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An expressed sequence tag from Arabidopsis that displayed se-
quence homology to mammalian and yeast choline kinases was used
to isolate choline kinase-like cDNAs from soybean (Glycine max L.).
Two distinct cDNAs, designated GmCK1 and GmCK2, were recov-
ered that possessed full-length reading frames, each sharing approx-
imately 32% identity at the predicted amino acid level with the rat
choline kinase. A third unique choline kinase-like cDNA, GmCK3,
was also identified but was not full length. Heterologous expression
of GmCKT1 in yeast (Saccharomyces cerevisiae) and GmCK2 in both
yeast and Escherichia coli demonstrated that each encodes choline
kinase activity. In addition to choline, other potential substrates for
the choline kinase enzyme include ethanolamine, monomethyleth-
anolamine (MME), and dimethylethanolamine (DME). Both soybean
choline kinase isoforms demonstrated negligible ethanolamine ki-
nase activity. Competitive inhibition assays, however, revealed very
distinct differences in their responses to DME and MME. DME
effectively inhibited only the GmCK2-encoded choline kinase ac-
tivity. Although MME failed to effectively inhibit either reaction, an
unexpected enhancement of choline kinase activity was observed
specifically with the GmCK1-encoded enzyme. These results show
that choline kinase is encoded by a small, multigene family in
soybean comprising two or more distinct isoforms that exhibit both
similarities and differences with regard to substrate specificity.

PC is the most abundant phospholipid constituent of
most eukaryotic cellular membranes (Ansell and Spanner,
1982). In animals and yeast, PC may be synthesized by
either of two distinct metabolic pathways: (a) the methyl-
ation pathway, whereby PC is produced by the sequential
methylation of phosphatidylethanolamine, or (b) the nu-
cleotide pathway, a three-step enzymatic process in which
free choline is incorporated into PC through a CDP-choline
intermediate (Carman and Henry, 1989; Vance, 1991). In
higher plants, however, recent studies of PC biosynthesis
have provided compelling evidence suggesting that the
majority of PC is produced through a single biosynthetic
pathway possessing elements of both the traditional meth-
ylation and nucleotide pathways (reviewed by Kinney,
1993).

The initial step of the nucleotide pathway involves the
ATP-dependent phosphorylation of choline catalyzed by
choline kinase (EC 2.7.1.32). This reaction has been charac-
terized in numerous plant species (Ramsarma and Wetter,
1957; Tanaka et al., 1966; Mellor et al., 1986; Kinney and
Moore, 1988), and the enzyme has been partially purified
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from soybean (Glycine max) (Wharfe and Harwood, 1979).
The involvement of this enzyme in the synthesis of PC in
plants appears to differ greatly depending on the availabil-
ity and sources of free choline. Choline that is supplied
exogenously is rapidly phosphorylated by choline kinase
and quickly incorporated into PC (Kinney and Moore,
1987; Mudd and Datko, 1989; Che et al., 1990). Radiotracer
studies designed to follow the endogenous synthesis of the
choline head group in Lemna, soybean, and carrot, how-
ever, have shown that free choline is not produced in
significant amounts and does not appear to be an interme-
diate in the synthesis of PC (Mudd and Datko, 1986; Datko
and Mudd, 1988b). The choline that makes up the PC head
group appears to be synthesized primarily at the phospho-
base or phosphatidyl-base levels. Furthermore, in castor
bean endosperm in which radiotracer studies did detect
significant quantities of endogenously produced choline,
this choline appeared to be sequestered in a pool that was
largely unavailable for incorporation into PC (Kinney and
Moore, 1987; Prud’homme and Moore, 1992).

Because of the inability to detect endogenously produced
free choline as a major intermediate in PC biosynthesis,
questions remain regarding the role of choline kinase in the
absence of an external supply of substrate. An additional
complication in our understanding of this reaction became
apparent with the discovery by Kinney and Moore (1988)
that germinating castor bean endosperm choline kinase
activity is highly reversible. Under conditions of pH and
substrate concentrations that were determined to be phys-
iologically relevant, it was predicted that the reverse reac-
tion would be greatly favored over the forward activity,
leading to speculation that choline kinase may alterna-
tively function as a means of producing choline in meta-
bolic pathways leading away from PC.

To gain a greater understanding of the choline kinase
reaction, how it is regulated, and its role in PC biosynthesis
in higher plants, we have isolated and characterized two
distinct soybean cDNAs that encode choline kinase activ-
ity. By expressing the soybean choline kinase ¢cDNAs in
yeast (Saccharomyces cerevisiae) and/or Escherichia coli, we
were able to directly test for function and substrate speci-
ficities of the individual isoforms. We have also recovered
an additional ¢cDNA that displays significant predicted
amino acid homology to known choline kinases, suggest-

Abbreviations: DME, dimethylethanolamine; EST, expressed se-
quence tag; MME, monomethylethanolamine; PC, phosphatidyl-
choline.
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ing that other isoforms of the enzyme are present in
soybean.

