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As the first step to elucidate the relationship between the structure and function of CTP:phos-
phocholine cytidylyltransferase (EC 2.7.7.15) in plants, the partial nucleotide sequence of soybean
cytidylyltransferase ¢cDNA was determined using a polymerase chain reaction (PCR). Degenerate
oligonucleotide primers were synthesized from the conserved region revealed from the rat and
yeast cytidylyltransferase DNA sequences. The catalytic domain region showed 78 and 76%
homology with the rat and yeast amino acid sequences, respectively. The hydropathy profile
indicated that the C-terminal non-catalytic portion of the protein was very hydrophilic, and
in the region between the catalytic domain and the C-terminal region, there was a large amphi-
pathic ¢-helical domain that was believed to bind the membrane surface in the active formation.
There are 7 potential sites for phosphorylation by protein kinase C and 4 potential sites for
phosphorylation by Ca’*/calmodulin kinase within the determined sequence.
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CTP:phosphocholine cytidylyltransferase (EC 2.7.
7.15) catalyzes the key regulatory rcaction of the nu-
cleotide pathway of phosphatidylcholine synthesis
in higher eukaryotes (Vance, 1989). In mammals. cy-
tidylyltranslcrase exists both as an active membranc
bound form and as an inaclive cytosolic form. The
interconversion between the two forms is believed
to regulate the overall formation of phosphatidyl-
choline, the major membrane phospholipid (Vance
and Pelech, 1984; Vance. 1989). The mammalian cy-
tidylyltransferase structure predicted [rom the cDNA
sequence indicated an amphipathic a-helical do-
main at the C-terminal end, within which an 11-
mer motif was repeated three times in tandem (Kal-
mar et al., 1990, 1994; Sweitzer and Kent, 1994). It
was suggested that this domain binds the membrane
surface in the active formation of cytidylyltransferase
(Craig et al., 1994).

In most plant tissues studied so far, cytidylyltrans-
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ferase has been shown to be ambiquitous like its
animal equivalent (Morré, 1970; Lord er al., 1972:
Price-Jones and Harwood, 1986; Kinney and Moore,
1987; Kinney et al., 1987; Checesbrough. 1989). The
regulation of cytidylyltransferase activity in planis,
however, bears somewhat discrepant results. The en-
zyme from castor bean endosperm is regulated in
a manner similar to that from animal tissues. The
activity of the solubilized enzyme was greatly stimu-
lated by phospholipids and phosphatidylcholine-
oleate vesicles, suggesting that the membrane-bound
form is active (Wang and Moore, 1990). The cytidyl-
yltransferase activity appeared to be also regulated
by phosphorylation (Wang and Moore, 1989). The
enzyme from pea stems, in contrast, was found to
be very hydrophilic and active in its cytosolic form,
and not regulated by the translocation mechanism
(Price-Jones and Harwood. 1986). In its structure the
pea cytidylyltransferasc may be more or less like the
yeast enzyme, which, although located mainly in the
membrane {raction, was predicted from its gene ana-
lysis to be rather hydrophilic protein (Tsukagoshi
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et al , 1987). The cytidylyltransferase from yeast lacks
the amphipathic membrane-binding domain found
in mammals.

Soybean has shown to be an interesting system
to study the metabolism of phosphatidylcholine in
plant tissues. In developing seeds phosphatidylcho-
line is actively involved in the synthesis of triacylgly-
cerol by providing polyunsaturated fatty acids (Ohl-
rogge et al, 1991), and in soybean the nucleotide
pathway for phosphatidylcholine synthesis seems to
be affected by seed growth temperatures (Cheesb-
rough, 1989; Cho and Cheesbrough, 1990). The acti-
vity of cytidylyltransflerase along with that of choli-
nephosphotransferase was two to five times higher
in seeds grown at 20C than in seeds grown at 35C.
Moreover, the preliminary results showed that the
distribution of cytidylyltransferase activities between
the cytosol and the postchloroplast membrane frac-
tion changed with alteration of tcmperatures (Chees-
brough, 1989). As the first step to elucidate the rela-
tionship between the structure and function of cytid-
ylyltransferase in plants, we have tried to clone the
cDNA for cytidylyltransferase from soybean and re-
port its partial sequence and predicted polypeptide
structure in this paper.

