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It has been reported recently that the wild-type p53 gene product can positively regulate the expression of a 
test gene adjacent to the enhancer-promoter elements of the murine muscle-specific creatine kinase (MCK) 
gene. This discussion reports the identification of a wild-type p53 protein-specific DNA-binding element 
located within the p53-responsive region of the MCK enhancer-promoter element. This p53 
protein/DNA-binding element has been defined by DNase I footprint analysis, which identified a 50-bp region. 
This 50-bp sequence was sufficient to confer wild-type p53 responsiveness on a heterologous minimal  
promoter. The mutant forms of p53 protein are much less capable of stimulating this DNA element. This 
study has identified the first example of a naturally occurring wild-type p53-specific DNA-binding element 
that is able to mediate positive regulation of a test gene. The results suggest a biological function in gene 
regulation for the wild-type p53 protein that is lost or altered in the mutant p53 proteins. 

[Key Words: Wild-type p53 protein; DNA-binding element; enhancer] 

Received March 23, 1992; revised version accepted April 22, 1992. 

The wild-type p53 gene and gene product appear to reg- 

ulate cell proliferation negatively. This gene is able to 

inhibit the transformation of primary cells in culture by 

other oncogenes (Eliyahu et al. 1989; Finlay et al. 1989) 

and can suppress the ability of transformed cells to form 

tumors in animals (Chen et al. 1990). When the wild- 

type p53 gene is returned to transformed cells and ex- 
pressed in excess, the gene product blocks cell prolifer- 

ation (Baker et al. 1990; Diller et al. 1990; Mercer et al. 

1990), and these cells accumulate in the late G1 phase of 
the cell cycle (Michalovitz et al. 1990; Martinez et al. 

1991). The DNA tumor viruses and natural forms of can- 

cers have used two distinct mechanisms to overcome the 

negative regulation of cell division by the p53 protein. 

The DNA tumor viruses encode oncogene products that 

can bind to wild-type p53 and presumably inactivate the 

functions that negatively regulate cell division (Lane and 

Crawford 1979; Linzer and Levine 1979; Sarnow et al. 
1982; Wemess et al. 1990). In naturally occurring can- 

cers, the p53 gene frequently sustains mutations produc- 

ing missense or faulty p53 proteins with distinct proper- 

ties (Hinds et al. 1990; Hollstein et al. 1991; Levine et al. 

1991). Most commonly, one p53 allele in a cancer cell is 

found in the mutant form, whereas the second allele is 

lost by deletion or a reduction to homozygosity (Baker et 

al. 1989; Nigro et al. 1989; Takahashi et al. 1989; Levine 

et al. 1991). Indeed, presently, it appears that mutations 

~Corresponding author. 

at the p53 locus are the most common genetic alteration 

observed in human cancers (Hollstein et al. 1991; Levine 
et al. 1991). 

As a result, it is important to understand the function 

of the p53 gene products. The p53 protein resembles a 

transcriptional trans-activator protein based on its pri- 

mary amino acid sequence (Pennica et al. 1984; Soussi et 

al. 1987). It has an amino-terminal acid domain {1-75 

amino acid residues) and a carboxy-terminal basic do- 

main (Pennica et al. 19841. The wild-type protein binds 

to DNA and can recognize and protect specific DNA 

sequences from digestion with DNase I {Lane and Gan- 
non 1983; Steinmeyer and Deppert 1988; Bargonetti et 

al. 1991; Kern et al. 1991a, bl. A gene fusion of the acidic 

amino-terminal domain of p53 or the entire p53 protein 

with the DNA-binding domain of Gal4 will promote the 

expression of a test gene regulated by the Gal4 DNA- 

binding domain in yeast (Fields and Jang 1990) or in 

mammalian cells in culture {Fields and Jang 1990; Ray- 

croft et al. 1990). Whereas wild-type p53-Ga14 fusion 
proteins promote the expression of such test genes, mu- 

tant forms of p53 protein fail to trans-activate these re- 
porter genes at the Gal4-binding site (Raycroft et al. 

1990, 1991). 
Recently, Weintraub and his collaborators (1991) have 

demonstrated that a murine creatine phosphokinase 

gene and its enhancer-promoter elements could be reg- 

ulated positively by the addition of the wild-type, but 

not the mutant form, of the p53 gene and protein. It 
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remained unclear whether this was a direct effect of p53 

on the enhancer or promoter elements or an indirect ef- 

fect of the wild-type form of p53 on the cellular physi- 

ology or growth state. This was in contrast to the major- 

ity of reports where the wild-type p53 gene and product 
appear to negatively regulate cell growth and most en- 

hancer-promoter elements (Ginsberg et al. 1991; Santha- 
nam et al. 1991). It remains unclear how the p53 protein 

might function in these types of experiments. 

To address this question more directly, the DNA ele- 

ment  that was responsive to wild-type p53 protein in the 

creatine phosphokinase gene was mapped and identified 

by nucleotide sequence analysis. Using DNase I foot- 

print analysis with this DNA and wild- type p53 proteins 
from murine or human sources, a 50-bp element was 

identified by these protection experiments. When this 

50-bp element was placed 5' to a minimal promoter, it 

conferred on the promoter the wild-type p53 protein-de- 
pendent expression of a test gene. The mutant  forms of 

p53 protein had a much reduced ability to stimulate this 

DNA sequence motif. 
This study demonstrates that the wild-type p53 pro- 

tein can function directly to mediate positive regulation 
of gene expression in a DNA sequence-specific manner. 

This is the first characterization of a natural wild-type 

p53 DNA-binding element that is associated with a bio- 

logical function. 

