






T antigen and mutant p53s inhibit p53 DNA binding 

A 
4 - -  

s-i 

2 - -  

1 n 

1 2 3 4 5 6 7 8 

o 

o 

9 10 
• :!Z " 

B 
2 3 4 5 6 7 8 9 ~0 ! 1 12 13 14 15 

. , .: . . . . . . . . .  oo :oo .~  ,i:.o. o 

R G C - W  S V 4 0  

Figure 2. Human p53 binds with similar affinity to RGC-W and MCK 
i oligonucleotides. (A) EMSA competynon analysis in which reaction mix- 

tures contained 1.5 pmole of radiolabeled MCK [lanes 1-5) or RGC-W (lanes 
6--10) oligonucleotides and 850 ng of wild-type human p53 with no com- 
petitor (lanes 2,7), 40 pmoles of unlabeled RGC-M (lanes 3,8), 40 pmoles of 
unlabeled RGC-W (lanes 4,9), or 40 pmoles of unlabeled MCK (lanes 5,10) 
oligonucleotides. Lanes 1 and 6 show reaction mixtures that contain no p53 

M C K R G C - W protein. (B) EMSA competition analysis in which reaction mixtures con- 
tained 1.5 pmole of radiolabeled RGC-W (lanes 1-8) or SV40 (lanes 9-15) 

oligonucleotides and 1 ng of wild-type human p53 with no competitor (lanes 2,9), 20 (lanes 3,10) or 40 (lanes 4,11) pmoles of unlabeled 
RGC-M, 20 {lanes 5,12) or 40 (lanes 6,13) pmoles of unlabeled SV40, and 20 (lanes 7 and 14) or 40 (lanes 8,15) pmoles of unlabeled 
RGC-W oligonucleotides. The mixture shown in lane 1 contains no p53 protein. 

the molar concentrations required for DNase I protec- 
tion corresponded to the calculated K app. There is a dis- 
crepancy between the relative binding affinities observed 
by EMSA and nitrocellulose filter binding. The fact that 
in the former case we see very little difference in binding 
affinity between RGC-W and SV40 in the presence of 
nonspecific competitor might be explained by the "cag- 
ing" phenomenon described by Fried and Crothers 
(1981), in which protein-DNA interactions are stabilized 
in the gel matrix. 

Wild-type but not mutant p53 proteins protect 
the RGC cellular DNA sequence 

We analyzed the ability of different p53 proteins to bind 
specifically to the RGC-binding sequence by DNase I 
footprinting analysis. Both wild-type murine and human 
p53 proteins displayed similar clear protection patterns 
on the labeled fragment (Fig. 4, cf. lanes 2 and 3 with 4 
and 5). The region of the DNA fragment containing the 
RGC sequence was completely protected. In addition, a 
pattern of alternating regions of DNase I protection and 
hypercutting extended into the plasmid DNA sequence 
of the fragment. This rather unique extension of the pro- 

tection pattern was also evident with two other se- 
quences bound by p53:SV40 (Bargonetti et al. 1991) and 
MCK (Zambetti et al. 1992). Tumor-derived his273 
(lanes 6,7), trp248 (lanes 8,9), and his175 (lanes 10,11) 
mutant p53 proteins, at equivalent concentrations to 
those of the wild-type proteins, displayed virtually no 
protection of the RGC site. 

