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A cDNA containing the entire coding region of the human thymidine kinase gene has been molecularly
cloned. The cDNA is under the control of a simian virus 40 promoter and is expressible in mammalian cells.
The complete nucleotide sequence of the human thymidine kinase cDNA has been determined. The cDNA is
1,421 base pairs in length and has a large open reading frame of 702 base pairs capable of specifying a protein
with a molecular weight of 25,504. Genomic Southern blotting experiments show that sequences homologous to
the human thymidine kinase cDNA are conserved among many vertebrates, including prosimians (lemur), tree
shrews, rats, mice, and chickens. Direct comparison of the nucleotide sequences of the human thymidine kinase
¢DNA and the chicken thymidine kinase gene reveals ca. 70% overall homology. This homology is extended
further at the amino acid sequence level, with greater than 74% amino acid residues matched between the

human and chicken thymidine kinase proteins.

Thymidine kinase (ATP:thymidine 5’-phosphotransferase,
EC 2.7.1.21) catalyzes the ATP-dependent phosphorylation
of thymidine to thymidine 5’-monophosphate, which is sub-
sequently converted to thymidine 5'-triphosphate and uti-
lized for DNA synthesis. Thymidine kinase activity is inti-
mately associated with DNA replication in many systems. In
actively dividing cells, thymidine kinase activity rises dra-
matically with the onset of the S phase of the cell cycle, then
declines rapidly in the G2 phase (1). In terminally differenti-
ating cells, such as cardiac muscle cells, the cessation of
DNA synthesis and withdrawal from the cell cycle are
accompanied by the loss of thymidine kinase activity (5).

The fine structure and regulation of the herpes simplex
virus type 1 thymidine kinase gene have been elucidated in
considerable detail (19), largely due to the availability of
recombinant DNA clones (9), complete nucleotide sequence
information (29), and specific antisera raised against the
protein (4). Unfortunately, the viral thymidine kinase activi-
ty is not regulated in the S phase-specific manner character-
istic of the cellular enzyme. Developments in gene transfer
and rescue, coupled with the powerful selections both for
and against cells expressing thymidine kinase, have allowed
the molecular cloning of chicken (24), hamster (16), and
human (3, 15, 18) cellular thymidine kinase genes. The
cloned human thymidine kinase gene is regulated appropri-
ately when introduced into thymidine kinase-deficient
mouse L cells (Ltk™) (3), demonstrating that the control
signals specifying the S phase increase in thymidine kinase
activity are present on the clone and are recognized by
mouse cells. Recently, the chicken thymidine kinase gene
has been shown to be properly regulated when introduced
into thymidine kinase-deficient mouse myoblasts, which can
be induced to terminally differentiate (21). Further progress
in identifying the elements regulating cellular thymidine
kinase activity has been hampered by the lack of a detailed
transcriptional map for the eucaryotic thymidine kinase
genes. The extremely low abundance of the thymidine
kinase mRNA makes such mapping very difficult. We have
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circumvented the problem of mRNA rarity by isolating
molecularly cloned cDNA for human thymidine kinase.
Here, we report the first complete nucleotide sequence for a
eucaryotic thymidine kinase cDNA and the amino acid
sequence deduced from it. Significant nucleic acid sequence
homology between the human thymidine kinase cDNA and
the DNA of other vertebrates has been detected by Southern
blotting, and extensive homology with the chicken thymi-
dine kinase gene has been identified precisely.