MATERIALS AND METHODS
Construction and Screening of Soybean cDNA Library

Size-selected cDNA (>500 bp) was synthesized from 25-
DAF developing soybean (Glycine max cv Dare) seed
mRNA and ligated into phage vector AZAPII according to
the manufacturer’s instructions (Stratagene). Plaques were
plated at a density of 4 X 10* plaque-forming units per
150-mm Petri dish and transferred to nylon membranes as
previously described (Sambrook et al., 1989). >?P-labeled
insert DNA from’a choline kinase-homologous Arabidop-
sis EST (clone No. 104E7T7) was hybridized to the library
under low-stringency conditions (described below).
Plaques demonstrating positive hybridization signals were
purified to homogeneity and their corresponding pBlue-
script plasmids recovered as described in the AZAPII clon-
ing protocol (Stratagene).

Nucleotide sequence information was obtained in both
orientations for each of the selected cDNAs using the Se-
quenase version 2.0 kit (United States Biochemical). Pair-
wise comparisons between the predicted amino acid se-
quences of the soybean ¢cDNAs and the rat and yeast
choline kinase sequences were conducted using the GAP
program of the University of Wisconsin Genetics Comput-
ing Group software package; multiple sequence alignments
were performed using the PILEUP program (Genetics
Computer Group, Madison, WI).

Northern and Southern Blot Analyses

Genomic DNA and mRNAs were isolated from soybean
and transferred to nylon membranes as previously de-
scribed (Dewey et al., 1994). **P-labeled DNA probes were
synthesized using random primers according to the
method of Feinberg and Vogelstein (1983). All nucleic acid
blots were incubated overnight with labeled probe in a
hybridization solution containing 6X SSPE, 10X Den-
hardt’s solution, 1% SDS, and 100 mg mL™' denatured
herring sperm DNA. Hybridization under standard condi-
tions was conducted at an incubation temperature of 65°C
followed by washing the blot twice at room temperature in
2% SSC, 0.1% SDS for 15 min; once at 65°C in 1X SSC, 0.1%
SDS for 15 min; and once at 65°C in 0.2% SSC, 0.1% SDS for
15 min. The low-stringency hybridization for screening the
soybean c¢DNA library was conducted at an incubation
temperature of 50°C and by washing twice at room tem-
perature in 2X 5§5C, 0.1% SDS for 15 min, and once at 50°C
in 1X SSC, 0.1% SDS for 15 min. Autoradiograms were
produced by exposing the washed blots to Kodak XAR-5
film.

Expression of Soybean Choline Kinase cDNAs in Yeast

To test clones GMCK1 and GmCK?2 for functional activity
in yeast (Saccharomyces cerevisiae), the cDNA inserts were
excised from their original pBluescript vectors and cloned
into the multiple cloning site of vector pIC-20H. Because
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the pIC-20H polylinker is flanked by two HindIll restric-
tion sites, subsequent digestion of these constructs with
this enzyme permitted the cloning of the GmCK inserts
into the HindlIll cloning site of yeast expression vector
pDB20 (Becker et al., 1991). Restriction mapping of the
GmCK inserts within pDB20 enabled the selection of
individuals that were oriented correctly with respect to
the ADHI promoter that drives the constitutive expres-
sion of transgenes cloned into this vector. Designated
GmCK1.DB20 and GmCK2.DB20, the respective constructs
were transformed into yeast strain CTY392 (cki-, McGee et
al., 1994) using the procedure of Gietz et al. (1992).
Transformed yeast colonies were inoculated into 50 mL
of synthetic minimal medium minus uracil (Guthrie and
Fink, 1991) and grown at 30°C to an Agq of 1.0 to 1.2. After
the cells were harvested by centrifugation at 3,000¢ for 5
min, the pellet was washed with water and resuspended in
1 mL of 20% glycerol, 50 mm Tris-HCl, pH 7.5, 1 mm EDTA.
The amount of 0.5 mL of 0.5-mm glass beads was added to
each preparation, and the cells were disrupted with two
20-s pulses at 5000 rpm using a mini-beadbeater (Biospec
Products, Inc., Bartlesville, OK). The homogenate was cen-
trifuged at 10,000g for 20 min at 4°C, and the resulting
supernatant was assayed for choline kinase activity.

