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Several aspects of the structure of the chicken thymidine kinase gene (tk) have been resolved as a result of
genetic experiments and nucleotide sequencing. Deletion mapping established the locations of two functional
boundaries in a region thought to correspond to the 5' terminus of the gene. One such boundary coincides with
a transcriptional promoter, and the other coincides with the translation start codon of the chicken tk
polypeptide. Similar deletion mapping assays identified a functional boundary at the 3' terminus of the gene.
DNA sequence analysis confirms the prediction that this 3' region encodes the carboxyl terminus of the tk
polypeptide. A recombinant cDNA clone complementary to genomic tk sequences was isolated. A comparison
between genomic and cDNA sequences reveals the locations of six intervening sequences and allows prediction
of the complete amino acid sequence of the chicken tk polypeptide.

In animal cells thymidine kinase (tk) and many other
enzymes involved in DNA precursor biosynthesis are prefer-
entially expressed during the replicative phase of the cell
cycle (3, 6, 11, 19, 24, 26, 27). The levels of these proteins
also decline as cells withdraw from the cell cycle during
terminal differentiation (20). We are interested in defining
the molecular mechanisms that account for these regulatory
phenomena.

Direct biochemical analysis of this class of gene products
is hampered by the fact that they occur in small amounts.
For example, Leys and colleagues have estimated that a
proliferating mouse cell may transcribe the gene encoding
dihydrofolate reductase (dhfr) as infrequently as once per
hour (E. J. Leys, G. F. Kraus, and R. E. Kellems, submitted
for publication). Our measurements of the cellular tk mRNA
concentration in proliferating chicken embryo fibroblasts fall
in the same range as measurements of the dhfr mRNA
concentration in standard mouse cell lines.

Cell lines that express substantially elevated levels of dhfr
mRNA can be established by selection in culture medium
containing the folate analog methotrexate. The increased
dhfr mRNA concentration in methotrexate-resistant animal
cells results directly from the amplification of the chromo-
somal dhfr gene (1). Attempts to selectively amplify the
cellular tk gene have failed. Thus, we have adopted an
alternate, genetic approach to study the regulation of tk
enzyme expression in animal cells.

Experiments initially reported by Schlosser et al. (23)
show that the cellular tk gene retains its S-phase-specific
expression pattern when transferred as a native chromo-
somal DNA fragment into an otherwise tk- host cell. This
observation has recently been confirmed and extended with
recombinant copies of the cellular tk gene of humans (2) and
hamsters (10). Also, as described in the accompanying
report (17), tk activity is appropriately regulated in differen-
tiating mouse muscle cells that have been transformed with a
cloned copy of the chicken tk gene. These results indicate
that information sufficient for appropriate regulation of tk
activity is retained on the recombinant clones bearing the
respective cellular tk genes. It should therefore be possible
to use an in vitro genetic approach to identify components of
the cellular tk gene responsible for appropriate regulation.
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To carry out genetic experiments that focus on the regula-
tion of tk enzyme expression we first needed to resolve the
structure of the cellular tk gene. To this end we created two
nested sets of deletion mutations of the chicken tk gene and
used the hypoxanthine-aminopterin-thymidine (HAT) selec-
tion assay to establish functional boundaries at both ends of
the gene. These functional assays, coupled with the resolu-
tion of the nucleotide sequence of both genomic and cDNA
copies of the gene, identify the complete protein-coding
region of the chicken tk gene and establish the location of six
intervening sequences. This information facilitated experi-
ments described in the accompanying report (17) which
localize a component of the gene that is essential for its
regulation during terminal differentiation.

MATERIALS AND METHODS
Cell culture and cell transformations. Mouse L cells were

maintained at 37°C in a humidified atmosphere of 95% air-
5% CO2. Growth medium was Dulbecco modified minimal
essential medium, supplemented with 10% calf serum and
antibiotics. For selection and maintenance of transformed
lines, growth medium was supplemented with 10-4 M hypo-
xanthine, 4 x 10-7 M aminopterin, and 10-5 M thymidine
(HAT). Cell transformations were carried out by the calcium
phosphate precipitation method (5), as modified by Corsaro
and Pearson (4). Cultures were initiated at 5 x 105 cells per
10-cm dish. The next day they were exposed to 0.1 ,ug of tk-
containing plasmid and 20 ,ug of calf thymus carrier DNA.
After 24 h, the DNA-containing medium was replaced with
fresh growth medium, and after an additional 24 h, HAT
selection was begun. Cultures were fixed 12 days after
exposure to DNA.
Northern transfer analysis of RNA. The 100 to 500 indepen-