A 

B 

1 2 3 4 5 6 

C C WT WT Mr MT 

1 2 3 4 5 6 

C C WT Wr MP MT 

R e s u l t s  

Wild-type p53 trans-activates muscle  creatine kinase 

The trans-activation of the muscle creatine kinase 
(MCK) gene by the wild-type p53 protein was studied 

previously in cell lines that contain either endogenous 

wild-type or mutant  p53 proteins, or both (Weintraub et 

al. 1991). The presence of an endogenous p53 protein in 

a cell could complicate the interpretation of these results 
owing to the interactions between mutant  and wild-type 

p53 proteins. To eliminate this possibility, the trans- 

activation of the MCK gene by wild-type p53 protein was 

carried out in the Saos-2 human osteogenic sarcoma cell 

line (Masuda et al. 1987) and the (10)1 spontaneously 
arising, immortalized mouse embryo fibroblast cell line 

(Harvey and Levine 1991), both of which have no endog- 

enous p53 protein expressed. These two cell lines are 

devoid of endogenous p53 protein because of major de- 

letions in the 5' region of the p53 gene. As a positive 

control to confirm the initial observation made by Wein- 

traub and co-workers, the African green monkey CV-1 

cell line (Jensen et al. 1964), which presumably expresses 

wild-type p53, was also used in these p53 trans-activa- 

tion studies. 
The cell lines were transfected by use of a calcium 

phosphate precipitation with the MCKCAT reporter 

gene alone or in combination with wild-type p53 DNA 

(pll-4) or mutant  p53 (pSVKH215) genes. Forty-eight 

hours after transfection, the cells were harvested and an- 

alyzed for chloramphenicolacetyl transferase (CAT) ex- 

pression. As observed in Figure 1, the MCKCAT gene 

G 

1 2 3 4 5 6 

C C Wr WT MP Mr]? 

Figure 1. Wild-type p53 trans-activates the MCK promoter. Cells 
were transfected in duplicate with pMCKCAT plasmid DNA 
alone (C = control, MCKCAT only; lanes 1,2), pMCKCAT DNA 
and murine wild-type p53 cDNA plasmid DNA (pll-4) (WT = 
wild-type p53, MCKCAT + pl 1-4; lanes 3,4), or pMCKCAT DNA 
and murine mutant p53 DNA (pSVKH215) (MT = mutant p53, 
MCKCAT + pSVKH215; lanes 5,6) and assayed for CAT activity 
as described in Materials and methods. {A) Saos-2 human osteo- 
genic sarcoma cell line; (B) CV-1 African green monkey kidney 
cell line; (C) (10)1 spontaneously arising immortalized murine 
fibroblast cell line. 

alone is poorly expressed when transfected into either 
Saos-2 (Fig. 1A, lanes 1,2) or CV-1 cells (Fig. 1B, lanes 

1,2). When MCKCAT is cotransfected with wild-type 

p53 (lanes 3,4), however, the level of CAT activity is 

induced a min imum of sevenfold over MCKCAT alone 

(lanes 1,2) or MCKCAT and mutant  p53 (lanes 5,6) based 

on densitometric analysis of the autoradiographs. Trans- 
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activation of MCKCAT in this assay is specific for wild- 

type p53, as cotransfection wi th  mutan t  p53 has no ef- 

fect on CAT levels (lanes 5,6). Although the basal levels 

of CAT activi ty are m u c h  greater in the (10)1 cell l ine 

(Fig. 1C, lanes 1,2), it is clear that wild-type p53 and not 

mutan t  p53 can trans-activate the MCK promoter (cf. 

lanes 3 and 4 wi th  lanes 5 and 6, respectively) approxi- 

mately  twofold above this background level. Occasion- 

ally ,the mu tan t  p53 protein actually decreased the lev- 

els of CAT activity (Fig. 1B); however, this was not a 

reproducible observation. 

Trans-activation of MCKCAT by wild-type p53 is also 

evident when  studied in a transformed rat embryo fibro- 

blast (A-15 cell line) that expresses a temperature-sensi- 

tive mur ine  mu tan t  p53 protein (Michalovitz et al. 1990; 

Martinez et al. 1991). The temperature-sensit ive p53 

gene contains a point muta t ion  that results in an ala- 

nine-to-valine subst i tut ion at amino acid residue 135. At 

high temperature (39°C), ~80% of the protein is in the 

mutan t  conformation and 20% is in the wild-type con- 

formation, as determined by reactivity wi th  conforma- 

tional-dependent monoclonal  antibodies. In contrast, at 

low temperature (32.5°C), 80% of p53 is in the wild-type 

conformation. To examine  trans-activation of the MCK 

promoter in these cells, A-1 cells were transfected wi th  

MCKCAT in a ca lc ium phosphate precipitate at 37°C as 

usual and, 24 hr later, were transferred either to 39°C or 

32.5°C. The cells were incubated at the appropriate tem- 

perature for an additional 24 hr and analyzed for CAT 

activity as described in Materials and methods. As a con- 

trol for temperature effects, transformed rat embryo fi- 

broblasts (T101-4 cell line) expressing a mutan t  p53 pro- 

tein not condit ional  for temperature were also studied in 

parallel. As seen in Figure 2, MCKCAT activity was sig- 

nif icant ly greater (three- to fourfold s t imulat ion based on 

densitometric analysis) in A-15 cells at low temperature 

(lanes 1,2) when  the majori ty of the p53 protein is in a 

wild-type conformation, as compared wi th  high temper- 

ature (lanes 3,4) when  the p53 protein is in a mutan t  

conformation. The levels of CAT activity were relatively 

equal at both low and high temperature in the T101-4 

cell l ine (lanes 5-8), indicating that the differences ob- 

served in CAT activity in the A-1 cell l ine were related 

to the conformation of the p53 protein and not to the 

temperature of incubat ion per se. The results presented 

in Figures 1 and 2 demonstrate  that the induct ion of 

MCK promoter activity in these assays is dependent on 

coexpression of wild-type p53, and this effect can be ob- 

served in a wide variety of cell l ines wi th  or wi thout  

endogenous p53 proteins. 

