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My colleagues and I have cloned a nearly full-length Chinese hamster thymidine kinase (TK) cDNA in a
AgtlO vector and characterized this cDNA by nucleotide sequencing. The hamster TK protein is encoded in this
cDNA by a 702-base-pair open reading frame which specifies a 25,625-dalton protein closely homologous to the
previously described human and chicken TK proteins. Using cDNA nucleotide sequence data in conjunction
with sequence data derived from selected subelones of the hamster TK gene recombinant phage XHaTK.5, we
have resolved the structure of the TK gene, finding the 1,219 base pairs of the cDNA sequence to be distributed
through 11.2 kilobases of genomic DNA in at least seven exon segments. In addition, we have constructed a
variety of Chinese hamster TK minigenes and exonuclease III-S1 derivatives of these genes which have
permitted us to define the limits of the Chinese hamster TK gene promoter and demonstrate that efficient TK
transformation of Ltk- cells by TK minigenes depends on the presence of both TK intervening sequences and
sequences 3' to the site of mRNA polyadenylation.

The enzyme thymidine kinase (TK) (EC 2.1.7.21), which
salvages thymidine for DNA synthesis through an ATP-
dependent phosphorylation, is one of a number of enzymes
important to nucleotide metabolism whose expression is cell
cycle S-phase specific (for a review see Mitchison [59]). The
TK activity in synchronously growing in vitro cell cultures,
for example, rises sharply as cells enter and progress
through S phase and then diminishes as the cells move
through the G2, M, and G1 phases of the cell division cycle
(10, 38, 39, 60, 72, 73). As a reflection of the S phase
specificity of TK gene expression, TK activity in asynchro-
nously growing cell cultures is growth phase dependent,
being maximal as cultures grow through mid-log phase and
minimal as these cultures reach confluence, withdraw from
the cell cycle, and accumulate in the G1/Go phase (2, 16, 34,
37, 49, 50, 60, 64). The genetic determinants which govern
this pattern of TK gene expression have not yet been
precisely defined. These determinants are presumed, how-
ever, to be closely linked to TK structural gene sequences
since TK gene expression in mouse Ltk- cells transformed
to Tk+ with either total mouse genomic DNA or a cloned
human TK gene has been shown to be S phase specific (8,
68).
The recent clonings of the hamster (47), human (7, 44, 48),

and chicken (63) TK genes invite the possibility that the
genetic determinants which underlie the cell cycle and
growth phase dependence of TK gene expression can be
localized within segments of these cloned TK genes through
a systematic in vitro construction ofTK gene mutants which
can be analyzed for their pattern of expression after trans-
fection and stable integration into a suitable Tk- host cell.
My colleagues and I have previously reported the isolation
and preliminary characterization of the Chinese hamster TK
gene, carried in the Chinese hamster genome on chromo-
some 7 (70). In this report I describe (i) the molecular cloning
and nucleotide sequencing of a nearly full-length Chinese
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hamster TK cDNA, (ii) the nucleotide sequencing of se-
lected subclones of the XHaTK.5 clone which has led us to a
resolution of the exon-intron organization of the hamster TK
gene, and (iii) the construction of various hamster TK
minigenes with which we have analyzed the structural
determinants of hamster TK gene expression in mouse Ltk-
cells. In the accompanying manuscript (46), D. A.
Matkovich and I describe the growth phase dependence and
adenovirus responsiveness of TK gene expression in rat 4
cells transformed to Tk+ with various chimeric hamster TK
minigenes.

MATERIALS AND METHODS

Isolation of cytoplasmic poly(A)+ RNA. Cytoplasmic RNA
was extracted by the urea-sodium dodecyl sulfate method of
Holmes and Bonner (32) from postnuclear supernatants
prepared from monolayer cultures of the Chinese hamster
ovary cell line A-29 (20) growing asynchronously in mid-log
phase, 72 h after an initial seeding at a density of 5 x 105 cells
per 100-mm dish. Polyadenylated [poly(A)+] RNA was
selected from total cytoplasmic RNA by oligo(dT)-cellulose
chromatography essentially as described (45).
cDNA synthesis. First- and second-strand cDNA synthesis

was accomplished using avian myeloblastosis virus reverse
transcriptase (Life Sciences) essentially as described by
Helfman et al. (31). S1 nuclease (Boehringer-Mannheim)-
digested double-stranded cDNAs were size fractionated by
column chromatography on Sepharose 4B-CL equilibrated
in 10 mM Tris hydrochloride (pH 7.9)-300 mM NaCI-5 mM
EDTA. cDNAs larger than 500 base pairs (bp) were meth-
ylated with 5 U of EcoRI methylase (New England BioLabs)
per jig under reaction conditions specified by the vendor and
ligated at 40 jig/ml with T4 DNA ligase (New England
BioLabs) in 50 ,ul of a buffer of 10 mM Tris hydrochloride
(pH 7.6)-10 mM MgCl121.0 mM ATP-1 mM spermidine-2
mM dithiothreitol at 4°C for 20 h with an equivalent mass of
synthetic 8-mer EcoRI linkers (GGAATTCC; Collaborative
Research). Linkers were prepared for ligation by phosphor-
ylation with polynucleotide kinase (P.L. Biochemicals) un-
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FIG. 1. Partial restriction maps of recombinant phage containing the Chinese hamster TK gene. (A) X34S4 in an L47 recombinant

containing the Chinese hamster TK gene within a 12.2-kb BclI insert fragment cloned from genomic DNA of a mouse Ltk- cell line
transformed to Tk+ with DNA from the Chinese hamster ovary cell line A-29 (47). The three EcoRI fragments which hybridize in Southern
blot analysis with the chicken TK gene (43, 58) are indicated by asterisks. The 900-bp EcoRI-PvuII fragment of the 3.2-kb EcoRI fragment
used as a Benton and Davis hybridization probe to screen the Chinese hamster ovary A-29 XGT10 cDNA library is cross-hatched. (B)
XHaTK.5 is an EMBL 4 recombinant phage containing the Chinese hamster TK gene within a 17-kb Bcll fragment cloned from
size-fractionated, BclI-digested DNA of the Chinese hamster ovary cell line A-29. The details of this cloning are described in Materials and
Methods. Insert DNA sequences are drawn as thin lines; phage DNA sequences are indicated as heavy lines.