dent L cell transformants obtained from an individual trans-
formation experiment were pooled and expanded. Cultures
containing ca. 107 proliferating cells were harvested in 4 ml
of SET buffer (10 mM Tris-hydrochloride [pH 7.5], 5 mM
EDTA, 1% sodium dodecyl sulfate) containing 0.2 mg of
proteinase K per ml. After digestion for 1 h at 50°C, lysates
were twice extracted with phenol and chloroform, precipitat-
ed with ethanol, and suspended in water. The RNA content
was estimated by subtracting the DNA concentration, deter-
mined fluorometrically by a dye binding assay (9), from the
concentration of total nucleic acids, determined spectropho-
tometrically at an absorbance at 260 nm. Samples were
digested with DNase I (Worthington Diagnostics) that had
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been pretreated with iodoacetate. DNase I-digested samples
were again extracted with phenol and chloroform, precipitat-
ed with ethanol, and suspended in water to a concentration
of 2 mg of RNA/ml. Samples were denatured with glyoxal,
electrophoresed, and transferred to nitrocellulose (25). Hy-
bridizations were carried out in 5x SSC (0.15 M NaCl plus
0.015 M sodium citrate)-25 mM sodium phosphate (pH 6.5)-
0.02% bovine serum albumin-0.02% Ficoll 400-0.02% poly-
vinylpyrrolidone-250 ,ug of salmon sperm DNA per ml-50%
formamide. Radiolabeled probe was prepared by nick trans-
lation of a 1,400-nucleotide KpnI-BglII restriction fragment
of the chicken tk gene (see Fig. 1). Filters were washed twice
with 2x SSC-0.5% sodium dodecyl sulfate, followed by
three 15-min rinses in 0.1x SSC-0.5% sodium dodecyl
sulfate at 55°C. Filters were exposed to Kodak X-ray film at
-70°C with the aid of an intensifying screen.
Manipulation of recombinant tk clones. The parental chick-

en tk gene, generously supplied by M. Wigler, consists of a
3-kilobase HindIII fragment cloned in pBR-322 (21). Extra-
genic deletion mutations were prepared by enzymatic meth-
ods, using exonuclease III and S1 nuclease according to
previously published procedures (22). The 5' deletion was
initiated either from the leftward HindIlI restriction endonu-
clease recognition site (according to the diagram shown in
Fig. 1) or from the unique EcoRI site. Deleted molecules
were ligated to synthetic BamHI linkers, doubly digested
with BamHI and KpnI restriction endonucleases, and re-
cloned in a vector that contained all chicken tk DNA
sequences downstream of the KpnI restriction site. Similar
procedures were used to establish two sets of 3' deletion
mutations. Molecules truncated in a region surrounding the
3' terminus of the chicken tk gene were prepared enzymati-
cally after an initial restriction cut at the rightward HindlIl
site of the intact parental plasmid (see Fig. 2). Molecules
truncated in a region just internal to the 5' end of the mRNA-
coding segment of the chicken tk gene were prepared,
starting at the unique KpnI restriction endonuclease recogni-
tion site. The KpnI-digested substrate was treated with S1
nuclease before exonuclease III digestion to render the
molecules flush ended. Endpoints of deletion mutations
were judged preliminarily by electrophoretic sizing and then
resolved to the nucleotide level by chemical DNA sequenc-
ing (13). The nomenclature of both 5' deletion mutations
(A5') and 3' deletion mutations (A3') derives from the
position of the deletion terminus relative to the rightward
HindlIl site on the parental chicken tk genomic clone. For
example, A3'-49 maintains a 3' deletion terminus located 49
nucleotides from the rightward HindIII site and is therefore
missing those 49 residues; A5'-2302 maintains a 5' dele-
tion terminus located 2,302 nucleotides from the rightward
HindlIl site and is missing all genomic DNA sequences
upstream of its terminus.
Promoter fragments of the chicken and herpesvirus tk

genes were recombined with their opposing mRNA-coding
segments at either the natural BglII restriction site of the
herpesvirus tk gene (14) or the synthetic BamHI restriction
site that was used to terminate both 5' and 3' deletion
mutants of the chicken tk gene. A terminal fragment of the
herpesvirus tk gene containing its polyadenylation signals
was prepared by ligating a BamHI linker at the SmaI
restriction site located 20 base pairs (bp) upstream from the
viral tk translation stop codon (14). This procedure was
carried out by using a recombinant herpesvirus tk gene that
contains a synthetic HindIlI linker 359 bp downstream from
the translation stop codon (15). The 379-bp fragment con-
taining the polyadenylation signal of the herpesvirus tk gene

was prepared by double digestion with Hindlll and BamHI
restriction enzymes. This fragment was ligated in vitro to the
terminus of each 3' deletion mutation of the chicken tk gene,
and the hybrid molecules were cloned in a pBR-322 plasmid
vector.

