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Abstract In order to examine the role of two inverted CCAAT boxes near the start of transcription of the human 
thymidine kinase (TK) gene, a series of constructs were prepared in which one or both CCAAT boxes were deleted or 
mutated. These altered promoters (1.2 kb of 5'-flanking sequence) were used to express a TK minigene containing the 
first two exons and introns followed by the remainder of the cDNA. RNA blots were prepared from stable cell lines of 
ts13 cells containing these constructs under three conditions: 1 ) serum deprived cells, 2 )  serum stimulated cells, and 3) 
cells that had been stimulated with serum, but were arrested in the GI phase of the cell cycle by the temperature 
sensitive mutation carried by these cells. TK mRNA expression from each construct was suppressed by the temperature 
sensitive block to cell cycle progression. Measurement of protein expression from the various altered TK promoters 
indicated that both CCAAT boxes contribute to promoter strength. These experiments also suggested that the two 
CCAAT boxes were not equivalent and that the distal CCAAT could substitute for the proximal CCAAT, but the converse 
was not true. B 1995 Wiley-Liss, Inc. 
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Thymidine kinase (TK, ATP:thymidine 5'- 
phosphotransferase, EC 2.7.1.21) is a pyrimi- 
dine salvage enzyme that is expressed coordi- 
nately with other proteins and enzymes involved 
in cellular DNA synthesis. The amount of TK 
protein and activity increases sharply at the 
boundary between GI and S phases of the cell 
cycle, and remains elevated throughout S phase 
[Brent et al., 1965; Littlefield, 1966; Subblefield 
and Muller, 1965; Liu et al., 19851. Steady-state 
levels of TK mRNA also increase sharply at the 
onset of S phase when serum-deprived or quies- 
cent cells are stimulated to proliferate [Liu et 
al., 1985; Stuart et al., 1985; Coppock and Par- 
dee, 19871. Therefore, TK has been actively in- 
vestigated as a model for cell cycle-specific, coor- 
dinate expression of GJS phase boundary genes. 
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The regulation of TK expression is complex 
and occurs at transcriptional, posttranscrip- 
tional, translational, and posttranslational lev- 
els [Coppock and Pardee, 1987; Stewart et al., 
1987; Kim et al., 1988; Travali et al., 1988; 
Gudas et al., 1988; Sherley and Kelly, 1988; 
Gross and Merrill, 1988, 1989; Lipson and 
Baserga, 1989; Chang, 1990; Ito and Conrad, 
1990; Kauffman and Kelly, 1991; Kauffman et 
al., 19911. Which mode of regulation dominates 
may depend on the physiology of the cell. For 
example, in quiescent fibroblasts stimulated to 
proliferate, transcriptional activation [Coppock 
and Pardee, 1987; Stewart et al., 1987; Kim et 
al., 1988; Lipson and Baserga, 19891 must pre- 
cede the appearance of TK protein and activity. 
In continuously cycling cells [Sherley and Kel- 
ley, 1988; Kauffman and Kelly, 19911 or in cells 
that cease proliferating upon induction of differ- 
entiation [Gross and Merrill, 1988,1989; Chang, 
1990; Kauffman and Kelly, 19911, however, post- 
transcriptional, translational, and posttransla- 
tional regulation more acutely control the 
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amount of TK enzyme and activity [Kauffman et 
al., 19911. 

It has been reported that the 5’-flanking se- 
quences of the human TK gene contribute sig- 
nificantly to the S-phase-specific expression of 
TK mRNA [Travali et al., 1988; Lipson et al., 
1989; Roehl and Conrad, 19901. The cis-acting 
regulatory element responsible for cell cycle tran- 
scriptional regulation has been localized to a 20 
bp segment approximately 100 bp 5’ of the cap- 
site [Kim and Lee, 1991, 19921. 

