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The promoter of the human thymidine kinase gene was defined by DNA sequence and genetic analyses.
Mutant plasmids with deletions extending into the promoter region from both the 5' and 3' directions were
constructed. The mutants were tested in a gene transfer system for the ability to transform TK- cells to the
TK+ phenotype. This analysis delimited the functional promoter to within an 83-base-pair region upstream of
the mRNA cap site. This region contains sequences common to other eucaryotic promoters including G C-rich
hexanucleotides, a CAAT box, and an A T-rich region. The CAAT box is in an inverted orientation and is
part of a 9-base-pair sequence repeated twice in the promoter region. Comparison of the genomic sequence with
the cDNA sequence defined the first exon of the thymidine kinase gene.

Thymidine kinase (TK) is a member of a group of enzymes
whose expression is related to the growth state of cells (1).
The activity of TK as well as that of other members of the
group is highest in growing cells, because of elevated levels
in cells that are in the S phase of the cell cycle (2, 21). Little
is known about the mechanism by which the level of TK
activity is regulated. The increase in activity during S phase
has been shown to be sensitive to inhibitors of protein and
RNA synthesis, suggesting that de novo synthesis of TK or
a necessary cofactor is required for its regulation (17, 21). In
several cell culture systems where quiescent cells can be
stimulated to proliferate by the addition of serum, the level
of TK mRNA has been shown to increase upon stimulation
(33, 36). Schlosser et al. first showed that the growth-
dependent regulation of TK was maintained when cellular
DNA isolated from rat TK+ cells was introduced into TK-
cells (32). This observation was subsequently confirmed
after the isolation of the human TK gene by recombinant
DNA techniques (4, 19, 20, 33), indicating that a genetic
element(s) required for growth-dependent regulation is
closely linked to the TK structural gene. It has also been
observed that TK mRNA levels and activity decrease when
TK- myoblasts transformed with the chicken TK gene
differentiate into myotubes and cease to divide (27). In the
latter system, interchanging promoters between the herpes
and chicken TK genes has led to the conclusion that the
increase in activity is dependent on information contained in
the mRNA-coding portion of the gene (27).
As an approach to understanding the growth-related reg-

ulation of TK, we undertook a genetic analysis of the human
TK gene. Mutants with deletions in the 5' region of the
human TK gene were constructed and introduced into TK-
cells to define the elements involved in the expression of the
gene. Our initial analysis defined a region upstream of the
gene that is required for efficient expression. This region
contains sequences found to be involved in the expression of
several other genes, some of which are also expressed in a
growth-dependent fashion.

MATERIALS AND METHODS

Plasmid and phage preparation. TK genomic clone XTK46
and cDNA clone pTK11 were the kind gift of H. Bradshaw.

* Corresponding author.

All plasmids were introduced into Escherichia coli DH1 by
the CaC12 procedure (22). Plasmid DNAs were isolated by
the alkaline lysis procedure (22) and purified on two sequen-
tial CsCl gradients in vertical rotors. Phage clones were
prepared by published procedures (22).

Restriction digests. Restriction enzymes were purchased
from Bethesda Research Laboratories, Inc., Gaithersburg,
Md.; Boehringer Mannheim Biochemicals, Indianapolis,
Ind.; and New England BioLabs, Inc., Beverly, Mass.
Phage and plasmid DNAs were digested with restriction
enzymes under conditions suggested by the supplier. Digests
for mapping the XTK46 clone were subjected to electropho-
resis on 0.4 and 1.0% agarose gels to obtain accurate sizes
for large and small fragments.
DNA sequencing. The nucleotide sequence of the 5' end of

