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A human choline kinase cDNA was cloned by complementation of the yeast choline kinase mutation, cki, from a human glioblastoma ¢cDNA

expression library, The deduced sequence of the human enzyme comprised 456 amino acids with a calculaled relative molecular mass of 52,065,

The human enzyme resembled the rat liver enzyme over the entire seuence. It also resembled the yeast enzyme in the carboxy-terminal region,
but not much in the amino-terminal region,

Human choline kinase ¢<DNA; Functional cloning; Yeast mutant

1. INTRODUCTION

It is generally accepted that cholinephosphate cyti-
dylyltransferase plays a major role in the regulation of
phosphatidylcholine synthesis (for a review, see [1]). But
recently a regulatory role of choline kinase in phosphat-
jidylcholine synthesis has also been suggested (for a re-
view, see [2]). To elucidate the regulatory mechanism of
choline kinase, its cDNA and gene would be extremely
useful. DNA encoding choline kinase has been isolated
from two sources, yeast and rat liver, in our laboratory
[3,4]. The yeast gene was obtained by complementation
of the choline kinase mutation, ¢4/ [5,6], and rat liver
choline kinase cDNA was recently cloned, using specific
antibodies, from a Agtll rat liver cDNA library. The
open reading frames in the yeast and rat liver clones
encoded 582 and 435 amino acid residues with relative
molecular masses of 66,316 and 49,737, respectively.

Recently, several mammalian cDNAs were success-
fully cloned by complementation of the corresponding
yeast mutations [7-12], but so far no successful cloning
of cDNAs for phospholipid metabolism has been re-
ported. Here we demonstrate the cloning of a mammal-
ian cDNA encoding choline kinase by complementation
of the yeast cki mutation from a human glioblastoma
¢DNA library constructed by Colicelli et al. [11]. The
results raises the possibility that other mammalian
¢DNAs involved in phospholipid metabolism would
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also be available through yeast complementation (for
yeast phospholipid metabolism mutants, see review
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2. MATERIALS AND METHODS

2.1, Yeasi strains and cDNA library

Wild-type strain X2180-1A (« SUC2 mal mel gal2 CUPI) was pro-
vided by the Yeast Genetic Stock Center (University of California).
Phosphatidylserine synthase mutant 667 (¢ pss) was isolated as an
ethanolamine auxotroph from X2180-1A as described previously [14).
cki disruplant 2013 (acki::HIS3 leu2 his3 trpl can!) was construcied
essentially as described previously [3], except that the gene was dis-
rupled by inserting HS3 [15) between the Bgilt and BamHI sites of
the coding frame, Cloning strain D493-2 (@ pss cki:: F{ES3 lex2 Nis3 trpl
canl) was constructed from 667 and 2013 by the standard genetic
method. The composition of the inositol-free minimum medium (M-i
medium) was us described previously [16]). The human glioblastoma
¢DNA library [11] was a gift from M, Wigler (Cold Spring Harbor
Laboratory) to J.N.

2.2, Materials

Restriction endonucleases and other reagents were obtained from
Takara Shuzo (Kyolo) and Nippon Gene (Toyama). [e-*P}dCTP (4¢9
Ci/mmol) and [methyf-*Cleholine chloride (52.0 Ci/mol) were pur-
chased from Amersham Corp. and DuPont-New England Nuclear,
respectively,

3. RESULTS AND DISCUSSION

3.1, Cloning strategy

Mutants defective only in the choline kinase gene
(CKD) do not show any apparent growth pherotype [6],
and are thus not suitable for complementation cloning.
We introduced cki into the pss background to construct
a ki pss double mutant, The pss mutation defective in
phosphatidylserine synthase causes auxotrophic re-
quirement for serine, ethanolamine, or choline [14].
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When 20 pg/ml inosito! was added to the culture, the
requirement for ethanolamine and choline was more
pronounced, and serine was no longer effective, proba-
bly due to a further decrease in phosphatidylserine syn-
thesis caused by inhibition of the synthase by inositol
[17] and by the lowered availability of CDPdiacylglyc-
erol. When the cki mutation was added to this pss back-
ground, the resulting double mutant was unable to grow
on choline because the ck/ mutation prevented choline
utilization. Transformation of the double mutant with
choline kinase cDNA should restore growth, Thus we
thought that a choline kinase cDNA could be obtained
by complementation of the ck/ mutation in the cki pss
mutant.