Among the many putative cis-regulatory ele- 
ments within the TK gene 5’-flanking sequence 
[Kreidberg and Kelly, 1986; Flemington et al., 
1987; Arcot et al., 1989; Saw6 et al., 19901, 
binding sites for SP1 and CCAAT boxes have 
been demonstrated to be important determi- 
nants of the amount of TK mRNA produced 
[Arcot et al., 19891. The inverted CCAAT ele- 
ments located near the start of TK transcription 
were also reported to interact with a DNA- 
binding protein in a cell cycle-specific manner, 
implicating them in S phase-specific regulation 
of TK mRNA expression [Knight et al., 1987; 
Pang and Chen, 19931. Competition experi- 
ments suggested that NF-Y may be the CCAAT- 
binding protein that binds to these elements in 
the TK promoter [Arcot et al., 19891. This was 
subsequently confirmed by western blotting, and 
it was demonstrated that expression of the A 
subunit of NF-Y is serum dependent in IMR-90, 
but not in HL-60 cells [Chang and Liu, 19941. 

Several eucaryotic putative CCAAT-binding 
proteins have already been cloned, including 
NFI (CTF) [Santoro et al., 19881, C/EBP [Land- 
schulz et al., 19881, NF-Y (CP1, CBF) [van Hui- 
jsduijnen et al., 19901, YB-1 [Didier et al., 1988; 
Sakura et al., 1988; Tafuri and Wolfe, 19901, 
NFI-B [Inoue et al., 19901, and LAP [Descombes 
et al., 19901. They represent a diverse group of 
proteins, some of which require heterologous 
subunits for activity [Chodosh et al., 1988a,bl. 
Many other CCAAT-binding proteins have been 
identified or purified from various tissues [for 
reviews see Dynan and Tjian, 1985; Maniatis et 
al., 1987; Johnson and McKnight, 1989; Mitchell 
and Tjian, 19891, but their relationship to the 
cloned factors has not yet been determined. 

Some CCAAT-binding proteins are enriched 
in specific tissues and probabiy contribute to 
tissue specific gene expression [Inoue et al., 1990; 
Descombes et al., 1990; Maniatis et al., 1987; 
Hwang et al., 19901. Other CCAAT-binding pro- 

teins have been implicated in cell cycle regula- 
tion of histone gene expression [Gallinari et al., 
1989; La Bella et al., 19891. However, transcrip- 
tional regulation by CCAAT-binding proteins is 
complicated by the fact that multiple CCAAT- 
binding proteins can coexist within the same cell 
[Chodosh et al., 1988a; Johnson and McKnight, 
1989; Dorn et al., 1987; Raymondjean et al., 
19881 and that their binding specificities overlap 
[Johnson and McKnight, 19891. The mecha- 
nisms by which these coexisting, overlapping 
activities properly regulate gene expression has 
not yet been determined. 

In this paper, we have examined the contribu- 
tion of CCAAT-binding proteins to TK mRNA 
expression. Our results suggest that the two 
inverted CCAAT elements located near the start 
of TK transcription are important for TK mRNA 
expression, but they are not equivalent. 

MATERIALS A N D  METHODS 
Plasmid Construction 

The plasmids shown in Figure 1 were con- 
structed from p-1.2B5‘TKTKi [Lipson et al., 
19891. This parental plasmid contains a TK 
minigene composed of the first two exons and 
introns of the human TK gene, completed by the 
remainder of the cDNA, and expressed by ap- 
proximately 1.2 kbp of human TK 5’-flanking 
sequences [Sauvk et al., 19901. The distal CCAAT 
box was deleted between the unique restriction 
endonuclease sites for Eag I and Nae I to form 
p-1.2 (-D) TKi. The proximal CCAAT box was 
deleted by ligating a PCR amplification product 
that initiated several bases 5’ of the noncanoni- 
cal TATA box, between the Nae I restriction 
endonuclease site and the Apa I site in the 
second intron to form p-1.2 (-P) TKi. Deletion of 
both CCAAT boxes resulted from ligation of the 
same PCR amplification product between Eag I 
and Apa I to form p-1.2 (-P-D) TKi. 

