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p53 domains: suppression, transformation, and 
transactivation

Michael Reed, Yun Wang, Gregory Mayr, Mary E. Anderson, John F. Schwedes, 
and Peter Tegtmeyer

Department of Microbiology, State University of New York, Stony Brook, New York

We investigated the suppression, transform ation, and  transactivation functions of isolated seg
m ents of wild-type m urine p53. In tact p53, bu t no segm ent of p53, inhibited  cellular transfor
m ation by the activated ras and adenovirus E l A proteins. We conclude that most of p53 is needed 
for suppression of cellular proliferation. Nevertheless, the transactivating dom ain of herpesvirus 
p ro tein  VP16 was able to substitute for the N-term inal transactivating dom ain of p53 in cellular 
suppression. Thus, unless the interchanged p53 and VP 16 acidic segments share additional func
tions, transactivation is requ ired  for suppression by p53. Interestingly, we found that all p53 seg
m ents containing am ino acids 320-360 enhanced transform ation by ras and E1A. This region 
has been associated with the oligom erization of p53 (Milner et al., 1991; Sturzbecher et al., 1992). 
Furtherm ore, no p53 segment lacking amino acids 320-360 transform ed cells. Amino acids 320-360, 
therefore, may account for the major transform ing activity of p53. Intact p53 and chim eric VP16-p53 
transactivated the CAT gene under control of a p53-specific prom oter, while transform ing seg
m ents of p53 interfered with transactivation by wild-type p53. O ur findings argue that transactivation 
by p53 is required  for cellular suppression and that any nontransactivating p53 that retains the 
capacity to oligomerize with wild-type p53 would have transform ation potential.

T he p53 gene appears to be the most fre
quently m utated gene in hum an cancer 

(Hollstein et al., 1991; Levine et al., 1991). Study 
of hum an and m urine p53 has provided exten
sive evidence that wild-type p53 suppresses cell 
proliferation. The m utation of both p53 alleles 
in many hum an and experim ental cancers im
plies that the m utations cause a loss of suppres
sor function (Mowat et al., 1985; Masuda et al., 
1987; Baker et al., 1989). Indeed, suppression 
of cell proliferation by p53 has been dem on
strated directly in a num ber of ways. The wild- 
type p53 gene inhibits the initiation of trans
form ation of prim ary cells in culture by other

oncogenes (Eliyahu et al., 1989; Finlay et al., 
1989; H inds et al., 1989), and the overexpres
sion of wild-type p53 in established tum or cells 
blocks their proliferation in culture (Baker et 
al., 1990; Diller et al., 1990; M ercer et al., 1990) 
and tum or induction in animals (Chen et al.,
1990).

Many m utant forms of p53 interfere with the 
suppressor function of endogenous wild-type 
p53. After cotransfection with other oncogenes, 
the m utant p53s strongly enhance rather than 
suppress the transform ation of prim ary cells 
(Eliyahu et al., 1984; Parada et al., 1984; Jenkins 
et al., 1985; Finlay et al., 1988). Furtherm ore,
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m utant p53s can im m ortalize cells in culture 
in the absence of o ther transfected genes 
(Jenkins et al., 1984; Finlay et al., 1989). These 
findings indicate that m utant p53 interferes with 
wild-type p53. Classically, a dominant-negative 
phenotype is achieved by the formation of mixed 
oligomers of wild-type and m utant proteins 
(Herskowitz, 1987), and oligom erization of p53 
has been dem onstrated directly by a variety of 
approaches (McCormick et al., 1981; Eliyahu 
et al., 1988; Kraiss et al., 1988; Schmieg and 
Simmons, 1988; Gannon et al., 1990; Milner and 
Medcalf, 1991; Milner et al., 1991; Stenger et al., 
1992; Sturzbecher et al., 1992). Some m utant 
p53s, however, could interfere with wild-type 
protein by o ther mechanisms, for example by 
com peting for one or m ore substrates of the 
wild-type protein.