the TK gene was determined by the dideoxynucleotide chain
termination method (31). A set of overlapping fragments was
prepared for sequencing by subcloning the 1.5-kilobase (kb)
Sacd fragment containing the 5' end of the TK gene into the
Sacd site of pUC13 (28), so that the EcoRI site of pUC13 was
on the upstream side of the insert. The EcoRI fragment of
this plasmid, containing sequences that hybridized to an
oligonucleotide complementary to the 5' end of the cDNA
(5), was digested with BAL 31 (Bethesda Research Labora-
tories) for various amounts of time between 15 s and 12 min,
under conditions suggested by the supplier. The exonucle-
ase-treated DNA molecules were then repaired with Klenow
fragment and digested with BamHI, yielding fragments with
a blunt-end deletion endpoint between the EcoRI site inter-
nal to the Sacd fragment and the BamHI site in pUC13. The
resulting fragments were then inserted between the BamHI
and SmaI sites of M13mpll, and clones with overlapping
deletions were sequenced with a universal 17-base-pair (bp)
primer (Collaborative Research, Inc., Waltham, Mass.). To
determine the sequence of the noncoding strand, mutant
plasmids were digested with Sall, which cleaves the plas-
mids in the vector sequences 300 bp from the deletion
endpoints in the 5' direction. The linearized plasmids were
digested with ExollI (New England BioLabs) for 20 min to
generate single-stranded termini. The digested DNA was
then annealed with a 16-base primer complementary to the
noncoding strand at the 3' end of the first exon (primer:
5'TGCCCCCGGGTCTTGC3').

S1 nuclease mapping. An oligonucleotide complementary
to the coding strand at the 5' end of the cDNA was
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FIG. 1. Restriction map of the human TK gene. The map shows
the location of restriction sites within the 16-kb insert of XTK46.
Recognition sites of restriction endonucleases are abbreviated as
follows: B, BamHI; Bg, BglII; R, EcoRI; H, HindIlI; K, Kpnl; S,
Sacl; X, XhoI. The precise location of the HindlIl site noted by the
dot is not known. There are two possibilities for the positioning of
the 0.8- and 1.6-kb HindlIl fragments. An arrow marks the start site
and direction of transcription.

end-labeled with polynucleotide kinase, hybridized to the
1.5-kb TK SacI fragment cloned in M13Mp11, and extended
by Klenow fragment. The product of this primer extension
reaction was cleaved with PstI and denatured. Radioactive
DNA containing primarily a 490-base single-stranded frag-
ment was purified with a 6% acrylamide-8 M urea gel. This
probe was hybridized to total HeLa cell cytoplasmic RNA in
a buffer containing 80% formamide, 0.04 M PIPES
[piperazine-N,N'-bis(2-ethanesulfonic acid)], 0.4 M NaCl,
and 0.001 M EDTA, in a volume of 40 RI. The hybridization
was carried out at 47°C for 12 h after an initial incubation at
90°C for 5 min. The hybridization product was digested with
S1 nuclease (P-L Biochemicals, Inc., Milwaukee, Wis.) for 1
h at 37°C in a mixture of 0.3 M NaCl, 0.06 M sodium acetate
(pH 4.5), 3.75 mM ZnSO4, and 50 ,ug of sheared denatured
herring sperm DNA per ml, in a 300-,u reaction. The
reaction mixture was then extracted with phenol and chlo-
roform and precipitated with ethanol. The final product was
subjected to electrophoresis on a 6% acrylamide-8 M urea
gel.