A p53-responsive element is located in the distal 

promoter region of the muscle-specific 

creatine kinase gene 

It was shown previously by deletion analysis of the MCK 

promoter that a p53-responsive e lement  may  be located 

wi th in  the distal region of the promoter (Weintraub et al. 

1991). Delet ion of nucleotides - 3 3 0 0  to -2800 ,  wi th  

respect to the transcription start site, abolishes trans- 

32.5°C 39°C 32.5°C 39°C 

1 2 3 4 5 6 7 8 

Figure 2. Conditional trans-activation of the MCK promoter 
by a temperature-sensitive mutant p53 protein. Transformed rat 
embryo fibroblast cell cultures were transfected in duplicate 
with pMCKCAT plasmid DNA at 37°C in a calcium phosphate 
precipitate for 18 hr and incubated at either 32.5°C or 39°C for 
48 hr. Cells were harvested and analyzed for CAT activity as 
described in Materials and methods. A1-5-transformed rat em- 
bryo fibroblasts (left) express a temperature-sensitive mutant 
murine p53 (alanine to valine substitution at amino acid 135) 
where the protein is in a wild-type conformation at 32.5°C and 
in a mutant conformation at 37-39°G. T101-4-transformed rat 
embryo fibroblasts (right) express a mutant murine p53 (HindIII 
linker insertion at codon for amino acid 215), which is not con- 
ditional for temperature. Lanes 1 and 2 (A1-5) and lanes 5 and 6 
(T101-4) represent MCKCAT activity at 32.5°C. Lanes 3 and 4 
(A1-5) and lanes 7 and 8 (T101-4) represent MCKCAT activity at 
39°C. 

activation of MCKCAT by wild-type p53. It was unclear  

whether  a p53-responsive e lement  was self-contained 

wi th in  this region or whether  cooperating e lements  ly- 

ing downstream from this distal region were also re- 

quired. To sort out these possibilities, the distal 500 bp 

spanning nucleotides - 3 3 0 0  to - 2 8 0 0  were subcloned 

into heterologous promoter e lements  to determine  

whether  these sequences were sufficient to confer wild- 

type p53 responsiveness. The 500-bp SalI fragment from 

MCK was cloned upstream from the herpes s implex vi- 

rus (HSV) thymid ine  kinase m i n i m a l  p romote r -CAT re- 

porter gene (pBLCAT2; Luckow and Shutz 1987) result- 

ing in the construction of pMTC32. Transfection of the 

parent vector pBLCAT2 into $aos-2 cells results in the 

synthesis of moderate levels of CAT activi ty [Fig. 3A, 

lanes 1,2 (C)]. Cotransfection of Saos-2 cells wi th  

pBLCAT2 and the wild-type p53 p lasmid  dramat ica l ly  

reduces CAT expression [lanes 3,4 (WT)] and apparently 

is a consequence of a general inhibi tory  effect of wild- 

type p53 on the transcriptional  activity of a variety of 

promoters (Ginsberg et al. 1991; Santhanam et al. 1991). 

In contrast, mutan t  p53 plasmids do not have a suppres- 

sive effect on the expression of CAT activi ty by 

pBLCAT2 in Saos-2 cells [lanes 5,6 (MT)]. Incorporation 

of the 500-bp SalI fragment from MGK into the thymi-  

dine kinase m i n i m a l  promoter, however, relieved the 

suppression of CAT expression by wild-type p53. Trans- 

fection of Saos-2 cells wi th  pMTC32 alone or in combi- 

nat ion wi th  wild-type or mutan t  p53 resulted in high 
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Figure 3. Mapping the wild-type p53-responsive element to a 
distal region in the MCK promoter. The 500-bp SalI fragment 
from the MCK gene (corresponding to nucleotides -2800 to 
-3300) was subcloned upstream from the HSV promoter-CAT 
gene in pBLCAT2 and upstream from the Ad MLTATA box/ 
TdTint-CAT gene in p1634, resulting in the construction of 
pMTC32 and pMCK1634CAT, respectively. Saos-2 cells were 
transfected in duplicate with these reporter genes alone (C) or 
cotransfected with the reporter gene and either wild-type p53 
(WT) or mutant p53 (MT). Cells were harvested and analyzed for 
CAT activity as described in Materials and methods. (A) Saos-2 
cells transfected with the thymidine kinase promoter-based re- 
porter constructs; (B) Saos-2 cells transfected with the Ad MLP/ 
TdTint-based reporter constructs. 

levels of CAT activity [lanes 7-12 (C, WT, and MT, re- 

spectively)]. These results are consistent with the possi- 

bility that a p53-responsive element is contained within 

-3300 and -2800 nucleotides of the MCK promoter 

and that this element is sufficient to override the nega- 

tive effect of wild-type p53 on the thymidine kinase pro- 

moter. This experiment, however, does not permit any 

conclusions about positive regulation by p53 protein 

above the promoter element itself. The increase in the 

levels of CAT activity in Saos-2 cells with no p53 ob- 

served when pMTC32CAT is used compared with 
pBLCAT2 is undoubtedly the result of the action of other 

transcription factors on the extra 500 bp found in the 

former plasmid. 
To address this question, the MCK-SalI fragment con- 

taining the p53-responsive element was subcloned into 

p1634CAT DNA, which encodes a minimal hybrid pro- 

moter consisting of the adenovirus major late TATA (Ad 

MLTATA) sequences and the terminal deoxynucleoti- 

dyhransferase transcription initiation site (Ad MLP/Td- 
Tint) fused to a CAT reporter gene (Shi et al. 1991), re- 

sulting in the construction of pMCK1634CAT. Transfec- 

tion of Saos-2 cells with the original vector p1634CAT 

alone (Fig. 3B, lanes 1,2) or with p1634CAT and mutant 

p53 (lanes 5,6) yielded low levels of CAT activity. Wild- 
type p53 also had a suppressive effect (>60% reduction 

in CAT expression compared with p1634CAT alone or 

p 1634CAT and mutant p53 based on densitometric anal- 

ysis) on this minimal hybrid promoter (lanes 3,4), as was 

observed for the HSV thymidine kinase promoter. Incor- 
poration of the 500-bp SalI fragment from MCK into the 

