
which contained the putative translation start codon, and
clone 28-1 contained exon II and the alternatively spliced
exon II9, the latter of which encodes the inserted 18
amino acids in the a2 isoform. Clone 2-1 was found to in-
clude the coding sequences for exon IV through exon XI
plus 39-noncoding region. The sequence corresponding
to exon III, however, could not be found in either clone
28-1 or 2-1. Further analysis by genomic PCR with 129/SV
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Fig. 1. Comparison of the putative amino acid sequences of CK/EK-a and CK/EK-b from the mouse, rat, and human. Origins of cDNAs
are as follows: mouse CK/EK-a and -b, Aoyama et al. (13); rat CK/EK-a, Uchida and Yamashita (9, 10); rat CK/EK-b, Aoyama et al. (12);
human CK/EK-a, Hosaka et al. (11); and human CK/EK-b, Yamazaki (Accession No. AB029885 in DDBJ/EMBL/GenBank). The isoforms
a1 and a2 have been shown to be the splicing variants from CK/EK-a gene, in which an extra 18 amino acid sequence (corresponding to
exon II9) is incorporated (the site is indicated by an arrowhead) with a2. The highly conserved domains (tentatively defined as the regions
of more than 75% matching in at least 10 amino acids with no consecutive mismatch) among six mammalian sequences are numbered from
d-1 to d-8. A Brenner’s (20) phosphotransferase consensus sequence (HxDhxxxNhhh... ...D, where h stands for large hydrophobic amino
acids, FLIMVWY) is located in d-6.
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Fig. 2. Structure of the mouse gene for CK/EK-a. The 129/SV mouse genome library (lFIXII) was screened with mouse CK/EK-a cDNA
probes. Three independent phage clones (17-1, 28-1, and 2-1) were isolated and the most parts of them were sequenced. The boxes (open,
non-coding; and hatched, coding) and thick lines indicate exons and introns, respectively. The thick dotted lines and thin line indicate the
parts not involved in the isolated clones and both the size of them and the location of exon III were determined by genomic PCR as 129/SV
ES cells-derived DNA as a template. Exon II9 has been shown to be spliced out with an a1 isoform but retained with an a2 isoform. The nu-
cleotide size in each coding exon is indicated above the box and sites of several restriction enzymes (E, EcoRI; S, SacI; X, XbaI; and H,
HindIII) are also indicated.

ES cells-derived DNA as a template revealed that exon III
(114 b) is located approximately 1.3 kb upstream of exon
IV. Similar genomic PCRs also revealed the nucleotide dis-
tance between clone 17-1 and 28-1, and that between clone
28-1 and exon III. Thus, the overall results demonstrated
that the mouse gene for CK/EK-a is composed of 11 ma-
jor exons and 1 extra alternatively spliced exon (exon II9).
While the structure from exon III to exon XI was relatively
compact in size, the first four exons including exon II9
were shown to be split by extremely large introns (Fig. 2
and Table 1A). The entire size of mouse CK/EK-a gene
was thus estimated to be approximately 40 kb. The exon/
intron organization of the CK/EK-a gene is shown in Ta-
ble 1A. A 59-splice site sequence (CAAgt) of the alterna-
tively spliced intron 29 was found not in good match for its
general consensus sequence MAG preceding gt (21). An-
other unmatched 59-splice site sequence (AAAgt) was seen
with an intron 4. We have identified that some mouse and
rat cDNA clones, though not very frequently, had an in-
tron 4 that remained unsplit (data not shown), which
might be the result of its weak 59-splice site signal.