Oncogenic m utations of p53 cluster around 
“hot spots” in the center of the polypeptide chain 
(Hollstein et al., 1991; Levine et al., 1991). These 
clusters overlap segments of the protein that 
are the most highly conserved among a wide 
variety of species (Soussi et al., 1990). T here
fore, the position of the oncogenic m utations 
probably reflects a selective pressure in tum ors 
to inactivate functions crucial to the negative 
regulation of cell proliferation. This idea is con
sistent with the finding that m ost transform ing 
m utations severely reduce site-specific DNA 
binding (Bargonetti et al., 1991; Kern et al., 1991; 
El-Deiry et al., 1992) and transactivation (Ray- 
croft et al., 1990; Raycroft et al., 1991; Farm er 
et al., 1992; Kern et al., 1992; Unger et al., 1992; 
Zambetti et al., 1992). Aside from the identifica
tion of transform ing m utations, m utational 
analysis of p53 has been limited. Therefore, little 
is known about the dom ain structure of the p ro
tein. The first seventy-three amino acids are 
highly acidic and have been shown to activate 
transcription (Fields and Jang, 1990; Raycroft 
et al., 1990). The C-terminal region is m oder
ately basic, and m utations in this region reduce 
nonspecific DNA binding and oligom erization 
(Foord et al., 1991; Milner et al., 1991; Sturz
becher et al., 1992). Furtherm ore, Sturzbecher 
et al. (1992) have shown that certain  small C- 
term inal segments of p53 can oligomerize. In 
the present study, we have undertaken  a system
atic genetic analysis of p53 to define its dom ain 
structure and to understand how its dom ains 
cooperate to regulate the proliferation of cells. 
O ur goal in this study was to determ ine bio

logical functions of different segments of p53 
in vivo.

Materials and methods 

Plasmid construction

We constructed the pAT plasmids to express 
tagged proteins in animal cells. Plasmid pAT 
was made by inserting the Maloney sarcoma 
virus (MSV) prom oter (nucleotides 2380 to 
2990), p53 cDNA (sequences -6 7  to -11), a syn
thetic oligonucleotide, the SV40 small t antigen 
splicing signals (nucleotides 4710 to 4100), and 
the SV40 polyadenylation signal (nucleotides 
2770 to 2533) in that order between the Cla I 
and BamH I sites of pBluescript KS+ (Strata- 
gene). The synthetic oligonucleotide encodes 
a unique Nhe I site, a cassette for cloning and 
expression of polypeptides (see Results), and 
a unique BamH I site. The Nhe I site in the MSV 
promoter and the BamH I site of the pBluescript 
polylinker were intentionally destroyed by oligo
nucleotide-directed mutagenesis during con
struction of pAT. The plasmid pATn is identical 
to pAT except for the addition of the adeno
virus E1A nuclear localization signal (Lanford 
et al., 1990; Dingwall and Laskey, 1991) to the 
N-terminus of the cloning and expression cas
sette. The sequences and restriction maps of 
both plasmids are available on request.

Plasmid pSP72-RAS, consisting of the 6.6 kb 
BamH I fragm ent of clone T24 (Goldfarb et al., 
1982) subcloned into the BamH I site of SP72 
(Promega), expresses the activated ras protein. 
It was the generous gift of Arnold Levine. Plas
mid pBS-ElA was constructed by inserting the 
EcoR I to Sac I fragm ent of p lA  (Logan et al., 
1984) into the polylinker of pBluescript; it ex
presses the wild-type El A protein of adenovirus.

Synthesis of p53 domains

Arnold Levine supplied us with wild-type m u
rine p53 cDNA in pMSVcl (Finlay et al., 1988). 
We copied the entire p53 sequence or segments 
of it by using PCR with Vent polymerase (New 
England Biolabs), as described by the supplier. 
The PCR primers matched the N- and C-termini 
of chosen segments oip53. N-terminal prim ers 
were blunt-ended, and C-terminal prim ers in 
cluded a term ination codon and a BamH I site. 
The PCR fragments were cut with BamH I and 
phosphorylated at their 5' ends. These fragments
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were directionally ligated into the dephosphor- 
ylated Stu I and BamH I sites in the expression 
and cloning cassettes of pAT and pATn. The 
entire sequence of wild-type p53 and the Stu I 
N-term inal junctions of all cloned segments 
were verified by sequencing. The correct se
quence of the entire p53 gene indicates that our 
PCR technique does not introduce m utations 
with significant frequency. To exclude further 
the possibility of mutations within p53 segments, 
we isolated and tested two independent clones 
expressing each p53 segment. The pAT and 
pATn vectors were used for expression of p53 
in Fisher rat embryo fibroblast (REF) cells.

For expression of wild-type and m utant p53s 
in SF9 cells, we moved Nhe I-B am H  I restric
tion fragments encoding the tagged proteins 
from  pAT into the Nhe I-B am H  I sites of the 
pJVPIOZ plasmid (Vialard et al., 1990). This vec
tor places the p53 segments under the control 
o f the polyhedron prom oter of baculovirus. We 
recom bined this vector with baculovirus using 
a kit supplied by InVitrogen.

