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The entire DNA nucleotide sequence of a 3.0 kilobase pair HindllI
fragment containing the chicken cytoplasmic thymidine kinase gene was
determined. Ol igonucleotide |inker insertion mutations distributed
throughout this gene and having known effects upon gene activity (Kwoh,
T.J., Zipser, D., and Wigler, M, 1983, J. Mol. Appl. Genet. 2, 191-200),
were used to access regions of the Hindl!l| fragment for sequencing
reactions. The complete nucleotide sequence, together with the positions of
the linker insertion mutations within the sequence, al lows us to propose a
structure for the chicken thymidine kinase gene. The protein coding
sequence of the gene is divided into seven smal | segments (each less than
160 base pairs) by six small introns (each less than 230 base pairs). The
proposed 244 amino acid polypeptide encoded by this gene bears strong
homology to the vaccinia virus thymidine kinase. No homology with the
thymidine kinases of the herpes simplex viruses was found.

INTRODUCTION

The thymidine kinase genes have proven to be extremely useful as
selective markers for introducing desired genes into animal cells (1), Much
of this work involves the herpes simplex virus thymidine kinase genes,
which were used to demonstrate that individual genes could be inserted into
cel Is by DNA-mediated gene transfer, more commonly referred to as
transfection (2, 3). The ability to transfect genes and the powerful
positive and negative selection methods for the thymidine kinase genes (4)
has in turn al lowed the isolation of both viral and cel lular thymidine
kinase genes. To date, the viral thymidine kinase genes have been isolated
from both herpes simplex virus types 1 (5-8) and 2 (9) and from vaccinia
virus (10, 11). The genes for cytoplasmic thymidine kinase have also been
cloned from chicken (12), human (13, 14) and hamster (15) cel ls. The
transfection and selection methods have also aided the studies on the
regulation of expression of the herpes simplex (16, 17) and chicken (18)
thymidine kinase genes.

We have been studying the chicken thymidine kinase gene. Cytoplasmic
thymidine kinase genes are expressed in almost all actively growing cel |
types and their expression is cel | cycle dependent (19-22). In
synchronized cel |s, enzyme levels are low or absent during G1 phase, rise
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during S phase, and then decline during G2. As a first step toward examining
the control mechanisms involved In this regulation, we have characterized the
structure of the cloned chicken gene using both genetic and physical
approaches. Previously, we reported the construction of a |ibrary of 125
linker insertion mutants which have an eight base pair ol igonucleotide
inserted at random locations within the cloned 3.0 kilobase pair (kbp) Hindl!l
fragment containing the active chicken thymidine kinase gene (18). These
mutants were used to analyze the structure of the coding region for chicken
thymidine kinase. By transfection of each mutant plasmid into mouse Ltk~ cells
and selection for conversion to +k+, it was found that some mutations within
the putative gene have no effect on gene activity, suggesting that these
frameshifting insertion mutations Iie within introns. We were able to propose
a structure for the chicken thymidine kinase gene based upon this mutational
analysis and upon physical characterization of the mRNA (18). The
transcriptional unit is 2.3 kbp long and resuits in a mRNA that is 2.0
kilobases (kb) long including the poly-A tail. The gene appears to contain at
least four smal |l Introns which separate the protein coding sequences into at
least five segments. The gene has a 900 base pair (bp) 3'-untranslated region.
Here we report the use of the |inker mutations described previously to
determine the DNA nucleotide sequence of the 3.0 kb Hind!l| fragment that
contains the chicken thymidine kinase gene. The locations of many of the
| inker mutations have been precisely aligned with the DNA sequence. By
correlating the positions of the |inker mutations that abolish thymidine
kinase activity with their position along the nucleotide sequence, we have
tentatively Identified the probable coding frame and splice junctions for
the chicken thymidine kinase mRNA, When the amino acids encoded in this
presumptive coding frame were compared with the polypeptide sequences of
other thymidine kinase genes, the vaccinia virus thymidine kinase
polypeptide was highly conserved with respect to chicken thymidine kinase
polypeptide whereas herpes virus thymidine kinase polypeptide shares no
apparent homology.