Identification of a chicken tk cDNA clone. Polyadenylated
RNA was isolated from the testes of 4-month-old roosters.
Double-stranded cDNA was synthesized by methods de-
scribed by Fritsch (12), except that Escherichia coli DNA
polymerase I was used for second strand synthesis. Synthet-
ic EcoRI linkers were ligated to the double-stranded cDNA,
and after EcoRI digestion, the cDNA was fractionated on a
washed column (0.7 by 28 cm) of Sepharose 4B-CL in 0.3 M
NaCI-10 mM Tris-hydrochloride (pH 7.8)-i mM EDTA-
0.05% sodium dodecyl sulfate. The trailing fractions contain-
ing small cDNA and linkers were discarded. Of the material
subjected to S1 nuclease digestion after second strand cDNA
synthesis, 51% was recovered from the leading peak of the
Sepharose 4B-CL column. Approximately 100 ng of cDNA
was ligated to EcoRI-digested AgtlO DNA (7). The ligated
DNA was packaged in vitro (12) and used to infect E. coli
C600 hfl. Approximately 2 x 106 recombinant bacteriophage
were thus obtained. An amplified library was screened for
sequences complementary to the chicken tk gene. Three
positive bacteriophage were obtained from a screen of ca.
105 plaques.

Nucleotide sequence analysis. Both genomic and cDNA
copies of the chicken tk gene were sequenced by the
chemical method (13). Roughly 80% of the genomic se-
quence was resolved by radiolabeling and sequencing from
the endpoints of deletion mutations (see Fig. 1 and 2). The
remaining 20% of the genomic copy was sequenced by using
naturally occurring restriction endonuclease recognition
sites. An intact sequence of 2,411 nucleotides was estab-
lished (see Fig. 4). This genomic sequence progresses from
the rightward HindlIl restriction endonuclease recognition
site to a point 103 nucleotides to the left of the unique EcoRI
restriction site (see Fig. 1 and 4). Roughly 50% of the
sequence was resolved for both DNA strands. The sequence
of the cDNA recombinant was obtained by radiolabeling and
sequencing from naturally occurring restriction endonucle-
ase recognition sites that were predicted from the genomic
DNA sequence. An intact cDNA sequence of 716 nucleo-
tides was established (see Fig. 4). This cDNA sequence
progresses from a point 85 nucleotides to the right of the
unique BglII restriction endonuclease recognition site to a
point 20 nucleotides to the left of the unique KpnI restriction
endonuclease recognition site (see Fig. 1 and 4).

RESULTS AND DISCUSSION

Functional boundaries of the chicken tk gene. A recombi-
nant plasmid containing a 3-kilobase HindlIl insert of geno-
mic chicken DNA efficiently transforms tk- mouse L cells to
the tk+ phenotype (21). A restriction map of this HindIll
fragment is shown in Fig. 1. Strand-selective hybridization
experiments (8) have shown that, as the fragment is drawn,
the polarity of transcription is from left to right.
To establish the 5' boundary of the chicken tk gene, a

series of deletion mutations missing progressively greater
amounts of sequence at the lefthand end of the parental
clone were constructed and tested for their ability to trans-
form tk- mouse L cells to the tk+ phenotype. The deletion
mutations were prepared in vitro by an enzymatic method
(see above). The deletion terminus of each mutation was
marked by a synthetic BamHI linker. Two deletion muta-
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FIG. 1. Structure and relative transformation efficiency of 5' deletion mutations of the chicken tk gene. A restriction map of the parental
clone, pCH-tk5 (8), is shown at the top of the figure. A series of 5' deletion mutations were made as described in the text. All mutations main-
tain a synthetic BamHI linker at their 5' terminus. The numerical designation of each deletion mutation corresponds to the distance in
nucleotides between the deletion endpoint and the rightward Hindlll site of the parental DNA fragment. Each deletion mutation was tested
for its ability to transform tk- mouse L cells to the tk+ phenotype as described in the text. Mutations A5'-2177, A5'-2140, A5'-2131, A5'-2118,
A5'-2112, and A5'-2100 were also assayed after ligation to a fragment of the HSV tk gene that harbors the viral promoter. The assessed
transformation efficiency of each deletion mutation is shown to the right of the figure. Values for transformation efficiency represent the
average of two determinations carried out on separate days.

tions that terminated to the left of the natural EcoRI site are
wild-type in their ability to rescue tk- mouse L cells, and six
deletion mutations that terminated to the right of the EcoRI
site are incapable of rescuing tk- mouse L cells (Fig. 1). The
phenotypes of mutants that maintained a deletion endpoint
close to the natural EcoRI site are complex. For example,
deletion mutant A5'-2302, which contains a BamHI linker
attached to the EcoRI site, was fivefold less efficient than the
parental clone in the tk- L cell rescue assay. In contrast,
direct cloning of the EcoRI-HindIII fragment into a pBR-322
EcoRI-HindIII vector resulted in a plasmid which is indistin-
guishable from the full-length clone in its ability to rescue
tk- L cells (data not shown).
The observation that the nature of the plasmid DNA

sequences flanking the EcoRI restriction site influences tk
enzyme expression might reflect the existence of a nearby
transcriptional control region. Although this interpretation is
speculative, we have found that a DNA fragment that
encompasses this region of the chicken tk gene functions as a

transcriptional promoter in both cultured mouse cells (17)
and frog oocytes (S. McKnight, unpublished data) when it is
ligated to a promoterless herpes simplex virus (HSV) tk
gene.