Expression of GmCK2 in Escherichia coli

To facilitate the cloning of the GmCK2 ¢DNA into an E.
coli expression vector, a PCR-mediated site-directed mu-
tagenesis strategy was used to introduce unique restriction
sites at the initiator Met codon and in the 3’ flanking region
of the soybean clone. Mutagenic primers 5'-TTGACCATG-
GCCATAAAGGC-3' and 5'-GTTTGGGAGCTCACCCT-
AC-3' were used to amplify a GmCK2 sequence (using
GmCK?2 in pBluescript as the template) possessing an Ncol
site at the initiator codon and an SstI site in the 3’ flanking
region of the cDNA. Nucleotides shown in bold type cor-
respond to the sequences in the primers that differ from the
wild-type sequence. The newly created restriction sites are
underlined; the initiator ATG codon is italicized. PCR re-
actions were conducted using the standard conditions de-
scribed in the GeneAmp PCR kit (Perkin-Elmer Cetus).

PCR-amplified products were digested with the appro-
priate restriction endonucleases (Ncol and SstI) and cloned
into E. coli expression vector pUC120. pUC120 is a deriva-
tive of pUC118 that possesses a unique Ncol restriction site
at the lacZ start codon to facilitate isopropyl-B-p-thiogalac-
topyranoside-inducible expression of cloned inserts (Mess-
ing, 1991). This construct was designated GmCK2.Nco. An
expression cassette was created, by engineering an Ncol site
at the start codon and using this site to clone into pUC120,
that allowed synthesis of the entire plant protein with-
out any additional amino acids derived from vector

‘sequence.

E. coli cells (strain MV1190) transformed with
GmCK2.Nco were cultured in 250 mL of Luria broth me-
dium (containing ampicillin) to an Ass, of 0.4 to 0.6 and
then induced by the addition of isopropyl-B-p-thiogalacto-
pyranoside to a final concentration of 0.75 mm. After an
additional 2 h of culturing, cells were harvested and resus-
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pended in 2.0 mL of 20% glycerol, 50 mm Tris-HCI, pH 7.5,
1 mm EDTA. After a 5-min incubation with lysozyme (2.5
mg mL "), cells were disrupted using a mini-beadbeater at
5,000 rpm for 80 s. The homogenate was centrifuged at
10,000g for 20 min at 4°C, and the resulting supernatant
was assayed for choline kinase activity. Protein concentra-
tions for both the yeast and E. coli extracts were determined
by the method of Lowry et al. (1951) using bovine y-glob-
ulin as the standard.

Enzyme Assays

Choline kinase activity was assayed as described by
Uchida and Yamashita (1992) with minor modifications.
Except where otherwise stated, reaction mixtures com-
prised 100 mm Gly-NaOH, pH 7.5, 10 mm ATP, 10 mm
MgCl,,.0.18 mm ['*C]choline chloride (54 mCi mmol %,
NEN-DuPont), and 5 to 30 pg of yeast or E. coli extract
protein in a total volume of 10 pl. After incubation at
30°C for 10 min, the reactions were stopped by transfer-
ring the tubes to a boiling water bath for 3 min. Under
these assay conditions the incorporation of radioactivity
into choline phosphate was linear with time (data not
shown). Assays designed to measure a potential reverse
reaction were conducted using the same reaction condi-
tions with the exception that 10 mm ADP was used
instead of ATP and the choline radiolabel was replaced
with 0.2 mm ["*C]choline phosphate (50 mCi mmol™",
NEN-DuPont). The ethanolamine kinase assays were
conducted in the same reaction mixture described for
choline kinase except that 1.6 mm ['*CJethanolamine
chloride (2.5 mCi mmol™', NEN-DuPont) was used as
the radiolabel. The enzyme kinetic data for GmCK2p
were obtained from a 3-min incubation of a 100-uL re-
action containing 1.5 pg of E. coli extract protein in
combination with the various concentrations of choline,
DME, and ATP specified in Figure 6. The reaction mix-
ture used to assay for the DME kinase activity of
GmCK2p was identical with that described for choline
kinase assays with the exception that DME was added to
a concentration of 0.2 mMm, and 1 mm [y-*?P]ATP (1 Ci
mmol ™!, NEN-DuPont) was used as the source of radio-
label. The reaction products for each of the above assays
were spotted onto silica gel 60 plates and resolved by
TLC using a developing solvent of 95% ethanol, 2%
NH,OH (1:1, v/v). Radiolabeled substrates and products
were visualized by autoradiography and quantitated by
scraping the labeled spots and measuring counts using
liquid scintillation spectrometry.