MATERIALS AND METHODS
{a) Preparation of plasmid DNA

The wild-type and |inker insertion mutant plasmids containing the
chicken thymidine kinase gene that were used for determination of the DNA
nuc leotide sequence have been described previously (18). The plasmid DNA
was grown in E. coli strains 294 (18) and HB101 (23), and cleared |ysates
of the chloramphenicol treated bacteria were prepared by the methods of
either Guerry et al, (24) or Birnbaum and Doly (25). The plasmid DNA was
purified by banding in CsCl-ethidium bromide density equillbrium gradients.
b) Enzymes and buffers

Restriction endonucleases were purchased from New England Biolabs or
Bethesda Research Laboratories and the manufacturer-recommended digestion
conditions were used. Agarose gel electrophoresis buffer (E buffer)
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consisted of 40 mM Tris base and 2 mM EDTA adjusted to pH 7.2 with glacial
acetic acid. TBE buffer for polyacrylamide-urea sequencing gels was 135 mM
Tris base, 45 mM boric acid, and 2 mM EDTA.
{c) Nucleotide sequence analysis

Ten to 20 pmole of plasmid DNA was digested to completion with a
restriction enzyme. To sequence from a |inker insertion mutation, the
plasmid was digested with Xhol. Bglll, HindlIl, Xbal or EcoRl were used to
sequence from natural ly occurring restriction enzyme sites. The DNA was
extracted with phenol and chloroform and precipitated with ethanol. The 3'-
ends of the resulting |inear molecules were filled-in with [a=>2P] dATP or
dTTP (3000 Ci/mmo!; Amersham or New England Nuclear), the three other
deoxynuc leotides, and the large fragment of DNA polymerase | (New England
Nuclear), After labeling for 30 minutes at 12°C unincorporated nucleotides
were removed by several ethanol precipitations and the labeled DNA was
redigested with a second restriction endonuclease. The products of the
digestion were separated by electrophoresis on an agarose gel in E buffer.
After autoradiography, the labeled DNA was recovered from the excised gel
slices either by electroelution or by using sodium iodide and glass powder,
as described by Vogelstein and Gil lespie (26). The nucleotide sequences
were determined by the chemical degradation method of Maxam and Gilbert
(27). The sequences obtained were recorded and analyzed using computer
programs developed by Staden (28, 29), Gingeras et al. (30), and Blumenthal
et al. (31). Hydrophobicity plots of the predicted amino acid sequences
were calculated as described by Kyte and Doolittle (32), using computer
programs written by Dr. J. Feiffer.

RESULTS AND DISCUSSION

The chicken thymidine kinase gene used in our studies is carried on a
3.0 kbp Hindl Il fragment. This fragment was subcloned into plasmid pBR322
from a Charon 4a recombinant phage, which had been isolated from a genomic
library of chicken DNA (12). Fig. 1a shows the restriction endonuclease
cleavage map for the 3.0 kb Hindl || fragment that encodes the chicken
thymidine kinase gene. The fol lowing restriction endonucleases cleave this
fragment once: Bglll, Clal, EcoR!, Kpnl and Xbal. Sstl and Pvull each cut
the fragment twice. Previously, we have characterized this gene by
inserting an eight base Xho!l |inker with the sequence CCTCGAGG into the
middle of random Alul, Haelll and Rsal sites (18). Based upon transfection
studies of these |inker insertion mutations, we proposed that the protein
coding sequence, which is divided into at least five smal | segments by at
least four smal |l introns, is located between the EcoRl and Bgl!| sites. The
900 bp 3'-untransl|ated region of the mRNA is encoded by the segment between
Bgl!l and HindlI! (18). Fig. 1b shows the sequencing strategy and the
positions of Xhol |inker mutations used for DNA sequencing. Greater than
95% of the sequences for both DNA strands has been determined.