Nucleotide sequence in the 59-flanking promoter
region of mouse CK/EK-a gene and locations
of the putative cis-elements

The 59-flanking promoter region of CK/EK-a gene to-
gether with the possible cis-elements are shown in Fig. 3.
The putative transcription start sites estimated by 59-RACE
(mouse kidney) are also indicated. While a TATA box was
not found in the proximity of the start site, several CCAAT
and GC boxes (SP-1 binding sites) were found in the very
proximal region, showing a house-keeping nature of CK/
EK-a gene. On the other hand, a number of regulatory as

well as tissue-specific transcription enhancer elements were
also found. Especially, two sites for xenobiotic responsive
element (XRE), which has been shown to exist in the pro-
moter region of a number of polycyclic aromatic hydro-
carbon (PAH)-inducible genes (22–26), were found in
the proximal region. As we reported earlier (27), the ac-
tivity of CK/EK in the liver was highly inducible by treat-
ment of rats with several PAHs. The possible function of
these XREs in CK/EK-a gene expression is now under in-
vestigation with mouse Hepa-1 cells. We also reported that
the expressions of both CK/EK-a and -b were extremely
high in testis when compared to other rat tissues examined
(13). Although it is not yet clear at present that the same
is true for the mouse, it should be noted that there are sev-
eral sites for both testis-specific (SRY) (28) and tissue-specific
(GATA-1) (29) transcription factors in the proximal pro-
moter region of CK/EK-a gene.

Structure of the mouse gene for CK/EK-b and its
comparison to the hypothetical human CK/EK-b
gene structure

Through the isolation and sequencing of cDNAs for the
rat and mouse CK/EK-b, we found that the gene for mu-
rine CK/EK-b is localized in short upstream of the M-
CPTI gene. The human gene homologous to the murine
CK/EK-b has also been reported in EMBL/GenBank/
DDBJ database by the Human Genome Project to be
located shortly upstream of the M-CPTI gene. We had pre-
viously isolated ddy mouse genome clones MG3 and MG5,
both of which were found to contain the entire M-CPTI
gene and its 59-flanking region. By sequencing the up-
stream region of these clones, we obtained the entire
structure of CK/EK-b gene and its 59-flanking promoter
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region. The result demonstrated that the mouse CK/EK-b
gene is composed also of 11 exons splitted by 10 short in-
trons with its entire size of only about 3.5 kb (Fig. 4A).
The coding exon sizes and their organization were found
to be quite similar to those of CK/EK-a gene (Fig. 2 and
Table 2) except for the small difference in sizes of the first
and final coding exons. In addition, the alternatively
spliced exon II9 was not found in the CK/EK-b gene.

The hypothetical human CK/EK-b gene structure origi-
nally reported in the EMBL/GenBank/DDBJ Data Bank
(Accession No. U62317) by the Human Genome Project and
recently corrected by our hand (Accession No. AB029885) is
depicted in Fig. 4B. Although the transcription start site has
not been estimated for the human gene, the sizes of coding
exons as well as their organization were shown to be match-
ing completely between the mouse and putative human CK/
EK-b genes except for the last exon (XI) where it was 72 b in
the mouse whereas it was 75 b in the human.

The exon/intron organization of the mouse CK/EK-b
gene is shown in Table 1B. When compared to those for
the mouse CK/EK-a gene (Table 1A), intron sizes were
found to be extremely small for CK/EK-b. The sequence
of 59-splice site of intron 3 (CCAgt) was shown to be not in
good match for its consensus sequence (MAGgt). We have
found that not a few mouse (13) as well as rat (12) cDNA
clones (as much as 30%) had an intron 3 that remained
unsplit, and this could cause a truncated form of CK/EK-

b protein presumably with no kinase activity. At present,
however, whether or not this indicates the possible exis-
tence of a regulatory mechanism in the splicing step of
CK/EK-b expression is not clear. From our observation
for both CK/EK-a and -b gene expressions, it should be
noted that G preceding gt at the 59-splice site of introns
seems to be critical for the efficient intron-splitting event.

Nucleotide sequence in the 59-flanking promoter
region of mouse CK/EK-b gene

The 59-flanking promoter region of mouse CK/EK-b
gene is shown in Fig. 5, together with locations of the pos-
sible cis-elements. Several transcription start sites were esti-
mated by either 59-RACE (mouse kidney) or cap site
cDNA (mouse brain) analyses. A functional TATA box was
not present at the proximity of the putative transcription
start sites, although a TATA-like sequence was found
around 135 b upstream of the start sites. Instead, two
CCAAT boxes (both in reverse orientation) and one GC
box (SP-1 binding site) were found in close proximity to
the initiation sites, suggesting certain house-keeping na-
ture of the CK/EK-b gene. The existence of a number of
SRY binding sites in the proximal region may implicate
our previous observation (13) for the extremely high ex-
pression of CK/EK-b mRNA in murine testis. Unlike the
CK/EK-a gene, there appeared no XRE in the 59-flanking
proximal region of CK/EK-b gene.