Cell culture and gene transfer. Ltk- cells were obtained
from G. Scangos and maintained on Dulbecco modified
Eagle medium (GIBCO Laboratories, Grand Island, N.Y.)
supplemented with 10% fetal calf serum (Hyclone Labora-
tories, Inc., Logan, Utah), penicillin (50 U/ml), streptomycin
(50 ,ug/ml), and glutamine (2 mM). The gene transfer proce-
dure was modified from several procedures (9, 13, 15). Cells
(5 x 105) were plated in 6-cm dishes (Falcon 3002, Becton
Dickinson and Co., Paramus, N.J.) 24 h before transfection.
A 250 mM CaCI2 solution containing 0.1 to 1 ,ug of plasmid
DNA (linearized at the NruI site in pBR322, 300 bp from the
deletion endpoint) and 20 ,ug of sheared herring sperm
DNA was added dropwise to a solution containing 50 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid)-NaOH(pH 7.12), 250 mM NaCl, 1.5 mM Na2HPO4,
and 11 mM dextrose (HEPES-buffered saline solution). After
10 min, 0.4 ml of this mixture was added to plates of cells
containing 4 ml of medium. At 16 h after addition of
precipitate, the dishes were washed twice with Dulbecco
modified Eagle medium-10% fetal calf serum. A 10%
glycerol-HEPES-buffered saline solution was then placed on
the cells for 1 min, followed by a final wash with HEPES-
buffered saline solution, and addition of fresh medium. After
4 to 6 h of incubation at 37°C, the cells were washed with
phosphate-buffered saline, trypsinized, and transferred to
10-cm dishes. Hypoxanthine-aminopterin-thymidine me-
dium (34) selection was started 48 h after transfection.
Colonies appeared approximately 2 weeks later. The trans-

fection frequency of wild-type plasmids was 103 colonies per
t1g.
Construction of plasmids. The TK gene was subcloned

from the XTK46 clone by isolating the EcoRI-to-XhoI frag-
ment and the XhoI-to-BamHI fragment, containing the left
and right halves of the phage genomic clone, respectively,
and inserting them between the BamHI and EcoRI sites of
pBR322 in a three-fragment ligation reaction. This construct
(pTK8) contains the entire XTK46 clone except for approx-
imately 200 bp between the BamHI site and the end of the
genomic fragment inserted in XTK46.

Deletion mutants (5') were constructed (see Fig. 5) by
linearizing pTK8 at the unique BamHI site and digesting
with BAL 31 (Bethesda Research Laboratories) at a DNA
concentration of 75 ,ug/ml and an enzyme concentration of 10
U/ml, for times from 5 to 15 min. The digested fragments
were then repaired by Klenow fragment, ligated to
phosphorylated BamHI linkers (P-L Biochemicals), and
digested with XhoI and BamHI. Fragments containing dif-
ferent endpoints were gel purified and ligated to the XhoI-
to-BamHI fragment of pTK8 which contains the 3' end of the
TK gene and the vector. The deletions were mapped by
digesting plasmids with SacI and BamHI and confirmed by
sequencing.
Mutants with deletions extending into the promoter region

from the 3' side were constructed by using two 5' deletion
mutants (see Fig. 6). The -83 5' deletion plasmid was
linearized at the SmaI (see Fig. 2) site in the first exon and
digested with BAL 31. The resulting ends were repaired with
Klenow fragment and ligated to phosphorylated BglII linkers
(New England BioLabs). The DNA was digested with BglII
and with Sall, which cuts at a unique site in the vector
upstream of the promoter. The fragments extending from the
Sall site to the BglII linkers at the termini generated by BAL
31 were purified by gel electrophoresis. These fragments
were ligated to the SaIl-to-BamHI fragment of the +9 5'
deletion mutant (see Fig. 6) containing the TK structural
gene and vector sequences. Mutants with deletions extend-
ing into the promoter region were selected for further study.
A plasmid containing the human TK cDNA under the

control of the human TK promoter (pTK21; see Fig. 7) was
constructed by making use of the unique XmaI site at the 3'
end of the first exon. The starting point for this construction
was pTK11 (5), a full-length TK cDNA clone obtained by
screening the Okayama-Berg expression library (29). It
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FIG. 2. Strategy for sequencing the 5' region of the human TK

gene. A restriction map of the EcoRI-to-SacI restriction fragment is
shown at the top of the figure. The start site of the mRNA is
indicated by the open arrow. The restriction sites are abbreviated as
follows: R, EcoRI; P, PstI; Sm, SmaI; and S, Sacl. The sequences
of the indicated regions were determined as described in the text.
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-430 CCCCAGCTAA