MATERIALS AND METHODS

Plant material, RNA extraction and cDNA lib-
rary comnstruction

The total RNA was extracted from somatic embr-
yos obtained from tissue culture of young soybean
cotyledons (Glycine max cv. Whangkeum) (Choi,
1995). The poly(A")RNA was isolated using oligo
(dT) cellulose column (New England Biolabs) or
poly(U) Sepharose affinity paper (Amersham). ¢D-
NAs were synthesized and ligated in EcoRI-digested
Agtll, and ¢DNA library was tansformed into Esche-
richia coli Y1090.

Polymerase chain reaction (PCR), sequencing
and cloning

A partial cDNA was cloned by PCR using dege-
nerate oligonucleotide primers. First strand cDNA
was synthesized from mRNA with oligo(dT) primer
using cDNA Cycle Kit (Invitrogen) and used directly
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Fig. 1. (A) Polymerase chain reaction strategy to clone soy-
bean cytidylyltransterase ¢DNA. (B) Nucleotide sequence
and deduced amino ac.d sequence of the cytidylyltransfe-
rasc cDNA. The sequences used for PCR amplification
are indicaied by arrows. The amino acid scquences of the
proposcd catalytic domain are in boldface, and those of
the amphipathic helix are in italics. Sce text for detail

for PCR as a template according to the instructions
by the manufacturer. Sense primer CT1 [5'-TA(CT)
GCNGA(CT)GGN(AG)TNTT(CT)GA-3"] and an-
tisense primer CT2 [5-GGAGTAT(AG)TC(AG)
TC(AG)TGNGCNAC-3"] we,e designed bascd on
the common sequences of rat cDNA (Kalmar er al.,
1990} and yeast genomic DNA (Tsukagoshi e al.,
1987) (Figs. 1A and 2). The PCR reaction mixture
(25 uL) contained 500 ng template, 2.5 uL. 10X PCR
buffer (500 mM KCl, 100 mM Tns-HCI, pH 8.3),
50 pmol degenerate primers, 200 uM dNTP’s, 3 mM
MgCl, and 2.5 units of Taq polymerase. Reactions
were annealed for 2 min at 53C, extended for 2 min
at 72T and denatured for 1 min at 95C. The ampli-
fied product (P12) was cloned into pT7 Blue T-vec-
tor (Novagen) and sequenced by using DNA Seque-
ncing Kit from United States Biochemical with T7
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Fig. 2. Comparison of the catalytic domain of soybean
cytidylyltransferase protcin sequence (S) with correspon-
ding rat liver (R) and yeast sequences (Y). Identical amino
acid residues are indicated by vertical lines, and conserva-
tive changes by colons.

and Ul9 or SP6 as sequencing primers.

The 5' and 3’ ends of cytidylyltransferase cDNA
were obtained by PCR using the gene-specific nes-
ted primers CT5 (5-AGTCAATGTTGTGCTTGT-
CAA-3) and CT3 (5-GTGTTGCAACGATCAAGT-
3"), respectively, with the combination of Agtll for-
ward and reverse primers (Figs. 1A and 1B). The
fragments amplified (P5 and P3) were also cloned
into pT7 Blue T-vector and sequenced as above.

The hydropathy analysis of the predicted polypep-
tide was performed according to Kyte and Doolittle
(1982). The prediction of secondary structure from
deduced amino acid sequence was based on the
Chou-Fasman algorithm (Chou and Fasman, 1978).

RESULTS AND DISCUSSION
¢DNA cloning by PCR

The product (P12) of PCR with degenerate pri-
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mers had the same length of 278 bp as was expected
from the rat and yeast sequences (Tsukagoshi er al.,
1987; Kalmar er al., 1990) (Fig. 1(B) and 2). The pre-
dicted polypeptide shared 58 and 56% identity and
73 and 69% similarity (excluding the primer sequen-
ces) with the rat and yeast protein sequence, respec-
tively, and turned out to be located within the region
corresponding to the catalytic domain of rat cytidyl-
yltransterase (Kalmar et al., 1994).