TABLE 1. Exon/intron organizations of the mouse CK/EK-a (A) and CK/EK-b (B) genes

Intron No. 59-Splice Site
Approximate
Intron Size 39-Splice Site

kb
(A)CK/EK-a

1 CATCAGgtcagt 11.4 gtattctcttgcagGGGTGG
2 AAGATGgtgagt 9.8 tttctcattcatagAGGTCC
29 TTTCAAgtaagt 8.0 gccatctgttttagGGGGCT
3 ATCCCGgtaaga 1.3 attcctgtttccagAGCCGG
4 GGAAAAgtaagt 0.4 ccttcctatggcagATACCT
5 CCTGAGgtgagt 0.9 ctttctttttccagGTCATT
6 AAGAAGgtaaga 1.6 caaatctcttgtagGTAATA
7 TTACAGgtaatg 0.8 gtcctctctttcagGGGATT
8 CAACAGgtagga 1.8 aattcttttttaagCTCCAT
9 CAACAGgtaagc 0.5 gtttgtgattgcagATTTGC

10 TACATGgtaagt 0.6 tcggtctcttccagGAATAT

Intron Size
(B)CK/EK-b b

1 CGTGAGgtcagg 219 gtgtggatctgcagCGGAGG
2 CTGCAGgtgagg 221 acatattttatcagGGTGTA
3 CTCCCAgtaaga 169 gttactgggtacagAGCCGG
4 GGAGCGgtgagt 181 tgggcggcttccagGTACCT
5 CCTCAGgtgaag 118 ctctacctctacagGAAGTT
6 AGGAAGgtagga 83 ccccattcccctagGAAACA
7 CTACAGgtaagt 122 ctctatcctcccagGGGCTT
8 CAGCAGgtatat 133 tccattgatctcagCTCCAT
9 CAGTCGgtgaga 431 ccctcgttccctagGTACTC

10 TACTTGgtaagt 148 gattccttccttagGAGTAT

(C) General consensus sequence

MAGgtragt (y)nnyagG

Capital and small letters indicate parts of exon and intron sequences, respectively (M, A or C; R, A or G; Y,
pyrimidine nucleotides; N, any nucleotides).
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Comparison of the nucleotide sequence in the 
corresponding exons between CK/EK-a and 
CK/EK-b genes

As both the size of coding exons and their organization
have been shown to bear close resemblance to each other
between the mouse CK/EK-a and -b genes, sequence sim-
ilarity was compared next in every coding exon and the re-
sults are shown in Table 2. The highest similarity (74.5%
homology) was shown to reside on exon VIII, the se-
quence of which corresponds to the C-terminal half of
domain-7, one of the most highly conserved amino acid
sequence domains among mammalian CK/EKs (Fig. 1A).
Incidentally, the classical phosphotransferase (Brenner’s)

consensus sequence present in domain-6 was shown to be
derived from the nucleotide sequence in between exons
VI and VII.

Comparison of the entire amino acid sequences of mouse 
CK/EK-a and CK/EK-b to those from other eukaryotic 
CK or EK origins

A search of the DNA database resulted in the possible
existence of 17 different origins of eukaryotic CK and/or
EK including mouse CK/EK-a and CK/EK-b, all of which
presumably contained the sequences to encode the entire
amino acids. Then, we compared the similarity of the pu-
tative amino acid sequences of various CK/EK origins to