The proximal and distal CCAAT boxes were 
inactivated by site-directed mutagenesis, using 
PCR primers [Higuchi et al., 19881 that con- 
verted the inverted CCAAT to CTGAT. PCR 
products produced with these mutant primers 
were ligated between the Apa I site in the second 
intron and either the Nae I site (p-1.2 (PM1) 
TKi) or the Eag I site (p-1.2 (DM1) TKd to 
mutate the proximal or distal CCAAT boxes, 
respectively. The plasmid with two mutant 
CCAAT boxes, p-1.2 (PDM1) TKi, was con- 
structed from p-1.2 (PM1) TKi. The correct 
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p-I .2TKi 

p-I .2(-P)TKi 

p-I .2(-D)TKi 

p-l.2(-P-D)TKi 

p-I .2(PMl)TKi 

p-I .2(DMl)TKi 

p-1.2(PDMl)TKi 

SP1 

Fig. 1. TK promoter deletions and mutations. The names of 
the plasmids are shown to the left of the schematics of the 
promoter structures. The line represents 5’-flanking sequence 
and the large open bar that is cut at the right represents the 
beginning of exon 1. The transcription initiation site is indicated 
by the rightward arrow and is numbered 1. The small open box, 
the filled boxes, and the crosshatched boxes represent the 
noncanonical TATA, inverted CCAAT, and CCCCCC boxes, 
respectively. Stippled boxes represent inverted CCAAT boxes 
that have been mutated to CTGAT. The positions of the proxi- 
mal CCAAT (PC), distal CCAAT (DC), and CCCCCC (SPI for 
SP1 binding site) are indicated above the parental plasmid and 
in the other plasmids only if the position is altered by element 

identity of each plasmid was confirmed by 
dideoxy-termination sequencing [Sanger et al., 
19771. 

A second series of constructs were prepared to 
measure promoter strength. Approximately 460 
bases of the TK promoter containing the various 
mutations/deletions of the two CCAAT ele- 
ments were amplified by PCR and then sub- 
cloned into the Hind I11 site of pGL2-basic (Pro- 

10 bp / - 
excision. The unique Eagl and Nael restriction enzyme sites are 
also shown above the parental plasmid. The parental plasmid, 
p-l.ZTKi, consisted of 1.2 Kb of human TK 5‘-flanking sequence 
expressing a minigene composed of the first two exons and 
introns of the human TK gene and completed by the remainder 
of the cDNA (identical to p-1 .2BS’TKTKi in Lipson et al., 1989). 
Deletion of the proximal or distal CCAAT box produced the 
plasmids p-1.2 (-P) TKi or p-1.2 (-D) TKi, respectively. Deletion 
of both CCAAT boxes produced p-1.2 f-P-D) TKi. Mutation of 
the proximal or distal CCAAT boxes produced p-1.2 (PM1) TKI 
or p-1.2 (DMI)  TKi, respectively. Mutation of both CCAAT 
elements produced p-1.2 (PDM1) TKi. 

mega). The sequence of the TK promoter in each 
construct was confirmed prior to transfection. 

Cell Lines 

TK-tsl3 Syrian hamster fibroblasts [Shen et 
al., 19821, a TK-deficient cell line derived from 
ts13 cells [Talavera and Basilico, 19771, were 
transfected using the cationic liposome forming 
reagent, lipofectin (BRL) [Felgner et al., 19871. 
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Stable TK transformants were selected at 34°C 
in gHAT medium (glycine, hypoxanthine, ami- 
nopterin, thymidine medium) supplemented 
with 10% calf serum. The established cell lines 
were a mixture of several hundred clones and 
were always maintained in gHAT medium at the 
permissive temperature of 34°C. The cells were 
made quiescent by a combination of contact 
inhibition and serum deprivation (0.1%) for 48 h 
prior to stimulation. 