SV40 mutant tsA T antigens conditionally inhibit 
p53 binding to RGC DNA 

We reported previously that SV40 T antigen inhibits the 
ability of p53 to bind specifically to the late origin-prox- 
imal region of SV40 DNA, which contains several bind- 
ing sites for the transcription factor Sp 1 (Bargonetti et al. 
1991). These results were of potential significance when 
considering the consequences of the p53-T antigen in- 
teraction. However, they were compromised, in our 
opinion, by the fact that SV40 T antigen itself binds 
tightly to the region directly adjacent to that which p53 
binds. Thus, we could not rule out the possibility that T 
antigen inhibits p53 DNA binding through its own spe- 
cific interaction with the SV40 origin. It was therefore of 
great interest to examine a p53-binding site that does not 
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Figure 3. p53 has a higher affinity for the 
RGC-W than for the SV40 oligonucleotide. 
Binding reactions containing increasing quan- 
tities of wild-type p53 protein, RGC-W (r~), 
SV40 (e), or RGC-M {In) 32P-labeled oligonu- 
cleotide ( 3 x 10- [1M), and 50 pg of poly[d(I-Cl] 
were incubated for 30 min at 20°C and filtered 
through 0.45-~m nitrocellulose filters. The fil- 
ters were counted by liquid scintillation. 
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contain sequences with which T antigen also binds spe- 
cifically. Examination of the MCK site revealed that it 
contains two closely spaced copies of the T antigen con- 
sensus-binding pentanucleotide 5'-GA/GGGC-3' and 
thus was not an ideal choice. We therefore decided to 
analyze the effects of T antigen on the RGC site inter- 
action with p53 (Fig. 5). As predicted, SV40 T antigen did 
not bind specifically to the RGC sequence (Fig. 5A, lane 
8). Nevertheless, it completely inhibited p53 site-spe- 
cific binding to this site (Fig. 5A, lane 5), suggesting that 
the direct interaction between the SV40 T antigen and 
p53 is the major determinant for this inhibition. We also 
observed that the order of addition of p53 and T antigen 
did not influence this inhibition, a result that might be 
related to the fast on/off rate of p53 for DNA (data not 
shown). 

Temperature-sensitive mutant  SV40 T antigens 
(tsA357R-K and tsA438A-V) are oncogenic at the permis- 
sive temperature (33°C) but unable to transform cells at 
the restrictive temperature (41°C)(for review, see Tooze 
1981). Whereas at 41°C wild-type SV40 T antigen can 
bind to p53, it has been reported that tsA438 T antigen is 
not able to bind to p53 at the higher temperature (Linzer 
et al. 1979; Montenarh et al. 1984, 1985). Baculoviruses 
expressing the two tsA mutant  T antigens were con- 
structed, and the mutant  T antigens were purified from 
insect cells. Both of these temperature-sensitive T-anti- 
gen proteins were shown to mediate replication of SV40 
origin containing DNA after preincubation at 33°C but 
not at 41°C (tsA438, Reynisd6ttir et al. 1990; tsA357, 
Reynisd6ttir and Prives 1992). To extend the relation- 
ship between the transformation potential of SV40 T an- 
tigen and the ability of T antigen to inhibit p53 DNA 
binding, tsA357 and tsA438 T antigens were also tested 
for their ability to inhibit p53 RGC binding after incu- 
bation at 33°C and 41°C (Fig. 5A, B}. At the permissive 
temperature (33°C) both tsA mutant  T antigens pre- 

vented p53 DNA binding (Fig. 5A, lanes 6,7). As was the 
case for wild-type T antigen, no specific binding to the 
RGC sequence was exhibited by either tsA mutant  T 
antigen alone (Fig. 5A, lanes 9,10). Strikingly, in contrast 
to the result seen at the permissive temperature, after 
preincubation at 41°C, wild-type T antigen retained the 
ability to inhibit p53 DNA binding (Fig. 5B, lanes 3,4), 
whereas neither tsA357 (Fig. 5B, lanes 5,6) nor tsA438 
(Fig. 5B, lanes 7,8) mutant  proteins significantly pre- 
vented p53 DNA-binding. These data therefore suggest 
that there is a direct relationship between the ability of 
T antigen to inhibit p53 DNA binding and the ability of 
T antigen to transform cells. 