A
CTCCGCCCCA GCCCCTTAGT CCCTCCCTGC AATCCACCTA CCTCTGCAGC

-370 ACATCTTCTT CCAAGGAACC TTGCTTGGGC MACCCACAC CAGACACATC CATCATGGCG

-310 TCTACAGCCG CATGGGCGTG CGTCCCTCTG m ATATGGC CAGAGCCCGC CTCGCTCGCC

-250 CCTTTAAACT TAGTGGTrGGGG ACCGAGGCGG GGCCTCAGAT CCAGGCCCCA CCCCGATCAG

-190 CCACGTCCAT CGCCCTGATT TCCAGGCCCT CCCAGTCCCT GGGCGCACGT CCCGGATTCC

-130 TCCCACGAGG

A
GGGCGGGCTG CGGCAAATCT CCCGCCAGTC

A

AGCGGCCGGG CGCTGATTGG

-70 CZCATGGCG

A 8 C
GCGGrGG C TCC'rATTGG CCAGCACGCC GTGGTTTAAA GCGGTCGGCG

_, -_
-10 CGGTGAACCA GGGGCTTACT GCGGGACGGC CTTGGAGAGT ACTCGGGTTC GTGAACTTCC

+51 CGGAGGCGCA ATGiAGCTGCA TTAACCTGCC CACTGTGCTG

E
+111 CCGGGGGCAG ATCC&2GGC GGGGGCCAGC CTGCGCGTGG

CCCGGCTCCC CCAGCAAGAC

CTGGGATGAG GTGTCGTGTA

+171 TACCTTTCAG ATC

FIG. 3. Sequence of the 5' region of the human TK gene. The nucleotides are numbered relative to the first mRNA start site. Sequences
of interest are bracketed above and described in the text: (A) G C hexanucleotides; (B) 9-bp repeats; (C) A T-rich region; (D) translation
start site; (E) splice site. Arrows mark the two mRNA cap sites.

contains the cDNA positioned between the simian virus 40
(SV40) early promoter and an SV40 poly(A) addition site. A
sample of pTK11 DNA was linearized with Sall, and the
recessed 3' ends were repaired with Klenow fragment. After
the addition of SacI phosphorylated linkers, the DNA was
digested with Sacl and XmaI. The larger fragment that
contains the TK cDNA sequences 3' to the XmaI site, the
SV40 poly(A) addition site, and pBR322 vector sequences
was isolated by gel electrophoresis. The purified fragment
was ligated to a SacI-to-XmaI fragment derived from the
genomic clone containing the TK genomic sequence up-
stream of the start site and mRNA coding sequences 5' to the
XmaI site.

RESULTS

Sequence organization. The human TK gene clone, XTK46,
used in these studies was isolated and characterized by
Bradshaw (4). As a first step in elucidating its structure, we
developed a restriction map of this clone (Fig. 1). Several
differences were found in comparison with the previously
published maps of the TK gene (4, 19, 20, 33). In particular,
the 1.5-kb Sacl fragment previously assigned to the left end
of the clone is at the right end. Our map is largely in
agreement with maps of clones obtained by Lin et al. and
Stuart et al. (20, 33).
The only areas of divergence lie at the ends of the clones.

Since in all cases the gene was cloned from a library derived
from mouse Ltk- cells transformed with human DNA, the
differences near the ends of the clones presumably corre-

spond to different joints between human and mouse DNA. A
comparison of our map with that of Stuart et al. (33) and the
cDNA sequence of Bradshaw and Deininger (5) suggests that
the XTK46 clone does not contain the extreme 3' end of the
gene, as it is missing the BamHI site found both in the cDNA
and in the left end of the map of Stuart et al. Our map and
that of Stuart et al. also diverge at the right ends in a manner
that suggests the human/mouse breakpoint may be near the
right end of the 1.5-kb SacI fragment.