Based on P12 sequence were synthesized two spe-
cific primers CT5 and CT3. Each of these primers
was used with the combination of Agtll forward and
reverse primers to generate the 5 and 3’ fragments
(P5 and P3), respectively, by PCR (Figs. 1A and 1B).

Characterization of soybean cytidylyltransferase
sequence

The determined sequence of soybean cytidylyltra-
nsferase cDNA is 884 bp long and contains an open
reading frame (ORF) of 294 amino acids (Fig. 1(B)).
Based on the ORF’s of 367 amino acids of the ma-
mmalian cytidylyltransferases (Kalmar et al., 1990)
and 424 amino acids of the yeast enzyme (Tsukago-
shi et al., 1987), we assume that the determined soy-
bean sequence corresponds to 70-80% of the total
sequence.

The basic structure of soybean cytidylyltransferase
was revealed to be same as that of mammalian cyti-
dylyltransferase. It consists of three main regions,
namely the catalytic domain in the central region,
the very hydrophilic C-terminal region, and the am-
phipathic meinbrane-bindicg domain between
them.

The conserved region between residues 3 and 165
represents for the proposed catalytic domain of cyti-
dylyltransferase (Figs. 1B and 2), housing the active
site of the enzyme, as proposed by Cornell and her
colleagues (Craig er al., 1994). This region shows 78%
similarity with tae rat cytidylyltransferase and 76%
with the yeast sequence (Fig. 2). The homology of
the region between the mammalian and yeast pro-
teins was 75% (Kalmar e al., 1990). By contrast, the
N- and C-terminal domains shared only 23 and
37% homology, tespectively, between the rat and
yeast cytidylyltransferases. According to the secon-
dary structure prediction by Chou-Fasman algori-
thm (Chou and Fasman, 1978), the catalytic domain
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contains many short a-helices and B-sheets connec-
ted by turns, suggesting that it is a tightly folded,
globular structure.

The analysis of hydropathy profile of soybean cy-
tidylyltransferase reveals that the sequence ol soy-
bean cytidylyltransferase, like th¢ mammalian and
yeast enzymes. does not contain a hydrophobic re-
gion long enough to be a transmcmbrane domain
{data not shown). This suggests that cytidylyltransfe-
rase is not a membrane-spanning enzyme, although
it is bound to the membrane fraction in the active
formation. The profile of soybean cytidylyltransfe-
rase also shows that the 3’ end ol the enzyme enco-
mpasses a large domain of very strong hydrophili-
city. Sequence analysis shows that the hydrophilic
nature of this region is mainly due 1o the enrichment
of positively charged residues, like aspartic acid and
glutamic acid (Fig. 1(B)).

The most intriguing feature of the soybean cytidy-
lyltransferase sequence is that between the catalytic
domain and the C-terminal hydrophilic region is
an a-helical region between amino acid residues 172
and 225 (Fig. 1(B)), as predicted by the Chou-Fas-
man algorithm (Chou and Fasman, 1978). The heli-
cal projection, as shown in Fig. 3, clearly demonsira-
tes the amphipathic nature of this unbroken a-heli-
cal region with the highly asymmetric distribution
of hydrophilic and hydrophobic residues. The polar
face is highly enriched in positively charged gluta-
mic acid and negatively charged lysine. It was a lo-
ngtime unsolved question how the plant cytidylyltra-
nsferases were activated as compared to the mam-
malian counterparts. The presence of the a-helical
amphipathic structure strongly suggests that the acti-
vity of soybean cytidylyliransferase may be also con-
trolled by reversible translocation of the enzyme bat-
ween the cytosol and the microsomal membranes
like mammalian enzyme. Cornell and her colleagues
suggested (rom the studies of the rat liver cytidylylt-
ransferase that this amphipathic helix was involved
in binding the membranes, with its axis parallel to
the plane of the membrane and with the hydropho-
bic side chains intercalating into the phospholipid
bilayer and the polar face contacting the cytosol
(Kalmar et al., 1990; Craig et al., 1994; Johnson and
Cornell, 1994). The high enrichment of the 3'-end
region of the soybean cytidylyltransferase with nega-
tively charged glutamic acid and aspartic acid resi-
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Fig. 3. Helical wheel projcction of soybean cytidylyltrans-
ferase in the amphipathic helix region. Hydrophobic resi-
ducs are shaded gray.
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ducs, suggestive of strong polar interaction of this
region of the enzyme with the negatively charged
phospholipids of the membrane, also could help the
right positioning of the enzyme in the active confor-
mation.