Fig. 2 shows the DNA nucleotide sequence of the l-strand (of the same
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Fig. 1: Restriction endonuclease cleavage sites and sequencing strategy for
the 3.0 kb HindlIl fragment encoding the chicken thymidine kinase gene. (a)
Cleavage sites within the fragment. (b) Sequencing strategy for the fragment.
Sequences covered in Individual reactions are shown as arrows pointing from 3!
(the labeled end) to 5'. The names of the |inker insertion mutations used for
the sequencing are shown above and below the |ine.

polarity as the presumed chicken tk mRNA). The entire sequence is 3008 bp
long. Since |inker insertion mutations were used to access regions of the
cloned fragment, the precise location of these mutations was determined in
the course of this work. The locations of 34 mutations at 32 separate sites
was determined experimental |y, Of the 34 mutations, only one showed any
sequence abnormality at the mutation site. Mutation XR103 at base 304
contains a nine base insert, CCTCGGAGG, on the 5' side of the |inker (data
not shown). The additional sequence resembles the |inker sequence and may
have resulted from a minor contaminant of the |inker preparation used. In
addition to the mutation positions determined experimental ly, we were abie
to infer the location of 15 additional mutations at 10 positions based upon
whether the mutation was derived from |inker insertion into Alyl, Haelll or
Rsal sites and the relative order of the mutations as determined by
restriction enzyme mapping. Due to multiple isolates, another 51 mutations
could be assigned to sites that were experimental |y located.

Previously, we had proposed that transcription begins in the segment
between EcoRl at base 701 and the Kpnl site at base 940 and proceeds
rightward to the Hindl!l site at base 3003 (18). However, since the gene
contains at least four small introns which split the protein coding
sequence into at least five smal | segments, and because the mRNA occurs In
very low abundance in both chicken cel |s and in mouse cel | transfectants,
the precise 5'-end of the mRNA and the location of the splice junctions are
unknown (18). In Xenopus oocytes injected with the chicken thymidine
kinase gene, transcription begins at bases 766,767 and 769 (33). |If
transcription in chicken and mouse cel Is Intitiates at the same bases as
Xenopus transcription, then regulatory sequences should be located upstream
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XA8(+) 2900
5 TAGCCAATTA GICTTGECTETT AAATCTGECTGE TAAATACATGE 66GTTTTTTG

2950
5 TTTETTTGTT TTTAAATGGA G6G6AGAGGAGA AGGAAGGCTT GACTTGTCAG 3°
poly-A signal 3000
5 CCCGBGACTCCT AGGCTCATTC TAGCCTTCGA AATTAAAAAG GATTTTCTGEC 3
HindIII
S ACAAGCTT 3°

Fig. 2: The nucleotide sequence of the DNA encoding the chicken thymidine
kinase gene, The sequence shown is of the same polarity as that of the chicken
thymidine kinase mRNA, The positions of restriction endonuclease cleavage
sites and |inker Insertion mutations are indicated above the sequence. The
positions of mutations shown in brackets were assigned based upon restriction
enzyme mapping. The effect of each |inker mutation on tk activity Is indicated
by (+) if the mutated gene were still able to transfect mouse Ltk~ to tk™ and
(=) if the mutated gene could not. Those mutations with a reduced ability to
donate thymidine kinase In transfections were shown as (+/-) and (-/+) based
upon thelir relative abilities (18). The amino acid sequence of the predicted
chicken thymidine kinase polypeptide and the positions of donor and acceptor
splice points are indicated. In addition, the amino acid sequence of the
vaccinia virus thymidine kinase polypeptide (10, 11) is written below the
predicted chicken sequence for comparison. Where the two sequences agree,

an * is shown; in addition a one amino acid deletion between the two thymidine
kinase sequences Is indicated by ~=-- (nucleotides 1371-1373).

of base 766. No obvious CAAT- or TATA-|ike sequences are apparent. Such
sequences have been found to be involved in transcription initiation of
other animal genes, and are usual ly located 80 and 30 bases upstream of the
penultimate mRNA base, respectively (34). In the chicken thymidine kinase
gene, the sequence ATAACT at base 742 is 25 bases upstream of the putative
mRNA start site used in Xenopus and may be a variant of the TATA sequence.