3.2, Cloning of a hurnan cDNA capable of complentent-
ing the yeast cki mutation

We cultured D493-2 (a pss cki:: HIS3 feul his3 rpl
canl) in inositol-free minimum medium (M-i) supple-
mented with 20 gg/ml leucine, 20 gg/ml tryptophan and
200 ug/ml serine to the logarithmic phase at 23°C. Com-
petent cells were prepared and transformed with a
human glioblastoma cDNA library [11] by the methed
of Ito et al. [18]. The library had been construcied on
yeast expression vector pADANS [11] containing the
ADH]I promoter and 14 amino acids derived from
ADH!, and the Nodl cloning site. Thus the cDNAs
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Fig. 1. Incorporation of [met/iy/-'*Cleholine into phosphatidylcholine
in mutant D493-2 (@) and iis transformant carrying pHGCKI-1 (O).
D493-2 and D493-2 [pHGCKI-1] were grown in M-i medium supple-
mented with 20 gg/ml leucine, 20 ug/ml iryptophan and 200 g#@/ml
serine to the logarithmic phase (Ass, 0.3-0.5). To 1 ml of each culture
was added 0.1 uCi [inethyl-"*Ccholine (10 Ci/mol), and then the mix-
ture were incubated at 30°C for the indicated times with shaking.
Lipids were extracted as described previously {19] and separated on
a Silica Gel 60 plate (Merck) with chloroform/methanol/acetic acid/
88% formic acid/waler (35:15:6:2:0.25, v/v) as the solvent system. The
gel containing phosphatidylcholine was scraped off and counted in a
toluene/Triton X-100 scintillant,
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could be expressed under the control of the ADH! pro-
moter in yeast cells. In this experiment, we used 10 g
of the library per 10 cells, and cultured the transfor-
mants for one week on one minimum plate supple-
mented with 20 #g/ml each of inositol, choline and tryp-
tophan. From five such plates, we obtained 9 colonies.
Seven were found to contain identical plasmids carrying
a 2.4-kbp insert. We named this plasmid, pHGCKI-I.
The other two colonies contained plasmids with smaller
inserts, 1.8 and 1.6 kbp, and were not studied further.
Upon retransformation with purified pHGCKI-I,
D493-2 acquired the ability to grow on choline in the
presence of 20 ug/ml inositol. The transformant did not
grow without choline, indicating that the plasmid com-
plemented the cki mutation, but not the pss mutation.

3.3, pHGCKI-I encodes choline kinase

To confirm that pHGCKI-1 encodes choline kinase,
we first examined whether or not the plasmid could
restore the activity of the CDPcholine pathway in the
parental strain by determining the incorporation of
[methyl-'*Clcholine into phosphatidylcholine. Fig. 1
shows that parental strain D493-2 incorporated the la-

SF- ¢
—CDP-cho
—P-cho
0- = - - ~Cho

1 2 3 4 5

Fig. 2. Choline kinase activity of the D493-2 transformant harboring
pHGCKI-1. D493-2 harboring pHGCKI-1 was cultured in 250 ml of
M-i medium supplemented with 20 gg/ml tryptophan and 200 gg/ml
serine, and harvested at the mid-logarithmic phase. The soluble frac-
tion of the cells was prepared, and 6.8 ug was incubated for 10 min
al 30°C in a 10 ul assay mixture containing the same ingredients as
described previously [3] except that the concentration of [methyt-
MCleholine (52 Ciymol) was reduced 10 0.37 mM. A 9 ul portion of the
reaction mixture was directly spotted onto a Silica Gel 60 plate
(Merck), and then the plale was developed with 95% ethanol/2%
ammonium hydroxide (1:1, v/v). Autoradiography was carried out for
2 days at room temperature with Fuji X-ray film. (Lane 1) Complete
system; (lane 2) minus ATP; (lane 3) 10 mM EDTA instead of MgSO,;
(lane 4) 1he reaction mixiure was boiled for I min at the end of the
incubation and then treated with 10 units of calf intestine alkaline
phosphatase for [0 min at 37°C; (lane §) boiled enzyme. SF, solvent
front; O, origin; CDP-Cho, CDPcholine; P-cho, phosphorylcholine;
Cho, choline.
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belled choline at a very low rate, but the transformant
carrying pHGCKI-1 at a much faster rate. The rate was
comparable to that in the case of wild type X2180-1A
(data not shown). Thus pHGCKI-1 restored the CDP-
choline pathway in the mutant. Next, we assayed the
choline kinase activity. A 100,000xg supernatant was
prepared, and incubated with [merhyl-'*C]choline and
ATP in the presence of Mg®™ for 10 min at 30°C. After
incubation, the reaction mixture was directly applied
onto a Silica Gel H plate. The plate was developed and
then autoradiographed. As shown in Fig. 2, the
100,000xg supernatant of the pHGCKI-1 transformant
produced phosphorylchoiine (lane 1). The phosphoryl-
choline formation was dependent on ATP (lane 2) and
Mg?* (lane 3). Alkaline phosphatase treatment con-
verted the reaction product to choline (lane 4), confirm-
ing the identity of the product. Heat treatment abol-
ished the activity (lane 5). The present results show that
pHGCKI-1 carries choline kinase cDNA. When choline
kinase activity was assayed by the method described
previously [20], the activities of the transformant and
untransformed cells were 6 and 0.1 nmolmin™-mg™
protein, respectively. Thus the choline kinase activity of
the transformant was comparable to or even higher
than that in rat tissues [20-22], We concluded that iie
cloned cDNA contained a considerable length, or even
the full-length of the choline kinase coding frame.