MATERIALS AND METHODS

Cloning the human thymidine kinase cDNA. We had previ-
ously identified a 1.6-kilobase (kb) Xhol-EcoRI fragment of
the human thymidine kinase genomic clone ATK46, which
hybridizes to a 1.5-kb mRNA presumed to be the thymidine
kinase mRNA (3), based on the sizing experiments of Lin et
al. (17). The 1.6-kb Xhol-EcoRI fragment was subcloned into
the plasmid vector pUC8 (28) as described previously (3).
This plasmid is designated pXR1. To prepare probe for
screening the cDNA library, pXR1 was cleaved with EcoRI
and BamHI (all restriction enzymes were from New England
Biolabs or Boehringer-Mannheim Biochemicals and were
used as recommended by the vendor), and the 1.6-kb frag-
ment was eluted from low-melting-point agarose (Bethesda
Research Laboratories) by published procedures (30). The
fragment was further purified by electrophoresis through a
4% polyacrylamide gel followed by electroelution into a
dialysis bag (11). The fragment was nick translated (25) to a
specific activity of 2 X 10% cpm/ug with [a->?PIdATP (all
radiolabeled compound were from New England Nuclear
Corp. or ICN Biomedicals, Inc.). The Okayama-Berg cDNA
library (23) fractions containing inserts of 1.0 to 2.0 kb were
used to transform competent (6) E. coli SF8 to ampicillin
resistance. The library (300,000 clones) was screened by the
high density colony screening method of Hanahan and
Meselson (12). Nitrocellulose filters (Schleicher and Schuell)
were prehybridized in a buffer containing NaPIPES [sodium
piperazine-N,N’-bis(2-ethanesulfonic acid)], 50 mM; NaCl,
1 M; bovine serum albumin, 0.1%; polyvinylpyrrolidone,
0.1%; Ficoll, 0.1%; yeast RNA, 100 pg/ml; EDTA, 1 mM;
and formamide, 50% (vol/vol). The hybridization was carried
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out in the same buffer with the addition of 2 X 10° cpm/ml of
the *’P-labeled 1.6-kb fragment from pXR1. The filters
remained in the hybridization solution for 48 h at 37°C. The
hybridized filters were washed twice for 30 min in 2x SSC-
0.5% sodium dodecyl sulfate (SDS) (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) at room temperature and once
for 60 min in 0.2x SSC-0.5% SDS at 65°C. The filters were
air dried and then autoradiographed for 16 h with Kodak
XRP X-ray film and a Du Pont Cronex Lightning-Plus
intensifying screen. Hybridizing clones were picked, replat-
ed at low density, and rescreened.

DNA sequence analysis. DNA sequence was performed by
the chain termination method of Sanger, Nicklen, and Coul-
son (26). The human thymidine kinase cDNA clone pTK11
(see below) was chosen for sequence analysis. Plasmid DNA
was prepared from a 1,000-ml culture by the alkaline lysis
method (2). Three shotgun libraries (for a recent review, see
reference 8) were prepared in the bacteriophage M13mp8
(22). A 1.5-kb BamHI fragment of pTK11 containing most of
the cDNA insert was eluted from low-melting-temperature
agarose, self-ligated, and either cleaved with Alul or sonicat-
ed, repaired with T4 DNA polymerase, and size fractionated
by the method of Deininger (7). The resulting blunt-ended
fragments were cloned into Smal-cleaved and phosphatase-
treated M13mp8. Another library was made by sonicating,
repairing, size-fractionating, and subcloning the entire plas-
mid pTK11. The resulting M13 subclones were screened by
hybridization to the 1.5-kb BamHI fragment of pTKI11.
Sequence data were compiled and analyzed with the Intelli-
Genetics BION computer system.

Southern blot analysis. For Southern blot (27) analysis of
thymidine kinase homology among vertebrates, DNA from
each organism (5 pg) was digested with HindIII, fractionated
by electrophoresis through a vertical 1% agarose gel, and
transferred to nitrocellulose. The 1.25-kb Smal-BamHI frag-
ment of pTK11 was labeled by nick translation and used as
probe. The blot was hybridized and washed as described for
the cDNA library screen above, except that the final wash
was carried out at 37°C.