Suppression and transformation assays

We used the fourth passage of cells from a single 
lot o f REF cells for all assays. The cells were 
frozen in aliquots after passage three. Two days 
before transform ation assays, REF cells (1 x 
105) were thawed and seeded into 60 mm Fal
con plates in DMEM with 10% fetal bovine 
serum (FBS) and antibiotics. The cells were triply 
transfected with 2.5 |ig of pSP72-RAS, 2.5 |ig 
o f pBS-ElA, and 5.0 |ig of pAT DNA with or 
without 2ip53 insert at its cloning site. The DNAs 
were mixed with DOTAP (Boehringer M ann
heim) for liposom e-mediated transfection, as 
recom m ended by the supplier. In brief, 50 îl 
o f DOTAP were mixed with 50 îl of 2x Hepes 
buffered saline (20 mM Hepes, 150 mM NaCl 
at pH 7.4) in polystyrene tubes. The three DNAs 
were diluted to 100 \il with Hepes buffered sa
line, added to the DOTAP mixture, and incu
bated at room  tem perature for 10 minutes. 
These mixtures were diluted to 5 ml with DMEM 
containing 10% FBS and added to a 60 mm 
plate of REF cells. The cells were incubated at 
37°C in a moist CO2 incubator for 18 hours. 
The cells were washed once with 4 ml of DMEM 
and then refed with 5 ml of DMEM with 10% 
FBS and antibiotics. After 24 hours, the cells 
were removed from the plates with trypsin-EDTA 
and transferred to a 10 cm plate. The cells were

fed with DMEM and 10% FBS every 3-4  days. 
After 12 days, the cells were washed twice with 
10 ml of PBS, fixed with 6  ml of m ethanol 
for 5 minutes, and stained with 6  ml of .05% 
Coomassie Blue in 50% m ethanol and 10% 
acetic acid for 1 hour. The plates were washed 
with water and air-dried, and transform ed foci 
were counted.

CAT assays for p53 transactivation

HCT-116 cells that express little endogenous p53 
(Kern et al., 1992) were transfected using lipo
some-mediated transfection as described above. 
The reporter plasm id was PG 13CAT (Kern et 
al., 1992), kindly supplied by Bert Vogelstein. 
It places the CAT gene under the control of a 
p53-specific prom oter consisting of thirteen tan
dem  p53-binding sites and the TATA sequences 
of the polyomavirus early prom oter. Plasmids 
(pAT) expressing wild-type p53 or segments of 
p53 were the same as those used for suppres
sion and transform ation assays. HCT-116 cells 
were cotransfected with 2 |ig of PG13CAT and 
plasmids expressing p53. In some cases, a th ird  
plasm id (10 jug) was added to the cotransfection 
m ixture to determ ine w hether or not it would 
interfere with transactivation by WT p53. Cells 
were harvested after 48 hours, and CAT activ
ities were m easured by phase extraction using 
a kit supplied by U nited States Biochemical 
Corp. Each assay was repeated at least four times; 
there was less than 2 0 % variation among in
dividual transfections.

Immunoprecipitation and immunoblotting

REF cells in 175 cm2 flasks were transfected 
with 25 fig of pAT plasm id DNAs expressing 
wild-type p53 or segments of p53, using DOTAP 
as described for the suppression and transfor
m ation assays above. After 48 hours, the cells 
were washed with isotonic buffer, and p53 was 
extracted with 1 ml of lysis buffer (1 % triton 
X-100 in 0.15 M Tris-HCl, 0.15 M NaCl, 0.001 M 
EDTA, 10% glycerol, pH 9.0) containing 1 mg 
o f leupeptin  (Sigma) and aprotinin (Sigma) for 
30 m inutes at 4°C. The tagged p53s were bound 
to purified KT3 monoclonal antibodies (Mac- 
A rthur and Walter, 1984) cross-linked to protein 
G-sepharose (Pharmacia) overnight at 4°C. After 
the beads were washed three times with 1 ml 
o f lysis buffer, the tagged p53s were released 
with 100 fil of SDS loading buffer for gel elec
trophoresis. The concentrated and partially pu-
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rifled p53s were analyzed by SDS gel electro
phoresis and im m unoblotting using enhanced 
chemiluminescence (Amersham), as previously 
described (Stenger et al., 1992). We used 50 |ig 
o f purified KT3 monoclonal antibody in 100 
ml for the im m unoblotting procedure.

SF9 cells in 25 cm2 flasks were infected with 
recombinant baculoviruses expressing wild-type 
and m utant p53s. After 4 days at 27°C, tagged 
p53s were extracted with 1 ml of lysis buffer 
as described for REF cells. Cellular proteins in 
25 \i\ o f lysate were separated by electrophore
sis through 15% SDS polyacrylamide gels with
out im m unoprecipitation. Tagged p53s were 
identified by im m unoblotting with 50 |tg of pu 
rified KT3 monoclonal antibody in 100 ml.