RESULTS
Isolation of Choline Kinase cDNAs from Soybean

The generation of ESTs through the Arabidopsis ge-
nome initiative is proving to be an invaluable resource as
a means of identifying genes in higher plants that have
previously been isolated from only nonplant sources
(Newman et al., 1994). To determine whether an EST
possessing homology to a known choline kinase had
been identified in a higher plant, data bases harboring

EST information were searched using the predicted
amino acid sequence of yeast choline kinase as the query
sequence. This search revealed a single Arabidopsis EST
(GenBank accession No. T22378) that displayed signifi-
cant homology to the yeast sequence (BLAST score = 96).
The c¢DNA corresponding to this EST (clone No.
104E7T7) was obtained from the Arabidopsis Biological
Resource Center (Ohio State University, Columbus) us-
ing the Arabidopsis Information Management System.

To isolate potential choline kinase cDNAs from soybean,
clone 104E7T7 was used as a heterologous hybridization
probe against a AZAPII ¢cDNA library generated from 25-
DAF developing soybean seed mRNAs. After screening
approximately 240,000 plaques under conditions of low
hybridization stringency, four positive plaques were iden-
tified and purified to homogeneity and their corresponding
plasmids were recovered. Restriction enzyme assays and
limited DNA sequence analysis demonstrated that two of
the sequences corresponded to the same gene. The larger of
the two was selected for further analysis and designated
GmCK1. The remaining two unique cDNAs were desig-
nated GmCK2 and GmCK3.

The complete nucleotide sequence was determined for
all three clones, and their predicted amino acid sequences
are shown in Figure 1. The sizes of the three cDNA inserts
are 1417 bp (GmCK1), 1456 bp (GmCK2), and 1646 bp
(GmCK3). Based on the presence of in-frame stop codons
upstream of the proposed Met start codons, it was con-
cluded that GmCK1 and GmCK?2 possess complete reading
frames capable of encoding proteins of 359 amino acids
(designated GmCK1p) and 362 amino acids (designated
GmCK2p), respectively. Although GmCK3 is considerably
longer than GmCK1 and GmCK?2, it does not appear to be
full length as judged by the continuance of the open read-
ing frame through the 5' end of the cDNA. The GmCK3-
encoded polypeptide is predicted to be greater than 497
amino acids in size (Fig. 1).

Data base searches of the predicted amino acid se-
quences of the three soybean clones against the major
protein data banks revealed extensive homologies only to
known choline kinases from mammals and yeast. The cal-
culated identities between the soybean polypeptides with
each other and with the rat and yeast choline kinase se-
quences are presented in Table I. Although GmCK1p and
GmCK2p are more closely related to each other than to the
predicted GmCK3 protein, all three soybean sequences
display much higher identities with each other than with
the rat or yeast sequences.

Southern and northern blots using the GmCK]1 insert as
a hybridization probe are shown in Figure 2. The hybrid-
ization pattern revealed by the Southern blot is consistent
with that of a gene family comprising three or more mem-
bers. Northern blot assays using mRNA from young leaf
tissue consistently revealed two distinct hybridizing bands:
a small band estimated to be 1.5 kb in size and a larger
band of approximately 2.1 kb. The lower band is similar in
size to the GmCK1 and GmCK2 cDNA inserts and, there-
fore, is likely to represent mature transcripts correspond-
ing to these two genes. Because the incomplete GmCK3
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Figure 1. Alignment of deduced amino acid sequences of three choline kinase-like cDNAs from soybean and the rat choline
kinase polypeptide. Identical amino acid residues are shown on a black background. Where two separate matches occur
within the same column, one pair is shown with a black background and the other pair with a gray background. The
sequences deduced from soybean cDNAs GmCK1, GmCK2, and GmCK3 are represented as GmCK1p, GmCK2p, and
GmCK3p, respectively. The sequence from rat (Rattus norvegicus) is designated RnCKp (Uchida and Yamashita, 1992).

clone is considerably longer than the GmCK1 and GmCK2
inserts that possess complete reading frames, it is tempting
to speculate that the 2.1-kb mRNA represents the mature
GmCK3 message. However, the isolation of a full-length
GmCK3 cDNA and the use of gene-specific probes will be
necessary to definitively establish the size and expression
pattern of the individual GmCK c¢DNAs.

Expression of GmCK cDNAs in Yeast and E. coli

Although the use of ESTs and heterologous hybridiza-
tion strategies can be a powerful tool in accelerating the
gene isolation process, such approaches must be accompa-
nied by some assay to confirm protein function. Yeast
strain CTY392 possesses a knockout mutation in its endog-
enous choline kinase gene (McGee et al., 1994). To deter-
mine whether GmCK1 and/or GmCK2 encode choline ki-

Table 1. Predicted amino acid sequence identities between choline
kinases from soybean, rat, and yeast

The yeast choline kinase sequence is referred to as ScCKp. The
nomenclature of the other polypeptides is the same as in Figure 1.