Ad MLP/TdTint hybrid minimal promoter clearly con- 

fers wild-type p53 responsiveness. Transfection of Saos-2 

cells with either pMCK1634CAT (Fig. 3B, lanes 7,8) or 

pMCK1634CAT and mutant p53 (lanes 11,12) resulted in 
low levels of CAT activity, whereas cotransfection of 

Saos-2 cells with pMCK1634CAT and wild-type p53 

(lanes 9,10) resulted in a minimum of a threefold in- 

duction of CAT expression based on densitometric 

analysis. The extent of induction of CAT activity in 

pMCK1634CAT and wild-type p53 cotransfected cells is 

comparable to the trans-activation of the full muscle cre- 

atine kinase promoter (3300 bp) by wild-type p53, as 

shown in Figure 1. These results define a region between 

-3300 and -2800 bp in the MCK promoter that is suf- 
ficient to confer wild-type p53 responsiveness to a het- 

erologous promoter. 

p53 protein binds the MCK promoter 

The induction of MCK promoter activity by wild-type 

p53 may be a direct effect of p53 protein binding to a 

regulatory element within the promoter. Alternatively, 

wild-type p53 may influence the physiology of the cell in 

such a way that the MCK promoter may become tran- 

scriptionally active. To better understand the regulation 
of MCK promoter activity by wild-type p53, the 500-bp 

SalI fragment of MCK, which is p53 responsive, was se- 
quenced as described in Materials and methods. As 

shown in Figure 4, an 8-bp direct repeat (CTGCCTCT) is 

located between nucleotides - 3156 and - 3149 and dis- 

plays a high degree of homology to a p53 DNA-binding 

element identified by Vogelstein and co-workers (Kerns 

et al. 1991b). Vogelstein and co-workers have also re- 

ported a second sequence that is capable of binding wild- 

type p53. It also contains two TGCCT repeats that are 

spaced by 12 bp, which suggests that there may be flex- 

ibility in the size and sequence of the spacer region be- 

tween repeated elements for effective p53 binding (Kerns 

et al. 1991b). Furthermore, an SPl-like GC-rich region 

adjacent to the TGCCT repeats at nucleotides -3165 to 
-3156 in the MCK p53-responsive region shares se- 
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-3300 

ATTCCCCATC CTCGTCTATA GAGAGAGTTC CAGAACAGCC AGGC~TACAG ATAAACCCAT 

~ C  AAAGTTGAAT GACCCAAGAG CCGTTCTCAG ACCGTGGCGT GTGCTCCC/~ 

CCAAGCCTAT GACATCC~CG GGGCCTGCCT CTCTCTGCCT CTGACCCTCA GIGCCTCCCA 

TGAACTCCTT GCCCAATC<K~ ATCTTTTTCC TCK~CCTT CC43TTATTCC AGTCTCCCCT 

CACCATTCCT TCCTCACC{3C CTCGCTCTTC TCTCTGCTCC CTCCTTC2~AC AGCTCCK2TCT 

GTCCACCTCA GATGTGhCAG TGCTCTCTCA GAGGA~G CC_ACCATGTA CCCTCTGTTT 

CCCACGTAAG GGTTEAhTTT TTAAAAATGG TTTTTGTTTG TTTGTTTGTT TGTTTGTTTG 

TTTGTTTCAA GACACCCCTC CTCTGTGTAG TCCTAACTGT CAAGAAACTC CCTCGTAGAC 

-2813 

CACGT<Gh 

Figure 4. Nucleotide sequence of the wild-type p53-responsive 
domain of the MCK promoter. The 500-bp SalI fragment from 
the MCK promoter was sequenced by the Sanger dideoxynucle- 
otide method. Nucleotide number -3300 has been estimated 
from the restriction endonuclease map of the MCK gene (Jaynes 
et al. 1988); therefore, nucleotide -9.813 represents the approx- 
imate distance from the MCK TATA element. The p53 DNA- 
binding region in the MCK promoter, which was identified by 
DNase I footprint analysis {Figs. 5 and 6), is underlined. 

mouse p53 proteins bind to this sequence, only the mu- 

rine p53 has been reported to activate a test gene wi th  

this sequence (Weintraub et al. 1991). 

The p53 DNA-binding site in the MCK promoter 

is a p53-responsive element 

DNA-binding studies using the immunoprec ip i ta t ion  as- 

say and DNase I footprint analysis defined a 50-bp region 

wi th in  the MCK promoter that interacts wi th  the wild- 

type p53 protein in vitro (Figs. 5 and 6). To determine 

whether  this p53-binding site is funct ional ly  competent  

A A / G  C / T  

MURINE HUMAN 

| i i i 

- a b c d e a b c d e - 

quence homology to the p53 DNA-binding sites identi- 

fied in the SV40 virus origin of replication by Prives and 

co-workers (Bargonetti et al. 1991). 

The possibil i ty that the MCK promoter may bind 

wild-type p53 selectively was first addressed by use of an 

assay to detect p53 binding to D N A  wi th  radiolabeled 

DNA and antibodies directed against the p53 protein to 

coimmunoprecipi ta te  specific D N A  fragments bound to 

p53 proteins (McKay 1981). When this was done it was 

found that immunopur i f ied  wild-type p53 protein was 

selectively bound to a D N A  fragment in the p53-respon- 

sire enhancer e lement  (Fig. 4) and not to the other D N A  

fragments in this mixture  (data not shown). 