RNA Extraction and RNA Blots 

Total RNA was extracted from the cells with 
guanidine thiocyanate [Chomczynski and Sac- 
chi, 19871. RNA blots were prepared after frac- 
tionation of 20 pg of total RNA on agarose gels 
containing formaldehyde [Thomas, 1980; Sam- 
brook et al., 19891 and hybridized with radioac- 
tive probes prepared by random priming [Fein- 
berg and Vogelstein, 19831. 

Luciferase Assays 

Promoter strengths were determined by tran- 
sient expression of luciferase [de Wet et al., 
19871. TK-tsl3 cells were cotransfected with 2 
pg of a TK-luciferase construct and 2 pg of 
pSV-P-galactosidase control plasmid (Promega), 
as described above. Cytoplasmic extracts were 
isolated from the transfected cells after 48 h, by 
3 freezehhaw cycles in a hypotonic medium (50 
mM potassium phosphate, pH 7.8, 1 mM DTT, 
0.5 mM EDTA, 1 pg/ml leupeptin). Luciferase 
activities were measured for 60 s in a Lab- 
Systems Luminoskan microtiter plate luminom- 
eter using 20 p1 of cytoplasmic extract and 80 p1 
of luciferase assay reagent (20 mM Tricine, 1.07 
mM (MgCO3I4Mg (OH), . 5H20, 2.67 MgS04, 0.1 
mM EDTA, 33.3 mM DTT, 270 FM coenzyme A, 
470 FM luciferin, and 530 pM ATP). Luciferase 
activities were normalized to P-galactosidase ac- 
tivities in order to minimize variability due to 
efficiencies of transfection or extract isolation. 
p-galactosidase was assayed by incubating 20 pl 
of cytoplasmic extract in a total volume of 100 p1 
of p-gal assay buffer (60 mM Na2HP04, 40 mM 
NaH2P04, 1 mM MgC12, 50 mM P-mercaptoetha- 
nol, and 0.67 mg/ml PNPG [para-nitrophenyl- 
galactoside, GIBCO/BRLI) at 37°C until some 
yellow color could be observed. The reactions 
were stopped by the addition of 150 p1 of 1 M 
Na2C03, and the absorbance at 405 nm was 
measured with an SLT CR400 microtiter plate 
reader. Transfections were performed on 3 dif- 
ferent days and both luciferase and P-galactosi- 

dase activities were measured in duplicate from 
each transfection. 

RESULTS 

TK constructs with various deletions or muta- 
tions of the two inverted CCAAT boxes (Fig. 1) 
were prepared and transfected into the TK defi- 
cient variant of the Syrian hamster cell line 
ts13. This cell line has a temperature sensitive 
mutation in cell cycle progression such that the 
cells arrest in the GI phase of the cell cycle when 
grown at  the nonpermissive temperature of 
39.6"C [Liu et al., 19851. Cell cycle specific tem- 
perature sensitive mutants, such as ts13, have 
been used to help define proper phase specific 
gene expression [Kim et al., 19881. 

Cells containing the transfected constructs 
were selected by reversion of the TK deficient 
phenotype and a mixed population of stable cell 
lines was used for RNA blotting (Fig. 2). RNA 
was isolated from each cell line under three 
conditions: 1) confluent cells that were serum- 
deprived for 72 h; 2) cells that were serum- 
deprived for 48 h and then stimulated with 
medium containing 10% serum for 24 h at the 
permissive temperature of 34°C; and 3) cells 
treated as in 2), but serum-stimulated at the 
nonpermissive temperature of 39.6"C for 24 h. 
RNA blots were hybridized with radioactive 
probes for TK and histone H3 as a marker for S 
phase. The cell line containing the parental plas- 
mid (Fig. 2A) exhibited the expected regulation 
of TK mRNA: low expression in serum-deprived 
cells (lane 1) that increased with stimulation 
(lane 2) but was suppressed by the temperature 
sensitive block to cell cycle progression (lane 3). 
Cells containing constructs with a deletion of 
one or both CCAAT boxes or a mutation of 
either CCAAT box had similar regulation of 
steady-state TK mRNA expression (Fig. 2B-F). 
Cells containing the construct with mutations 
of both CCAAT boxes exhibited higher levels of 
TK mRNA in serum-deprived cells than cells 
with the other constructs (Fig. 2G). However, 
TK mRNA levels were suppressed in this cell 
line when stimulated with serum at the non- 
permissive temperature (Fig. 2G, lane 3). 