der reaction conditions specified by the vendor. cDNA-
linker ligation products were digested extensively with
EcoRI (New England BioLabs), phenol-chloroform (1:1)
extracted, and concentrated by ethanol precipitation.
Recombinant phage construction and screening. XgtlO

phage were propagated to high titer in NZCYM (52) broth
cultures of Escherichia coli Bu881, concentrated by polyeth-
ylene glycol 6000 precipitation, and banded to equilibrium on
CsCI gradients as described (81). XgtlO DNA was purified by
sequential extractions with sodium dodecyl sulfate-
proteinase K (Boehringer-Mannheim) at 100 p.g/ml in 10 mM
Tris hydrochloride (pH 7.4)-100 mM NaCI-5 mM
EDTA-0.2% sodium dodecyl sulfate and phenol-choroform
(1:1) and concentrated by ethanol precipitation. EcoRI-
digested XgtlO DNA was ligated to double-stranded cDNA at
a concentration of 250 p.g/ml at 9°C for 24 h with T4 DNA
ligase. The ligation reaction was heated to 70°C, cooled
slowly to room temperature, and packaged in vitro using
freeze-thaw and sonic extracts prepared by the methods of
Enquist and Sternberg (17). The efficiency of recombinant
phage construction, which ranged as high as 5% at a vector-
to-cDNA mass ratio of 40:1, was determined by titration on
E. coli C600. Recombinant phage were plaqued at a density
of 3 x 103 per 90-mm dish on E. coli C600 Hfl-A to suppress
the growth of nonrecombinant phage (33) and screened by
the plaque hybridization procedure of Benton and Davis (4)
as modified by S. Woo (80). A 900-bp EcoRI-PvuII subclone
of the 3.2-kilobase (kb) EcoRI fragment of X34S4 was
radiolabeled by nick-translation with 32P as described by
Rigby et al. (66). DNAs of recombinant XgtlO phage identi-
fied by hybridization were prepared from 50-ml liquid lysate
NZCYM cultures (47), digested with EcoRI, and analyzed
by Southern blot hybridization to estimate the size of the
recombinant inserts and confirm the original positive hybrid-
ization reaction.

Nucleotide sequence analysis. Nucleotide sequence data
were generated using the dideoxynucleotide chain-termin-
ating method of Sanger et al. (67). Radiolabel was incorpo-

rated in the sequencing reactions through the use of
deoxyadenosine 5'-(a-[35S]thio)triphosphate (New England
Nuclear Corp.) essentially as described by Biggin et al. (5).
The Klenow fragment of E. coli polymerase I was obtained
from Bethesda Research Laboratories. Restriction enzyme
fragments of the cDNA insert of XcTK.90 and appropriate
fragments of the recombinant phage XHaTK.5 were
subcloned in the vectors M13mplO and M13mpll, obtained
as replicate-form DNA from New England BioLabs. Recom-
binant M13 phage were propagated on the host strain E. coli
K-12 JM101 for the preparation of single-stranded sequenc-
ing template essentially as described (67). Four 15-mer
oligonucleotides were prepared by an automated phosphite
method using an Applied Biosystems 380A DNA synthesizer
(1). The sequences of these oligonucleotides were based on
regions of the cDNA which had previously been sequenced
on both strands.

Construction of hamster TK minigenes. The Chinese ham-
ster TK minigenes presented in Fig. 4 were constructed as
described below. All restriction and modification enzymes
were products of New England BioLabs or International
Biotechnologies Inc. and were used under reaction condi-
tions specified by the vendor. In general, molecular ligations
combined insert and vector fragments isolated from agarose
gels by electroelution and purified by benzoylated naphtho-
ylated DEAE cellulose chromatography (Sigma). Recombi-
nant plasmids were cloned in E. coli DH.1 essentially as
described by Hanahan (29), using ampicillin (100 mg/ml)
selection, and amplified as described (11).
The Chinese hamster TK minigene designated pHaTK.1

was constructed in the vector pBA (a derivative of pXf3
carrying a 102-bp polylinker including an XhoI site inserted
between the EcoRI and BamHI sites of pXf3) (52). A
recombinant pBA vector carrying the 330-bp EcoRI cDNA
fragment of XcTK.90 in the appropriate orientation was
digested with XhoI and SmaI (New England BioLabs) and
recombined with a 1.6-kb XhoI-partial SmaI digestion frag-
ment isolated from the 3.0-kb EcoRI fragment of XHaTK.5
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FIG. 2. Nucleotide sequence of the 1,219-bp insert of the hamster TK cDNA XcTK.90 and the amino acid sequence predicted for the
702-bp open reading frame. The numbered sequence excludes the EcoRI linkers at the 5' and 3' extremes of the XcTK.90 cDNA and the
oligo(dA) tail of some 30 bp.

(see Fig. 1), generating the recombinant plasmid p9SXX
containing a unique EcoRI site. The construction of
pHaTK.1 was completed by cloning the 910-bp EcoRI
cDNA fragment of XcTK.90 into p9SXX.
pHaTK.1 was modified to pHaTK.la by (i) digesting

pHaTK.1 with XhoI and HpaI, (ii) rendering the XhoI site
blunt ended by reaction with the Klenow fragment of E. coli
polymerase I, and (iii) religating the Klenow reaction prod-
ucts with T4 DNA ligase. pHaTK.2 was constructed by
combining the 5.2-kb EcoRI fragment of XHaTK.5 with
the p9SXX vector described above. pHaTK.lb was con-
structed by recombining the HindIII-XhoI insert fragment of
pHaTK. 1 with the HindIII-XhoI vector fragment of
pHaTK.2. pHaTK.2a was modified from pHaTK.2 as de-
scribed for pHaTK.1 above. pHaTK.2b was constructed by
cloning the StuI-XhoI fragment of pHaTK.2 into the StuI-
XhoI vector fragment of pHaTK.1. pHaTK.3 was con-
structed by cloning an SstI-XhoI fragment of XHaTK.5 into
the SstI-XhoI vector fragment of pHaTK.1. pHaTK.3a was

constructed by cloning a ClaI-XhoI insert fragment of
pHaTK.3 into the ClaI-XhoI vector fragment of pHaTK.lb.
All recombinant plasmids were redigested with the appropri-
ate enzymes to insure the integrity of the restriction enzyme
sites used for construction.

Construction of exolIl-Sl deletion mutants. Approximately
10 pug of HpaI (New England BioLabs)-digested pHaTK.2
was digested at 20°C for various times up to 15 min with 100
U of exonuclease III (exalll; New England BioLabs) per jig
in a buffer of 10 mM Tris hydrochloride (pH 7.4)-50 mM
NaCl-5 mM MgCl2. The reaction products were diluted
10-fold into Si nuclease buffer (30 mM sodium acetate, pH