Results

Design of expression plasmids
We designed an expression vector that would be 
useful for the characterization of p53 domains 
in vivo and eventually for biochemical studies 
as well. The vector has an Nhe I to BamH I cas
sette in pBluescript to facilitate the cloning, ex
pression, identification, and purification of seg
ments of p53 or of other polypeptides (Fig. 1). 
The cassette has unique Stu I and BamH I clon
ing sites that accept appropriately designed 
PCR-generated DNA segments of the wild-type 
p53 gene in a single orientation. The cassette 
also encodes a twenty-two amino acid tag N- 
term inal to cloned p53 or segments of p53. At 
the left end of the cassette, a 5/-GCCATGG-3' 
sequence provides a favorable context for the 
initiation of translation (Kozak, 1986). The ini
tiation codon is followed by a block encoding 
six histidines to create synthetic m etal binding 
sites for purification of tagged polypeptides by 
m etal chelate affinity chrom atography (Porath 
et al., 1975). Next, the cassette encodes an epi
tope from SV40 large T antigen recognized by 
the KT3 monoclonal antibody (MacArthur and 
Walter, 1984) for purification of expressed p ro 
teins by immunoaffinity chromatography. Fi
nally, the cassette encodes a factor Xa p ro tein
ase site (Maina et al., 1988) for removal of the 
N-terminal protein tag from the p53 domains 
should that be desirable. We designate this vec
tor pAT. We used vector pATn to add a strong 
El A nuclear localization signal to the N-termi
nus of tagged p53 segments lacking natural n u 
clear localization signals (Shaulsky et al., 1990).

NLS
I k  R P R F |  G M A

Nhel-M a

metal
affinity KT3 epitope

H H H H H H \ G | T P P P & P E T |

cloning site

I
Stul-BamHI

Xa
E G R

Figure 1. Vector for the expression of p53 and domains 
of p53. The vector contains the MSV promoter, a cas
sette for insertion of protein segments, an RNA splice 
signal, and a polyadenylation signal. Insertion of cod
ing sequences in-frame in the cassette creates a tagged 
protein. The tag contains an optional E1A nuclear local
ization signal (NLS), six histidines for metal affinity 
purification, the KT3 epitope, and a site for cleavage 
by proteinase Xa.

Function of tagged p53

It was im portant to establish that the N-terminal 
synthetic tag did not interfere with p 5 3  func
tions. Finlay et al. (1989) used triple transfec
tions of REF cells to show that wild-type p53 
suppresses uncontrolled cellular proliferation 
induced by activated ras and adenovirus E1A. 
In contrast, m utant p53 with an alanine-to-valine 
substitution at amino acid 135 (p53Va1135) sig
nificantly enhances transform ation by ras and 
E1A. We used this simple assay to quantitate 
the suppression and transform ation functions 
of wild-type and m utant p53s in the presence 
and absence of an N-terminal tag (Table 1). Sup
pression was m easured by dividing the num 
ber o f foci produced by E1A, ras, and pBlue
script by the num ber of foci produced by El A, 
ras, and p53. Cotransfection of plasmids express
ing untagged, wild-type p53 with plasmids ex
pressing ras and El A suppressed transformation 
more than 2 -fold under these experimental con
ditions. The same concentration of input plas
mid expressing the tagged p53 suppressed trans
form ation by m ore than 30-fold. In a second 
experiment, enhancem ent of transform ation 
was quantitated by dividing the num ber o f foci 
produced by E1A, ras, and p53Va1135 by the 
num ber of foci produced by El A, ras, and pBlue
script. M utant p53Va1135 w ithout a tag enhanced 
transform ation by ras and E1A about 4-fold,
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Tab le  1. p53 suppression or enhancem ent of transfor
mation by El A and ras in the absence and presence of 
an N-term inal tag on p53.

Test plasmids Tag Transformed foci Change

Experiment 1 
pBluescript _ 65 69

Suppression

wild-type p53 - 28 33 2.2
wild-type p53 + 0 4 33.5

Experiment 2 
pBluescript + 28 30

Enhancement

p53Val135 - 104 121 3.9
p53Val135 + 190 165 6.1

while tagged m utant p53Va1135 increased trans
form ation about 6-fold. We conclude that the 
synthetic tag not only does not interfere with 
p53 function but actually enhances it. We sus
pect that tagged p53 is translated m ore effi
ciently than untagged p53 because the pAT plas
mid has a m ore favorable sequence context for 
translation of the initiator codon of the tag 
(5'-GCCATGG-3') than does the natural p53 
sequence (5'-TGGATGA-3'). All wild-type and 
truncated p53s used in subsequent experiments 
were tagged.