The exact 3'-end of the mRNA is unknown since a cDNA clone of the
chicken thymidine kinase mRNA has not yet been Isolated. Hybridization-
nuc lease S1 protection experiments suggest the 3'-end is very close to the
Hindlll site (18). The canonical polyadenylation signal sequence, AATAAA
(35), was not found in the sequence. However the sequence AATTAAA was found
at base 2981, in the region where the 3'-terminus of the mRNA Is
approximately locate. This variant sequence has been shown to function as a
polyadenylation signal in a variety of other eukaryotic mRNAs, including
early reglon 3 of adenovirus=2 (36), chicken lysozyme (37), anglerfish
somatostatin (38), mouse pancreatic o-amylase (39), rat skeletal muscle
actin (40), and some interferons (41). By analogy to these other examples,
this varlant sequence may also be used as the polyadenylation signal
sequence for chicken thymidine kinase mRNA,

In order to determine the protein coding sequence of the chicken
thymidine kinase gene, we compared the potential reading frames and the
potential RNA splice junctions with the location and effect of our |Inker
Insertion mutations., Fig. 3 shows the protein-coding capacity of the
HindlIl fragment in al | three potential reading frames. Previous work has
suggested that the polypeptide coding region for the thymidine kinase gene
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Fig. 3: The protein-coding potential of the cloned 3.0 HindlI| fragment. The
three potential reading frames of the fragment are shown. Frames 1, 2 and 3
begin at nucleotides 1, 2 and 3, respectively. Vertical |ines show the
positions of stop codons (UAG, UGA, UAA) in each reading frame. Some closely
spaced stop codons may appear as a single vertical |ine due to the scale of
this figure. Vertical lines with filled triangles denote the positions of AUG
codons which are In the area of the thymidine kinase amino terminus and which
may serve as sites for Initiation of translation. The seven protein coding

regions predicted from the nucleotide sequence are shown as seven fil led
rectangles.

| les between the EcoRl cleavage site (nucleotide 701) and the Bgll! site
(nucleotide 2231). Only one ATG codon (at base 875) was found between the
EcoR! and Kpnl cleavage sites. This codon obeys the rules described by
Kozak for functional translation initiators (42); there are purines at
positions -3 and +4 with respect to the ATG. Our |inker insertion
mutations are consistent with the ATG at base 875 being the transliation
initiator. Mutation XH40 at base 805 does not inactivate the thymidine
kinase gene whereas mutation XH136 at base 917 abol ishes gene activity.
Deletion mutagenesis of this region and replacement of sequences in this
region with the herpes simplex thymidine kinase transcription initiators are
also consistant with translation beginning at base 875 (33; Kwoh,
unpub | ished observation). The nearest ATG to the EcoRlI-Kpnl fragment is
located at base 697. Although this codon also fol lows Kozak's rules, and
does start the major open reading frame in the region, this codon Is
unlikely to be used since the mutant XH40 does not Inactivate gene activity
In vivo,