RESULTS

Isolation of a functional human thymidine kinase cDNA. We
have recovered a cDNA clone for human thymidine kinase
from the Okayama-Berg expression library (23). The library
was constructed in a vector containing the simian virus 40
early promoter, modified late splice junctions, and polyaden-
ylation signal, permitting expression of inserted cDNAs in
mammalian cells. This unique vector has proved instrumen-
tal in verifying the identity of the ¢cDNA from human
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hypoxanthine-guanine phosphoribosyltransferase (13) and
the human thymidine kinase cDNA (in our studies). In the
case of thymidine kinase, we had previously isolated a
genomic clone which is capable of transforming Ltk ™ cells to
tk* (3). The region coding for thymidine kinase mRNA
within the genomic clone could not easily be identified due to
the very low abundance of thymidine kinase mRNA even in
logarithmically growing cells. A 1.6-kb Xhol-EcoRlI frag-
ment of the genomic clone was found to hybridize to an
mRNA of 1.5 kb, the expected size of the thymidine kinase
mRNA (17). We reasoned that if this were the authentic
thymidine kinase mRNA, an expressible cDNA would be
capable of transforming Ltk ~ cells to tk*. When we used the
1.6-kb Xhol-EcoRI fragment of A\TK46 as a hybridization
probe to screen the 1.0-to-2.0-kb-insert fractions of the
Okayama-Berg library, 22 hybridizing clones were present in
the 300,000 ampicillin-resistant colonies examined. Four of
the cDNA clones were purified, and their plasmid DNA was
extracted. DNA from two of the clones was capable of
transforming Ltk ™ cells to tk* with an efficiency greater than
10° per ng of DNA. We did not perform these experiments
with higher dilutions of the plasmid DNA, so we do not
know the upper limit of this transfection frequency. Both of
these clones had cDNA inserts of ca. 1.5 kb, whereas the
two nonfunctional clones had inserts of only 1.25 kb. Based
on the 1.5-kb size for the thymidine kinase mRNA seen on
Northern blots (3), our conclusion was that the two function-
al clones contain essentially full-length cDNA for human
thymidine kinase. One of these clones, pTK11, was chosen
for further analysis.

Nucleotide sequence analysis of the human thymidine kinase
c¢DNA. The sequencing strategy and partial restriction map
of the cDNA insert in pTK11 are shown in Fig. 1. The
sequence was determined on both strands for 95% of the
length of the cDNA, including all but three nucleotides of the
protein-coding region. The complete nucleotide sequence,
the deduced amino acid sequence, and the composition of
the human thymidine kinase cDNA are presented in Fig. 2.
The insert is 1,421 nucleotides in length, exclusive of the
polydeoxyadenylate tail at the 3’ end and the polydeoxy-
guanylate tail at the 5’ end. The first methionine (ATG)
codon, presumed to be the translation initiation site, is
located 58 base pairs (bp) from the 5’ end of the cDNA.
Because the reading frame is entirely open before the ATG
at position 58, we cannot absolutely rule out an alternative
translation start site. However, because the cDNA is 1,421
bp long, the addition of the normal 100 to 200 adenylate
residues at the 3’ end of the mRNA would account for the
1.5-kb mRNA seen on Northern blots. We believe that the
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FIG. 1. Sequencing strategy and restriction endonuclease cleavage map for the human thymidine kinase cDNA insert in pTK11. Alul
restriction fragments and random shear products generated by sonication of the 1.5-kb BamHI fragment of pTK11 were cloned into the Smal
site of M13mp8, and their nucleotide sequences were determined as described in the text. Most of the unique restriction endonuclease
cleavage sites are shown. The boxed-in region encloses the first large open reading frame, which specifies thymidine kinase.
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FIG. 2. Nucleotide sequence and deduced amino acid sequence for the human thymidine kinase cDNA insert in the Okayama-Berg
expression vector pcD. All but the first three nucleotides of the protein coding sequence were determined on both strands.