Mutant p53 proteins exhibit variability 
in dominant-negative effect 

Introduction of plasmids expressing high levels of mu- 
tant p53 into cells causes oncogenic changes in their 
growth properties. As p53 proteins are oligomeric (Mc- 
Cormick et al. 1981; Kraiss et al. 1988; O'Reilly and 
Miller 1988; Stenger et al. 1992; P.N. Friedman, X.-B. 
Chen, J. Bargonetti, and C. Prives, in prep.) and as hetero- 
oligomeric complexes between p53 proteins from differ- 
ent species, or between wild-type and mutant  proteins 
from similar or different species, can form (Friedman et 
al. 1990; Milner et al. 1991), it is likely that introduction 
of mutant  p53 proteins into cells results in the formation 
of heterocomplexes containing both the resident wild- 
type cellular p53 and the mutant  p53. Because mutant  
p53 cannot bind site specifically to DNA it was of inter- 
est to determine whether mutant  p53 proteins inhibit 
the DNA-binding ability of wild-type p53. Initially we 
tested this possibility by adding purified mutant  p53 pro- 
teins to reactions containing a level of wild-type p53 that 
was able to protect the RGC sequence from DNase I 
digestion (Fig. 6, lanes 5-10). Under these conditions, up 
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Figure 4. Wild-type but not mutant p53 proteins bind specifi- 
cally to the RGC sequence. DNase I footprinting reactions were 
carried out as described in Materials and methods. The RGC 
region protected by p53 is indicated at 1eft. Binding reaction 
mixtures contained no protein (lane 1) or 20 and 40 ng of wild- 
type murine p53 (lanes 2 and 3, respectively), wild-type (lanes 4 
and 5, respectively), his273 mutant (lanes 6 and 7, respectively), 
trp248 mutant (lanes 8 and 9, respectively), or his175 mutant 
(lanes 10 and 11, respectively) human p53 proteins. 

to a fourfold molar excess of each of the three mutant 
p53 proteins did not inhibit wild-type p53 binding. The 
inability of mutant p53 proteins to block binding by 
wild-type p53 is consistent with the observation that 
wild-type and mutant human p53 proteins do not form a 
complex when mixed in vitro. 

Insect cells coinfected with baculoviruses expressing 
wild-type murine p53 and either wild-type human or one 
of the three mutant human p53s produce hetero-oligo- 
meric complexes (Friedman et al. 1990, and unpubl.). 
The murine p53 and human p53 proteins can be dis- 
cerned by their different electrophoretic mobilities and 
reactivity with species-specific monoclonal antibodies. 
We therefore tested the DNA-binding ability of p53 pro- 
tein complexes immunopurified from insect cells that 
had been coinfected with wild-type murine p53 and ei- 
ther wild-type or each of three mutant human p53 re- 
combinant baculoviruses. The purified proteins from 

these cells were examined by PAGE to determine the 
ratio of murine to human protein (Fig. 7A). Each murine 
p53/mutant human p53 combination contained propor- 
tionally either equal or lesser quantities of human pro- 
tein as determined by silver staining (Fig. 7A, lanes 1-3}. 
Westem blot analysis with mouse-specific {PAb 248) and 
human-specific (PAb 1801)monoclonal antibodies (Fig. 
7B) demonstrated the relative levels of the human or 
murine protein present. 

We compared the DNA-binding ability of purified 
wild-type routine p53 alone with those of the wild-type 
murine p53/human p53 complexes described in Figure 7, 
A and B. The various murine/mutant human p53 com- 
plexes used were "normalized" such that equivalent 
quantities of routine p53 were present in the DNA-bind- 
ing reactions. The wild-type murine p53/wild-type hu- 
man p53 complex contained relatively less murine p53 
than did the other complexes (Fig. 7A, B, lanes 4) and, 
therefore, was not adjusted to match in quantity the pu- 
rified wild-type murine p53 levels used because of the 
very large excess of human p53 protein that would have 
been present in reaction mixtures (Fig. 7A, B, lanes 5). By 
DNase I footprinting analysis, the purified wild-type mu- 
rine/wild-type human p53 complex protected the RGC 
sequence to a similar extent as did purified murine p53 
alone (Fig. 7C, cf. lanes 2 and 3 with 4 and 5). However, 
when the purified wild-type murine/mutant  human p53 
complexes were assayed for binding, striking results 
were obtained. First, the different complexes showed 
variation in their ability to protect the RGC sequence. 
Second, this variability was not proportional to the rel- 
ative quantity of mutant human p53 present in the com- 
plexes as estimated from silver-stained polyacrylamide 
gels. For example, the complex containing the his273 
mutant p53 contained a markedly greater amount of mu- 
fine p53 than the mutant human form (Fig. 7A, lane 1) 
yet exhibited no competence for DNA-binding ability 
(Fig. 7C, lanes 6,7}. Thus, the his273 mutation is strongly 
dominant to wild-type p53 for site-specific DNA bind- 
ing. The complex containing the his175 mutant p53 con- 
tained approximately equal amounts of murine and hu- 
man protein (Fig. 7A, lane 3) and was also unable to bind 
to the RGC sequence (Fig. 7C, lanes 10,11 ). Interestingly, 
the complex that contained the trp248 mutant p53 dis- 
played nearly wild-type levels of protection of the RGC 
site (Fig. 7C, lanes 8,9}, despite the fact that it contained 
approximately equal amounts of murine and human pro- 
tein (Fig. 7A, lane 2). This somewhat unexpected result 
was confirmed repeatedly with murine/trp248 mutant 
human p53 complexes made at different times. Thus, 
mutant p53 proteins can impair the DNA-binding func- 
tion of wild-type p53 by forming mixed oligomers, but 
their effect can range from very toxic to nearly inert. 
Furthermore, the fact that the least inhibitory mutant 
p53 is that corresponding to the Li-Fraumeni patient syn- 
drome mutation may be related to the fact that such 
individuals can bear germ-line mutations at this p53 res- 
idue. 