Fig. 3. Nucleotide sequence of the 59-flanking promoter (proximal) region of mouse CK/EK-a gene and
locations of the putative cis-elements. The putative transcription start sites estimated by 59-RACE (mouse kid-
ney) are indicated by arrows. A nucleotide of the more 59-site is numbered as 11 and the preceding nucle-
otides are negatively numbered as indicated in the right margin. The capital letters indicate the sequence de-
rived from the cDNA (13) and the putative translation start codon in exon I is boxed. The consensus
sequences of typical transcription factor-binding elements by TFSEARCH are also boxed (CCAAT) or indi-
cated with underlines.
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the mouse CK/EK-a and CK/EK-b, respectively (Table 3).
The amino acid sequences for the human CK/EK-b, all
four isoforms of C. elegans CK and Arabidopsis CK were
those hypothesized through the computer-assisted exon
organization for their genomic DNA sequences. The re-
sults showed that the homology scores of all nonmamma-
lian CK/EKs against mouse CK/EKs were relatively low
ranging from 25 to 40%, when compared to those be-
tween any of the mammalian CK/EK-a and CK/EK-b
isozymes (see above). Interestingly, when these 17 se-
quences were positioned in an evolutionary tree (data not
shown), three soy bean CK isoforms were all shown to be
in closer relationship to the mammalian enzymes than any

other nonmammalian CK/EKs including the C. elegans
isoforms. Both D. melanogaster EK, which was reported to
have no CK activity at all (30), and one (U58734) of C. ele-
gans CK isoforms were located at the most distal positions
toward the mammalian CK/EKs.

Discovery of the two novel CK/EK consensus amino acid 
sequences in addition to the classic phosphotransferase 
consensus sequence

Finally, GENETYX MAC multialignment was performed
for the putative amino acid sequences of 17 different origins
of eukaryotic CK and/or EK which have been reported in
the EMBL/GenBank/DDBJ databases. Each alignment
was done for every 2 or 3 exons of the mouse CK/EK genes.
The overall results led to an identification of three highly
homologous domains in which several key amino acids
were completely conserved among all eukaryotic CK/EK
proteins. One of which was so-called Brenner’s (20) phos-
photransferase consensus sequence which was found in
domain-6 derived from exons VI and VII of the mamma-
lian CK/EK genes (Fig. 6A, see also Fig. 1 and Table 2). In
the CK/EK consensus sequence, it could be amelio-
rated to hxFxHNDxxxxNhh.... ..D. The second CK/EK
consensus sequence, hxhhDhExxxxNxxxhDhxxHhxE, was
found to be located in domain-7 derived from exons VII
and VIII, the latter of which has been shown to have the
highest sequence homology between the mouse CK/EK-a
and CK/EK-b genes (Table 2). It contained six completely
conserved amino acids, four of which are acidic and the
other two are polar, suggesting that the alignment of these
amino acids is most likely to be critical for interacting with
the positive charge of the substrate choline and/or etha-
nolamine. The third consensus sequence was found in the
more N-terminal region corresponding to the C-terminal
half of domain-4 (Fig. 6B), which could be derived from
exon III of the mammalian CK/EK genes. The role of this
highly conserved sequence, GPxLhGxFxxGRhExhh, for
the expression of CK/EK activity is presently unknown.

Fig. 4. Structure of the mouse gene for CK/EK-b (A) and its comparison to the hypothetical human CK/EK-b gene structure (B). The
ddy mouse genome clones MG3 and MG5, both of which had originally been isolated by screening with a M-CPTI cDNA probe as described
in Experimental Procedures, were shown to contain also the entire gene for CK/EK-b and its 59-flanking region. The homologous human
gene has recently been submitted in databases (Accession No. U62317 in EMBL/GenBank/DDBJ) by the Genome Project and its computer-
assisted exon/intron structure proposed. We found that the human sequence reported in the database had an error in its putative exon I
which resulted in a frameshift to cause a longer coding exon. We corrected its sequencing error (Accession No. 029885), then arranged the
hypothetical human CK/EK-b gene structure as shown in (B). The boxes (open, non-coding; hatched, coding) and thick lines indicate
exons and introns, respectively. The nucleotide size of each coding exon is indicated above the box. The sites of restriction enzymes (B,
BamHI; E, EcoRI; H, HindIII) are also indicated.