The region of interact ion between wild-type p53 pro- 

tein and the p53-responsive region of the MCK promoter 

was next  defined by DNase I footprint analysis (Fig. 5). 

Both mur ine  and h u m a n  wild-type p53 protein purified 

from baculovirus-infected insect cells protected a 50-bp 

region of the MCK promoter corresponding to the GC- 

rich box (region 1}, the TGCCT repeats (regions 2 and 3), 

and several additional downstream nucleotides (region 4) 

spanning nucleotides - 3 1 8 2  to - 3 1 3 3  (Figs. 5 and 6). 

Included wi th in  this region are two DNase I hypersen- 

sitive sites located 3' to each T G C C T  motif. These re- 

sults demonstrate  a p53 DNA-binding region in the p53- 

responsive e lement  of the MCK promoter. The results 

further indicate that  there may  be more than one p53- 

binding e lement  where region 1 is related to the p53- 

binding site located in the SV40 virus origin of replica- 

tion (Bargonetti et al. 1991) and regions 2 and 3 share 

homology to sequences in the D N A  fragments identified 

previously by Vogelstein's group (Kems et al. 1991b). It is 

of interest to note that  al though both the h u m a n  and 

*C 

E 

Figure 5. Wild-type p53 protein binds to specific DNA se- 
quences in the p53-responsive region of the MCK promoter. 
Murine and human wild-type p53 protein binding to the MCK 
promoter was examined by DNase I footprint analysis as de- 
scribed in Materials and methods. ( - ) Lanes contained no pro- 
tein; lanes a to e contained 15, 30, 45, 60, and 75 ng, respec- 
tively. Discrete regions protected by p53 protein are indicated 
by brackets at (left). 
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2 3 4 

T~GCCTATGACATGC-CC~CTGCCTCTCTCTGCCTCTGACCCT 

Figure 6. Nucleotide sequence of the p53-specific DNA-bind- 
ing region of the MCK promoter. The p53-specific binding re- 
gion of the MCK promoter was identified by DNase I footprint 
analysis as described in Materials and methods (see Fig. 5). Re- 
gion 1 is similar in nucleotide sequence to the p53-binding site 
in the SV40 DNA origin of replication (Bargonetti et al. 1991); 
regions 2 and 3 share sequence homology to the p53-binding 
sites identified previously by Vogelstein and co-workers (Kern 
et al. 1991b). 

to confer p53-dependent gene expression, the 50-bp ele- 

ment  was inserted as a single copy and in double copy 

upstream of the Ad MLP/TdTin t  m i n i m a l  promoter-  

CAT reporter gene (p1634CAT). A 25-bp fragment (a 

half-site) containing the two TGCCT repeats (flanked by 

5 bp at the 5' and 3' ends; nucleotides - 3 1 6 0  to -3135)  

was also cloned into p1634CAT. The resulting con- 

structs were tested for p53 responsiveness by cotransfec- 

tion of Saos-2 cells (Fig. 7) and BALB/c3T3 cells (data not 

shown) wi th  and wi thout  wild-type or mutan t  p53 in a 

transient  assay. 
As observed in Figure 7, the MCKCAT gene by itself or 

wi th  the mutan t  p53 plasmid had lit t le or no detectable 

activity (cf. lanes 1 and 2 wi th  lanes 5 and 6, respectively) 

whereas the wild-type p53 plasmid (lanes 3,4) s t imulated 

high levels of CAT activity ( m i n i m u m  of fivefold induc- 

tion over MCKCAT alone or MCKCAT and mutan t  p53). 

The promoter e lement  by itself (p1634; lanes 7,8) or with 

wild-type p53 plasmid (lanes 9,10) expressed low levels 

of CAT activity. In this exper iment  the mutan t  p53 plas- 

mid  did provide a threefold higher level of CAT activity 

wi th  the promoter e lement  1634CAT (lanes 11,12), but 

this was not a consistent finding. Similarly, the half-site 

containing the TGCCT repeated motif  alone (lanes 

13,14) was not significantly s t imulated by the wild-type 

p53 plasmid (lanes 15,16) or by the mutan t  p53 plasmid 

(lanes 17,18). In contrast, the entire 50-bp motif  that 

binds wild-type p53 protein in vitro was s t imulated (a 

m i n i m u m  of sixfold) by the wild-type p53 plasmid (lanes 

21 and 22 for two copies of the 50-bp repeat; lanes 27 and 

28 for one copy). The mutan t  p53 plasmid (lanes 

23,24,29,30) acted on these DNA sequences to provide 

an approximate twofold s t imula t ion  of CAT activity 

over the 50-bp elements  alone (lanes 19,20,25,26; evi- 

dent in longer exposures). Furthermore, the 50-bp ele- 

ment  functions equally wel l  in either orientat ion with 

respect to the TATA box and transcription start site, 

which is consistent with the possibili ty that this p53 

DNA-binding site funct ions as an enhancer e lement  

(data not shown). 