To further characterize the DNA-binding properties of 
the complex containing the trp248 mutant p53, EMSA 
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Figure 5. SV40 tsA T antigens conditionally inhibit 
p53 binding to the RGC sequence. DNase I footprinting 
reactions were carried out as described in Fig. 4. (A) 
Analysis of binding to a 32P-labeled RGC-containing 
fragment at 33°C with no protein (lane 1) or 10 {lane 2), 
20 (lane 3), 30 {lane 4) ng of wild-type human p53 or 30 
ng of wild-type p53 with 80 ng of either wild-type T 
antigen (lane 5), tsA357 {lane 6), or tsA438 (lane 7) mu- 
tant T antigens. Reaction mixtures containing no p53 
but with 80 ng of either wild-type T antigen {lane 8), 
tsA357 (lane 9}, or tsA438 (lane 10) mutant T antigens 
are also shown. Wild-type and mutant T antigens were 
preincubated at 33°C for 15 min before addition to re- 
action mixtures. (B) Analysis of binding to 3zp-labeled 
RGC-containing fragment at 37°C with no protein [lane 
1), 30 ng of wild-type p53 (lane 2), or 30 ng of wild-type 
p53 with 40 or 80 ng of either wild-type T antigen (lanes 
3 and 4, respectively), mutant T antigen tsA357 {lanes 5 
and 6, respectively), or tsA438 (lanes 7 and 8, respec- 
tively}. Binding mixtures with no p53, but containing 
80 ng of either wild-type T antigen (lane 9), tsA357 (lane 
10), or tsA438 (lane 11) mutant T antigens, are also 
shown. Wild-type and mutant T antigens were pre- 
heated at 41°C for 15 min before the addition to reac- 
tion mixtures. 
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was performed (Fig. 8). Confirming the results of the 
DNase I footprint analyses, while  the trp248 mutan t  p53 
was completely inactive in this assay, when complexed 
to mur ine  p53, it formed DNA-pro te in  complexes in a 
similar  fashion to either the wild-type mouse or human  
p53 proteins alone. While  coimmunoprecipi ta t ion anal- 
ysis wi th  murine- and human-specif ic  antibodies indi- 
cated that the p53 proteins in the wi ld- type/mutant  p53 
complex were bound to one another (data not shown), it 
was of interest to determine whether  the trp248 mutant  
h u m a n  protein could be detected wi th in  the DNA-p53 
protein complexes containing mur ine  p53. We therefore 
asked whether  the human-specif ic  antibody PAb 1801 
was able to interact wi th  the m u r i n e / m u t a n t  h u m a n  p53 
DNA complex. As shown in Figure 8, not only was there 
a supershift observed wi th  h u m a n  p53 alone but also 
wi th  the complex containing the trp248 mutan t  h u m a n /  
wild-type mur ine  p53 proteins. As expected, PAb 1801 
did not affect the mobi l i ty  of the DNA-pro te in  com- 
plexes containing wild-type mur ine  p53 alone. These 
data therefore show that while  the trp248 mutan t  hu- 
man  p53 alone is not able to interact wi th  DNA, it can 

participate directly in forming a DNA-pro te in  complex 
when associated wi th  a wild-type p53. 