5' sequence. To study the human TK promoter, it was first
necessary to localize the 5' end of the gene. This was done
by hybridizing an oligonucleotide containing 15 bp found
near the 5' end of the cDNA (5) to fragments produced by
various restriction digests of the cloned gene. The 5' end of
the gene was localized to a SacI-EcoRI fragment near the
right end of the genomic insert (Fig. 1, data not shown). The
nucleotide sequences of several overlapping subclones
within this SacI-EcoRI fragment were determined (Fig. 2).
The sequence obtained is shown in Fig. 3. This sequence
contains the entire first exon of the TK gene and the splice
junction beween the first exon and first intron, as determined
by a comparison with the published sequence of the putative
full-length cDNA (5). It also contains 430 bp of sequence
5' to the beginning of the cDNA and 54 bp of the first
intron.

Several interesting features of the sequence 5' to the start
of the homology with the cDNA are apparent. There is a
6-bp A - T-rich sequence, TTTAAA, about 25 bp before the
start of the cDNA homology. Further upstream, a 9-bp
sequence, TGATTGGCC, is repeated twice. This sequence
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FIG. 4. Si nuclease mapping of the 5' end of the human TK
transcript. The probe used was a single-stranded primer extension
product extending from the first exon to the PstI site, 377 bp
upstream of the cDNA start site. Lanes show the products of Si
nuclease digestion of hybridization reactions with (lane A) 15 ,ug,
(lane B) 45 ,ug, and (lane C) 0 ,ug of total HeLa cell cytoplasmic
RNA. Lane D contains the probe, and lane E contains an end-
labeled DdeI digest of simian virus 40 DNA that was denatured
before loading.

contains the canonical CAAT box in inverted orientation.
Between these two repeats and repeated three times further
upstream, the hexanucleotide sequence GGGCGG is found;
this sequence is found at sites that bind the transcription
factor SP1 (14).

Si analysis. To map the 5' end of the TK mRNA coding
region, human RNA was analyzed by using the S1 nuclease
procedure (3) with a probe complementary to the coding
strand from near the end of the first exon to the PstI site 377
bp upstream of the start of homology with the cDNA.
Cytoplasmic RNA from HeLa cells protected two fragments
differing in length by 7 bp (Fig. 4). This indicates two start
sites for the mRNA as shown in Fig. 3 and demonstrates that
the cDNA clone is indeed full length, corresponding to the
longer of the two possible mRNAs as defined by 5'
endpoints.

Genetic analysis. To define elements required for expres-
sion of the human TK gene, we undertook a genetic analysis

with mutants that contained deletions in the 5' region. These
mutants were tested for their ability to confer the TK+
phenotype when introduced into Ltk- cells. TK+ transform-
ants were selected by growth in hypoxanthine-aminopterin-
thymidine medium (34), which is normally lethal for Ltk-
cells. The wild-type human TK gene, defined in this study as
the XTK46 clone or the plasmid subclone pTK8, transforms
Ltk- cells at a high frequency (103 colonies per ,ug). Muta-
tions in the region upstream of the mRNA start site which
impair the function of the promoter confer a decreased
transformation frequency.

Successive deletion mutations extending from the BamHI
site in pTK8 towards the cap site were constructed (Fig. 5).
The results of transfection experiments with these mutants
are shown in Fig. 6. Mutants that retained at least 83 bp 5' to
the first cap site transformed cells with approximately the
same frequency as the wild-type construct. The 83-bp region
contains the two 9-bp repeats, the G C hexanucleotide, and
the A T hexanucleotide. A mutant that retained 53 bp 5' to
the cap site appeared to transform at a frequency interme-
diate between those of the wild type and mutants retaining
fewer than 53 bp. There was no difference observed among
the mutants with deletions that extended further than -53,
all of which transformed Ltk- cells at a frequency 250-fold
lower than the wild-type gene. Mutants with deletions ex-
tending into the translated portion of the first exon were
unable to transform Ltk- cells (data not shown).