These results demonstrate  clearly that the D N A  se- 

quence recognized by wild-type p53 protein can also con- 

fer on a m i n i m a l  promoter e lement  the abili ty to express 

a gene in a p53-dependent fashion. Wild-type p53 protein 

Figure  7. The p53 DNA-binding site in the 
MCK promoter is a p53-responsive element. 
An oligonucleotide corresponding to the 50-bp 
region in the MCK promoter, which was pro- 
tected by wild-type p53 protein from DNase I 
digestion, was subcloned upstream from the 
Ad MLP/TdTint-CAT reporter gene (p 1634) in 
a single copy (50-1) and double copy (50-2). A 
25-bp oligonucleotide encompassing the se- 
quences in the MCK promoter, which share 
homology to the p53 protein-DNA-binding site 
identified by Vogelstein and co-workers (Kern 
et al. 1991b), was subcloned upstream from the 
Ad MLP/TdTint promoter in a single copy. 
The reporter constructs were transfected in du- 
plicate into Saos-2 cells either alone (C) or with 
wild-type p53 [WT) or mutant p53 (MT) and 
subsequently analyzed for CAT activity as de- 
scribed in Materials and methods. (Top) A 16- 
hr exposure; (bottom) a 3-hr exposure of Kodak 
XAR-5 X-ray film to the chromatographed 
CAT assay samples. 
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is more efficient at this than is mutant p53 protein. The 

p53 protein can mediate the positive regulation of a gene 
through a specific DNA sequence element. 

Discussion 

Several lines of evidence have suggested a possible func- 

tion of the p53 wild-type protein as a transcriptional 

trans-activator of specific genes. First, the primary se- 
quence of the protein resembles some transcription fac- 

tors {Pennica et al. 19841. The first 75 amino acids, which 

are very acidic, can act in a fusion protein with the Gal4 

DNA-binding domain to positively promote the expres- 

sion of a test gene in yeast (Fields and Jang 1990) or in 

mammalian cells (Fields and Jang 1990; Raycroft et al. 
1990). The carboxy-terminal domain of p53 protein is 

quite basic. The wild-type protein binds to DNA, 

whereas the mutant forms of the p53 protein bind less 

well or not at all to nonspecific DNA sequences (Stein- 

meyer and Deppert 1988; Kern et al. 1991a, b). Recently, 

the wild-type p53 proteins have been shown to bind to 

DNA in a sequence specific manner (Bargonetti et al. 
1991; Kern et al. 1991b). In one study a sequence motif 

with a TGCCT (N)s_lz TGCCT was detected as an im- 

portant element for p53 recognition to DNA (Kern et al. 

1991b). In a second study a GC-rich domain with SP1 

sequence elements near the origin of SV40 DNA repli- 
cation (near the 21-bp repeats of SV40 DNA) was iden- 

tified as a specific DNA sequence recognized by the 
wild-type p53 protein (Bargonetti et al. 1991). These two 

nucleotide sequences do not have extensive homology or 

easily recognizable similarities. 
Recently, Weintraub and co-workers have identified 

an enhancer-promoter element that regulates the mus- 

cle form of creatine phosphokinase gene, which was pos- 

itively regulated by the expression of the wild-type p53 

gene, but not plasmids containing the mutant forms of 
p53 (Weintraub et al. 1991 ). In this study the p53-respon- 

sive element in this enhancer-promoter region was 

mapped to the location between -2800 and -3300 nu- 

cleotides 5' to the transcriptional start site of this gene. 

The nucleotide sequence of this region of the enhancer 
was determined, and a direct binding of wild-type p53 

protein from human and mouse identified a 50-bp region 

recognized by this protein. It was of some interest that 

this 50-bp region may be divided into two parts: a GC- 
rich sequence element that resembles the SV40 21-bp 

repeat region and a TGCCT repeated element. It is pos- 

sible that this naturally occurring element is a combina- 

tion of the two DNA sequence motifs reported previ- 

ously to bind the wild-type p53 protein (Bargonetti et al. 

1991; Kern et al. 1991b). When an oligonucleotide was 
synthesized with this 50-bp sequence, it conferred the 

ability to regulate positively a gene under the control of 

a minimal promoter in a wild-type p53 protein-specific 

fashion. Two copies of this 50-bp element were more 

responsive than one copy, and mutant forms of p53 were 

less capable of regulating this minimal promoter. Thus, 
the p53 protein appears to function by binding to specific 

DNA sequences and positively regulating an adjacent 

gene. 

When T antigen from SV40 is bound to p53, it fails to 

bind to specific DNA sequences (Bargonetti et al. 1991) 

and could inactivate p53 function in that fashion. Simi- 

larly, mutant forms of p53 bind less well to DNA, do not 

result in a clear footprint with DNase I cleavage, and 
stimulate this 50-bp site in a much poorer fashion than 

the wild-type p53 proteins. It may only be coincidence, 

but it is worth pointing out that an SV40 large T-antigen- 

binding site (GAGGC) is encoded within regions 2 and 3 

(Fig. 6) of the p53-responsive DNA-binding element in 
the MCK promoter. Such a close association or overlap 

of p53 and T-antigen-binding elements (seen in the SV40 

21-bp region) could have biological meaning. 

It is of some interest that the p53 protein binds to a 

TGCCT motif that is in the 25-bp element but that this 

sequence is not sufficient to confer p53-dependent posi- 
tive regulation of the test gene. Clearly, DNA binding is 

therefore not the equivalent of regulating gene expres- 

sion. Rather, both nucleotide-sequence motifs (Figs. 5 

and 6, regions 1--4), which can bind p53 protein sepa- 

rately, are required to observe expression of the test gene. 

The simplest hypothesis is that the p53-responsive ele- 

ment located -2800 to -3300 bp from the transcrip- 
tional start site is acting as an enhancer element and p53 

binding would be expected to promote transcription of 

this gene. Consistent with that hypothesis is the fact 

that the 50-bp MCK p53-responsive element functions in 

both orientations (G.P. Zambetti and A.J. Levine, data 
not shown) and that some p53 DNA-binding elements 

can act with a basal promoter to activate transcription in 

vitro in a wild-type p53 protein-dependent fashion (G. 

Farmer, J. Bargonetti, H. Zhu, P.N. Friedman, R. Prywes, 

and C. Prives, in press). 