The observation of high levels of TK mRNA in 
quiescent cells containing the construct with 
two CCAAT mutations was unexpected. This 
observation was confirmed by preparation of 
another mixed population of cell lines contain- 
ing the double CCAAT mutation by independent 
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Fig. 2. Regulation of TK mRNA expression. RNA was isolated 
from pools of stable lines of TK-ts13 cells containing the 
constructs indicated in Figure 1. For each cell line, lane 1 
contains RNA from serum deprived cells, lane 2 contains RNA 
from cells that were stimulated with serum at the permissive 
temperature for 24 h, and lane 3 contains RNA from cells that 
were stimulated with serum for 24 h at the nonpermissive 

transfection and selection of the same construct 
or a newly prepared construct (not shown). 

To determine the relative importance of each 
CCAAT box to TK promoter strength, con- 
structs were prepared in which approximately 
460 bases of TK 5'-flanking sequences contain- 
ing the deletions or mutations shown in Figure 
1 were used to transiently express a luciferase 
cDNA. These values are shown in the histogram 
in Figure 3, where 100% was defined as the 
strength of the parental construct (p-0.5TKi). 
Deletion of the proximal CCAAT box (p-0.5 (-P) 
TKi) had no significant effect on luciferase ex- 
pression. In contrast, deletion of the distal 
CCAAT box (p-0.5 (-D) TKi) reduced luciferase 
expression to about 55% of that by the parental 
promoter. Deletion of both CCAAT boxes (p-0.5 
(-P-D) TKi) further reduced expression from the 
TK promoter to approximately 30% of its nor- 
mal strength. 

Mutation of either the proximal (p-0.5 (PM1) 
TKI) or distal (p-0.5 (DM1) TKi) CCAAT re- 
duced TK promoter strength to about 45% or 

temperature of 39.6"C. The cell lines represented in each panel 
and the average number of copies of each construct per cell (as 
determined by Southern (1 975) blotting) are A: p-l.ZTKi, 15 
copies/cell; B: p-1.2 (-P) TKi, 45 copies/cell; C: p-1.2 (-D) TKi, 
35 copies/cell; D: p-1.2 (-P-D) TKi, 80 copies/cell; E: p - I  .2 
(PM1) TKi, 50 copies/cell; F: p-1.2 ( D M I )  TKi, 40 copies/cell; 
C, p-1.2 (PDM1) TKi, 90 copiesicell. 

40%, respectively, of that of the native pro- 
moter. Expression from the TK promoter with 
two CCAAT box mutations (p-0.5 (PDM1) TKi) 
was also about 4w0 of that from the unmutated 
promoter . 

DISCUSSION 
Gene Promoters 

Many promoters for genes that are tran- 
scribed by RNA polymerase I1 contain three 
motifs for sequence-specific DNA binding pro- 
teins: TATAA, GGGCGG, and/or CCAAT 
[Breathnach and Chambon, 19811. The TATAA 
box, if present, is usually located approximately 
30 bp 5' of the start of transcription. Two CCAAT 
or GGGCGG boxes are usually found between 
40 and 110 bp 5' of the transcription initiation 
site [Breathnach and Chambon, 19813. In addi- 
tion, a wide variety of other elements that can 
contribute to the regulation of transcription have 
been identified. These elements can be located 
farther upstream, downstream, or within the 
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p-0.5(PDMl)TKluc 