If deletion mutations terminating downstream from the
EcoRI site of the chicken tk gene are unable to rescue tk- L
cells because they lack a transcriptional promoter, then
provision of a promoter from a heterologous gene might
restore tk function. To test this possibility, the HSV tk
promoter was ligated to the deletion terminus of all six
nonfunctional 5' deletion mutations, and each recombinant
was tested in the L cell rescue assay. The HSV tk promoter
restored tk function when ligated to deletion mutations A5'-
2177, A5'-2140, and A5'-2131 but not when ligated to deletion
mutations A5'-2118, A5'-2112, and A5'-2100. The comple-
mentation observed for the first three deletion mutations
(A5'-2177, A5'-2140, and A5'-2131) is consistent with pro-
moter replacement. A possible explanation of the failure of
the HSV tk promoter to complement the last three deletion
mutations (A5'-2118, A5'-2112, and A5'-2100) is that the

translation start codon for the chicken tk polypeptide resides
between the deletion endpoints of A5'-2131 and A5'-2118.

Similar methods were used to study the 3' end of the
chicken tk gene. We prepared a nested series of deletion
mutations missing progressively greater amounts of the
right-hand portion of the genomic tk fragment. These 3'
deletion mutations are shown diagramatically in Fig. 2, along
with their assessed effectiveness in rescuing tk- mouse L
cells. Deletion mutation A3'-734, which removes 734 bp of
DNA from the right-hand HindIll site, is the most-truncated
deletion mutation capable of efficiently rescuing tk- L cells.
Deletion of an additional 38 bp produces a gene (A3'-772)
which is an order of magnitude less efficient in the L cell
rescue assay. All mutations that maintain endpoints internal
to A3'-772 are completely incapable of L cell rescue.
The functional boundary that occurs in the vicinity of

deletion mutation A3'-772 could reflect the location of an
element important for transcription termination or polyade-
nylation. However, this area might encode the carboxyl
terminus of the tk polypeptide. To distinguish between these
alternatives, we fused to each 3' deletion terminus a 379-bp
fragment of the herpesvirus tk gene that contains the viral tk
polyadenylation signals (14). Each of these hybrid genes was
then tested in the L cell transformation assay. Figure 2
shows the results of these assays. Two observations are
noteworthy. First, provision of the HSV tk polyadenylation
signal did not restore function to deletion mutations shorter
than A3'-734. This result suggests that the loss of tk function
which occurs when the 38 nucleotides between A3'-734 and
A3'-772 are removed is not due to removal of a polyadenyla-
tion signal. We are therefore led to believe that this region
encodes the carboxy terminus of the chicken tk polypeptide.
Second, ligation of the HSV tk polyadenylation signal to
deletion mutations terminating downstream from A3'-772
resulted in a substantial increase in transformation efficien-
cy. In fact, deletion mutations provided with the viral tk
polyadenylation signal were even more efficient in rescuing
tk- L cells than the full-length chicken tk genomic clone.
This set of observations raises the possibility that the
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FIG. 2. Structure and relative transformation efficiency of 3' deletion mutations of chicken tk gene. A series of 3' deletion mutations of the
chicken tk gene were constructed as described in the text. The numerical designation of each deletion mutation corresponds to the distance in
nucleotides between the deletion endpoint and the rightward Hindlll restriction site of the parental DNA fragment. A fragment of the HSV tk
gene that harbors the viral polyadenylation signal was ligated to the terminus of each 3' deletion mutation. Mutations containing [(+)Tx] or
lacking [(-)Tx] the viral polyadenylation signal were assayed for their ability to transform tk- mouse L cells to the tk+ phenotype as described
in the text. The results of these assays are presented to the right of the figure. Values for transformation efficiency represent the average of
two determinations carried out on separate days.

parental 3-kilobase Hindlll fragment lacks a polyadenylation
signal.

Despite that fact that 734 bp ofDNA can be removed from
the 3' end of the parental clone without impairing tk func-
tion, the bulk of this region is transcribed and present on tk
mRNA produced by transformed L cells. Northern transfer
experiments were performed by using total RNA isolated
from polyclonal populations of L cells transformed with the
parental chicken tk clone, 3' deletion mutations of the
parental clone, or 3' deletion mutations ligated to the HSV tk
polyadenylation signal. Cells transformed with the parental
tk clone (lane 1) gave a very faint band of hybridization at a

position corresponding to a transcript length of 2,000 ribonu-
cleotides (Fig. 3). Cells transformed with 3' deletion muta-
tions of the parental clone (lanes 2, 4, and 6) failed to show a