Discussion 

Our data indicate that p53 binds wi th  relatively high 
affinity and specificity to three different known D N A  
sequences. In all cases, EMSA assays displayed several 
discrete p ro te in -DNA complexes containing p53. Anal- 
ysis of purified p53 protein in the absence of DNA by 
nondenaturing PAGE has revealed that it exists as dis- 
tinct oligomers that represent tetramers and mult iples  
thereof (Stenger et al. 1992; P.N. Friedman, X.-B. Chen, J. 
Bargonetti, and C. Prives, in prep.). Our data wi th  EMSA 
indicates that these various oligomers of p53 are all ca- 
pable of binding to DNA. Evidence that the uni t  mult i -  
met  of p53 is a tetramer is supported by experiments  
uti l izing cross-linking, zonal velocity, density gradient 
centrifugation, and gel fi l tration analyses {Stenger et al. 
1992; P.N. Friedman, X.-B. Chen, J. Bargonetti, and C. 
Prives, in prep.). By analysis of the Stokes radius and 
sedimentat ion coefficient of p53 we have calculated a 
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Figure 6. Added mutant p53 proteins do not inhibit DNA bind- 
ing by wild-type p53. DNase I protection analysis of gaP-labeled 
RGC sequence-containing fragment as in Fig. 4 bound to no 
protein (lane 1 ), 70 ng of wild-type murine p53 (lane 2), or 70 ng 
of murine p53 plus two levels (140 and 280 ng) of added SV40 T 
antigen (lanes 3 and 4, respectively), or his273 (lanes 5 and 6, 
respectively), trp248 (lanes 7 and 8, respectively), or his175 
(lanes 9 and 10, respectively) immunopurified human mutant 
p53 proteins. 

frictional coefficient of 1.75, indicating that the p53 tet- 
ramer has a long, extended shape (P.N. Friedman, X.-B. 
Chen, J. Bargonetti, and C. Prives, in prep.). Comparing 
p53 DNase I footprints on RGC DNA in this study with 
its protection of sites on SV40 (Bargonetti et al. 1991) and 
MCK (Zambetti et al. 1992) DNA fragments, we have 
noted a consistently striking pattern of protection in 
which sequences extending from the actual specific site 
are alternately protected and hypersensitive to DNase I 
cutting. These auxiliary patterns may be the result of the 
extended p53 protein multimers wrapping around or 
spreading out over the DNA. 

The ability of p53 to bind specifically to SV40, MCK, 
and RGC suggests that the sequences with which p53 
interacts are diverse. However, E1-Deiry et al. (1992) re- 
cently reported the identification of a number of addi- 
tional genomic sites to which p53 binds which each con- 

tain a dimer of a double-stranded motif that loosely fits 
the sequence 5'-Pu Pu Pu C (A/T) (T/A) G Py Py Py-3' 
The three sites used in our experiments herein also con- 
tain versions of this consensus sequence. That p53 is an 
extended tetramer fits well with the nature of the dupli- 
cated cognate symmetrical p53-binding site. 

Recently, p53 was shown to activate transcription of 
plasmids containing reporter templates bearing p53- 
binding sites in vivo (Funk et al. 1992; Kern et al. 1992; 
Scharer and Iggo 1992; Zambetti et al. 1992) and in vitro 
(Farmer et al. 1992). The sequences of both the MCK and 
RGC oligonucleotides used in this study are sufficient to 
confer p53-mediated activated expression from such con- 
structs. Although the significance of either of these sites 
to the role of p53 in cell regulation is not obvious, such 
experiments bring into focus the likelihood that p53 is a 
transcription factor that exerts its influence through spe- 
cific interactions with DNA. The potential importance 
of this function is highlighted by the fact that tumor- 
derived p53 mutants are all defective in DNA binding. 
Loss of DNA binding could therefore be a means of pre- 
venting the activation of specific genes by p53. 