4.5, 10 mM ZnSO4, 300 mM NaCI), digested at 20°C for 30
min with 1,000 U of Si nuclease (Boehringer-Mannheim) per
,ug, phenol-chloroform (1:1) extracted, and concentrated by
ethanol precipitation. The extent of exolIl-Sl digestion of
pHaTK.2 was estimated by agarose gel electrophoresis after
EcoRI or HindIII digestion. Plasmid samples with appropri-
ately sized deletions were ligated at 4°C for 20 h with an
equivalent mass of 8-mer XhoI linkers (CCTCGAGG; Col-
laborative Research) prepared for ligation by phosphoryla-
tion with polynucleotide kinase. The ligation products were
digested extensively with XhoI, phenol-chloroform (1:1)
extracted, and concentrated by ethanol precipitation. The
XhoI digestion products were ligated at 4°C for 12 h at a
concentration of 1 ,ug/ml with T4 DNA ligase and cloned by
transformation into E. coli DH.1 using ampicillin (100 ,uglml)
selection. Since the pHaTK.2 minigene contains an endog-
enous XhoI site 1.5 kb 5' to the HpaI site, this mutagenesis
scheme left the deletion endpoint of each mutant juxtaposed
to the same plasmid vector sequences.
Gene isolation. High-molecular-weight genomic DNA from

the Chinese hamster ovary cell line A-29 was digested with
BcII (New England BioLabs) and size fractionated on 10 to
40% sucrose gradients prepared in 10 mM Tris hydrochloride
(pH 7.4)-100 mM NaCI-5 mM EDTA. BcIl restriction frag-
ments greater than 15 kb in size were ligated with T4 DNA
ligase to sucrose gradient-purified, BamHI-digested arms of
the A cloning vector EMBL 4 and packaged in vitro as
described above. Recombinant phage were screened by the
plaque hybridization procedure of Benton and Davis (4)
using the 4.2- and 2.6-kb EcoRI fragments of the isolate
X34S4 as nick-translated probes.

AGAGGCTCACCCGCTTCTCACAGCCTTTTTTAGTTCCCTTCTTGGTTGCTGAGATGCTTTAOCCCAGACTAGAGCCAGCGOCTGCCTGGTGGTTAGWTTTGACATCCAGCCAGAGGTA

GGACAAAGCCACAGGGTGTTGTGACACAGAGGtGCTGGCTTCTTCCTTCTTGGTGGCTTCCAGTCTCAAGGGCCCCGCCCCCGAGCAAGGCTTCACAACCCTCACTTTGTr,CTGAAr,CT

TGACCCACAATGGCCCCTAGCGGTGTCTTTACAAAGTGGTGCTGTTCTTGCCCTACTCAGAGCCOCAAGACTCAGGACTCTTGGTGAGAGCCTGTGCTTCTTGTGCTATAGTGTAAAAT
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FIG. 3. Comparative amino acid analyses of the Chinese hamster (47), human (8), chicken (43, 58), and vaccinia virus (78) TK proteins.
The amino acid sequence of the hamster TK protein is presented in line 1, encoded according to standard International Union of Pure and
Applied Chemistry conventions and organized according to the exon-intron organization of the Chinese hamster TK gene. Amino acid
sequence divergences of the human (line 2), chicken (line 3), and vaccinia virus (line 4) proteins from the Chinese hamster sequence are noted
where appropriate. The highly conserved regions A and B described in the text are enclosed by brackets.

Mouse Ltk- cell transformation assay. The various TK
minigene constructions described below and their exollI-Sl
deletion derivatives were transfected as CaPO4 precipitates
in the presence of mouse Ltk- carrier DNA (20 ,ug/ml) onto
mouse Ltk- cells seeded 24 h earlier at a density of 106 cells
per 100-mm dish, essentially as described by Wigler et al.
(79). Tk+ transformant colonies were fixed with methanol
and identified by Giemsa staining after a 14-day period of
hypoxanthine-aminopterin-thymidine selection. Plasmid
DNAs used for Ltk+ transfection analysis were purified by
banding to equilibrium on ethidium bromide-CsCl gradients
essentially as described (47). Plasmid DNA concentrations
were read by UV spectroscopy and confirmed by estima-
tions of relative ethidium bromide fluorescence after agarose
gel electrophoresis of linearized DNA.

RESULTS AND DISCUSSION
Construction and identification of Chinese hamster TK

cDNA clones. My colleagues and I have previously reported
(47) (i) that the 3.2-, 4.2-, and 5.5-kb EcoRI fragments of the
recombinant phage X34S4 containing the Chinese hamster
TK gene reacted in Southern blot hybridizations with a
3.0-kb HindlIl fragment containing the cloned chicken TK
gene, and, further, (ii) that each of these three EcoRI
fragments, in Northern blot hybridizations, detected a 1,400-
nucleotide RNA in cytoplasmic poly(A)+ RNA from the
Chinese hamster cell line A-29, but was unable to detect
such an RNA in cytoplasmic poly(A)+ RNA from a CHO
Tk- cell line obtained from M. Harris (30). We concluded,

on the basis of these data, that the Chinese hamster TK
mRNA was a 1.4-kb poly(A)+ species whose sequences
were partly homologous to the chicken TK gene and were
distributed through 11.2 kb of hamster genomic DNA.
To clone the hamster TK mRNA, my colleagues and I

prepared double-stranded, EcoRI-methylated, and size-
fractionated cDNA to cytoplasmic poly(A)+ RNA from the
Chinese hamster ovary cell line A-29 and cloned this cDNA,
using EcoRI linkers, into the EcoRI-accepting phage vector
XgtlO (33), generating a library of approximately 3 x 106
recombinant phage. Using a 900-bp EcoRI-PvuII subclone of
the 3.2-kb EcoRI fragment of X34S4 (free of L47 phage
sequences), we screened nearly 8 x 105 recombinants by the
plaque hybridization method of Benton and Davis (4) and
identified 20 candidate Chinese hamster TK cDNA recom-
binant clones. The DNAs of all 20 phage, prepared from
50-ml liquid lysate cultures, were digested with EcoRI and
analyzed by Southern blotting using either the 900-bp EcoRI-
PvuII fragment or the 4.2- or the 5.2-kb EcoRI fragment of
X34S4 as a probe. We found the isolate designated XcTK.90
to carry the largest recombinant insert; its 1,250 bp were
contained in two EcoRI fragments, one approximately 900
bp in size which hybridized with the EcoRI-PvuII probe and
the other 330 bp in size which hybridized with both the 4.2-
and 5.2-kb EcoRI fragment probes. Since both EcoRI frag-
ments of the XcTK.90 phage appeared TK specific by this
Southern blot analysis, we concentrated our sequencing
attention on the XcTK.90 isolate and variously subcloned
this isolate into M13mplO and M13mpll vectors.