detectable tk mRNA signal, even though the level of tk
enzyme activity in these transformants is comparable to the
level in cells transformed with the parental clone (Fig. 3). In
contrast, cells transformed with 3' deletion mutations to
which the HSV tk polyadenylation signal is ligated (lanes 3,
5, and 7) produced discrete transcripts, the lengths of which
are truncated by an amount equivalent to the extent of 3'
deletion (Fig. 3).
These results suggest that sequences very close to the

right-hand HindlIl site of the parental clone might be capa-
ble of serving as a polyadenylation signal. Deletion of this
signal apparently results in the production of tk messages of
heterogeneous length that are not detected as a discrete band
by the Northern transfer assay. Provision of the HSV tk
polyadenylation signal to 3' deletion mutations establishes a

uniform mRNA terminus. Thus, each of the deleted genes

that contain the viral tk polyadenylation signal produces a

discrete transcript.
Nucleotide sequence of genomic and cDNA copies of the

chicken tk gene. The deletion mutations described in the
previous section facilitated experiments which allow the
tentative identification of four functional boundaries of the
chicken tk gene. The 5' deletion mutations reveal regions
that might correspond to the transcriptional promoter and
translation start site of the gene. The 3' deletion mutations
reveal regions that might correspond to the polyadenylation
signal and translation stop codon of the gene. To examine
these tentative assignments in more detail we have resolved
the nucleotide sequence of a genomic copy of the chicken tk
gene, determined the endpoint of each 5' and 3' deletion
mutation, and resolved the sequence of a cDNA copy of the
chicken tk gene. The results of our sequencing experiments
are presented in Fig. 4.

(i) Protein coding domain of the gene. Consistent with
genetic assignment of the translation start site, an ATG
triplet is located in the 13-nucleotide region between the
termini of deletion mutations A5'-2131 and A5'-2118. Recall
from Fig. 1 that deletion mutation A5'-2131 is restored to a

functional state when it is provided with the HSV tk promot-
er, whereas A5'-2118 is not. For reasons that will be outlined
subsequently we strongly believe that the ATG triplet locat-
ed within this 13-nucleotide region is the translation start
codon for the chicken tk polypeptide.
Our transformation assays of 3' deletion mutations identi-

fied a region close to the naturally occurring BglII restriction
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FIG. 3. Northern transfer analysis of tk mRNA from mouse L
cells transformed with 3' deletion mutations of chicken tk gene
lacking or containing an HSV tk 3' terminus. Total RNA was

prepared from a pooled population of mouse L cell transformants
and sized by gel electrophoresis after glyoxal denaturation. Cells
had been transformed with a recombinant plasmid containing either
the full-length chicken tk gene (lane 1); deletion mutations A3'-279,
Y3'-323, and Y3'-523 (lanes 2, 4, and 6, respectively); or the same

three deletion mutations ligated to a DNA fragment containing the
polyadenylation signal of the herpesvirus tk gene (lanes 3, 5, and 7,
respectively). The panel on the left shows the ethidium bromide
staining pattern of the gel which confirms the concentration and
integrity of each RNA sample. The panel on the right shows an

autoradiographic exposure of a Northern transfer of the same RNA
samples, probed with radiolabeled chicken tk DNA (see the text).
Molecular weight markers are glyoxalated Hindlll fragments of
bacteriophage lambda DNA and 28S and 18S ribosomal RNA.

enzyme site that might encode the carboxyl terminus of the
tk polypeptide. DNA sequence analysis reveals the presence
of a TGA triplet between the termini of A3'-772 and A3'-734.
That this triplet indeed represents the translation stop codon
is strongly supported by sequence information obtained from
a cDNA copy of the chicken tk gene.
A cDNA library prepared from chicken testes mRNA was

screened for bacteriophage plaques containing sequences
homologous to the genomic chicken tk gene. Three tk-
positive cDNA clones were obtained. The recombinant
containing the longest cDNA insert was sequenced. The 5'
terminus of the testes tk cDNA clone extends to a position 45
bp downstream of the ATG triplet tentatively identified by
genetic assays as the translation start codon (Fig. 4). Since
there are no potential intron acceptor sites in the genomic
sequence for a distance of at least 68 nucleotides upstream
from the 5' terminus of the tk cDNA, the 45 nucleotides
between the putative translation start site and the 5' termi-
nus of the tk cDNA are likely to be present in the mature tk
mRNA. The reading frame that is initiated at the putative
ATG translation start site is open for 224 amino acids and
terminates at the TGA triplet located between the deletion
termini of A3'-772 and A3'-734. Recall that this TGA triplet

corresponds to the region identified by genetic experiments
to encode the carboxyl terminus of the protein. Finally, the
presence of an in-frame TGA stop codon 21 nucleotides
upstream from the putative translation start site suggests
that this ATG triplet is not an internal methionine codon.
Comparison of the nucleotide sequence of the genomic