p-0.54 DM1)TKIuc 

p-0.5(PMI)TKluc 

P-O.C(-P-D)TKIUC 

P-O.~(-D)TKIUC 

p-0.5( -P)TKluc 

p-O.5TKl~c ...,.u. 
0 20 40 

Fig. 3. TK promoter strength. Constructs were prepared in 
which 460 bp long TK promoters containing the various CCAAT 
deletions or mutations were used to  express a luciferase cDNA. 
These plasmids were then cotransfected with a plasmid express- 
ing p-galactosidase from an SV40 promoter into TK- ts l3 cells. 
Luciferase activity was assayed 48 h after transfection and 

gene being regulated, and can stimulate or in- 
hibit transcription [Maniatis et al., 1987; 
Johnson and McKnight, 1989; Mitchell and 
Tjian, 19891. 

Expression of the Human TK Gene 

The human TK gene fits into this paradigm. 
TK transcription initiates 28 bp 3’ of the first T 
of the noncanonical TATA box (TTTAAA) (X. 
Mao, unpublished results). The TKgene 5’ flank- 
ing sequence also contains two inverted CCAAT 
boxes located at -45 and -76 relative to this 
transcription initiation site, numerous GGGCGG 
elements at various distances and putative bind- 
ing sites for a variety of other DNA-binding 
proteins that regulate transcription [Kreidberg 
and Kelly, 1986; Flemington et al., 1987; Arcot 
et al., 1989; Sauve et al., 19901. Deletion analy- 
ses have demonstrated that the CCAAT and 
GGGCGG elements contribute to the strength 
of the TK promoter [Arcot et al., 19891. 

Although TK expression is complex and regu- 
lated by several posttranscriptional mecha- 
nisms [Gudas et aI., 1988; Sherley and Kelly, 
1988; Gross and Merrill, 1988, 1989; Chang, 
1990; Ito and Conrad, 1990; Kauffman and Kelly, 
1991; Kauffman et al., 19911, it has been shown 
that transcriptional regulation also contributes 
to the S phase-specific expression of TK mRNA, 
particularly in quiescent cells stimulated to pro- 
liferate [Coppock and Pardee, 1987; Stewart et 
al., 1987; Kim et al., 1988; Travali et al., 1988; 
Lipson and Baserga, 19891. A location for the 

60 80 100 120 

Luc. Act. (%) 

normalized to the activity of p-galactosidase in order to mini- 
mize variability due to transfection efficiency. The solid bars in 
the histogram indicate the average (n = 3), relative amount of 
luciferase activity (protein) produced by each plasmid where 
the amount of luciferase activity in the parental plasmid was 
assigned as 100%; the open bars indicate the standard error. 

cis-element that mediates cell cycle regulated 
transcription has been reported [Kim and Lee, 
1991, 19921, and some of the proteins that bind 
to this element have been identified [Li et al., 
19931. A protein in nuclear extracts from BALB/c 
cells has been observed to bind to the CCAAT 
boxes of the human TK gene in a cell-cycle- 
specific manner, suggesting that proteins that 
bind to the CCAAT boxes might regulate S- 
phase-specific transcription of TK [Knight et al., 
19871. Similarly, a protein in nuclear extracts of 
IMR-90 cells was observed to bind in a cell-cycle- 
specific manner [Pang and Chen, 19931, which 
was demonstrated to be NF-Y [Chang and Liu, 
19941. However, a similar cell-cycle-specific 
CCAAT-binding activity was not observed in 
nuclear extracts of HeLacells [Arcot et al., 19891. 