Our experiments have furthered the connection be- 
tween inhibition of p53 DNA binding and loss of normal 
p53 function. SV40 T antigen was shown to completely 
block the binding of p53 to the RGC site. The ability of 
SV40 T antigen to affect the growth of certain cell types 
is tightly correlated with its ability to bind p53 (Lin and 
Simmons 1991; Zhu et al. 1991, 1992). Our results, 
which demonstrate that two temperature-sensitive T an- 
tigens inhibit p53 DNA binding at the permissive, but 
not at the restrictive, temperature, provide evidence that 
the transforming potential of T antigen is the result of its 
interaction with and subsequent inactivation of p53 
function. This would be an explanation for why, at the 
nonpermissive temperature, these mutant  proteins can- 
not transform cells. The products of other DNA tumor 
viruses also alter the function of wild-type p53. The 
product of the E6 gene of oncogenic forms of human 
papillomaviruses targets p53 for rapid degradation 
through the ubiquitin-mediated proteolytic pathway 
(Scheffner et al. 1990). In addition, the adenovirus E1B 
58-kD protein product that binds to p53 was shown re- 
cently to inhibit the function of the transcriptional ac- 
tivation domain of p53-GAL4 hybrid proteins (Yew and 
Berk 1992). The fact that the SV40 and adenovirus prod- 
ucts block the DNA-binding and transcriptional activa- 
tion properties of p53, respectively, supports the sugges- 
tion that DNA-binding-dependent transcriptional acti- 
vation may be key in p53 control of cell growth and 
DNA replication. We have found that p53 activation of 
transcription in vitro from templates containing the 
RGC sequence upstream of basal promoter elements is 
inhibited by the addition of T antigen (Farmer et al. 
1992). This result is most likely due to the fact that T 
antigen prevents the binding of p53 to the RGC site (as 
shown in this study). 

Complexes containing both mutant  and wild-type p53 
displayed interesting variations in their ability to bind to 
DNA. While those containing wild-type and either 
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Figure 7. Cotranslated complexes containing wild-type murine  p53 with different mutan t  human  p53 proteins exhibit variability in 
their DNA-binding ability. (A) Silver-stained SDS--polyacrylamide gel analysis of 5 and 10 ~1 of complexes as indicated (lanes 1-4) or 
murine p53 alone (lane 5). Positions of human and murine p53 proteins and molecular mass markers (in kD) are shown at left. (Hp53) 
Human p53, (Mp53) murine p53. (B) Western blot analysis of proteins corresponding to lanes containing the higher level of protein 
shown in A was carried out with murine-specific antibody PAb 248 tleftJ or with human specific antibody PAb 1801 (right). (C) DNase 
I protection analysis of the 3~P-labeled RGC-containing fragment as in Fig. 4 bound to no protein (lane 1), two levels (30 and 60 ng) of 
wild-type murine p53 (lanes 2,3), or complexes containing wild-type routine and either wild-type human p53 proteins (lanes 4,5) or 
mutant human p53 proteins as indicated, adjusted such that the amounts of protein added contained 30 and 60 ng of murine p53. 

his175 or his273 mutan t  proteins failed to bind to DNA, 
a complex containing the trp248 mutan t  p53 displayed 
competence for such binding. Whereas mutat ions  occur- 
ring wi th in  h u m a n  tumors have apparently lost wild- 
type function, introduction of plasmids expressing mu- 
tant p53 into cells can function as active in immortal-  
ization and oncogene cooperation assays. In particular, 
the oncogenically derived his175 and his273 mutan t  p53 
proteins both cooperate wi th  ras to transform primary 
rat embryo fibroblasts (Hinds et al. 1990). Cotranslation 
of activated mutan t  p53 wi th  wild-type p53 causes the 

wild-type p53 to assume a mutan t  conformation, as 
judged by reactivity wi th  conformation-specific antibod- 
ies (Milner and Medcalf 1991). Thus, these mutan t  p53 
proteins, when  introduced into cells by various proto- 
cols, may assemble wi th  the resident wild-type p53 pro- 
tein and poison its activity. The data we obtained wi th  
the him 75 and his273 mutan t  p53 proteins are also con- 
sistent wi th  the fact that these same complexes fail to 
activate transcription in vitro (Farmer et al. 19921. The 
Li-Fraumeni mutan t  trp248 is representative of a p53 
mutat ion that is inheri ted through the germ line and 
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1992). Nevertheless, in that study, the ratio of mutant to 
wild-type p53 expressed in transfected cells was not re- 
ported, and complexes containing a high ratio of trp248 
mutant to wild-type p53 might be more defective. Alter- 
nately, wild-type/trp248 mutant p53 complexes may be 
capable of binding DNA but not activating transcription. 
We are currently testing these and other possibilities. 