GmCKl1p GmCK2p GmCK3p RnCKp
GmCK2p 81
GmCK3p 63 63
RnCKp 32 32 32
ScCKp 31 32 27 26

Monks et al.

AG

SFVEDVAD!V

qM
i (

S
N
MT
SV

3] A MISV E N

Di3 K EgY (
D LS S E GSH K|
PLEJL EN[§R S| QYTRSPV

Plant Physiol. Vol. 110, 1996

DPPNDQAA
MK

DGAENSAKNL
TKFCTGGEAE

SARSAGDPPH DQARIDAIENS
PSPLGLLLSC GGSEJAPTPGV

F
M)

VETPVSNKAD
PLADEQPEPR

AS
D)
KSLEEIKWE

EFLPGAWRGL

RLP AKIR!
TRRRAYLWCK

N . D
HEE
.lon
GAEAMEL
AR
g

ELNaY+ . (B0
ngerkwilFeT

PEDEIQRNG

PLPPPPSP

pEH o]

i
ELS D|
oEr L| ATLKM

H
SV

LK GIlA
A 1 BN O S L (58
K E LR Y| INSEA PYNVPRGT
j Q DAMFDQ L [} e

nases, the ability to restore this activity to the mutant yeast
strain by expressing the soybean cDNAs was tested. Yeast
expression vector pDB20 is designed to express cloned
inserts using the constitutive ADH1 promoter (Becker et al.,
1991). The GmCK1 and GmCK2 ¢DNA inserts were cloned
into pDB20 (designated GmCK1.DB20 and GmCK2.DB20),

DNA mRNA
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Figure 2. DNA and mRNA blot analyses of soybean using a GmCK1
probe. For the Southern blot, each lane represents 10 ug of genomic
soybean DNA digested with the indicated restriction enzyme. The
northern blot represents 5 ug of poly(A)* RNA that was isolated from
young soybean leaves. The sizes of the hybridizing mRNAs were
estimated using RNA size markers.
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transformed into CTY392, and assayed for choline kinase
activity.

In yeast it is possible to assay for the restoration of
choline kinase activity both in vivo and in vitro. The in vivo
assay involves adding radiolabeled choline to growing
yeast cultures and measuring incorporation of radiolabel
into PC; in vitro assays are conducted using cellular ex-
tracts as described in “Materials and Methods.” Hosaka et
al. (1989) reported that their yeast mutant containing a
choline kinase disruption displayed residual activity in
vivo but virtually no activity in vitro. This in vivo activity
was presumed to be the result of a small amount of cross-
activity from the closely related ethanolamine kinase. We
have made similar observations using strain CTY392 (data
not shown) and have, therefore, chosen to conduct the
choline kinase assays using the in vitro assay that is essen-
tially free of background activity.

The results of the choline kinase assays of CTY392 trans-
formed with GmCK1.DB20 and GmCK2.DB20 are shown in
Figure 3. Yeast extracts generated from strains expressing
either soybean cDNA clearly possessed substantial cho-
line kinase activity (lanes 3 and 4). In fact, the choline
kinase activity from extracts of CTY392 transformed
with GmCK1.DB20 was greater than 70 times that ob-
served from CTY182 (lane 1), the wild-type yeast strain
from which the CTY392 mutant was derived (McGee et al.,
1994). Although the choline kinase activity attributable
to the GmCK2.DB20 construct was considerably less than
GmCK1.DB20, it was still approximately 5 times the levels
of the wild-type CTY182 extract (lane 4 versus lane 1).
Because of the unavailability of an antibody directed
against soybean choline kinase, we cannot determine
whether the lesser activity derived from GmCK2.DB20 rel-
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Figure 3. Expression of GmCK1 and GmCK2 cDNAs in yeast and E.
coli. Extracts of yeast or E. coli cells expressing GmCK1, GmCK2, or
control vectors were assayed for choline kinase activity (lanes 1-5),
the reverse reaction (lanes 6-8), and ethanolamine kinase activity
(lanes 9-12). The reaction products were separated using TLC and
visualized by autoradiography. Lane 1, Wild-type vyeast strain
CTY182 transformed with pDB20. Lanes 2 and 9, Yeast strain
CTY392 transformed with pDB20. Lanes 3, 6, and 10, CTY392
transformed with GmCK1.DB20. Lanes 4, 7, and 11, CTY392 trans-
formed with GmCK2.DB20. Lanes 5, 8, and 12, E. coli strain
MV1190 transformed with GmCK2.Nco. The locations of choline
(CHO), choline phosphate (CHO-P), ethanolamine (ETN), and etha-
nolamine phosphate (ETN-P) are indicated. The autoradiogram was
overexposed to allow visualization of the minor amounts of ETN-P
observed in lanes 10 and 12.

ative to GmCK1.DB20 is a result of the differential expres-
sion of the two constructs in yeast versus the alternative
explanation that the GmCK2p enzyme is less active than
GmCKIp per se.