VOL. 6, 1986
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FIG. 4. Exon-intron organization of the Chinese hamster TK gene. (A) The seven exons of the Chinese hamster TK gene, numbered I
through VII, are drawn relatively to scale as blocked vertical projections from the line scaled according to the EcoRI fragments of the hamster
TK gene recombinant clone XHaTK.5. Exons contain at least (exon I) 79, (exon II) 32, (exon III) 111, (exon IV) 94, (exon V) 90, (exon VI)
120, and (exon VII) 680 bp. The sizes of the six intervening sequences of the hamster TK gene, designated by lowercase letters, have been
estimated by nucleotide sequencing or restriction enzyme mapping data to be (a) 90 bp, (b) 920 bp, (c) 3.1 kbp, (d) 5.4 kbp, (e) 650 bp, and
(f) 100 bp. (B) Nucleotide sequences of the 12 exon-intron borders of the hamster TK gene. Exon sequences are separated from intron
sequences by a single space and a dot. Nucleotides homologous to the 5' donor consensus sequences AG/GTAAGT and the 3' acceptor
consensus sequences PyPyPyCAG (9) are indicated with a dot over the line. Nucleotides homologous to the corresponding chicken TK gene
splice donor and acceptor sequences are underlined.

AcTK.90 sequence analysis. The nucleotide sequence of the
1,219-bp cDNA insert of XcTK.90 presented in Fig. 2 was
established using the dideoxynucleotide chain-terminating
method of Sanger et al. (67). The cDNA insert of XcTK.90
was sequenced on both strands with the exception of a

150-bp segment of 3' noncoding DNA bordered by HindIll
and EcoRI sites. All nucleotide sequence data were com-
puter filed and analyzed using programs in general use at
Cold Spring Harbor Laboratory (36).
The AcTK.90 cDNA contains six ATG-initiated open

reading frames (ORFs) exceeding 90 bp, by far the largest of
which is a 702-bp ORF which specifies a 25,625dalton
protein which we identify as the hamster TK protein based
on its close amino acid sequence homology to the human (8),
chicken (43, 58), and vaccinia virus (78) TK proteins previ-
ously described. The ATG codon which initiates the TK
ORF is embedded in the sequence CCGCCATGA, which is
homologous at every nucleotide with the consensus se-
quence for translation initiator ATGs of higher eucaryotic
mRNAs defined by Kozak (41). The TK ORF of XcTK.90 is
followed by a 3' noncoding region of 491 nucleotides, which
contains, centered at nucleotide 1184, a 26-bp stretch of
extreme A/T richness composed of five interdigitated se-
quences each of which approximates the consensus
polyadenylation signal AATAAA identified by Fitzgerald
and Shenk (19). The final such sequence, ATTAAA, is
followed closely by (i) the sequence TTTCTACTTG, which
resembles the consensus sequence TlTTCACTG found by
Benoist et al. (3) to lie 3' to the polyadenylation signal in a
variety of higher eucaryotic mRNAs, and finally by (ii) an

oligo(dA) tract of some 30 nucleotides. We are persuaded by
the presence of this oligo(dA) tract, situated an appropriate
distance from a cluster of putative polyadenylation signals,
that the XcTK.90 cDNA contains the entire 3' noncoding

region of the hamster TK mRNA, a region some 171 nucle-
otides smaller than the 3' noncoding region of human TK
mRNA described by Bradshaw and Deininger (8).
The hamster TK mRNA sequence is 56% G/C rich (58%

G/C coding; 53% G/C noncoding), identical in this respect to
the base composition of the Chinese hamster metallothionein
I and II mRNAs (26). It is, however, considerably more G/C
rich than the Chinese hamster dihydrofolate reductase
(DHFR) mRNA (43% G/C) (57) (44% coding; 43% noncod-
ing) and the Chinese hamster hypoxanthine phosphoribosyl-
transferase (HPRT) mRNA (42% G/C) (40) (42% G/C coding;
42% G/C noncoding), the only other Chinese hamster mRNA
sequences available to date (Gen Bank Release, vol. 29, 22
February 1985). Clearly the base composition of Chinese
hamster mRNAs can vary widely, even among low-
abundance mRNAs encoding enzymes important to nucleo-
tide metabolism whose expression is cell cycle and growth
phase dependent (i.e., TK, DHFR, and HPRT). Despite its
G/C richness, the hamster TK mRNA sequence is relatively
poor, like many other eucaryotic mRNAs, in occurrences of
the dinucleotide CpG (6); this doublet occurs at only 35% of
the expected random frequency for a 56% G/C-rich se-
quence.
The G/C richness of the hamster TK mRNA is in large

measure a consequence of a nonrandom codon usage. In the
TK reading frame of 702 nucleotides, 75% of 234 codons
contain either C or G in the third base position. Of the 123
codons with a pyrimidine in the third base position, 94 use C
in that position. C is preferred to U as a third-base-position
pyrimidine by the codon family of every amino acid. Of the
111 codons with a purine in the third base position, 80 use G
in that position. This apparent overall preference for G as a
third-base-position purine is largely a reflection, however, of
a striking preferential use of GUG over GUA (16:1) as a
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FIG. 5. Strategy for the construction of 5' deletion mutants of
the Chinese hamster TK minigene pHaTK.2. pHaTK.2 DNA was
linearized by HpaI digestion, resected with exolIl and S1 nucleases,
and recircularized by ligation to synthetic 8-mer XhoI linkers
(CCTCGAGG). Ligation products were digested with XhoI, relig-
ated, and cloned by transformation into E. coli DH.1 to yield
pHaTK.2 deletion mutants, whose deletion endpoints were juxta-
posed to the same pBA vector sequences. The size of various
deletions was first estimated by EcoRI-XhoI digestion and agarose
gel electrophoresis. The endpoints of appropriately sized deletions
were defined by dideoxynucleotide sequencing of M13mplO clones
containing XhoI-EcoRI fragments of the various deletion mutants.

valine codon, of CUG over CUA (12:1) as a leucine codon,
and of CAG over CAA (11:1) as a glutamine codon. It is
interesting, in the context of mRNA translation strategies,
that the nucleotide sequence motifs which flank the transla-
tion initiator AUG of the Chinese hamster TK, DHFR, and
HPRT mRNAs contain G as the -3 position purine whereas
78% of the eucaryotic mRNAs surveyed by Kozak (41)
contained A. Since G as a -3 purine has been shown to
diminish by threefold the efficiency with which the
preproinsulin mRNA is translated in vivo (relative to A as a