In addition to activating transcription, wild-type p53 
can repress transcription of many genes. A role for p53 in 
regulation of DNA replication based on both in vitro 
(Gannon and Lane 1987; Sturzbecher et al. 1988; Wang et 
al. 1989) and in vivo (Braithwaite et al. 1987; Kastan et 
al. 1991; Wilcox and Lane 1991) studies has also been 
postulated. It can be speculated that these functions are 
dependent on site-specific DNA binding by p53. The 
mounting evidence that DNA binding is central to the 
normal function of p53 should provide the impetus to 
identify genes with activities that are controlled by the 
DNA-binding ability of p53 and also to identify factors 
that regulate such binding. Furthermore, whether or not 
mutated p53 proteins contribute to tumor progression 
through regulation of wild-type p53 is a question that 
deserves careful attention. 

Figure 8. The trp248 mutant human p53 protein binds directly 
to DNA when complexed with wild-type murine p53. EMSA 
analysis of reaction mixtures containing 32P-labeled RGC (1.5 
pmole) and poly[d(I-C)] (100 ng) with either no protein (lane I), 
200 ng of wild-type human p53 (lanes 2,6), 200 ng of murine p53 
(lanes 3,7}, 400 ng of complex containing wild-type murine and 
trp248 mutant human p53 protein (lanes 4,8), or 200 ng of 
trp248 mutant human p53 proteins (lanes 5,9). Mixtures shown 
in lanes 6-9 contained 6 ~g of human-specific p53 monoclonal 
antibody (PAb 1801). 

causes individuals to have a 50% probability of develop- 
ing malignant carcinoma by the age of 30 (Malkin et al. 
1990; Srivastava et al. 1990). The trp248 mutant allele 
can be inherited with no detrimental effect to develop- 
ment. Moreover, Milner and Medcalf (1991) found that 
unlike other p53 mutants, coexpression of trp248 mu- 
tant p53 with wild-type p53 does not drive the wild-type 
protein into the mutant conformation. Thus, the trp248 
mutation may not function in a dominant-negative man- 
ner. However, it must be noted that constructs express- 
ing several mutant p53 proteins, including the trp248 
mutant, were shown to inhibit wild-type p53-mediated 
activation of transcription from RGG-binding site-con- 
taining plasmids in cell transfection assays (Kern et al. 

Materials and methods 

Purification of p53 and SV40 T antigen proteins 

Recombinant baculoviruses expressing wild-type human or 
his273 and his175 mutant p53 proteins were described previ- 
ously (Bargonetti et al. 1991 and references therein). Similarly, 
the construction of recombinant baculoviruses vEV55SVT, ex- 
pressing wild-type SV40 T antigen (O'Reilly and Miller 1988), or 
vEV55SVtsA30 and vEV55SVtsA58, expressing tsA 357R-K and 
tsA 438A-V mutant T antigens, respectively (Reynisd6tter et al. 
1990; Reynisd6tter and Prives I992) has been described. Con- 
struction of recombinant baculovirus expressing trp248 mutant 
p53 was by a protocol similar to that used to generate the other 
human p53 viruses (Friedman et al. 1990}. The baculovirus en- 
coding wild-type murine p53 was a generous gift from M. Oren 
(Weizmann Institute, Israel). Sf21 insect cells that served as host 
cells for all baculoviruses used in this study were grown at 27°C 
in TC-100 medium (GIBCO) containing 10% heat-inactivated 
fetal calf serum and 0.25% tryptose broth. 

Sf21 cells (2.5 x 107/150-mm dish) were infected with recom- 
binant viruses and harvested 48 hr after infection. Extracts of 
infected cells were prepared, and p53 and T antigen proteins 
were purified from cell lysates by immunoaffinity procedures 
essentially as described (Wang et al. 1989). Protein A-Sepharose 
columns to which the p53-specific monoclonal antibody PAb 
421 (Harlow et al. 1981) was cross-linked were used to purify 
p53 proteins. T-antigen proteins were purified using similar col- 
umns containing T antigen-specific monoclonal antibody PAb 
419 (Harlow et al. 1981). To prepare complexes containing mu- 
rine and human p53 proteins, insect cells were coinfected with 
recombinant baculoviruses expressing wild-type murine p53 
and each of the different human p53 proteins at comparable 
multiplicities of infection, and proteins were then purified us- 
ing PAb 421 columns as described above. 