TABLE 2. Comparison of the nucleotide sequences in the
corresponding exons between CK/EK-a and CK/EK-b genes

Exon No. a(nt) b(nt) Homology

Conserved
Amino Acid

Domains

%

I 338 224 51.1 d-1
II 112 109 71.3 d-2, d-3
II9 (54) — —
III 114 114 69.0 d-4
IV 134 134 68.2 d-5
V 105 96 52.9
VI 59 59 65.5 d-6
VII 88 82 63.6 d-6, d-7
VIII 109 109 74.5 d-7
IX 107 104 55.3
X 82 82 68.8 d-8
XI 60 72 72.0

I,XI a1:1308nt 1185nt 62.2
(a2:1362nt)
a1:435aa 394aa 59.7
a2:(453aa)

The coding exon sequences were compared for their similarity be-
tween the every corresponding exon of CK/EK-a and CK/EK-b by
GENETYX MAC. The positions of the conserved amino acid domains
(d-1 to d-8) are indicated in Fig. 1.
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Other completely conserved amino acid residues among
all eukaryotic CK/EK proteins identified from the multi-
alignment data were: 142R(104R), 214H(175H), 222K(183K),
360Y(316Y) and 398W(353W) with respect to the mouse CK/
EK-a1 (CK/EK-b) primary amino acid sequence.

DISCUSSION

In this study, we have cloned mouse genes for CK/EK-a
and CK/EK-b and determined their entire structures for
the first time. The results demonstrated clearly that both

CK/EK-a and -b genes are composed of 11 major exons
split by 10 introns. While the sizes of coding exons as well
as their organization were shown to be quite similar to
each other, there was a big difference in their entire gene
sizes: it was not less than 40 kb for CK/EK-a, whereas it
was only 3.5 kb for CK/EK-b. Furthermore, the CK/EK-a
gene had an extra 54 b coding exon (exon II9) which
could be alternatively spliced to yield two isoforms, a1 and
a2. The meaning of the presence of two CK/EK-a iso-
forms in mammalian cells as well as the difference in their
catalytic nature is presently unknown. The physiological
significance of the existence of two CK/EK isozymes, a

Fig. 5. Nucleotide sequence in the 59-flanking promoter (proximal) region of mouse CK/EK-b gene. The
putative transcription start sites estimated by 59-RACE (mouse kidney) and Cap Site cDNATM (mouse brain)
analyses are indicated by closed and open arrows, respectively. A nucleotide of the most 59-site is tentatively
numbered as 11 and the preceding nucleotides are negatively numbered as indicated in the right margin.
Capital letters indicate the sequence from the cDNA (13) and the putative translation start codon in exon I is
boxed. The consensus sequences of well-characterized transcription factor-binding elements by TFSEARCH
are also boxed (CCAAT, with reverse orientation) or indicated with underlines.
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and b, is also unknown. Our previous finding indicated
that the expression of either of the CK/EK isozymes oc-
curred ubiquitously in rat tissues with the highest expres-
sion in testis. No significant tissue specificity has yet been
observed in their mRNA abundance between the two
isozymes. Thus, understanding of the exact meaning for
the presence of more than one form of CK/EK in mam-
malian tissues must await future studies. It has now become
possible from the present study to construct a knockout
mouse for each CK/EK isozyme to observe whether or not
its phenotype may have a change in PC/PE metabolism.
Analysis of the possible trans-acting factors that regulate
their gene expressions would provide further insight into
the function of each isozyme and this kind of investigation
has now become available for both CK/EK-a and -b
isozymes. In this respect, the possible function of two
XREs discovered in the 59-flanking promoter region of
CK/EK-a gene would be of particular interest because the
critical role of CK/EK in mitogenic signal transduction as
well as in carcinogenesis has recently been proposed (for
review, see refs. 16, 17) and that major PAHs as well as
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) that bind to
XRE via the aryl hydrocarbon receptor (Ah receptor) have
been known to be highly mitogenic and carcinogenic.

Although both CK/EK-a and -b have been shown to
have significant EK activities, choline is much more pre-
dominant than ethanolamine as their substrate. Thus, it
has been postulated that another enzyme that is specific
for ethanolamine or prefers ethanolamine to choline as
its substrate should exist also [such an enzyme actually
exists in lower eukaryotes including yeast (31) and Droso-
phila (30)] in mammals. Recently, two reports have de-
scribed the possible existence of relatively EK-specific ki-
nases in human (32) and rat (33) tissues. No molecular
information for these enzymes, however, could be ob-
tained at the present.