The Model 

To assess the role of the two inverted CCAAT 
boxes in the regulation of TK mRNA expression, 
we excised or mutated one or both CCAAT mo- 
tifs within a promoter that included 1.2 Kb of 5’ 
flanking sequence [Sauve et al., 19901. These 
altered promoters were used to express a TK 
minigene in TK-tsl3 cells, which contain a tem- 
perature sensitive mutation in cell cycle progres- 
sion so that they arrest in the second half of GI 
at the nonpermissive temperature. When these 
cells are arrested at the nonpermissive tempera- 
ture, immediate response genes such as c-myc 
are normally expressed, while GI IS phase bound- 
ary genes, such as TK or histones, are not ex- 
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pressed [Liu et al., 19851. This lack of expression 
of G1/S phase genes occurs despite the fact that 
the cells have been stimulated with serum. Fur- 
thermore, the failure of S phase genes to be 
expressed appears to be transcriptional since it 
is mediated by the promoter. Thus, a TK cDNA 
expressed by its own promoter produces no 
mRNA at the nonpermissive temperature, while 
the same TK cDNA expressed by an SV40 pro- 
moter produces more mRNA than at the permis- 
sive temperature [Lipson et al., 19891. There- 
fore, such ts mutant cell lines are useful for 
determining if an S phase-specific gene is cor- 
rectly cell cycle-regulated [Kim et al., 1988; Lip- 
son et al., 19891. 

The Effect of CCAAT Mutation 

The data indicate that TK mRNA expression 
was enhanced by serum stimulation in all but 
one of the cell lines and was lower in each of the 
various cell lines stimulated at the nonpermis- 
sive temperature, than at the permissive tem- 
perature. The exception to this general observa- 
tion was in the cell line containing the construct 
in which both CCAAT boxes were mutated. TK 
mRNA expression in this cell line was very high 
in the serum-deprived condition and very little 
stimulation was observed at the permissive tem- 
perature. As mentioned above, however, TK 
mRNA expression was reduced when the cells 
containing this construct were stimulated with 
serum at the nonpermissive temperature. This 
observation was confirmed in two independent 
transfection and selection processes using the 
same construct or an independently prepared 
construct, indicating that the observed behavior 
is characteristic of this construct. 

Possible Explanations for High mRNA Expression 
in Serum-Deprived Cells Containing the Double 

CCAAT Mutation 

There are at least two possible explanations 
for the observation of higher levels of TK mRNA 
expression in serum deprived cells containing 
the construct with both CCAAT boxes mutated: 
1) TK CCAAT boxes mediate inhibition of TK 
mRNA expression in serum deprived cells; 2) 
other proteins may be able to bind to sequences 
at or near the mutated CCAAT boxes to stimu- 
late TK mRNA expression in serum deprived 
cells. 

It is possible that the TK CCAAT boxes regu- 
late suppression of TK mRNA transcription in 
serum deprived cells. There have been some 

reports of CCAAT elements inhibiting mRNA 
expression [Alder et al., 1992; Barberis et al., 
19871. However, most CCAAT boxes have been 
demonstrated to stimulate transcription. Fur- 
thermore, the decrease of expression from the 
TK promoter when the CCAAT boxes are mu- 
tated suggest that proteins which bind to these 
CCAAT motifs stimulate TK transcription. Nev- 
ertheless, an activating protein could suppress 
transcription if it bound constitutively and its 
activating function required induction by ligand 
binding or posttranslational modifications such 
as phosphorylation or dephosphorylation. 

It is also possible that the loss of suppression 
in the construct with two mutated CCAAT boxes 
may result from the inability of CCAAT-binding 
proteins to interact with the promoter, thereby 
allowing another protein to bind and activate 
transcription. A similar displacement mecha- 
nism has been reported to regulate CCAAT- 
binding protein interaction with several gene 
promoters [Barberis et al., 1987; Skalnik et al., 
19911. In the situation described here, the 
CCAAT-binding protein would be a negative 
regulator and act as a displacement protein for 
an activator. 

A slight variation on this theme is the possibil- 
ity that mutation of the CCAAT box created a 
new protein binding site. There is little evidence 
to either support or refute this alternative at the 
present time. The subsequent paper will show 
that some proteins can bind t o  a mobility shift 
probe containing two mutated CCAAT motifs 
(as well as two normal CCAAT motifs), but the 
identity or role of these proteins remains un- 
known. 