Investigations of mammalian choline kinases have
shown that this enzyme may be effectively expressed in
both yeast and E. coli (Hosaka et al., 1992; Uchida and
Yamashita, 1992). Because E. coli neither synthesizes PC
nor possesses any of the enzymes of the nucleotide path-
way, it provides a background for expressing the soybean
choline kinase that is likely to be devoid of potential reg-
ulatory proteins that could interact with or influence the
activity of a foreign choline kinase, as may be present in a
system such as yeast that has an active nucleotide pathway.
To provide an additional background in which the function
and various properties (such as substrate specificities) of a
soybean choline kinase may be assayed, the cDNA insert of
GmCK2 was tested for its ability to express choline kinase
activity in E. coli. Using a PCR-based strategy, we sub-
cloned the cDNA insert of GmCK2 into expression vector
pUC120 (designated GmCK2.Nco) and transformed E. coli
strain MV1190. Enzyme assays of these E. coli extracts
again verified that GmCK2 encodes an active choline ki-
nase function. The choline kinase activity per milligram of
cellular extract protein was approximately 10 times greater
for GmCK2 expressed in E. coli than when expressed in
CTY392 (Fig. 3, lanes 4 and 5).

Kinney and Moore (1988) reported that the castor bean
endosperm choline kinase was highly reversible and could
readily catalyze the formation of choline and ATP, given
choline phosphate and ADP as substrates. When extracts
from yeast expressing the two soybean choline kinase cDNAs
and the extract from E. coli expressing GmCK2.Nco were
tested for their ability to catalyze the reverse reaction, this
activity could not be detected (Fig. 3, lanes 6-8). The very
minor amounts of [**C]choline (less than 0.1% of input radio-
label) that appeared in these assays was presumed to be the
result of a low level phosphatase activity present in the ex-
tracts, since similar levels of this product were also observed
from vector-only control extracts (data not shown).

Previous studies of choline kinases from both plant and
nonplant sources have shown that the enzyme is typically
most active at alkaline pHs when assayed in vitro (Witten-
berg and Kornberg, 1953; Tanaka et al., 1966; Uchida and
Yamashita, 1990). The pH profiles of the two soybean
choline kinase isoforms are shown in Figure 4. Surpris-
ingly, both soybean enzymes demonstrated optimal activ-
ity in the neutral pH range (6.5-8.0). For GmCK2p, the pH
profile was identical regardless of whether the enzyme was
synthesized in the yeast (data not shown) or E. coli systems.
A significant buffer effect was also observed in these ex-
periments; the relative enzyme activities varied depend-
ing on whether the assays were conducted in Gly-NaOH,
Hepes-NaOH, or Mes-NaOH.

Substrate Specificities of the Soybean Choline
Kinase Isoforms

To determine whether GmCK1p or GmCK2p may also
utilize ethanolamine as a substrate, extracts from yeast and
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Figure 4. pH profiles of soybean choline kinases. Enzyme activity,
expressed in terms of nanomoles of radiolabeled choline phosphate
produced per milligram of extract protein per minute (nmol cho-P/
mg/min), was assayed as described in “Materials and Methods”
except that the indicated buffers of varying pH were used. A, pH
profile of the soybean GmCK1.DB20 construct expressed in CTY392
(GmCK1p). B, pH profile of the soybean GmCK2.Nco clone ex-
pressed in E. coli (GmCK2p). The buffers used were Gly-NaOH (A},
Hepes-NaOH (@), and Mes-NaOH (l).

E. coli expressing the soybean cDNAs were tested for eth-
anolamine kinase activity. Because the majority of the eth-
anolamine kinase activity in yeast results from the cross-
activity of the choline kinase enzyme (Hosaka et al., 1989),
strain CTY392 demonstrates greatly reduced ethanolamine
kinase activity. Under the in vitro assay conditions of Fig-
ure 3, the synthesis of radiolabeled ethanolamine phos-
phate using extracts of CTY392 (vector only control) was
nondetectable by autoradiography (lane 9) and could
barely be measured by scintillation counting. This lack of
significant ethanolamine kinase activity makes CTY392 a
suitable background for testing the soybean cDNAs for this
function. Only a minimal amount of ethanolamine kinase
activity could be detected using extracts of CTY392 trans-
formed with GmCK1.DB20 or GmCK2.DB20 (Fig. 3, lanes
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10 and 11). Because E. coli possesses no ethanolamine ki-