-3 purine) (42), the use of G as a -3 purine by these three
mRNAs may constitute an element in the regulation of the
expression of these genes whose products are normally
expressed at low level in a cell cycle-modulated fashion.
The Chinese hamster TK protein. The 702-bp ORF of the

hamster TK cDNA XcTK.90 specifies a protein with a
molecular weight of 25,625 whose 234 amino acids are 90%
conserved with the human TK protein (8) (25,504 daltons,
234 amino acids), a value intermediate in the range of 88 to
94% homology reported for other Chinese hamster/human
amino acid sequence comparisons (35, 56). The hamster TK
protein is 80% conserved with the chicken TK protein
(24,844 daltons, 225 amino acids) (43, 58) and 60% conserved
with the vaccinia virus TK protein (20,102 daltons, 177
amino acids) (78) (Fig. 3 and 4). These interspecies protein
sequence conservations are realized through nucleotide se-
quence conservations of 82, 75, and 60% between the coding
sequences of hamster and human, chicken, and vaccinia
virus genes, respectively. The hamster TK gene shows no
extended homology at either the nucleotide or amino acid
sequence level to the TK gene of herpes simplex virus type
1 (54).
The hamster, human, chicken, and vaccinia virus TK

proteins are least conserved at the far carboxy terminus. The
chicken TK and vaccinia virus TK proteins, for example, are
abbreviated at the carboxy terminus by 10 and 42 amino
acids, respectively, with respect to the hamster and human
sequences, and the hamster-human and hamster-chicken
amino acid sequence homologies are reduced to 75 and 50%,
respectively, through amino acids 184 to 234 of the hamster
TK sequence. In contrast to this pronounced interspecies
C-terminal sequence divergence, the four TK proteins con-
tain two regions of 22 and 39 amino acids, which we
designate regions A and B (amino acid residues 21 through
42 and 93 through 131, respectively, of the Chinese hamster
TK protein, shown bracketed in Fig. 4) and which show
interspecies conservation of 95 and 96%, respectively (total
conserved residues/total residues). My co-workers and I
assume that regions A and B are indispensably important to
TK catalysis as domains which perhaps constitute substrate
binding sites or participate directly in the thymidine phos-
phorylation reaction. We analyzed the hydrophobic charac-
ter of regions A and B, relying on the hydropathy profile
established for the chicken TK gene by Kwoh and Engler
(43), and found that both regions A and B are composed of
subregions of significant hydrophobic character (region A,
residues 21 through 30; region B, residues 98 through 110
and 118 through 140) flanked by amino acid stretches which
are neither remarkably hydrophobic nor hydrophilic. It is
tempting to speculate that these hydrophobic subregions of
regions A and B are, in fact, the crucially important elements
for TK catalysis. Neither region A nor region B is-encoded
completely by a single TK gene exon (region A is encoded by
exons I, II, nd III, region B by exons IV and V), although the
major hydrophobic subregion of region A appears to be
encoded uniquely by exon II, an exon-intron arrangement,
consistent with the suggestions of Gilbert (23) and others (24,
51, 71, 74) that functional domains of proteins are organized
genetically as discrete exon elements. The hydrophobic
peaks of region B do not, however, fit so discrete an
exon-specific pattern.
My colleagues and I have used the Seq HP program (25) to

search the Dayhoff data base for oligopeptides homologous
to regions A and B which may be contained as functional
elements in other procaryotic or eucaryotic proteins. Using
a default score of -40 as a homology stringency criterion,
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FIG. 6. Partial restriction maps of various Chinese hamster TK minigenes. The construction of these genes in the vector pBA is described
fully in Materials and Methods. Medium-thick lines represent sequences derived from the Chinese hamster TK cDNA XcTK.90. Heavy lines
represent sequences derived from the hamster TK gene clone XHaTK.5. (Light-thick represent sequences from the vector pBA.) Intervening
sequences are indicated as open spaces within heavy line segments.

we have extracted some 50 oligopeptide sequences ranging
in size from 13 to 27 amino acids, with homologies to region
B which range from 25 to 37%. None of these oligopeptides,
however, are significantly homologous to region B by the
criteria of the Seq DP program (using up to 100 randomly
generated sequences.) It remains a formal possibility that a

core peptide of either region A or B (perhaps the hydropho-
bic subregions we have identified) is highly conserved among
ATP or nucleoside binding proteins, though we are unable to
identify such a peptide by using the computer parameters we
have selected for reasons of practicality. Neither region A
nor region B contains the conserved amino acid sequence
motif Gly-X-Gly-X-X-Gly-(X)n-Lys, described as a core
element of various ATP binding proteins (14). Neither region
A nor region B shows significant sustained amino acid
sequence homology with the various ATP binding proteins
surveyed by Walker et al. (77), though region B does contain
the tripeptide glycine-lysine-threonine (residues 116, 117,
and 118) which appears as a conserved tripeptide in six of the
seven proteins in the Walker series.

Chinese hamster TK gene structure. My colleagues and I
have defined the exon-intron organization of the hamster TK
gene by comparing the nucleotide sequence of the XcTK.90
cDNA with nucleotide sequence data derived from various

M13 subclones of the recombinant phage XHaTK.5 which
hybridize in Southern blot analysis with the XcTK.90 cDNA.
The XHaTK.5 isolate contains the Chinese hamster TK gene
within a 17-kb Bcll insert fragment cloned directly from
DNA of the Chinese hamster ovary cell line A-29. The
XHaTK.5 clone contains 3.5 kb of genomic DNA at the 3'
end of the hamster TK gene that is not contained in the
X34S4 TK gene isolate that we described previously and
which was cloned from genomic DNA of an Ltk- cell line
transformed to Tk+ with hamster A-29 DNA (45). The
recombinant inserts of XHaTK.5 and the X34S4 are other-
wise structurally identical.
The exon-intron structure of the Chinese hamster TK gene

is presented in Fig. 5. The sequences of the XcTK.90 cDNA
are distributed through 11.2 kb of Chinese hamster genomic
DNA in at least seven exons ranging in size from 32 bp (exon
II) to 680 bp (exon VII). The seven exons are segregated by
introns which vary over 50-fold in size, from the 90-bp intron
a which segregates exons I and II to the 5.4-kb intron d
segregating exons IV and V. Although the 5' and 3' coding
nucleotides joined directly by splicing can be defined unam-
biguously for only one of the six intervening sequences, it is
nonetheless possible to consider all six introns as sequences
initiated by the dinucleotide GT and terminated by the
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A353
AGTTAACAAGCTAAACCTGCCCTGAAGG GAGAAAATGAGGAAACCAGGCACGTGGTCTCCCGGAGGGGTGGTCGAGTGC

A262
CTTCCTAACATTCCGGCCCGGGTTCTGGGCAGCTGCACCC CACCTACCTCTGCAGACAGGGTCTTCCAGGGCGGCTCGC

a1221 11177
GC GGGGAGCGCAGAGGCTGCCATAGCCGGGTCCAGCTCAGAGGGCG AGCAGCTCGCTTTGCAGGGACAGGGGGAGAGG

____ 11avvVVVAn* X - - X X a t79
GGCGG IGGCCCACATIGCGCCCTGGC CTTGGCACGCCTCCGTCTTCGGCTGCGATTGGTCGGTGAG i TTAAI GGA

1142

AAGCGCGAACCTGAGGACGCTTCCCACT CACCGACCCCGGACCTTGGCGCTCAGGCTCGCACAGCCGCCATGAATTACA

FIG. 7. Nucleotide sequence of 380 bp of 5' flanking DNA. The deletion endpoints of the exoIII-Sl derivatives of pHaTK.2 are indicated
above the sequence, numbered to reflect the nucleotides remaining 5' to the translation initiator AUG. The translation initiator ATG is
indicated with an arrow. The T/A-rich sequence and the CAT box homologous sequences are enclosed in boxes. The 19-bp imperfect direct
duplications are underscored; the inverted repeat sequences related to this duplication are overscored as wavy or dashed lines. The 10-bp
sequence which appears in the 5' flanking region of the chicken TK gene as a sequence triplication is indicated by superscript dots.