Thus, the results presented in this discussion are the 

first identification of a natural p53-specific binding ele- 

ment that is associated with a biological function. The 
wild-type p53 protein, but not mutant forms of this pro- 

tein, may well regulate a set of genes in a positive fash- 

ion that prevent entry of cells into a proliferative cycle. 

The p53 mutations reduce DNA sequence recognition, 

and the oncogene products of the DNA tumor viruses 
prevent DNA binding (Lane and Crawford 1979; Linzer 

and Levine 1979; Sarnow et al. 1982) or destroy the p53 

protein (Scheffner et al. 1990; Werness et al. 1990). In 

light of previous suggestions that the p53 protein binds 

to DNA recognition sites near putative origins of DNA 

replication (Bargonetti et al. 1991; Kern et al. 1991 b), the 
wild-type p53 protein may even promote transcription 

across a DNA sequence that could result in the initiation 

of DNA replication. Further studies will be required to 

sort out these alternatives. 

Materials and methods 

Cell culture and transfection 

The h u m a n  os teogenic  s a rcoma  cell  l ine Saos-2 con ta ins  an 

extensive deletion in the coding region of the p53 gene and is 
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devoid of endogenous p53 mRNA and protein (Masuda et al. 

1987}. CV-1 cells are an African green monkey kidney cell line 

(Jensen et al. 1964) that presumably synthesizes wild-type p53 

protein. The spontaneously arising immortalized murine 

BALB/c embryo fibroblast (10)1 cell line (Harvey and Levine 

1991) contains large deletions in both p53 alleles and, conse- 

quently, is negative for p53 protein. The A-1 cell line is derived 

from rat embryo fibroblasts transformed by a temperature-sen- 

sitive mutant murine p53 gene (alanine to valine at amino acid 

135) and an activated ras gene (Finlay et al. 1988). At 32.5°C the 

exogenous p53 protein is predominantly in the wild-type con- 

formation and the cells are growth arrested in the G~ phase of 

the cell cycle (Michalovitz et al. 1990; Martinez et al. 1991). At 

high temperature (39°C) the murine p53 protein is primarily in 

the mutant conformation and the cells grow exponentially. 

T101-4 cells are rat embryo fibroblasts transformed with a mu- 

tant murine p53 gene containing a linker insertion mutation at 
amino acid 215 (KH215), which is not affected by temperature, 

and an activated ras gene (Finlay et al. 1988). All cell lines were 

maintained as monolayer cultures in Dulbecco's minimal es- 

sential medium (DMEM) containing 10% heat-inactivated fetal 

bovine serum, 2 mM glutamine, penicillin-G (100 U/ml), and 

streptomycin (100 ~g/ml)(completed medium) at the appropri- 

ate temperature in a humidified 5% COJ95% air atmosphere. 

The cells were plated at -20% confluency in a 10-cm 2 tissue 

culture dish (Coming, Chicago, IL) in 12 ml of completed me- 

dium and incubated at 37°C for 18-20 hr. The cells were refed 

with 15 ml of completed medium, cultured for 4 hr, and trans- 

fected with DNA (10 ~g/construct and adjusted to 20 ~g total 

with sheared salmon sperm DNA) that was prepared in a cal- 

cium phosphate precipitate as described previously by Graham 

and van der Eb (1973). The transfected cells were incubated at 

37°C for -18  hr, washed twice with prewarmed phosphate-buff- 

ered saline (PBS), and refed with 12 ml of completed medium. 

The cells were incubated at the appropriate temperature 

{32.5°C, 37°C, or 39°C) for an additional 48 hr. The transfected 

cells were washed with PBS and scraped from the plates in 1 ml 

of STE [150 mM NaCI, 10 mM Tris-HCl (pH 7.4), and 1 mM 

EDTA]. The cells were centrifuged at 12,000g for 20 sec, resus- 

pended in 200 ~1 of 0.25 M Tris-HCl (pH 8.0), and lysed by three 

cycles of freeze-thawing, alternating between a dry ice/ethanol 

bath and 37°C water bath (5 min at each temperature). Cellular 

debris was removed by centrifugation for 5 min at 12,000g, and 

the protein concentration of each sample was determined by the 

Bradford assay. 

Plasmids 

The MCKCAT gene is encoded by p3300MCKCAT, which con- 

tains 3300 bp of the murine MCK upstream control region fused 

to the coding region of the bacterial CAT gene (Jaynes et al. 

1988). pBLCAT2 consists of the HSV thymidine kinase pro- 

moter ( -  105 to + 51) fused to the CAT reporter gene (Luckow 

and Shutz 1987). p1634 (referred to as pTI in Shi et al. 1991) is 

a chimeric minimal promoter CAT reporter gene transcription- 

ally regulated by the Ad MLTATA and TdT gene initiator motif. 

p l 1-4 encodes a murine wild-type p53 cDNA under the tran- 

scriptional regulation of the SV40 promoter, and pSVKH215 

consists of an SV40 promoter controlling the expression of a 

murine mutant p53 cDNA that contains an insertion of a Hin- 

dIII linker (12-mer) in the KpnI site at amino acid 215 (Tan et al. 

