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a b s t r a c t

The existence of multifunctional enzymes in the nucleotide biosynthesis pathways is believed to be
one of the important mechanisms to facilitate the synthesis and the efficient supply of deoxyribo-
nucleotides for DNA replication. Here, we used the bacterially expressed yeast thymidylate kinase
(encoded by the CDC8 gene) to demonstrate that the purified Cdc8 protein possessed thymidylate-
specific nucleoside diphosphate kinase activity in addition to thymidylate kinase activity. The yeast
endogenous nucleoside diphosphate kinase is encoded by YNK1, which appears to be non-essential.
Our results suggest that Cdc8 has dual enzyme activities and could duplicate the function of Ynk1 in
thymidylate synthesis. We also discuss the importance of the coordinated expression of CDC8 during
the cell cycle progression in yeast.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Thymidylate kinase (TMPK; EC 2.7.4.9.) is an enzyme that phos-
phorylates dTMP to dTDP in the presence of ATP and magnesium.
TMPK is important in cellular DNA synthesis because the synthesis
of dTTP, either via the de novo pathway or through an exogenous
supply of thymidine, requires the activity of this enzyme [1]. In
the budding yeast, TMPK is encoded by the CDC8 gene and is essen-
tial for nuclear and mitochondrial DNA replication [2–5]. A previ-
ous study has shown that expression of yeast CDC8 peaks at G1/S
transition during the cell cycle, and is coordinated with expression
of other DNA synthesis genes such as CDC9 and CDC21, which en-
code DNA ligase and thymidylate synthase, respectively [6]. The
temperature-sensitive mutant allele of cdc8-1, which has a single
amino acid change from glutamate to lysine at residue 75 of the
Cdc8 protein, is defective in the TMPK activity [7,8]. cdc8-1 mu-
tants arrest at the Gl/S boundary of the cell cycle when incubated
at the restricted temperature [9,10]. Furthermore, the mutant is
hypomorphic and is partially defective in meiotic and mitochon-
drial functions even when grown at the permissive temperature
[11,12]. It has been suggested that Cdc8 not only provides precur-

sors for DNA synthesis but may also have a role in regulating the
process of DNA replication [2,5,7,8].

Nucleoside diphosphate kinase (NDPK; EC 2.7.4.6), which acts
at the next step after Cdc8 in the thymidylate synthesis pathway,
is an enzyme that catalyzes the synthesis of the various nucleoside
triphosphates other than ATP [13]. In the budding yeast, the YNK1
gene encodes the only species of NDPK present in yeast and earlier
studies have indicated that the yeast cell only carries one single
YNK1 gene [14]. Surprisingly, disruption of the YNK1 locus in a hap-
loid strain of yeast causes no obvious growth defect, even though
NDPK activity in the YNK1 null mutant is reduced to around 10%
of that in wild-type cells when assayed in vitro [14]. A similar
observation was also made using a ndk1 deletion mutant, a homo-
log of the budding yeast YNK1, in the fission yeast Schizosaccharo-
myces pombe [15]. One plausible explanation is that other yeast
gene products may possess NDPK activity and be able to sustain
the requirement for NDPK during cell growth. However, the iden-
tity of a gene that is able to duplicate NDPK activity remains
unknown.

To learn more about the role of Cdc8 in regulating DNA replica-
tion, we produced both recombinant GST-tagged wild-type protein
and recombinant GST-tagged mutant Cdc8 proteins in bacteria and
studied their function in vitro. Unexpectedly, the purified wild-
type Cdc8 protein was found to possess NDPK activity in addition
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to its TMPK activity. The dual enzymatic capacity of Cdc8 is able to
partially substitute for Ynk1 and sustain NDPK activity.

2. Materials and methods

2.1. Enzymes, chemicals and materials

Restriction enzymes and other molecular biology reagents were
purchased from New England Biolabs. Glutathione-sepharose
beads were bought from Amersham Pharmicia Biotech. Radioactive
nucleotides were obtained from Moravek Biochemicals. Polyethyl-
eneimine (PEI)-cellulose plates (Polygram Gel, 300 PEI/UV254) were
purchased from Macherey-Nagel, Germany. Anti-Ynk1 antiserum
was raised in mice against purified yeast Ynk1 protein, which is
available from Sigma–Aldrich.