Another important result from the present investiga-
tion is an identification of the two novel CK/EK consen-
sus sequences, in addition to the classical Brenner’s (20)
phosphotransferase consensus, which have been shown to
be completely conserved among all of the eukaryotic CK/
EK putative amino acid sequences. One was located
shortly downstream of the C-terminal region of Brenner’s
consensus sequence and it contained four acidic and two
polar amino acids aligned in every 2 to 5 amino acid inter-
vals. The characteristic nature of the region suggests that
this amino acid alignment may be required for the inter-
action with a positive charge of choline and/or ethanol-
amine substrate. The other CK/EK consensus sequence
was found to be located in the more N-terminal region
which corresponded to the domain-4, one of the most
highly conserved amino acid sequence domains among all
mammalian CK/EK proteins. The role of several key
amino acids of this region in catalytic or regulatory func-
tion of CK/EK activity needs to be evaluated in further
analysis.

From the genomic point of view, we are very much con-
cerned about the fact that CK/EK-b gene was found to be
localized in close proximity to the gene for mammalian

M-CPTI (18, 19). Particularly in the human genome, the
39-end of CK/EK-b gene was shown to be only 300 b up-
stream of the first exon (exon la) of M-CPTI gene (18), in-
dicating that there could be some 59-flanking regulatory
region of the M-CPTI gene expanding into the CK/EK-b
gene. The tissue-specific expression of M-CPTI gene has
been well characterized (34) and occurred only in heart,
skeletal muscle, and both brown and white adipose tissues
but not in many other mammalian tissues. Although the
exact mechanism underlying its tissue-specific expression
as well as the functional cis-elements have not yet been
clarified with mammalian M-CPTI gene, it would be quite
fascinating to know how the expression of these two genes
located in close proximity can be regulated. At present,
however, the expression of CK/EK-b gene has not been
investigated in detail with any of these mammalian tissues
where M-CPTI is expressed in high levels. Incidentally, the
chromosomal mapping of M-CPTI gene, and thereby of
CK/EK-b gene, has been reported to reside on 22q13 for
the human (35), 15E3 for the mouse (19, 36) and 7q34
for the rat (19). There is no information at present about
the chromosomal mapping of CK/EK-a gene in any mam-
malian species.

An earlier study from our laboratory demonstrated that
administration of several PAHs (27) and carbon tetrachlo-
ride (CCl4) (37) caused induction of CK/EK activities in
rat liver, and that this induction was most likely through

TABLE 3. Amino acid sequence similarity of mouse CK/EK-a and 
CK/EK-b to other CKs or EKs reported in the literature or

hypothesized from the genomic sequence in the DNA data bank

Description (Accession No.
in GenBank/EBI)

Similarity

Origin Mouse aa Mouse b

%

Mouse a1(50 kDa CK), a2(52 kDa CK) — 59.7
b(42 kDa CK/EK) 59.7 —

Rat a1(CKR1), a2(CKR2) 97.9 59.7
b42 kDa CK/EK) 59.7 95.9

Human a2(52 kDa CK) 87.5 56.2
b(AB029885/6) 62.5 86.0

S. cerevisiae Cki1p 30.3 31.8
Eki1p(Z50046) 29.5 26.1

C. elegans Z34533 24.5 28.7
Z34533/Z30973 25.7 28.6
U64598 37.7 40.7
U58734 29.7 30.9

Arabidopsis AC005168 33.8 33.4

Soy bean GmCK1 31.6 35.2
GmCK2 32.2 34.3
GmCK3 33.2 33.3

D. melanogaster EK 28.5 31.3

The previous descriptions for CK/EK-a1, -a2, and CK/EK-b are
indicated in parentheses. The origins of sequences are as follows: mouse
a1, a2, and b(13); rat a1(9), rat a2(10), rat b(12); human a2(11),
Cki1p(39), Eki1p(31), GmCK1,3(40), and D. melanogaster EK(30).
Other sequences including human b were derived from their genomic
DNA sequences reported in the EMBL/GenBank/DDBJ Data Bank.