1. Bom Hi
2.Bal 31
3. K lenow, dNTP
4. Bam-P linker
5. Bam Hi
6. Xho I

B..

(1K

HI, Xho I

X
FIG. 5. Construction of 5' deletion mutants. Deletion mutants

were constructed as shown and are described in greater detail in the
text. Restriction sites are abbreviated as in the legend to Fig. 1. The
BamHI site in pTK8 is the junction between vector and TK 5'
sequences. The 5'-to-3' orientation of the TK gene is indicated by
the arrow.
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Mutant

WT

-83

-53

-34

+9

+38

-10

-39

-69

TF
1.0

0.76

0.017

0.004

0.004

0.001

0.34
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0.002

FIG. 6. Analysis of deletion mutants. The structure of the mutants studied and their transformation frequencies are shown. Symbols: _,
TK sequence present in each mutant; , locations of BamHl (CGGATCCG) linker sequences; r-i, the location of BglllIBamHI hybrid
linkers (CAGATCCG). The extent of deletion is noted at the left of each mutant. The transformation frequency as a fraction of the wild-type
level is shown at the right of each mutant (WT = 103 colonies per ,ug). The sequence of the 5' region is shown at the top. Particular sequences
of interest are underlined.

Since deletions extending beyond nucleotide -83 reduced
transformation frequency to a barely detectable level, it is
difficult to determine the significance of additional decreases
in transformation frequency caused by further deletion. To
establish whether any sequences closer to the mRNA cap
site are required for expression, we also examined a series of
deletions extending from the cap site towards the upstream
limit of the promoter defined by the 5' deletion analysis.
These deletions extended from an 8-bp synthetic linker
adjacent to nucleotide +9 toward the 5' boundary defined by
the -83 5' deletion mutant, so that various amounts ofDNA
between this linker and the linker at -83 were deleted (see
above for details). Deletion of nucleotides from -10 to +9
caused a slight decrease in transformation frequency, and a
deletion extending to -39 which included the A - T
hexanucleotide reduced transformation 14-fold. This sug-
gests that the A T hexanucleotide, or sequences near it,
plays an important role in expression and that the 9-bp
repeats and the G C hexanucleotide alone are not sufficient
for maximally efficient gene expression.
These deletion analyses define the limits of the human TK

promoter required for efficient expression in the transforma-

SV40
Poly A

FIG. 7. Map of plasmid pTK21, containing the human TK cDNA
and human TK upstream region. See the text for details of
construction.

tion assay. The 5' limit is between -83 and -53, and the 3'
limit is between -10 and -39.

Analysis of pTK21. Since the minimum size of the TK gene
is over 15 kb (33) and the TK mRNA is only 1.5 kb (4), there
is the potential that a great deal of information exists in the
introns that is related to the expression of the TK gene. One
way of evaluating the importance of introns is to eliminate
them and then determine whether the gene retains full
function. We constructed a plasmid, pTK21, containing the
human TK cDNA (5) under control of the human TK
promoter (see above; Fig. 7). This construct also contained
an SV40 poly(A) addition site downstream from the cDNA.
This plasmid contains no introns and therefore allowed us to
test whether sequences present in the introns of the TK gene
were required for expression of TK. Both pTK8 and pTK21
transformed Ltk- cells with an efficiency of approximately
103 colonies per jig. Since there is no significant difference in
transformation efficiency between these two plasmids, we
conclude that sequences in the introns are not required for
expression of TK.