o1 TGARANCCAAATICTGCACCR006COABOCE
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B e e e e e e S e e e W S
GC6TE0G0CABCAGCE0CACOCC0CCACCOACCTCOACTCCAAGEACCTOOCGICAACA 180
R e U i el S e e
BLC0C0CTCO0aCTAC00C0TCCACC0CC0ETGECOCTRCCOCTOICO0TO00CUABEE 2
e e S e e e e et e e e
50CGCCOCACCEa000aTACACCACCACCEBACCECCE00C00G000CAGRICETAT 3
B i i e o el
1GTG0TGCAAGCAGT TECT60CCO0060CTRECO6000CTCCGEIABBACEABTTECAT
T T Lo T g CReCReC CopeagashtaRat 1ol
TCARTGICATCAGAGECOACETTAGEAACATOCTG TICCACTACTCOCTACC TOACACS
D e R e et S R S R
R AGECACLCT TG TOATEAGCETOSEAMGTBCTCCTG0GECTCTATEGNCRORTITTG
TR UL R D BB R R v LR R
CAGATCAGGTCCTGTAATANAGACGGATCCCAACANGSTCABARAGARRATGAAT T TCAR
MR E e HKREGSEE D AOKENTEE-Q

GBC6CTGAGGCCATAGT TETGGAGAGCCTTATGTITOCCATICTCGCAGAGABGTCACTT
GGAEGGAHGVLESVHFAILAERSL

3
1
4
1
4
1
5
1
[
1
0GGOCAANACTCTATGECATCTTICCCOANGGCCGACTGBAGCAGT ICATCORENGCEEE 6
i et et Sl R i e S R A S S
CGATTAGATAGTOAAGAATTAAGT T1GCCAGATATT TCTOLAAAATCOCCBACARAAIG ]
GAT TACTAGTOAAGIATTAAGTTIBCCACATATTTETOLASRARTCOLCOACARAIC ]
(CTACATITCATGETATGAAAATGCCATICARTAAGOARCCARRATGBCTTTIIGACACA 7
TG A AR SO LA TA RSB ACEARgATSoCT T TTGgoA T
ATCRAAAAGTATCTAMGEAAGTCCTGAGAAT TAAATI TACTOAGCAATCOAGAATTARA 8
R CARBTATCTAMGSARGIGCTEAOMTTARATITAGTCASGTLCAGAATTAR &
ABGCTCCACARATIGCTCAGTTACAATCTGCCCTTGRAACTEG GATCATTE
G CCCARAT [BCTCAGTTACARTCTGCRCT TGGRACTOOMANCTTGAGATEATTE 2
CTIGAATGTACTCCATCTCCAGTTGTATTTTGTCATAATGACTGTCAAGRAGGTAATATC
LESTPSPVVFGHN?CDEGNI
NS E K

9
3
TTGTTGCTGOAAGGCLG AATTCTG AGAAACTGATGCTCATTGATTICS 10
l_.G EGCLGGE GgCCRAGé\G TTCT! AMMCQ el HG TeATTeR ef\ g
TAGAGCI\GTTADAATTACAGGG%ATTCGACATTGGAMTCACTTCTGTGAGTGGATGTAT 10
Y5 S8 YNYR FDLGGNNWNFCENYMY 3

FEBS LETTERS

June 1992

3.4. Nucleotide sequence of a human choline kinase
¢DNA

The 2.4-kbp insert was excised from pHGCKI-1 with
Notl, and then the 2,408-bp sequence was determined
by the dideoxy chain termination method [23] after sub-
cloning into M13mp10 and mp11 [24]. As shown in Fig.
3, there was a large open reading frame capable of
encoding 465 amino acid residues. As expected, the
reading frame was in-frame with the ADH leader pep-
tide in expression vector pADANS [11]. Since it was not
known whether translation started at the first methion-
ine or a further upstream one, we compared the deduced
amino acid sequence with the recently determined rat
liver choline kinase sequence [4].