. nase activity, the extracts from the MV1190 cells expressing

GmCK2.Nco can also be used effectively to test whether
ethanolamine can act as a substrate. Similar to the results
using the yeast extracts, the synthesis of [**C]ethanolamine
phosphate was almost nondetectable from GmCK2p pro-
duced in E. coli (Fig. 3, lane 12). For all three extracts, the
same results were observed regardless of whether the as-
says were conducted at pH 7.5 or 9.5 (data not shown).
In addition to ethanolamine and choline, the mono- and
dimethylated ethanolamine bases (MME and DME, respec-
tively) are potential substrates for the choline kinase reac-
tion. To determine whether either of these compounds can
potentially act as a substrate for the GmCK1 or GmCK?2
gene products, their ability to inhibit the choline kinase
activity of the two soybean enzymes was tested (Fig. 5).
Although both soybean choline kinases responded simi-

A GmCKip
16+

14

12

nmol cho-P / mg / min

T T T
0 0.185 0.74 1.85 3.7
Concentration of Inhibitor (mM)

B GmCK2p

nmol cho-P / mg / min

T T T
o] 0.185 0.74 1.85 3.7
Concentration of Inhibitor (mM)

Figure 5. Effect of choline (#), MME (A), DME (@), and ethanol-
amine (l) on the phosphorylation of ['*C]choline by GmCK1p (A)
and GmCK2p (B). GmCK1p activity was tested using extracts of yeast
strain CTY392 expressing GmCK1.DB20. GmCK2p activity was mea-
sured using extracts of E. coli expressing GmCK2.Nco. An identical
profile, however, was also observed using extracts of CTY392 trans-
formed with GmCK2.DB20 (data not shown). Error bars denote the st
of three replications.
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larly to increasing concentrations of unlabeled choline and
ethanolamine in a manner consistent with the results of the
direct enzyme assays, both MME and DME gave very
different inhibition profiles with respect to each isoform.
MME failed to inhibit the activity of GmCK2p but unex-
pectedly stimulated the choline kinase activity of GmCK1p
at the higher MME concentrations. As increasing amounts
of MME were added to the reaction mixture beyond that
shown in Figure 5, GmCKIlp activity remained at a plateau
of approximately 3 times that observed with no MME (data
not shown). DME inhibited the incorporation of [**C]cho-
line into ['*C]choline phosphate for GmCK2p but failed to
inhibit the choline kinase activity of GmCKlp.

To establish whether the observed inhibition of GmCK2p
by DME is competitive, double-reciprocal plots of initial
velocity against choline concentration were determined in
the presence and absence of DME (Fig. 6A). Addition of
DME to the reaction clearly shows the kinetics of a com-
petitive inhibitor. The apparent K,,, of GmCK2p for choline
was determined to be 6.7 pMm. This estimate correlates well
with the K, observed for the rat choline kinase reaction
(Uchida and Yamashita, 1990) but is notably lower than
previous measurements reported for plant choline kinases
(Tanaka et al., 1966; Kinney and Moore, 1988). To confirm
that DME is a viable substrate for the GmCK2-encoded
enzyme, direct DME kinase assays were also conducted
(Fig. 6B). The phosphorylation of DME was demonstrated
from E. coli extracts expressing GmCK2 using [y->*P]JATP
as the radiolabeled substrate.

*
;

(nmal cho-P / mg / min)

[ —p T T T T ey s sus s — Origin
0 25 50 75 100 125 150 175 1 2 3

(choline, mM) ™

Figure 6. Double-reciprocal plots and DME kinase activity of
GmCK2p. A, GmCK2p activity at constant ATP concentration (5 mm)
and various choline concentrations in the presence (@) and absence
(x) of saturating DME (1.6 um). B, DME kinase (lanes 1 and 3) and
choline kinase (lane 2) assays using [y-*?PJATP as the radiolabeled
substrate. Reactions were conducted using E. coli extracts expressing
GmCK2.Nco (lanes 2 and 3) or a vector-only control (lane 1). For all
assays, radiolabeled compounds were observed that did not migrate
beyond the origin; unincorporated [y-**P]JATP was observed to mi-
grate just below the solvent front (not shown). The locations of
choline phosphate (CHO-P) and DME phosphate (DME-P) are indi-
cated.

DISCUSSION

Utilizing resources that have become available as a result
of the Arabidopsis genome project, we have isolated three
distinct soybean cDNAs that are homologous to known
choline kinases from yeast and animals. By expressing in
yeast or E. coli the two isoforms for which full-length
cDNAs were recovered (GmCK1 and GmCK2), we estab-
lished that each encodes choline kinase activity. Although
function has yet to be demonstrated for the GmCK3 cDNA,
it shows considerably less homology to GmCK1 or GmCK2
than the latter pair shares with each other and is predicted
to encode a much larger protein. All three soybean se-
quences, however, share similar homologies to the yeast
and animal choline kinases (Table I).