Potenrial sites for phosphorylation

Since it was shown that cytidylyltransferasc was
phosphorylated at multiple sites in vive and that
phosphorylation played an important role in the re-
gulation of cytidylyltransicrase activity in mamma-
lian tissucs (Watkins and Kent, 1991; Wang e al.
1993; MacDonald and Kent. 1994), the consensus
sequence of phosphorylation was searched in soy-
bean cytidylyltrans(erase. Throughout the determi-
ned scquence, there are 7 potential sites for phos-
phorylation by protein kinase C [Xaa-(Arg/Lys;.,
Xaay)-(Ser/Thr)-(Xaa, ,, Arg/Lys, 5)-Xaa] with Secr
/Thr at positions 63, 117, 124, 156, 174, 232 and 251,
and 4 potential phosphorylation sites by Ca®' /cal-
modulin protein kinase II [Xaa-Arg-Xaa-Xaa-
(Ser/Thr)-Xaa] with Ser/Thr at positions 63, 156, 174
and 251 (Kemp and Pecarson, 1990; Kennelly and
Krebs, 1991). Two of these sites (positions 232 and
251) are found in the hydrophilic C-terminal region.
It is expected that when considered the multiple
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phosphorylation sites in the C-terminal region of

mammalian cytidvlyltransferases therc arc more po-
tential phosphorylation sites in the C-terminal re-
gion of soybean cytidylyltransferase, the sequence
of which is to be determined. The sites for phospho-
rylation in the C-terminal region have been impli-
cated to be important in the regulation of the enz-
yme translocation, since removal of the C-terminal
tail resulted in loss of phosphorylation of overexpre-
ssed rat liver cytidylyltransferase by kinases endoge-
nous to chinese hamster ovary cells (Kalmar et al.,
1994), In the latesi study with rat mutants, it was
suggzsted that the phosphorylation of the C-termi-
nal domain interferes with the activation of cytidyly-
Itransferase by lipid regulators (Yang and Jackowski,
1995). Ser-Pro motif (Ser-Pro-Ser-Ser-Ser-Pro and
Ser-Pro-Ser-Pro-Ser). which is the site for phos-
phorylation by p34cdceZ kinase and was repeated th-
ree times in the C-terminal region of mammalian
cyliaylyltransferases (Kalmar er al., 1994: MacDonald
and Kent, 1994), is not found within the determined
soybean cytidylyltransferase sequence. It lacked in
the yeast cytidylyltransferase (Tsukagoshi er al., 1987).

The presence of multiple potential sites for phos-
phorylation in the soybean cytidylyltransferase se-
quence suggests that the phosphorylation-dephos-
phorylation also plays an important role in the regu-
lation of the enzyme activity in soybean. There is
no cvidence yet that the soybean cytidylyltransferase
is phosphorylated either in vivo or in vitro, but the
activity of cytidylyltransferase from castor bean has
been reported to be regulated by phosphorylation
(Wang and Moore, 1989).

It will be very interesting to investigate in detail
the biochemical nature of purified soybean c¢ytidyly-
Itransferase in terms of activity regulation. It has not
been demonstrated whether the membrane-bound
soybean enzyme is the active form and the phos-
phorylation and dephosphorylation are actually in-
volved in the translocation. Becausc the distribution
ol cytidylyltransferase activities between the cytosol
and the postchloroplast membrane fraction in deve-
loping soybcan sceds changed with alteration of te-
mperatures (Cheesbrough, 1989), it may also provide
a model system to study the regulation mechanism
of plant cytidylyltransferases in response to environ-
mental laclors.
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