3.5. Sequence comparison with choline kinase from other
sources

In Fig. 4, the deduced amino acid sequence, starting
from methionine-1 as the first amino acid, is aligned
with that of rat liver choline kinase. The first 23 amino
acids of both sequences perfectly matched each other,
strongly suggesting that methionine-1 is the transla-
tional start site of human glioblastoma choline kinase.
Furthermore, with some deletions or insertions, the rat
liver and human glioblastoma enzymes showed a high
degree of sequence similarity over their entire lengths;
84.9% amino acids were identical and 9% conservative,

GATTATAGCTATGAAAAATACCCTTITTICAGAGUAAACATCCGGAAGTATCCCACCAAG 1140
D?gcYEKYPF}RkNlRKTPTKBN
AAACAACAGCTCCATTITATTTCCABTTACTTGCCTGCATTCCARAATGACTTTGAAAAC 1200
KO0 OQLHWF I 585YLPAFQOQNDFEN 39
CTCAGTACTGMGMMATCCATTATMMGMGAMTGTTGGTTGAABTTMTA%GTTT 1260
LS TEEKSITIKEEMNMLLETVYN Fooan
GCCO (TGCATCTCATTICCTCIGGOGACTCTGETCCAT TGTACAAGCCAAGAT TTCATCT 13%0
ALASHFELYGLYS I ¥O0AKILSS 43
ATTGAATTTGGCTACATGGACTA AAGCAAGOTTTGATGCCTATTICCACCAGAAG 1380
1B F G\'HGGDC\'CMI:\CCOAG% GRGFBG%GTFH QEK 1%51
A%GAQ@G{TG%&G;GTEACTG TGGCSAUGACTCCATCCACCTCATCACTGGACTGCATGE Iggg
GBAGGCAGCAGAGTGLEBTCCCCTCTGIGCTTCOACTACTGCTCETGTGONAGOAGRCTT 1500

TGGCTGRCTCACTACTGAACACATGTGTATGATACTAAAGACGGTATTAAAATGGAGCGA 1560
CETTTATTTCATCTCTTQT TTACGATTTCACTAGGACTCAGAAACGACATCGGOAAGACE 1620
ANATATAGTGCAATAGTGCAACATCTCTGAATCCTTTTAATCTAGAGAAGGCATITCATA 1680
TTTGGEGGCTAAGST TTCCAGTCAGATGAGGCAAACAGCAAGAGTAAGCAGTGTTACTIG 1740
CACOTACTTTGGTTAATGT TGACTTTAAATTTTCATGAATGTGCTGETGAACACTGTGAC 1800
CAGGCTTTTBTAGATGGCGACTCTATTATAGACGGTGCTCACTCCCAAGGGACAGCAACT 1860
GAGCAGAGATGTACTGCAAAGTCGCCAGTCACTGCGTGCAAGGTGRCCTCTOCCTGO0EC 1920
CBTCCAGAAGCTGCTCCTTTACCCTCTTGRTCCOATGACTGAAGCCGAGCAGCTGCATTG 1980
CTCTGGAGCAGCCAAGBCCGCEACTGTGCACACACAGCTCTCCCCTCCTGCTGROCETGT 2040
GTGACACTGTAGAGTTTCACTGTACTCOATGTCACT TCTCCCCTECCCTTCCTCCTGATG 2100
GAGTGTGCAGACAGCCATGCGTGECCACGOGGGCAGTCTGAGCACCTCCCTOTCTECLGE 2160
TCCCCTCCCAGGGAGCAGCTCCTTBACCTAGCTCTTTGEGCCTCTCCTGECLTICTGCTCT 2220
GCCTGBAGTGTCGEATCCTGTGAGTAGECTCEGCCTCCCCTCCOCAGEOT ICTCCARGGE 2280
CGGTTTCCCEECCCTTACCAARCCTGATGCCCOTGACATCATCATICTTGTGGEAGACAG 2340
CAGCCTGTATOTGGTGTGGGCCETGGATCOAGTGTAGCTGTGAAATCCATATATATGAAR 2400
TGTCCAAT 2408