The chicken thymidine kinase gene sequence downstream of the EcoRI
cleavage site was also Inspected for the presence of sequences that
conformed to the AG-GT rule for donor and acceptor splice junctions (43).
Six potential donor and acceptor junction sequences could be found (see
Fig. 2); each donor can be paired with an acceptor lying directly
downstream. Potential donors are found at nucleotides 941, 1201, 1393,
1569, 1764, and 1968; acceptor sequences can be found at nucleotides 1168,
1279, 1474, 1673, 1847 and 2088. Other examples of each of these putative
donor and acceptor splice sequences have been shown to be bona fide
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splicing sites In yivo (43), With the exception of the |inker Insertion
mutations in the last proposed coding segment, the position of these splice
junction sequences is consistent with the positions of |inker mutants that
abol ish thymidine kinase expression [n yivo: insertions that disrupt
thymidine kinase activity are located between acceptor and donor splice
sites, suggesting that a portion of the chicken thymidine kinase gene is
encoded In these regions. Similarly, |inker insertions that do not

el iminate thymidine kinase activity in vivo are located between donor and
acceptor splice sites In regions that should correspond to intron sequence
to be removed by RNA splicing. The mutations XH60 and XA98 (bases 2152 and
2162 respectively) do not completely abol ish gene activity and mutation XA2
(base 2207) has normal gene activity despite these three mutations
occurring in the last protein coding region. This implies that the
carboxy| terminus of the chicken thymidine kinase is dispensible to some
degree.

The proposed number of Intervening sequence based upon inspection of
the nucleotide sequence is two more than that identified by the analysis of
the |inker insertion mutations. The additional Introns encompasses the
regions from base 1201 to 1279 and from base 1394 to 1474, These regions
lack Alul and Rsal cleavage sites and would have escaped detection of even
a complete |inker insertion |ibrary constructed using these enzymes. While
the base 1201 to 1279 intron is also devoid of Haelll sites, the base 1394
to 1474 intron contains a single Haelll site and could have been detected
by a complete |ibrary. Two |inker insertion mutations examined are
interesting with respect to RNA splicing. The insertion site of mutant XR4
(base 942) changes a donor splice junction from AG/GTACC to
AG/GTCCTCGAGGACC without affecting gene activity, or, presumably, splicing.
Mutation XR75 and XR29 are located at base 1662, eleven bases upstream of
an acceptor splice junction. Linker insertion at this site reduces gene
activity, despite being in an intron presumably by interfering with
splicing. This mutation suggests that acceptor splice junction have
sequence upstream of the junction that are Important.

Using the ATG initiation codon at nucleotide 875 and the potential
splice junction sequences described above, a possible amino acid sequence
for the chicken thymidine kinase gene can be derived from the nucieotide
sequence (see Fig. 2). The putative polypeptide contains 224 amino acids
and has a calculated molecular weight of 24,844, This predicted sequence
was compared with the sequences of other known thymidine kinase genes from
Herpes simplex virus-1 (376 amino acids; 44, 45) Herpes simplex virus=2 (376
amino acids; 46) and vaccinla virus (176 amino acids; 10, 11) As shown In Fig.
2, vaccinia virus thymidine kinase shares 66§ homology with the predicted
chicken thymidine kinase polypeptide, while the Herpes virus thymidine kinase
shares no obvious homology (data not shown). To maximize the homology between
chicken and vaccinia thymidine kinase genes, the sequence of the vaccinia
thymdine kinase has to be compared starting at amino acid 17 of chicken
thymidine kinase.
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Fig. 4: Computer analysis of the predicted amino acid sequences of chicken and
vaccinla virus thymidine kinase genes. a) and b) show the computer predicted
hydrophobic regions of the chicken (a) and vaccinia virus (b) thymidine kinase
polypeptides. The hydropathic index was calculated using values assigned by
Kyte and Dool ittle (32) by summing the hydropathic values for each set of
seven continguous amino aclids. The values have been plotted according to
position of the fourth of the seven amino acids considered in each
calculation. The basel Ine represents the average hydropathic value for all
twenty-one amino acids. The plot for vaccinia virus thymidine kinase has been
offset from that of chicken in order to maximize correspondence of the peaks;
the position of the first amino acid for vaccinia corresponds to amino acid 17
of chicken thymidine kinase (see Fig. 2). c¢) and d) show the positions of
glutamic and aspartic acid residues (=) or lysine and arginine residues (+) In
chicken (c) and vaccinia virus (d) thymidine kinase genes. The positions of
these amino aclids in vaccinia virus thymidine kinase are offset from those of
chicken as described above in order to maximize homology.