2.2. Expression and purification of the Cdc8 recombinant proteins

GST-tagged Cdc8 expression vectors were constructed by sub-
cloning DNA fragments amplified by PCR using primers designed
according to the coding sequences of CDC8 [16]. The two 661-bp
BglII–EcoRI fragments containing either the entire CDC8 or the en-
tire cdc8-1 coding region were subcloned into the plasmid pGEX-
2T (Pharmacia Biotech Inc.) using the BamHI and EcoRI sites to
form pGEX2-CDC8 or pGEX2-cdc8-1, respectively. The plasmids
were then transformed into Escherichia coli strain BL21 (DE3)
(Novagen) for recombinant protein expression. Expression was in-
duced by the addition of isopropyl-b-D-thiogalactopyranoside
(IPTG) to a final concentration of 50 lM. The bacteria were lysed,
and the GST-tagged proteins were adsorbed onto glutathione-se-
pharose beads as described elsewhere [17]. The proteins were
eluted with 10 mM glutathione, 50 mM Tris–HCl, pH 8.0, 50 mM
NaCl, 1 mM dithiothreitol; dialyzed against buffer A (25 mM
Hepes, pH 7.2, 50 mM NaCl, 2 mM dithiothreitol) containing
0.05% Brij-35, 50% ethylene glycol; and finally stored at �20 �C.

Subsequent purification of protein was carried out by Mono Q
anion-exchange chromatography and a Pharmacia fast protein
liquid chromatography (FPLC) system. Briefly, the soluble
GST-tagged protein obtained after being eluted from glutathione-
sepharose beads was dialyzed against buffer A and loaded onto a
Mono Q column (HR 5/5) equilibrated in buffer A containing
0.01% Brij 35. The column was developed with a 0–500 mM linear
NaCl gradient at 0.5 ml/min, and 35 1-ml fractions were collected.
The protein concentration was determined by SDS–polyacrylamide
gel electrophoresis (PAGE), Coomassie Blue staining, and densi-
tometry on a Molecular Dynamics computing densitometer using
bovine serum albumin as a standard (A280 of a 1% solution = 6.5).

The E. coli ndk gene was cloned by PCR amplification with spe-
cific primers synthesized according to the published sequences
[18]. The entire coding region of ndk was subcloned into a yeast
expression vector, pESC-TRP (Stratagene), and transformed into
the yeast strain JY170 (MATa ura3 leu2 trp1 ynk1D::URA3) for pro-
tein expression. The yeast crude extract was prepared following
standard procedures [19]. The immunoblotting of the yeast extract
was performed according to an established protocol [20].

2.3. Nucleotide kinase assay

A standard nucleotide kinase assay has been described else-
where [5]. Briefly, the reaction solution contained 50 mM Tris–
HCl (pH 8.0), 10 mM MgCl2, bovine serum albumin at 0.25 mg/ml
and 5 mM ATP. [3H]-labeled nucleotide substrate was added to a
final concentration of 0.2 mM (20 cpm/pmol). The reaction was ini-
tiated by adding the enzyme. Reactions were performed at 37 �C
for the period of time indicated and terminated by adding EDTA

to 20 mM. Reaction products (nucleoside diphosphates and nucle-
oside triphosphates) were separated by thin-layer chromatography
(TLC) on PEI-cellulose plates with 0.5 M LiCl/2 M acetic acid as the
solvent. The nucleotide spots were visualized and marked under
the UV lamp, cut out, and the radioactivity quantified using a scin-
tillation counter.

3. Results and discussion

3.1. Expression and analysis of the recombinant Cdc8 proteins

To study the function of the Cdc8 protein in vitro, we produced
and purified the wild-type and mutant Cdc8 recombinant proteins
in bacteria. The estimated molecular mass of Cdc8 protein is
24.6 kDa [16]. Both the purified wild-type and mutant GST-Cdc8
proteins, after elution from the GSH-beads, appeared as a major
band with a molecular mass of 52 kDa when analyzed by SDS–
PAGE (Fig. 1A). This is as expected because the molecular mass of
GST is 26 kDa. The purified proteins were then analyzed for thymi-
dylate kinase activity using [3H]-dTMP as the substrate. Through-
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Fig. 1. Expression and enzymatic analysis of the recombinant Cdc8 proteins. (A)
The expression of GST-tagged wild-type and mutant Cdc8 proteins in bacteria.
Proteins collected during GSH-beads purification were analyzed by SDS–PAGE and
stained with Coomassie Blue. Left: The wild-type Cdc8 protein. Lane 1: Total cell
extract of GEX2-CDC8-expressing bacteria. Lane 2: Unbound fraction from GSH-
beads. Lane 3: 1 lg and lane 4: 2 lg of purified proteins. Right: The mutant Cdc8
protein. Lane 1: Total cell extract of GEX2-cdc8-1-expressing bacteria. Lane 2: 1 lg
and lane 3: 2 lg of purified proteins. Molecular mass markers are indicated in
kilodaltons. (B) Thymidylate kinase activity of GST-Cdc8. The purified wild-type and
mutant proteins obtained in (A) were used as enzymes in the nucleotide kinase
assay. The reaction was initiated by adding 2 lg of the wild-type or mutant protein
in a reaction mixture containing [3H] dTMP as the substrate and incubated at 37 �C
for 30 min. The reaction products were separated on TLC. Enzyme activity was
estimated for the production of dTDP or dTTP in pmol/min from the total reaction
mixture. Histograms represent mean ± range for duplicate determinations.
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