and cDNA clones reveals the presence of six intervening
sequences. The approximate locations of four of these
introns were predicted correctly by Kwoh et al. (8) on the
basis of insertional mutagenesis experiments. Each of the six
introns is flanked by splice donor and acceptor sequences
that closely match consensus sequences compiled from the
analysis of other eucaryotic structural genes (18). The largest
of the six introns segments the first two exons. It is 228
nucleotides in length and notably guanine - cytosine rich
(81% guanine-plus-cytosine content). The sizes of the re-
maining five introns are closely matched, ranging from 79 to
121 nucleotides in length. The largest exon encodes the
carboxyl-terminal domain of the polypeptide (52 amino acid
residues in length), as well as untranslated sequences of
the mRNA extending 3' from the translation termination
codon. The remaining six exons range in length from 66 to
120 nucleotides.
Bradshaw and colleagues (submitted for publication) have

isolated and sequenced a cDNA copy of the human tk gene.
Whereas the human tk polypeptide is predicted to be slightly
longer than the length we predict for the chicken tk protein
(233 versus 224 amino acids), the two proteins are quite
homologous. Discounting the carboxyl terminus of the hu-
man tk polypeptide, which extends 9 amino acid residues
beyond that of the chicken protein, the two proteins match in
amino acid sequence at 196 of 224 residues (82% homology).

(ii) Transcriptional control signals upstream and down-
stream of the protein-coding domain. Although the bound-
aries of the protein-coding region of the chicken tk gene
appear to be soundly resolved, the location of the transcrip-
tion initiation site and polyadenylation signal are still un-
known. Genetic experiments indicate that sequences up-
stream from the translation start codon on the parental
chicken tk clone are capable of serving as a transcriptional
promoter. Deletion of this region results in loss of tk
function, and replacement of this region with the transcrip-
tional promoter of the HSV tk gene restores the chicken tk
gene to a functional state (Fig. 1). Furthermore, when
chicken sequences upstream from the translation start site
are ligated to a HSV tk gene that lacks its own promoter, the
resulting recombinant efficiently rescues both tk- mouse L
cells (data not shown) and tk- mouse muscle cells (17).
Furthermore, when this chicken tk promoter-HSV tk struc-
tural gene recombinant is microinjected into frog oocytes, it
directs the synthesis of between 20- and 40-fold more tk
enzyme than does a promoterless HSV tk gene (S.
McKnight, unpublished data).
There are several DNA sequence similarities between the

putative transcriptional promoter of the chicken tk gene and
the promoter of the HSV tk gene. Both genes contain an
EcoRI restriction site upstream of their respective protein-
coding domains. Both genes contain an adenosine-thymine-
rich hexanucleotide 40 to 50 nucleotides downstream from
their unique EcoRI site (5'-TATTAA-3' is located -50
nucleotides from the HSV tk EcoRI site; 5'GATAAC-3' is
located -40 nucleotides from the chicken tk EcoRI site).
When the HSV tk gene is microinjected into frog oocytes, it
directs the synthesis of a transcript bearing a 5' terminus that
maps 26 nucleotides downstream from the 5'-TATTAA-3'
hexanucleotide (16). When the chicken tk gene is microin-
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GCCGGGC GGCGCGGAGC CGAGCTGAGG GCATCGACCC CGCGGACGCA GCGATGACGT CAGAGC CCG CGCGGGGCAG GCCGGGAGCG CGGCGAGAAA

t5V-2302 r.-oOocyteTronscript
TGAR&AATTC CCCGCCTGCG TCCGGATT?G TCGGCGCTGC GGGGATAACT CCGCTCGGAT TGGCCGGCG' CGCCGGTCCG TGGCGCGAG GCGTCG

EcoRI 55'-217765:2140 A$2jlL A5-2118 A5V-2112
ATTOOCCOGC CGGGCGGCGC GCGCGCGG(GC GGTGAArCG TCGGTCGrTC (GTCAGTGA( TGAGGAGCGG CGCG I CTGGA CCG+GCCCCG

*tg aactqtctg ccqtqcccqg
J N C L T V P G

t5-2100 KpnI
TGTGCiCCCC GGCTCGCCCG GCCCCCCGCG TGOGCAGATC CAGGTACCGG CGGGGGCG"rr GCCGCCGGGT GCGGGCGGAG CTGGGATTGG TGGGACGGGG
tgtgcacccc ggctcqcccg gcCGCCCGCG TGGGCAGATC CAG

V H P G S P G R P R G O QO

CCGGCTGGGA GGGGATGCTG GGTCGGGATG CTGGGTCCCG GGGCCGCGTC GGCGCTGTGG CCGTGCGGGG TGACGGGGCG GCCGTGCTGG GGCCGGGTG

GGGCCGAGGG GCCGCAGCGG GGCGATGGCG GCCCCGCACC CTCCCCACTG ACCGTGTGGC TCTGCCTCCA GGTGATCTTC GGCCCCATGT TCTCTGGGAA
GTGATCTTC GGCCCCATGT TCcTTGGCAA
V I P G P N P s G K