Our characterization of the GmCK cDNAs and their
predicted protein products may help resolve an apparent
discrepancy in the literature regarding the nature of this
enzyme in soybean. Two previous studies describing
choline kinases from soybean resulted in very different
molecular weight estimations. The partially purified en-
zyme from germinating seeds reported by Wharfe and
Harwood (1979) had a molecular mass of 36 kD. Mellor
et al. (1986), in contrast, described two soybean choline
kinase isoforms from roots of 58 and 60 kD (one of which
was detected only upon infection with Rhizobium japoni-
cum). Assuming no posttranslational modification, the
predicted molecular masses of the GmCK1 and GmCK2
gene products are 40,941 and 41,590 D, respectively;
these estimations are close in size to that observed in
germinating seeds. Should GmCK3 also prove to encode
a functional choline kinase activity, it may represent one
of the isoforms identified in root preparations, since it is
predicted to be greater than 56,273 D in size (the molec-
ular mass calculated from the 497 amino acids shown in
Fig. 1). Once a function for GmCKS3 has been established,
it will be of interest to utilize gene-specific probes to
determine whether a specific isoform does in fact dem-
onstrate tissue-specific expression. In this respect, how-
ever, it must be presumed that all three GmCK gene
products are active to some degree in developing seeds,
since all three cDNAs were obtained from a library
generated from immature seed mRNA.

Our failure to detect a reverse enzyme activity for either
GmCKl1p or GmCK2p is consistent with the observations of
Tanaka et al. (1966), who reported the lack of such an
activity in a partially purified extract from spinach, but
differs from the results obtained from castor bean en-
dosperm preparations (Kinney and Moore, 1988). This fact,
together with our observations of lower pH optima for
GmCKlp and GmCK2p than have been previously ob-
served, raises some intriguing questions regarding the na-
ture of the choline kinase reaction in higher plants. The
isolation of choline kinase genes from other plant species
and a characterization of their encoded protein products
would be of great interest in establishing whether these
observed differences are the result of distinct classes of the
choline kinase enzyme per se or the result of interactions
with other proteins or cellular cofactors that may be
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present in plant cells and absent in the heterologous yeast
or E. coli systems. »

Animal and yeast choline kinases have also been shown
to function effectively as ethanolamine kinases (Hosaka et
al., 1989; Ishidate, 1989). Studies from a variety of plant
systems, however, suggest that plant choline kinases are
fundamentally different in this regard and do not utilize
ethanolamine as a substrate (Kinney, 1993). Our current
results support this conclusion. Ethanolamine served as a
very poor substrate for both GmCK1p and GmCK2p (Fig.
3) and failed to effectively inhibit the choline kinase reac-
tion even at concentrations 20 times of that of the choline
substrate (Fig. 5). Although the substrate specificities of the
two soybean choline kinase isoforms were very similar
with respect to ethanolamine and choline, very distinct
differences were observed in their response to MME and
DME. The inhibition studies suggested that DME is a via-
ble substrate for GmCK2p but not for GmCK1p. This ob-
servation was confirmed by the direct demonstration of
DME phosphorylation by GmCK2p. MME failed to inhibit
the choline kinase activity of GmCK2p but unexpectedly
enhanced the activity of GmCKlp at concentrations above
1 mMm. At MME concentrations of 3.7 mm and higher,
GmCKlp activity was maintained at a level 3 times that
observed in the absence of MME. Because it has been
shown that soybeans do not appear to accumulate signifi-
cant amounts of MME (Datko and Mudd, 1988a), the phys-
iological relevance of this result is unclear and merits fur-
ther investigation.

In conclusion, the use of heterologous expression sys-
tems has proven to be very effective in verifying function
and defining substrate specificities of two soybean choline
kinase isoforms. Once a full-length cDNA for GmCK3 has
been obtained, these systems should also be of value in
determining whether this cDNA represents yet another
choline kinase isoform or, alternatively, encodes a closely
related function such as ethanolamine kinase. The avail-
ability of genes encoding choline kinase, together with
those encoding cholinephosphotransferase (Dewey et al,,
1994) and cholinephosphate cytidylyltransferase (R.E.
Dewey and D.E. Monks, unpublished results), should ac-
celerate the study of PC biosynthesis in higher plants and
help elucidate the processes by which plants regulate the
production of this important phospholipid at both the mo-
lecular and cellular levels. ’
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