In order to further study this homology, computer programs for
predicting hydrophobic regions from primary amino acid sequence data were
used on the predicted chicken and vaccinia virus tk polypeptides. Fig. 4
shows the hydrophobic regions predicted according to the method described
by Kyte and Dool ittle (32). The hydropathic Index measures the probabil ity
that a given amino acid will be found in a hydrophobic region of the
polypeptide. Both the chicken and vaccinia tk proteins correspond wel | In
this plot, Also shown are the positions of glutamic or aspartic acid (=) or
arginine and lysine (+) amino acids along the predicted polypeptide
sequences of the chicken and vaccinia virus genes. Many of the positions of
charged amino acids correspond precisely in the two polypeptides. The
strong homology of the chicken and vaccinia polypeptides supports the
proposed organization of the chicken gene. The same computer programs were
also used to study the herpes virus-1 and -2 thymidine kinase polypeptides. No
correspondence between the herpes and the vaccinia or chicken thymidine kinase
proteins could be Identified either by hydrophobicity prediction or by
position of charged amino acids (data not shown).

Taken together, these results suggest that the vaccinia and chicken

3968



Nucleic Acids Research

thymidine kinase genes share a common precursor sequence that differs
significantly from the herpes virus thymidine kinase genes. The vaccinia
and chicken thymidine kinase polypeptides are much smal ler (20 and 34
kilodaltons) than the herpes virus thymidine kinase (41 kilodaltons). That
the chicken thymidine kinase protein is different from the herpes simplex
protein Is not surprising In that the two enzyme have markedly different
properties. The herpes simplex enzyme has a broad substrate range and is
actual ly a deoxypyrimidine kinase (47, 48). The enzyme is able to
phosphorylate deoxycytidine, thymidine, dTMP and a wide range of thymidine
analogues (47). Also, the herpes enzyme can use al | four ribonucleotide
triphosphates as the phosphate donor (48). In contrast, cel lular

cytop lasmic thymidine kinases can only phosphorylate thymidine and some
halogenated analogues. Currently, there Is insufficient evidence to al low
comparison of the enzymatic activities of the vaccinla and chicken enzymes.

Two other cel lular cytoplasmic thymidine kinase genes have been
isolated (13-15), However, the nucleotide sequences of the hamster and
human thymidine kinase genes or mRNA have not yet been reported. Both
genes are much larger than the chicken thymidine kinase gene although the
mRNA encoded by the two genes are approximately the same slze as that of
chicken. Lewis et al. found the hamster thymidine kinase gene has a region
of strong homology to the chicken gene as determined by hybridization (15).
Merrill et al. report that 18 of the last 19 amino acids of the human
thymidine kinase gene are identical to those of the chicken enzyme (33).
These results suggest that the primary difference between the chicken,
hamster and human thymidine kinase genes may be in the size of the introns
and these three genes may encode similar polypeptides.

The close similarity of the chicken and vaccinia thymidine kinase
polypeptides and the lack of intervening sequences within the vaccinla
thymidine kinase gene (10, 11) raise questions as to the origin of the
viral gene, Could the virus have acquired its thymidine kinase gene by
forming a DNA copy of a cel lular mRNA? Proposals have been made for a mRNA
intermediate in the formation of chromosomal pseudogenes (49, 50). Similar
mechanisms may have been involved in the formation of the vaccinia
thymidine kinase gene. Although vaccinia virus can be propagated on
chicken embryos, chicken cel Is are not the natural host for vaccinlia virus;
it will be Interesting to see i1f mammalian thymidine kinase genes have a
stronger homology to the vaccinia enzyme than that reported here. Further
analysis of the thymidine kinase genes from other poxviruses will also be
needed before the relationship of the vaccinlia gene and cel lular genes can
be resol ved.
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