1986). pMTC32 was constructed by inserting the 500-bp SalI 

fragment from MCKCAT, which was blunt-ended by the large 

Klenow fragment of DNA polymerase I into the BamHI-Kle- 

now site of pBLCAT2, pMCK1634CAT was constructed by in- 

serting the 500-bp SalI-Klenow fragment from MCKCAT into 

the EcoRV site of p1634 DNA. A synthetic double-stranded oli- 

gonucleotide consisting of the following sequences, 5'-GGG 

CCT GCC TCT CTC TGC CTC TGA C-3', was cloned into the 

EcoRV site of p1634 DNA to construct p25-1 (single-copy in- 

sert; oriented in forward direction with respect to TATA box). A 

synthetic double-stranded oligonucleotide consisting of the fol- 

lowing sequences, 5'-TGG CAA GCC TAT GAC ATG GCC 

GGG GCC TGC CTC TCT CTG CCT CTG ACC CT-3', was 

cloned into the EcoRV site of p1634 DNA, resulting in the con- 

struction of p50-1 (single copy; oriented in forward direction) 

and p50-2 (two copies; oriented in forward direction). The 500- 

bp SalI fragment of MCKCAT was sequenced in both orienta- 

tions by the Sequenase method (U.S. Biochemical Corporation; 

Cleveland, OH). 

CAT assays 

Equal quantities of protein were assayed for CAT activity (Gor- 

man et al. 1982) on the basis of protein concentration as deter- 

mined by the Bradford method (Bio-Rad Laboratories, Rich- 
mond, CA). Extracts were incubated with 0.1 ~Ci of 14C-labeled 

chloramphenicol and 4 mM acetyl coenzyme A in 0.5 M Tris- 

HCI (pH 8.0) at 37°C for 1.5 hr. The reactions were extracted 
with 1 ml of ethyl acetate and dried under vacuum at room 

temperature for several hours. The samples were resuspended in 

25 ~1 of ethyl acetate and loaded onto silica gel-preadsor- 

bent/channeled thin layer chromatography plates (Baker 

Si250PA19C; purchased from VWR Scientific) and chromato- 

graphed in 95% chloroform, 5% methanol. The plates were air- 

dried and subjected to autoradiography and densitometric anal- 

ysis. 

Protein-DNA complex immunoprecipitation assay 

Sequence-specific DNA-binding activity of murine wild-type 

p53 was examined according to a modified McKay assay (1981) 

as described by Kern et al. (1991b). The 500-bp SalI fragment 

from the MCK promoter was digested with StyI and BanI re- 

striction endonucleases resulting in the formation of three frag- 

ments of the following sizes: 217, 160, and 123 bp. The DNA 

fragments were subsequently radiolabeled by filling in the 5' 

overhangs with [~-32p]dCTP and Klenow enzyme as described 

previously (Maniatis et al. 1982). Murine wild-type p53 was 

purified from Spodoptera frugiperda insect cells (Sf27 cells) in- 

fected with vEV55p53 recombinant baculovirus (O'Reilly and 

Miller 1988), as described previously (Wang et al. 1989). Wild- 

type p53 protein (5 ~1; 25 ng of protein/~l) was incubated with 
4 x l0 s to 6 x l0 s cpm 32p-labeled DNA (1 ~1), 800 ng of puri- 

fied monoclonal antibodies (in 8 ~1 of binding buffer), and 95 ~1 

of binding buffer [20 mM Tris-HC1 (pH 7.2), 100 mM NaCI, 10% 

glycerol, 1% NP-40, 5 mM EDTA] at 4°G for 30 min. Simulta- 

neously, protein A-Sepharose (1.5 mg) (Sigma) was incubated 

with 12.5 ~g of poly[d(I-C)]/poly[d(I-C)] (Pharmacia) in 25 ~l of 

binding buffer on ice for 30 min. The protein A-Sepharose so- 

lution was added to the DNA-binding reaction and incubated 

while rotating at 4°C for 30 min. The immunoprecipitates were 

washed twice with 500 ~1 of binding buffer and digested in 160 

p,1 of 10 mM Tris-HC1 (pH 9.0), 1 mM EDTA, 20 ~1 of 10% SDS, 

and 5 mg/ml of proteinase K (Sigma) at 50°C for 1 hr. The 

samples were diluted with 100 ~1 of 10 mM Tris-HC1 (pH 9.0) 

and 1 mM EDTA and extracted with 300 ~1 of phenol-chloro- 

form and 300 ~1 of chloroform. The DNA was ethanol-precipi- 

tated, resuspended in 10 ~1 of 2% SDS loading buffer, and ana- 

lyzed by electrophoresis through a 3% Nusieve-agarose gel 

(FMC BioProducts, Rockland, ME) and autoradiography. 
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DNase I footprinting 

The labeled MCK fragment was prepared by digesting pSC- 
MCK-3 (G.P. Zambetti and A.J. Levine, unpubl.) with XhoI and 

labeling with the large fragment of DNA polymerase I and 
[32p]dNTPs. The mixture was then digested with PstI, and the 

500-bp end-labeled fragment was gel purified. The labeled 
strand corresponds to the bottom strand of the sequence shown. 
Reaction mixtures (50 ~1) containing 40 mM creatine phosphate 

(di-Tris salt, pH 7.7), 4 mM ATP, 7 mM MgC12, 0.2 mg/ml of 
bovine serum albumin, 0.5 mM DTT, 10 ng of the plasmid 
pATI53 (Twigg and Sheratt 1980), and 10-12 fmoles of 32p-la- 

beled DNA fragment were preincubated for 5 min at 37°C. Bind- 

ing of the p53 protein to DNA (at protein concentrations indi- 
cated in Fig. 5) was allowed to proceed for 15 min at 37°C. The 
amount of DNase I required to produce an even pattern of par- 

tial cleavage products was pretested empirically; in general, 
4-10 ~1 of a freshly diluted solution of 0.5 ~g/ml solution in 20 

mM CaC12 was used. After digestion, 50 ~1 of DNase stop solu- 

tion (2 M ammonium acetate, 100 mM EDTA, 0.2% SDS, 100 
~g/ml of sheared salmon sperm DNA) was added, and the DNA 
was extracted with phenol and ethanol precipitated. The DNA 

was then electrophoresed on a 6% denaturing polyacrylamide 
gel. This procedure is described in more detail in Bargonetti et 

al. (1991). 
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