GAGGTAAGGC GGGGCGGGCT GGGGCGGGCT GGGTGGGGAT GGAGCGGGCG GTGGCTGGCT CTGCTGACTC CTGCTCTTGC AGCACTGAGC TCATGCGGCG
GAG CACTGAGC TCATGCGGCG

S T E L M R R

GGTGCGGCGC TTCCAGCTCG CTCAGTACCG GTGTCTGCTG GTGAAGTACG CCAAGGACAC GCGCTACTGC ACCACCGGCG TCTCCACACA TGACAGGTG
GGTGCGGCGC TTCCAGCTCG CTCAGTACCG GTGTCTGCTG GTGAAGTACG CCAAGGACAC GCGCTACTGC ACCACCGGCG TCTCCACACA TGACAG
V R R P R L A Q Y R C L L V K Y A K D T R Y C T T G V S T H R R

GCTATGGGCA GGAGGACCCG CGCCCGTGGA

CCTGTGCCCT TCAGGATGTG TACCAGGAGG
CCTGTGCCCT TCCAGGATGTG TACCAGGAGG
A C A L Q D V Y Q E

GCGTGCACTG CTTAGACGTG GAGCAGAGCA

GAAAAGATGG CCAACACTGG GAAAACCGTC
GAAAAGATGG CCAACACTGG GAAAACCGTC
L KM A N T G K T V

TGGAAACCTC GCCAAACCCA GCCAGCAGTA

GCTGAACGCT GTCTGCATGG AGTGCTACCG
GCTGAACGCT GTCTGCATGG AGTGCTACCG

L N A V C N G C Y R

As3-102
ACAGCTrCAC CTTGCCAACT CTGCTAGTCT

CACGTGGCCG GGCTGCCTGG CTCACCCTCT CCCTCCCTTC TCCTCAGGAA CACCATGGA GCCCGCCCTG
GAA CACCATGGAG GCCCGCCCTG

N T M E A R P

CGCTGGGCTC TGCGGTCATT GGCATTGACG AGGGGCAGTT TGTAAGTGTG TGGCCAGGGC AGGGCCTGG
CGCTGGGCTC TGCGGTCATT GGCATTGACG AGGGGCAGTT T
A L G S A V I G I D E G Q F

CTGCCCCTTC TTCCTCCTGA AGCTGCTGTT TCTGTACCTC CTGTAGTTCC CAGATATTGT GGAGTTTTT
TTCC CAGATA I GT T
P P D I V a P C

ATCGTTGCTG CTCTTGATGG GACTTTCCAA AGAAAGGTAA AACATTTTAG TTTTAGTACG GCAGTTGCAC
ATCGTTGCTG CTCTTGATGG GACTTTCCAA AGAAAG
I V A A L D G T FQ R K

A3-1157
CAGCCTCTGT TTTGGTGCAG GCTTGA GCATCCTCAA CCTGGTCCCT CTGGCTGAGA GC G?AA

GCTTTTGGGA GCATCCTCAA CCTGGTCCCT CTOGCTGA GCGTGGTGRA
A r G S I L N L V P L A S VV K

A3-1057
AGAGGCCTCC TACACAAAGA GGCTGGGAGC AGAGAGGGAG GTGAGTTCCC TTGGAGCACA AAGCACTTCA
AGAGGCCTCC TACACAAAGA GGCTGGGAGC AGAGAGGGAG

E A S Y T K R L G A E R e

AS3-922
AGAAGGGATC TTCTCAGGTA AGCTGATCTC TGCAGAGTCA CTCTTCTGAT TTC&CTGATA GGTTGAAGTG

GTTGAAGTG
V e V

A3-872
ATTGGAGGAG CAGACAAATA CCACTCTGTC TGCCGAGCTT GCTACTTCCA GAAGAGGCCT CAGCAGCTTG GGTCAGAAAA CAAGGAGAAT GGCCCATGG
ATTGGAGGAG CAGACAAATA CCACTCTGTC TGCCGAGCTT GCTACTTCCA GAAGAGGCCT CAGCAGCTTG GGTCAGAAAA CAAGGAGAAT GTGCCCATOG
I G G A D K Y H S V C R A C Y P Q K R P Q Q L G S I N K E N V P H

tA3-772 t3-734
GGGTGAAGCA GCTGGATATG CCAGCCTCAC GAAAGATCTT TGCTTCTTGA TTGCTGCGCT CCAGCGTGGA GAGGGATGGA TACAAAGAAA GAAGATAAAT
GGGTGAAGCA GCTGGATATG CCAGCCTCAC GAAAGATCTT TGCTTCt TTGCTGCGCT CCAGCGTGGA GAGGGATGGA TACAAAGAAA GAAGATAAAT
G V K Q L D M P A S R K I F A S