The Effect of CCAAT Deletion 

The observation of high levels of TK mRNA in 
serum-deprived cells containing the construct 
with both CCAAT boxes mutated was different 
from the cell line containing the construct in 
which both CCAAT boxes were excised. If the 
latter speculation is correct, it is likely that the 
binding site for the putative proteinb) respon- 
sible for high levels of TK mRNA expression in 
serum-deprived cells was deleted during exci- 
sion of the CCAAT boxes, or was not created 
since these sequences were absent. 

Contribution of CCAAT Boxes to Cell Cycle 
Regulated TK mRNA Expression 

In the absence of other complications, the 
observation that TK mRNA expression de- 
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creased when TK-tsl3 cells containing the vari- 
ous constructs were stimulated with serum at 
the nonpermissive temperature would be inter- 
preted as indicating that neither CCAAT box is 
the sole determinant of cell cycle-regulated TK 
mRNA expression. However, the anomaly ob- 
served in cells containing the construct with two 
CCAAT mutations suggests that  different 
mechanisms may account for suppression of 
GI/S phase genes in Go or early GI induced by 
serum deprivation, and in a temperature sensi- 
tive, mid-G1 block to cell cycle progression. This 
speculation is consistent with recent evidence 
that cessation of proliferation induced by differ- 
ent physiological manipulations is accompanied 
by differences in gene expression [Gustincich 
and Schneider, 19931. 

Contribution of CCAAT Boxes to 
TK Promoter Strength 

Quantitation of gene expression from TK pro- 
moters containing mutated CCAAT motifs con- 
clusively demonstrates that both contribute to 
the strength of the TK promoter. Mutation of 
either or both CCAAT boxes yielded a promoter 
that was only about 40% as strong as the same 
promoter with intact CCAAT boxes. 

The effects of CCAAT excision were not iden- 
tical to those of mutation. Excision of the proxi- 
mal CCAAT did not significantly alter expres- 
sion from the TK promoter, while mutation of 
this motif caused a marked reduction of expres- 
sion. In contrast, expression was reduced when 
the distal CCAAT was excised, but not as much 
as when it was mutated. The quantitative differ- 
ences between excision and mutation probably 
arise from the fact that when the CCAAT boxes 
are removed, other protein binding sites can 
partially or completely substitute for the miss- 
ing segment [Tronche et al., 19911. When the 
proximal CCAAT is excised, the distal CCAAT is 
located in a location that is close to that of the 
proximal CCAAT with respect to the site where 
transcription starts. The SP1 binding site, which 
substitutes for CCAAT elements in some promot- 
ers [Breathnach and Chambon, 19811 also moves 
closer to the capsite. However, deletion of both 
CCAAT boxes severely impairs promoter 
strength, despite the fact that the SP1 binding 
site is located approximately 66 bp 5’ of the 
capsite when both CCAAT elements are excised. 
Together, these observations suggest that the 
distal CCAAT can substitute for the proximal 
CCAAT, but the reverse is not true. In addition, 

promoter strength is determined to a large part 
by the presence of one of the CCAAT boxes 
40-50 bp 5’ of the start of transcription. Further- 
more, if the SP1 binding site is located closer to 
the capsite, it can act as a partial surogate for a 
missing second CCAAT. However, only the pres- 
ence of an SP1 binding site about 65 bp 5’ of the 
capsite is not a good substitute for a CCAAT box 
40-50 bp from the capsite. 

SUMMARY 

In summary, we have demonstrated that both 
of the CCAAT boxes of the human TK promoter 
are important for the efficient expression of TK 
mRNA. The two inverted CCAAT elements do 
not have identical activities and excision of the 
distal CCAAT is more deleterious than that of 
the proximal CCAAT. 
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