DNA-bincting assays 

EMSA The synthetic oligonucleotides used in this study were 
either obtained from Operon or were generous gifts from M. 
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Sherman (Pharmagenics) and were constructed with XhoI ends 
for end-labeling by the DNA polymerase I large fragment and 
[32p]dNTPs. The RGC p53-binding sequence was identified by 
immunoprecipitation assays and methylation interference pro- 
tocols (Kern et al. 199 l a). This oligonucleotide (RGC-W)has the 
sequence 5'-TCGAGTTGCCTGGACTTGCCTGGCCTTGC- 
CTTTTC-3'. The sequence of the mutant RGC oligonucleotide 
(RGC-M); 5'-TCGAGTTTAATGGACTTTAATGGCCTTTA- 
ATTTTC-3' was also derived from Kern et al. (1991a), who 
showed that changing each TGCCT repeat of the RGC-W olig- 
onucleotide to TTAAT led to loss of specific binding by human 
p53. The MCK oligonucleotide sequence to which p53 binds 
(5'- TCGAGTGGCAAGCCTATACATGGCCGGGGCCTGCC- 
TCTCTCTGCCTCTGACCT-3') was demonstrated by DNase I 
protection analysis (Zambetti et al. 1992). The SV40 p53-bind- 
ing sequence oligonucleotide {SV40), which was also deter- 
mined by DNase I protection analysis (Bargonetti et al. 1991), 
has the sequence 5'-TCGAGCTAACTCCGCCCAGTTCCCC- 
ATTCTCCGCCCCATGGC-3'. 

Reaction mixtures (50 ~1) for EMSA experiments contained 
40 mM creatine phosphate, 4 mM ATP, 7 mM MgC12, 0.5 mM 
DTT, 0.2 mg/ml of bovine serum albumin, and an oligonucle- 
otide concentration of 3 x 10- 7 M. One microgram of wild-type 
human p53 was added to each reaction mixture, which was then 
incubated at room temperature for 30 rain, after which unla- 
beled competitors, either poly[d(I-C)] or oligonucleotide, were 
added as indicated, and the binding reactions were allowed to 
continue for an additional 15 min. Purified PAb 1801 was added, 
as indicated, directly into the reaction mixtures and incubated 
for 30 min. Protein-DNA complexes were resolved on 4% acry- 
lamide gels. 

Nitrocellulose filter binding Binding experiments were per- 
formed under essentially the same conditions as the EMSA; 
however, oligonucleotide concentrations of 3 x 10 -11 M were 
used, and all mixtures contained 50 pg of poly[d(I-C}]. Wild-type 
human p53 was added as indicated. Mixtures were incubated for 
30 min at room temperature and then filtered through 0.45-~m 
nitrocellulose filters presoaked in wash buffer {25 mM HEPES). 
The filters were washed twice with the same buffer and counted 
by liquid scintillation. 

DNase I protection assays A labeled fragment containing 
the RGC sequence was prepared by digesting a plasmid (sub- 
clone 10d of 772CBE) (Kern et al. 1991a) with BamHI and label- 
ing with the large fragment of DNA polymerase I and 
[32P]dNTPs. The mixture was then digested with PvuI, and the 
250-bp end-labeled fragment was gel purified. Reaction mix- 
tures 150 ~1) containing 40 mM creatine phosphate (di-Tris salt; 
pH 7.7), 4 mM ATP, 7 mM MgClz 0.2 mg/ml of bovine serum 
albumin, 0.5 mM DTT, 10 ng of pBR322, and 10-12 fmoles of 
32p-labeled DNA fragment were preincubated for 5 rain at 37°C. 
Proteins were added, and the reaction was allowed to proceed 
for 15 min. The amount of DNase I required to produce an even 
pattern of partial cleavage products was pretested empirically; 
in general, 4-10 ~1 of a freshly diluted 0.5-~g/ml solution in 20 
mM CaC12 was used. Following digestion, 50 Vd of DNase I stop 
solution (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 analyzed by electrophoresis through 8% dena- 
turing polyacrylamide gels. 

SDS-PAGE and Western blot analysis 

Duplicated samples of immunopurified p53 proteins were sub- 
jected to 10% SDS-PAGE and either silver stained or electro- 

transferred to nitrocellulose. In the latter case, half of the filter 
was probed with the human-specific p53 monoclonal antibody 
PAb 1801 (Banks et al. 1986), and the other half was probed with 
the murine-specific p53 monoclonal antibody PAb 248 (Yewdell 
et al. 1986). 
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