dinucleotide AG, in accord with the GT/AC rule summarized
by Breathnach and Chambon (9). The six 3' splice acceptor
sequences (considered as the 15 most 3' nucleotides of the
intervening sequence) conform in all cases with the PyAG
consensus expectations (61), are pyrimidine rich (ranging
from 9/15 pyrimidines to 13/15 pyrimidines), and contain a
total of only four dipurines, none of which is AG. The 5' and
3' splice donor and acceptor sequences of the hamster TK
gene are unremarkable at this level of nucleotide sequence
analysis (9, 69).
The exon-intron organization of the hamster TK gene, as

I have described it here, is similar to that of the chicken TK
gene as detailed by Kwoh and Engler (43) and Merrill et al.
(58). The coding sequences of both genes are interrupted by
intervening sequences which separate coding nucleotides
66/67, 98/99, 209/210, 303/304, 393/394, and 513/514 (if the
appropriate corrections are made for the 3-bp insertion in the
chicken coding sequence relative to the hamster sequence at
position 198). Since cDNA clones encompassing the com-
plete 3' noncoding region of the chicken TK gene have not
yet been described, it remains a formal possibility that
additional intervening sequences may interrupt this region,
which has been estimated by S1 mapping and agarose gel
electrophoresis to be as large as 1,400 nucleotides, nearly
1,000 nucleotides larger than the 3' noncoding region of the
hamster TK gene (63). Despite these overall organizational
similarities, the hamster and chicken TK genes differ signif-
icantly in size. The introns of the hamster TK gene, which
range from 90 bases to 5.4 kb in size, total nearly 10 kb,
whereas by contrast the introns of the chicken TK gene, not
one of which exceeds 230 bases, total only 1 kb (43, 58).
The Chinese hamster TK gene promoter. The 5' extreme of

the hamster TK gene has not yet been characterized in
complete detail. My colleagues and I have, however, defined
a 5' boundary for the Chinese hamster TK gene promoter by
constructing the TK minigene pHaTK.2 (Fig. 6) and a series
of exoIII-Sl deletion mutants ofpHaTK.2 which were tested
for their Tk+ transforming activity in mouse Ltk- cells
(Table 1). The parental Chinese hamster TK minigene
pHaTK.2 is composed of (i) a 1.6-kb XhoI-partial Smal

fragment from XHaTK.5 which contains approximately 1.5
kb of genomic DNA 5' to the translation initiator AUG
codon plus 52 bp of exon I; (ii) a 250-bp SmaI-EcoRI insert
fragment of XcTK.90 which contains the TK coding se-
quences of exon I from the SmaI site to the EcoRI site in
exon V; and (iii) a 5.2-kb EcoRI fragment derived from
XHaTK.5 which contains the remainder of exon V, exons VI
and VII, and 3.5 kb of 3'-flanking DNA. This pHaTK-.2
minigene and the pHaTK.2a derivative of pHaTK.2j which
carries a 1-kb deletion between the HpaI and XhoI sites (Fig.
6), transform Ltk- cells to Tk' with an efficiency of three to
five colonies per ng. We therefore concluded that the Chi-
nese hamster TK gene promoter is contained 3' to the HpaI
site, within approximately 400 bp 5' to the translation
initiator AUG. To define the 5' boundary of the TK promoter
with greater precision, we prepared a nested set of exoIII-S1
deletion mutants of pHaTK.2 as described in the legend to
Fig. 7, according to a strategy that left the deletion endpoint
of each mutant juxtaposed to the same plasmid sequence.
Seven mutant derivatives of pHaTK.2, with deletions 3' to

TABLE 1. Ltk+ transformation efficiency of various Chinese
hamster TK minigenesa

Minigene Total colonies Relativeefficiency

pHaTK.1 33 1.0
pHaTK.la 28 0.8
pHaTK.lb 106 3.2
pHaTK.2 775 23.4
pHaTK.2a 706 21.3
pHaTK.2b 421 12.7
pHaTK.3 257 7.7
pHaTK.3a 465 14.0

a TK minigenes (10 ng) were transfected as CaPO4 precipitates in the
presence of 20 jig of carrier DNA onto mouse Ltk- cells as described by
Wigler et al.(79). Tk+ colonies were scored after 17 days of hypoxanthine-
aminopterin-thymidine selection. Data reported here are averages of two
transfection experiments. Total colonies represent the data from two experi-
ments. The transformation efficiency of pHaTK.1 is set as relative efficiency
of 1.0.
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the HpaI site ranging from 30 to 350 bp, were transfected
onto mouse Ltk- cells and scored for Tk+ transformation
efficiency. The results of these assays (data not presented)
show clearly that pHaTK.2 derivatives which retain at least
121 bp 5' to the translation initiator AUG are just as efficient
at Tk+ transformation as the parental mninigene pHaTK.2.
The deletion mutant pHaTK.2-79, however, which retains
only 79 bp 5' to the initiator AUG, transform Ltk- cells with
a nearly 100-fold reduction in efficiency. This reduction is
unlikely to be an effect of proximal pBA vector sequences
influencing TK gene expression since a derivative of
pHaTK.2-79, from which 400 bp of pBA DNA 5' to the XhoI
site has been deleted, is just as inefficient as pHaTK.2-79 in
the TK+ transformation assay. Furthermore, the reduction
is clearly not the result of a coding sense mutation occurring
during exolII-Sl mutagenesis since pHaTK.2-79 transforms
with the efficiency of pHaTK.2 when combined with a
900-bp BamHI-XhoI fragment containing the herpes simplex
virus type 1 TK gene promoter (43). We have concluded that
the transcription of the hamster TK gene at levels sufficient
to transform Ltk- cells to Tk+ depends on a genetic ele-
ment(s) contained within 121 bp 5' to the translation initiator
AUG.