a For the CK/EK-a isozyme, a1 sequence was used for all similarity
comparisons except for that against the human a2 where mouse a2
sequence was used.
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the synthesis of new CK/EK protein(s). Subsequently, we
confirmed immunologically that the inducible form(s) of
CK/EK could not be the same enzyme(s) as those consti-
tutively expressed in rat tissues (4, 8). These observations
indicated that another isozyme or isoform other than CK/
EK-a (a1 and a2) and CK/EK-b could be present in the
rat because both of the latter forms of CK/EK have been
shown to be ubiquitously expressed enzymes. Alterna-
tively, the inducible form of CK/EK might have been sub-
ject to conformational change in some way so that it could
not cross-react with the antibody raised against the highly

purified CK/EK-b protein. At present, however, there is
no molecular information for the possible existence of a
third isozyme or isoform of CK/EK (except for the rela-
tively EK-specific one as described above) in any mamma-
lian sources. On the other hand, Uchida (38) suggested
by both Western blot with an antibody raised against re-
combinant rat CK/EK-a1 and Northern blot with a rat
cDNA probe for CK/EK-a that both PAH and CCl4 in-
creased the protein and transcript levels of CK/EK-a in
rat liver. Thus, molecular characterization of the major
PAH- and/or CCl4-inducible form of CK/EK in the liver

Fig. 6. Identification of the two novel CK/EK consensus amino acid sequences in addition to the classical phosphotransferase (Brenner’s)
consensus. GENETYX MAC multialignment was performed for the putative amino acid sequences of 17 different origins of eukaryotic CK
and/or EK which have been reported in the EMBL/GenBank/DDBJ databases (see Table 3). Each alignment was done for every 2–3 exons
of the mouse CK/EK gene. Two highly conserved regions (A and B) in addition to the Brenner’s phosphotransferase consensus was discov-
ered. One was located in the C-terminal side of the Brenner’s consensus sequence (A), and the other was located in the more N-terminal re-
gion corresponding to the C-terminal half of domain-4 (B). In (A), 42 amino acids from S. cerevisiae Cki1p (39) and 23 amino acids from C.
elegans U64598 were removed at the positions indicated (by arrowheads) so that maximum matching could be obtained. In (B), the arrow-
head indicates the position where the reported human CK/EK-a2 sequence (11) had 18 amino acids insertion.
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still remains to be clarified. The CK/EK-a gene disruption
studies would provide conclusive evidence for the above
discrepancies between our results (4) and those by
Uchida (38).

Finally, CK/EK has been shown to be activated or in-
duced in a number of situations where the increased activ-
ities of CK/EK resulted in a similarly increased rate of
PC/PE biosynthesis (3). There have been several in-
stances, however, where the increased activity of CK/EK
did not appear to associate directly with the increased syn-
thesis of PC/PE. In most cases, an accumulation of intra-
cellular phosphocholine or phosphoethanolamine has
been observed (16, 17). Thus, the physiological meaning
of activation or induction of the enzyme in these latter sit-
uations has not long been evaluated experimentally. In
recent years, both phosphocholine and phosphoethanol-
amine have been proposed to be the possible second mes-
sengers in mitogenic signal transduction pathway. In addi-
tion, certain chemical carcinogens mentioned above and/
or ras/raf oncogene transfection have shown to cause an
induction of CK activity and, at the same time, an accumu-
lation of phosphocholine in the cell (2, 16, 17). Although
the exact mechanism leading to activation or induction of
CK/EK as well as an exact site of phosphocholine/phos-
phoethanolamine association in mitogenic signaling path-
way remains to be determined, the isolation and charac-
terization of each CK/EK gene, as presented in this study,
would no doubt prove the critical role of each isozyme or
isoform in not only PC/PE biosynthesis but also mitogenic
signal transduction in animal cells.
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moto and Tomoko Sakyo, both from Kyoritsu College of Phar-
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