Fig. 3. Nucleotide sequence and deduced amino acid sequence of human glioblastoma choline kinase cDNA. Tiie sequence was eicised from

pHGCKI-1 using NotI and determined by the dideoxy chain termination method [23). The Nosl site is not shown in the figure. The numbers at

the right denote the positions of the last nucleotide and amino acid of each line. Amine acids are numbered with the first methionine taken as position
1. The stop codon is indicated by an asterisk. Brenner’s phosphotransferase consensus [25] is indicated by underlinings.
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1 MKTKFCTGOEAEPSPLGLLLSCGSGSAAPAPGYGQORDAASDLESKOL -APTAALALPPP

SLEBRRABGRNNARORUSIRAND ADDAN  MARRBRMIRG 20 000 T :llllll

1 MKTKFCTGGEAEPSPLOLLLSCG-GSAAP TPGYGOARDAAGELE SKQLGGRSQPLALPPP

60 PPLPLPLPLPQPPRPLT ~ADEQPEPRARRRAYLMCKEFLPGANRGLREDEFIIL SYIRGGL

&R 8 RARSD ‘ll::! .‘l.l.ll:I.IIID.IIIIII.I.‘lllll:llll.lllll

60 PP-P-PLPLP-PPPSPPLADEQPEPRTRRRAYLMCKEFLPGAYRGLREDQFHI SYIRGCL

120 SNMLFOCSLPDTTATLGDEPRKYLLRLYGAILUMRSCNKEGSEQAQKENEFQGAEAMYLE

II!IIIII.I!::.::IIIIIIIIIIIII.I.:. salpapa

117 SNMLFQCSLPDSIASVGDEPRKYLLRLYGAILKM-cmnacnuaneaananss GAEAMYLE

180 SYMFAILAERSLGPKLYGIFPQGRLEQF 1 PSRRLDTEELSLPD 1 SAE | AEKMATFHGMKH

IllllI.III.I.II'IIII.II.I..I..\I.III.III:Qll.l.illllllllillll

159  SYMFALLAERSLGPKLYGIFPQGRLEQF | PSRRLOTEELCLPD I SAE | AEKMATF HGMKN

240 PFNKEPKNLFGTMEKYLKEVLRIKFTEESRIKKLHKLLSYNLPLELENLRSLLESTPSPY

BRABLARARERIREARR, BRE RN o B o ANR I RAIINENRRAIRR, B, 0is

219 PFNKEPKWLFGTMEKYLNQYLRLKF SREARVQOLHRFLSYNLPLELENLRSLLQYTRSPY

300 ¥FCHNDCOEGNILLLECRENSEKQKLML 1 DFEYSSTNYRGFD ) GNHFCENMYDYSYEKYP

lIIlllllllilllllﬂ:llllllllllllIll.I.lllllll.ll.ll..lll;Illll

219 VFCHNDCOEGNILLLEGQENSEKQKLMLIDFEYSSYNYRGFDI GNUFCEWMYDY TYEXYP

360 FFRANIRKYPTKKQOLHF | SSYLPAFQNDFENLSTEEKS | IKEEMLLEYNRF ALASHF LY

3319 FFRANIQKYPTRKQOLHFISSYLTTFONDFESLSSEEQSATKEDMLLEYNRF ALASHFLN

420 GLWSIVGAK]1SSIEFGYMDYAQARFDAYFHOKRKLGY

BEALIASRERRRARRAA ARSI RITIIR NRREINN

399 GLWSIVQAKISSIEFGYMEYAQARFDAYF DAKRKLGY

Fig. 4. Sequence alignment of human glioblastoma choline kinase and
rat liver choline kinase. The sequences were compared using the GEN-
ETYX program (SDC Corp. Inc.) and aligned so that maximum
maiching was obtained. (Upper line) Human glioblastoma chaline
kinase; (lower line) ral liver choline kinase, The asterisks indicate
identical amino acids, and the colons conservatively substituted amino
acids, The figures at the lelt denote the positions of the left-end amino
acids.

At the nucleotide level, the open reading frames resem-
bled each other, 68% identity. Compared with yeast
choline kinase [3), significant sequence identity (28.7%)
was observed in the carboxy-terminal regions (human,
amino acids 292-427; yeast, 357-487), but not much in
the amino-terminal regions. The carboxy-terminal re-
gion contained Brenner’s phosphotransferase consen-
sus (HXDhXXXNhhh.....D, where h stands for large
hydrophobic amino acids, FLIMVWY} [25] at positions
303-329 (Fig. 3). We previously showed that a trun-
cated yeast choline kinase constructed by removing the
amino-terminal 151 amino acids still exhihited slight but
significant choline kinase activity [3]. Thus it is tempting
to speculate that the carboxy-terminal region is in-
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volved in the catalytic function of choline kinase from
yeast, rat liver and human glioblastoma.
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