Nucleotide sequence organization of the Chinese hamster
TK gene promoter. The nucleotide sequence of the 400 bp 5'
to the translation initiator AUG is presented in Fig. 7. Within
the region my colleagues and I define as essential to TK gene
transcription is found heptanucleotide TTTTAAA at
-79/-72, which resembles the TATAA box element de-
scribed by Breathnach and Chambon (9). This hamster
T/A-rich sequence lies 60 bp 3' to the sequence GGC
CCACAT at -139/-131, which is striking in its homology to
the canonical CAT box sequence which Corden et al. (12)
have shown to lie 50 to 60 bp 5' to the conventional TATAA
element. (The hamster CAT box homolog, it should be
noted, lies 5' to the boundary we have proposed for a
minimally functional TK gene promoter.) If the hamster
T/A-rich sequence is in fact essential to the positioning of
TK gene transcription initiation, I suggest that the transcrip-
tion of the hamster TK gene is initiated at the A residue, at
-44 which lies (i) in the pyrimidine-rich sequence CTTCCC
CACTC and (ii) within 33 bp of the 5'-most T of the T/A-rich
sequence, and thereby fulfills consensus sequence expecta-
tions for transcription initiation sites defined by Corden et al.
(12) and Breathnach and Chambon (9).
The hamster T/A-rich sequence may of course be func-

tionally irrelevant to TK gene transcription since it now
appears that TATA box elements are dispensable in the
canonical form and location for the transcription of various
eucaryotic genes, notably the chicken TK gene (43, 58), the
mouse DHFR (13) and HPRT (57) genes, the hamster
hydroxymethylguanine coenzyme A reductase gene (65),
and the human adenosine deaminase gene (76), all repre-
sented in the cytoplasm by low-abundance mRNAs. At
present, the most conservative interpretation of hamster TK
gene transcription is that it might be initiated at any nucle-
otide 3' to -121. This region contains the sequence GGTCG
GT at -90/-84 which might be considered a candidate donor
sequence that splices to the CCTTGGCGCTCAG sequence
at -28/-16. My colleagues and I have seri6usly considered
such a splicing possibility since, as we would expect by this
argument, the final 9 bp of the XcTK.90 cDNA diverges from
the genomic sequence at the AG dinucleotide of the -28/-16
sequence. We have sequenced multiple M13 clones of both
the XcTK.90 cDNA and XHaTK.5 isolate through this region
and consistently find this discrepancy. The final nine nucle-

otides of the AcTK.90 cDNA which diverge from the
genomic sequence do not, however, lie 5' to the putative
splice donor sequence at -90/-84, a result we would expect
if the splicing alternative we propose is correct. It remains a
formal possibility, of course, that the transcription of the
hamster TK gene is initiated at various promoters, under
various conditions of cell growth, and that the XcTK.90
cDNA was prepared to a hamster TK mRNA whose tran-
scription was initiated at a promoter 5' to the promoter we
have characterized in the pHaTK.2 minigene.
My colleagues and I have considered several other expla-

nations for this cDNA/genomic sequence divergence,
namely, (i) that the TK genes in the Chinese hamster A-29
cell line are polymorphic, the XcTK.90 cDNA being made to
a TK mRNA transcribed from an allele of the TK gene
cloned in XHaTK.5, and (ii) that the divergence is a simple
matter of artifactual reverse transcription at the 5' extreme
of the hamster TK mRNA. To consider the alternative of
polymorphism, we are currently sequencing the appropriate
subclones of other TK gene isolates from the A-29 cell line.
It is important to point out in the context of allelism that this
9-bp divergence is the only such example we have encoun-
tered in comparing the 1,219 bp of XcTK.90 with the
XHaTK.5 isolate.
The 5' region flanking the translation initiator AUG con-

tains the perfect 10-bp inverted repeat sequences at -43/-34
and -90/-81 and the nearly perfect 10-bp inverted repeat
sequences at -118/-109 and -210/-201. It is tempting to
speculate that these sequences contribute to the modulation
of hamster TK gene transcription through cruciform transi-
tions which would isolate the T/A-rich and CAT homologous
hamster sequences at -79/-72 and -121/-110 in single-
stranded loops of 30 and 80 bp, respectively. We are ignorant
of the organization of this 5' flanking region into higher order
hamster chromatin, however, and therefore are unable to
argue the favorability of such transitions when they might be
influenced by DNA binding proteins or RNA polymerase
II-associated transcription factors. The 400 bp immediately
5' to the translation initiator AUG of the chicken TK gene
contains 12 inverted repeat sequence pairs of 7 bp or larger,
though none of these invert repeats is obviously homolo-
gous, on the basis of nucleotide sequence, spacing, or
position relative to the initiator AUG, to the two inverted
repeats of the hamster 5' flanking region.

It is important, in considering a functional significance for
these hamster inverted repeat sequences, to place them in
the context of the direct sequence repetitions which also
occur in the 5' region flanking the hamster TK gene pro-
moter. This region contains, at -128/-110, the 19-bp se-
quence GCCCTGGCCTTGGCACGCC which is clearly a
degenerate repeat of the sequence ACCCCGGACCTTG
GCGCTC at -36/-18. These sequences are physically re-
lated to the hamster inverted repeat sequences since the final
six nucleotides of the direct repeat at - 128/-110 are the first
seven nucleotides of the inverted repeat element at
-118/-108 and the first five nucleotides of the -36/-18
inverted repeat element are the final five nucleotides of the
inverted repeat element at -43/-34. A similar situation
prevails in the 5' flanking region of the chicken TK gene,
which contains three direct repetitions of the consensus
sequence PyPyGPyPyGGATTGGTCG, elements of which
occur in two other locations within the 5' flanking region as
elements of inverted repeat sequences (43, 58). The core
sequence of this triplicated chicken sequence, GATTG
GTCG, occurs once in an undegenerate way in the 5'
flanking region of the hamster TK gene at -94/-85, and
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elements of this sequence occur as part of the indirect repeat
at -90/-81 in the hamster 5' flanking DNA. It seems clear
that the immediate 5' flanking regions of the Chinese hamster
and chicken TK genes have been modeled to a considerable
extent by direct and indirect repetitions of a core nucleotide
sequence. It is uncertain whether this modeling has a func-
tional significance in TK gene transcriptional control or
whether it reflects merely the inherent instability or suscep-
tibility to rearrangement of certain DNA sequences which lie
outside protein coding sequences.

It is important to point out that direct repeat sequences of
10 bp and longer have been reported to occur as well in 5'
flanking DNA of other higher eucaryotic genes (13, 57)
whose low-level expression is growth phase dependent. My
co-workers and I are intrigued to find that the 10-bp se-
quence CGGACCTTGG at -32/-23 in the 5' flanking region
of the hamster TK gene, and its degenerate homolog TG
GATTGG at -125/-117, are closely related to the 10-bp,
directly repeated sequence CGGAGCCTGG reported to lie
within 100 bp of the translation initiator AUG of the mouse
HPRT gene (57) and are related as well to the sequence
CGGGGCCTTGG, which occurs as a core element of each
of the four 40-bp direct repeats within the 5' promoter-
proximal DNA of the mouse DHFR gene (13, 18). We would
argue that the direct repetition of a conserved 10-bp se-
quence within the 5' flanking DNA of at least three genes
whose low-level expression is growth phase dependent sug-
gests a functionally important role for this sequence.
The 380 bp of DNA which flanks the translation initiator