cDNA must be very nearly full length and that our assign-
ment of the initial methionine is, therefore, correct. This is
further confirmed by comparison with other thymidine ki-
nase genes, as described below. The reading frame remains
open for 702 bp, closing with an opal (TGA) terminator. This
reading frame specifies a protein with a molecular weight of
25,504, in contrast to the molecular weight of 44,000 estimat-
ed for purified human placental thymidine kinase by SDS-
polyacrylamide gel electrophoresis (10). The reason for this
discrepancy is unknown, but the nucleotide sequence data
given here probably represent the most accurate measure-
ment and are in close agreement with the size of related
thymidine kinase genes (14, 20). The 3’ nontranslated region
of the cDNA is 662 nucleotides long with a putative poly-
adenylation signal (AATTAAA) just upstream from the poly-
adenylate addition site. Curiously, there is a large open
reading frame in addition to the one we have assigned to
thymidine kinase. This second frame is open from position
369 through position 1151, for a total length of 783 bp. Thus,
this open reading frame is actually longer than the one
encoding thymidine kinase, and it overlaps the thymidine
kinase reading frame for 390 bp. The second open reading
frame has no potential translation start site until position
744, making it an unlikely candidate for translation from the
mRNA whose cDNA we have cloned. A similar open
reading frame is not predicted for chicken gene and cDNA
sequences (14, 20). We have noticed that a 1-bp insertion
into the thymidine kinase reading frame that we have identi-

fied would result in a frameshift into the second large open
reading frame and would specify a much larger protein than
we have predicted for human thymidine kinase. To minimize
the potential for errors, we sequenced both strands of the
cDNA for all but the first three bases of the coding sequence
and resequenced the most critical regions with independent-
ly derived M13 clones.

Comparison of vertebrate thymidine kinase genes. The
1.25-kb Smal-BamHI fragment of pTK11 that contained
most of the protein-coding region of the human thymidine
kinase cDNA was used as a hybridization probe to look for
nucleotide sequence homology among other organisms. Hy-
bridizing bands were found in HindIII digests of human,
lemur, tree shrew, rat, mouse, and chicken DNAs but not
alligator DNA (Fig. 3). The human, lemur, and tree shrew
DNAs display a similar simple 3-banded pattern. The rodent
DNAs examined, however, show a multitude of hybridizing
bands. It is not yet clear what these bands represent, and
further blotting and cloning experiments will be required to
sort out the possibilities. Chicken DNA contains a single
hybridizing 3.0-kb HindIII band, the size reported for the
fragment containing the functional chicken thymidine kinase
gene (24). Whereas the chicken thymidine kinase gene probe
has been reported to show no cross-hybridization to rodent
DNA (24) we found easily detectable homology between the
human thymidine kinase ¢cDNA and rodent and chicken
genomic DNA. We sought to determine whether the 3.0-kb
HindIII fragment in chicken DNA recognized by the human
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thymidine kinase cDNA probe was, in fact, the chicken
thymidine kinase gene. The complete nucleotide sequence of
a chicken thymidine kinase cDNA and a portion of the gene
is available (14, 20). A comparison of the human and chicken
nucleotide sequences revealed ca. 70% homology over the
full coding region and greater than 80% over the central 450
bases of the coding region. A complete comparison of the
chicken and human thymidine kinase proteins is presented in
Fig. 4. The homology exceeds 74% throughout the entire
gene with the only major devergences at both the amino and
carboxy termini. There is ca. 82% homolagy over the central
172 amino acids of the proteins. Deletions to the left of this
terminator in chicken have been shown to destroy the
activity of this gene (21), suggesting that this is the functional
terminator. This comparison is further evidence that the
human thymidine kinase cDNA sequence is correct.

We searched for nucleotide and amino acid sequence
homologies between the human cDNA and the herpes sim-
plex virus type 1 thymidine kinase gene with the Intelligen-
tics SEQ program, but we have found no major homologies.
This is in agreement with nucleic acid hybridization (unpub-
lished data) and antibody neutralization (24) studies. Analy-
sis of the large unused open reading frame has also shown no
homologies to any of the known thymidine kinase genes at
the level of either the nucleotide sequence or the potential
translation products.