A3-677
GTTGCAGCTC CTGGACTTCA GGTCTTGC+T CCCCCCTTTT ACCAAAACTG TCATATGCCA TAGCTCTACC TGCCAAACCA AGCTGCTCTT CCTCTGCTCC
GTTGCAGCTC CTGGACTTCA G

A3-523
AAGTACCAGG AAAGAGGGCA ATCAGCTGGA CCTGGTGGCA GGGAGAGCTG AAACAGAATC TGACTAAAAG AGAGTTCCTT TCCCAGTACG TGGAAAAG

3S-492 tA3-442
GTTTAATTAC TGA+GCTGCC ATACAGATGT GCTGGAAAGC CACCACCCCA ATCCAGGCTG TGGGGCACTG ACAACTTGCC ATAGCTCTTC TGGTCTGTTC

AS3-323
TCTGCTCCTG GCACATGTTC AGACTTGCCA CTGGTAGCCA GGTCATTTGC CACCAAACAG CAATTTTTCT CTCATGTGCT GTTGCTAAAT TCTGGGTTTC

t3 279
TTAAGACAGT GTACAGTAAC TTGACT+CCT AAAGCCATTT CCTTTTTAAT AGAGCCTGAG GAGATTCCCC TTCCCTTACT GTAGAACAGT GGCACTACTT

A3'-139
CAACTGACAC ATT'GCAGCAG CCTGGCCCC TGAGTCTCT TAACAATTGT GTATAGCCAA TTAGCTTGCT GTTAACG CTGAAATAC AGGGTT

S-49r___-TTGTTTGTTT GTTTTTAAAT GGAGGAGAGG AGAAGGAAGG CTTGACTTGT CAGCCCGACT CCTAGGCTCA TTCTAGCCTT CGAAATTAAA AAGGATTTTC

TGCACACT T

HindN
FIG. 4. Nucleotide sequence of the protein-coding region of the chicken tk gene. Nucleotide sequence was determined chemically (13),

starting from naturally occurring restriction enzyme sites or from the synthetic BamHI site present at the terminus of each 5' and 3' deletion
mutation (Fig. 1 and 2). The genomic DNA sequence is continuous for 2,411 nucleotides and is presented as the top line of nucleotides.
Numerical designations for deletion endpoints represent the distance in nucleotides from the initial A residue of the rightward HindlIl
restriction enzyme site. The bracketed hexanucleotide beginning at position 2,262 identifies a potential promoter signal that is located ca. 25
nucleotides upstream from the 5' terminus of a chicken tk transcript synthesized in frog oocytes after microinjection of a plasmid bearing the
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jected into frog oocytes, it directs the synthesis of a tran-
script whose origin maps 25 nucleotides downsteam from the
5'-GATAAC-3' hexanucleotide (McKnight, unpublished
data). These results suggest that the sequences surrounding
the EcoRI restriction site of the chicken tk gene may harbor
its transcriptional promoter. However, it remains possible
that microinjected frog oocytes and transformed mouse cells
recognize and utilize these sequences in an adventitious
manner and that the authentic chicken tk promoter is located
somewhere upstream of the unique EcoRI site. Unequivocal
resolution of this question must await experiments that map
the location of the mRNA cap site on authentic chicken tk
mRNA.

Similar uncertainty concerns the location of the chicken tk
polyadenylation site. The genomic sequence contains the
heptanucleotide sequence 5'-AATTAAA-3' 22 nucleotides
to the left of the natural HindlIl restriction site (Fig. 4).
Deletion of this region does appear to destroy the ability of
the gene to produce a discrete transcript in transformed
mouse L cells (Fig. 3). However, deletion of this region does
not reduce transformation efficiency, and provision of the
HSV tk polyadenylation signal onto any 3' deletion muta-
tions in this vicinity increases transformation efficiency to a
level higher than that of the intact 3-kilobase genomic
chicken tk clone. The testes cDNA clone that we have
analyzed does not contain a tract of polyadenylate residues
at the 3' boundary of the cDNA insert. We have recently
isolated two chicken tk cDNA clones from a bursal lympho-
ma cell line. Unfortunately, neither of the lymphoma-de-
rived cDNA clones contains a polyadenylate tract. Howev-
er, preliminary sequence analysis of the lymphoma clones
indicates that they contain contiguous DNA sequences
downstream of the rightward HindIII site of the genomic
clone (S. McKnight, unpublished data). Thus, our tentative
identification of a polyadenylation signal close to the right-
ward HindIII site may well be incorrect.

Conclusions. The experiments included in this report iden-
tify the protein-coding domain of the chicken tk gene, predict
the amino acid sequence of the chicken tk polypeptide, and
locate six intervening sequences. The 3,000-nucleotide geno-
mic DNA fragment that we have used in our studies may, or
may not, contain the entire tk transcription unit. However,
as shown in the accompanying report, this DNA fragment
does contain information sufficient to specify appropriate
regulation of tk enzyme expression during terminal differen-
tiation of muscle cells.
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