DISCUSSION

We have defined the promoter of the human TK gene
through a genetic analysis which demonstrated a region
upstream of the mRNA cap site that is required for efficient
expression of the gene. The gene transfer system used in the
present study tests the ability of a transfected TK gene to
confer a TK+ phenotype on Ltk- cells, as defined by their
acquiring the ability to grow in hypoxanthine-aminopterin-
thymidine medium (34). While the transfection frequency of
a particular mutant may not be a direct linear measurement
of the TK RNA level after transfection of that mutant, the
gene transfer system provides a qualitative test as to whether
a gene can be expressed efficiently. Our data demonstrate
that only 83 bp 5' to the cap site are required for the efficient
expression of the gene.
The promoter region defined by the genetic analysis

revealed several similarities with other eucaryotic genes
transcribed by RNA polymerase 11 (6). There is an A * T-rich
hexanucleotide sequence 25 bp upstream of the cap site.
This region does not contain the canonical TATA box
sequence (6); however, many variations of the canonical
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sequence are found among the promoter regions sequenced
thus far. The A T-rich region is not absolutely required for
expression, but deletions which remove the A T box re-
duce promoter function to an intermediate level. In the
absence of additional promoter sequences, the A T-rich
region is not capable of directing expression of the gene.
The 9-bp sequence TGATTGGCC is repeated twice, start-

ing 76 and 46 nucleotides upstream of the cap site. Within
this sequence is the canonical CAAT box in inverted orien-
tation. In this orientation, the TK repeat shares an 8- or 9-bp
homology with the globin CAAT sequence; detailed muta-
genesis of globin gene promoters has revealed this sequence
to be important in globin gene expression (7, 11). The herpes
simplex virus TK also contains a CAAT box in inverted
orientation (23). Linker-scanning mutants that lack this
sequence exhibit decreased transcriptional efficiency from
this promoter (24). A protein binding this sequence in the
herpes simplex virus TK promoter has been partially purified
(18). The specific function of this protein in transcription is
unknown. The upstream regions of several other genes
contain the CAAT homology in this inverted orientation.
These include the human HSP70 gene (16), the hamster
HMG-coenzyme A reductase (30), and the chicken TK gene
(26). The chicken TK gene contains the GATTGGCC se-
quence repeated twice, 42 bp apart, although it is not known
whether these are upstream of the cap site, as it has not yet
been mapped (26). The repeats are separated by three and
four full turns of the DNA double helix in the human and
chicken TK genes, respectively. In the case of the simian
virus 40 promoter, recent work has demonstrated that inser-
tions resulting in nonintegral numbers of helical turns be-
tween certain promoter elements reduce promoter efficiency
(35); thus, the specific spacing of the repeats in the human
and chicken TK promoters may be important for efficient
promoter function.
The sequence GGGCGG is found between the two 9-bp

repeats in the human TK promoter. Studies on the simian
virus 40 early promoter and the herpes simplex virus TK
promoter have shown that this sequence is involved in the
binding of the transcription factor SP1 (14). SP1 is required
for in vitro transcription from the simian virus 40 early
promoter (12). The GGGCGG sequence is also found up-
stream of several other genes, including the chicken TK gene
(26), the mouse HGPRT gene (25), the mouse and human
DHFR genes (8, 10), and the hamster HMG-coenzyme A
reductase gene (30). In both the herpes simplex virus TK
gene and the human TK gene, the GGGCGG sequence and
the CAAT homology are close to each other, although the
exact spacing is different. The two promoters also differ in
that the herpes promoter has two GGGCGG sequences and
one CAAT sequence, but the human promoter has two
CAAT sequences and one GGGCGG sequence. Proteins
binding these two sites may participate in a specific interac-
tion required for the initiation of transcription.

Stuart et al. report that TK mRNA levels are elevated
during conditions that stimulate growth (33). It is not known
whether this regulation is at the level of mRNA synthesis
and whether it is mediated through sequences upstream of
the mRNA cap site. Since the upstream sequence of the
human TK gene contains sequence motifs found upstream of
many genes, not all of which are known to be regulated by
growth conditions, it is likely that proteins binding these
sequences are responsible for constitutive maintenance of
transcription. There may, however, be unrecognized addi-
tional control elements in the human TK promoter confer-
ring nonconstitutive regulatory patterns.
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