DISCUSSION

Several features of the human thymidine kinase gene have
been examined with the expressible cDNA clone. The ability
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FIG. 3. Southern blot hybridization analysis of vertebrate DNA
sequences homologous to the human thymidine kinase cDNA. DNA
from various vertebrate tissues or cell lines was digested with
Hindlll, fractionated by agarose gel electrophoresis, transferred to
nitrocellulose, and hybridized to the 3?P-labeled 1.25-kb Smal-
BamHI fragment of pTK1l as described in the text. HindIIl
fragments of DNA served as size markers.
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FIG. 4. Comparison of the predicted amino acid sequences of the
human and chicken thymidine kinase proteins. The complete amino
acid sequence of the human thymidine kinase protein is shown. The
chicken thymidine kinase amino acid sequence is identical except
where substitutions are indicated. Asterisks (*) represent spaces
required for optimum alignment. Translation terminators are shown
as periods (.). The numbering system refers to the human thymidine
kinase.

of the simian virus 40-promoted cDNA to transform tk ™~ cells
to tk* verifies that the 1.5-kb mRNA identified by hybridiza-
tion to the 1.6-kb EcoRI-Xhol fragment of our genomic clone
does, in fact, encode thymidine kinase. Analysis of the
nucleotide sequence of the human thymidine kinase cDNA
reveals that the thymidine kinase mRNA has an apparently
normal structure, with a 5’ untranslated region of at least 57
bp, a coding region of 702 bp, and a rather long 3’ untranslat-
ed region of 662 bp. A long 3’ untranslated region has been
observed in the mRNA of another salvage pathway enzyme,
human hypoxanthine-guanine phosphoribosyltransferase
(13). One unusual property of the human thymidine kinase
cDNA is the large, open reading frame overlapping the
thymidine kinase coding region. The possibility that alterna-
tive mRNA splicing mechanisms may permit translation of
this second open reading frame is being explored. The
nucleotide sequence data predict a thymidine kinase protein
with a maximum molecular weight of 25,504. This closely
agrees with that predicted for the chicken and vaccinia virus
thymidine kinase genes (14, 20). The catalytically active
human thymidine kinase has an estimated molecular weight
of 90,000 and migrates as a single band of M, = 44,000 when
subjected to SDS-polyacrylamide gel electrophoresis (10).
We can only conclude from these conflicting data that either
the migration of purified human placental thymidine kinase
on an SDS-polyacrylamide gel is anomalous or that there are
fundamental differences between the translation product of
the thymidine kinase cDNA we have isolated and the
enzyme purified from placenta. The existence of isozymic
forms of thymidine kinase or covalent modification of the
protein after translation are possible explanations for the
difference in the calculated protein molecular weight.

The conservation of thymidine kinase nucleotide sequence
homology among vertebrates is somewhat surprising, since
the chicken thymidine kinase gene has been reported to
show no cross hybridization to rodent DNA (24). Of the
vertebrates examined, only the alligator DNA lacked detect-
able hybridizing bands when probed with the 1.25 kb Smal-
BamHI fragment of pTK11. All of the DNA samples tested
showed a light background smear in addition to any hybridiz-
ing bands, but this smear is not observed in Southern blot
hybridizations of human DNA when the final wash is carried
out at 65°C (unpublished data). It is likely that the high G+C
content (60%) of the human thymidine kinase cDNA leads to
nonspecific annealing at the lower stringency.

The 3.0-kb chicken DNA HindIII fragment which hybrid-
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izes to the human thymidine kinase cDNA probe is the same
fragment which harbors the chicken thymidine kinase gene.
The striking conservation of nucleotide and predicted amino
acid sequence between these two vertebrates may help in
identifying portions of the protein crucial to its function.
The molecular cloning of a human thymidine kinase cDNA
opens a number of previously inaccessible areas for investi-
gation. For the first time, a detailed transcription map of a
eucaryotic thymidine Kinase gene can be constructed.
Though the human thymidine kinase gene is several times
larger than the chicken thymidine kinase gene (3, 15, 18) the
availability of the human thymidine kinase cDNA probe will
make identification and characterization of genomic flanking
regions and intron-exon boundaries relatively straightfor-
ward. Promoter switch experiments like those used to identi-
fy transcriptional control signals in the herpes simplex virus
type 1 thymidine kinase gene (19) can be performed to define
the elements that regulate the cell cycle-specific expression
of thymidine kinase activity. These experiments will be
greatly facilitated by the complete restriction map provided
by the nucleotide sequence analysis. The goal of this line of
inquiry is to identify cell cycle control mechanisms and their
relationship to cellular differentiation and development.
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