AUG of the hamster TK gene is 65% G/C rich and contains
27 occurrences of the dinucleotide CpG, nearly 75% the
expected frequency for a sequence of this composition. By
contrast, the TK mRNA sequence is 56% G/C rich and
contains only 35% the expected CpG frequency. Similar
patterns of relative CpG enrichment in 5' flanking DNA have
been reported as characteristics of other eucaryotic genes by
McClelland and Ivarie (53), a finding that attracts attention
since methylations at cytosines which occur in the sequence
CpG have been proposed to mediate transcriptional repres-
sion in a number of genetic systems (15). It is conceivable,
by analogy, that hamster TK gene expression in certain
developmental contexts (e.g., the decline of TK activity
during the terminal differentiation of various cell lineages) is
accomplished by cytosine methylation within the CpG-
enriched 5' flanking DNA. Such a model is inconsistent,
however, with recent data described by Merrill et al. (58)
which argue for a posttranscriptional mechanism regulating
the extinction of TK activity in mouse myoblast cultures
induced to terminal differentiation. The significance of the
CpG enrichment of the hamster TK gene therefore remains
to be explained. The 5' flanking region contains two occur-
rences of the nucleotide sequence GGGCGG (-233/-228,
-145/-140), which appears altogether six times within the
triplicated 21-bp region of the simian virus 40 early pro-
moter, where it functions by binding the SP1 transcription
factor (22). The significance of these GGGCGG sequences to
the transcription of the Chinese hamster TK gene is unclear.
The DNA strands of this 5' flanking region are marked by

four stretches of extreme base composition asymmetry
which occur (i) between -357 and -333, where 22 of 25
coding strand nucleotides are purines; (ii) between -320 and
-306. where 12 of 15 nucleotides are purines; (iii) between
-220 and -207, where 12 of 14 nucleotides are purines; and
(iv) most remarkably between -161 and -138, where 22 of
24 nucleotides are purines. Although it is clear that strand
asymmetries of this nature contribute to significant local

variations in DNA helix stability through resonance stacking
effects (75), my colleagues and I are uncertain whether the
frequency and magnitude of the asymmetries described here
are sufficient to modulate the rate of transcription complex
formation at the hamster TK gene promoter. In striking
contrast to these examples of strand asymmetry, this 5'
flanking region includes only a single nucleotide sequence as
long as 9 bp of perfect purine-pyrimidine alternation, a
sequence character shown by Nordheim and Rich (62) to be
capable of Z DNA transitions under the proper conditions of
ionic strength and superhelical density. This 9-bp sequence
involves the final five nucleotides of the sequence GGC-
CCACAT (shown boxed in Fig. 5), which as noted earlier
conforms to the consensus sequence derived for upstream
promoter elements.

Variables affecting TK minigene expression. My colleagues
and I have constructed, in addition to pHaTK.2, four other
hamster TK minigenes (Fig. 6). These genes were developed
to analyze the structural determinants of the unexpected
finding that the minigene pHaTK.1 (which we constructed to
assess the importance of primary RNA structure to growth
phase-dependent TK gene expression) transformed mouse
Ltk- cells nearly 25-fold less efficiently than did the
minigene pHaTK.2. Since pHaTK.1 is composed of the
coding and 3' noncoding sequences of the TK mRNA fused
to the Chinese hamster TK gene promoter, it differs substan-
tially in structure from pHaTK.2, which contains the cDNA
sequences of pHaTK.1 as well as introns e and f and 3.5 kb
of genomic DNA derived from the 3' end of the hamster TK
gene (isolate XHaTK.5). To consider the contribution of
intervening sequences e and f alone to the transformation
efficiency of pHaTK.2, we introduced these sequences into
pHaTK.1 to create pHaTK.2b (for construction details see
Materials and Methods) and found that this pHaTK.2b gene
transformed Ltk- cells more than 10-fold more efficiently
than pHaTK.1 (see Fig. 6). This transformation enhance-
ment effect of introns e and f is not, however, sequence
specific. We introduced introns a and b into pHaTK.1 to
create pHaTK.3 and found that this gene also transformed
Ltk- cells almost eightfold more efficiently than pHaTK.1.
We do not yet understand how the inclusion of intervening
sequences in our minigene constructions influences Tk+
transformation efficiency, though we can imagine that these
sequences either (i) facilitate the integration of the
transfected DNAs into host genomic DNA, (ii) enhance TK
gene transcription, or (iii) increase the efficiency with which
primary transcripts of the hamster TK gene mature to
cytoplasmic mRNA. It is interesting that Gasser et al. (21)
have previously reported that the inclusion of DHFR inter-
vening sequences in DHFR minigenes improved DHFR+
transformation efficiencies as much as 30-fold. Both of these
observations are consistent with earlier reports of Gruss et
al. (27) and Hamer and Leder (28), which described the
importance of intervening sequences to various aspects of
simian virus 40 gene expression.
Both the pHaTK.2b and pHaTK.3 minigenes, however,

are measurably less efficient at Tk+ transformation than
pHaTK.2, a difference my colleagues and I considered might
relate to the 3.5 kb of genomic DNA from the 3' end of the
hamster TK gene contained in pHaTK.2. To test the effects
of this DNA segment on the transformation efficiency of
other TK gene constructions, we introduced this DNA
segment into pHaTK.1 to create the minigene pHaTK.lc
and into pHaTK.3 to create pHaTK.3a. These minigenes
proved to be approximately twofold more efficient at TkV
transformation than their respective parental TK minigenes.

VOL. 6, 1986



MOL. CELL. BIOL.

We have not yet characterized those elements within the 3.5
kb of 3' TK genomic DNA which contribute to the Tk+
transformation efficiencies of the pHaTK.lb, pHaTK.2, and
pHaTK.3a minigenes, though we suspect they are related to
the process of RNA polyadenylation. The pHaTK.1
minigene, though it contains multiple putative polyadenyla-
tion signals, lacks genomic sequences 3' to the site of
polyadenylation which may contribute to the efficiency of
site recognition, RNA cleavage, or RNA transcript
polyadenylation. We sequenced 100 bp of hamster genomic
DNA beyond the site of poly(A) addition and failed to find
the sequence YGTGTTYT described by McLauchlan et al.
(55) as a highly conserved sequence lying 24 to 38 bp 3' to the
polyadenylation site in numerous eucaryotic mRNAs. This
nucleotide 24 to 39 region in the hamster genome is distinctly
pyrimidine rich, however, a characteristic of those mRNAs
described by McLaughlan et al. (55) which lack this motif. It
is conceivable that this pyrimidine richness in the primary
RNA transcript of the hamster TK RNA contributes in part
to a recognition sequence to which enzymes involved in
polyadenylation are attracted. The incorporation of these
sequences into TK minigenes may therefore improve the
efficiency of minigene Tk+ transformation by affecting
steady-state levels of cytoplasmic TK mRNA.
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