Function of p53 domains
We wanted to identify autonom ous functional 
domains of p53 to develop a better understand
ing of p53 mechanisms of suppression and trans
form ation. Little is known about p53 dom ain 
structure at the biochemical level, bu t analysis 
of mutations in hum an tumors and transformed 
cells suggests that p53 is divided into three dis
tinct regions. The majority of transform ing m u
tations have been m apped between amino acids 
130 and 290, and many of these m utations 
cluster in four highly conserved regions (Soussi 
et al., 1990; Levine et al., 1991). In contrast, few 
transform ing m utations have been identified 
in the remaining N-terminal and C-terminal seg
ments. This distribution of m utations suggests 
that the three regions have different m olecular 
activities and provides a logical basis for the 
initial division of p53 into segments (Fig. 2A). 
To begin, we chose to make three protein seg
ments in overlapping pieces (amino acids 1-110, 
80-320, and 280-390) to minimize the risk of 
in terrupting im portant sequences. We also de
signed plasmids that would express the p53 seg
ments in every possible combination of the three 
segments. Because the central dom ain is large, 
we further divided it between conserved regions

III and IV into two overlapping halves (amino 
acids 1-220 and 180-390). In effect, these d i
visions allowed us to investigate the function 
of p53 in overlapping quarters and combina
tions of quarters. Finally, we substituted the 
transactivating dom ain of p53 with the trans
activating dom ain of herpesvirus VP16 (Pellet 
et al., 1985) to see if p53 would tolerate dom ain 
swapping. The acidic dom ains of some tran 
scription-activating proteins are known to be 
interchangeable, even though their sequences 
are quite different (Sadowski et al., 1988; Fields 
and Jang, 1990).

We first moved these dom ains into the pAT 
expression vector with an N-terminal tag that 
did not include a nuclear localization signal. 
Again, we used triple transfections of REF cells 
to determ ine which p53 segments were able to 
suppress or enhance transform ation by ras and 
E1A. Figure 2 summarizes our results. The seg
ments of p53 expressed in each of our plas
mids are shown in Figure 2A, and their func
tional activities in vivo are shown by the shaded 
bars in the histogram in Figure 2B. Q uantita
tion of suppression and enhancem ent of trans
form ation were as described for Table 1. Note 
that the scales measuring suppression and trans
form ation in Figure 2B are different. The histo
gram was derived from at least four indepen
dent experiments using two independently 
derived clones of each p53 expression vector. 
Transfection of plasmids expressing E1A and 
ras in the absence of p53 induced transform a
tion of an average of 49 foci/assay. Wild-type 
p53 suppressed transform ation about 25-fold, 
while the prototypical m utant p53Va1135 in 
creased transform ation more than 3-fold. None 
of the segments of p53, including the largest 
segments consisting of amino acids 1-320 and 
80-390, suppressed cellular transform ation to 
a significant extent. In contrast, the substitution 
of the N-terminal transactivating dom ain of p53 
with the transactivating dom ain of VP 16 re 
sulted in a chim eric protein that suppressed 
transform ation somewhat better than wild-type 
p53 did. Interestingly, all segments of p53 
that include amino acids 280-390 enhanced 
transform ation. The transform ation frequency 
increased as the central regions of p53 were 
removed.

No segments of p53 lacking amino acids 
280-390 increased transform ation. Some p53 
segments did not include all the nuclear local-
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Figure 2. Suppression and transfor
mation by murine p53 and domains 
of p53. A. Structures of the p53 
polypeptides. WT p53 has five re
gions of conservation; mutations in 
regions II-V are frequent sites of 
mutations in human tumors and 
in transformed mouse cells. The 
solid lines represent p53 segments 
expressed by different plasmids. 
B. Suppression and transformation 
activities of the polypeptides shown 
in A. Test plasmids expressing no 
p53, wild-type p53, or isolated seg
ments o f p53 were cotransfected 
with plasmids expressing activated 
ras and E1A into REF cells. Trans
formed foci were counted 12 days 
after transfection. The levels o f sup
pressed or enhanced transforma
tion were determined by comparing 
the number of foci induced by p53 
segments, ras, and E1A to the num
ber o f foci induced by ras and E1A, 
as described in the text. Shaded bars 
indicate p53s without an E1A NLS; 
solid bars indicate p53s with an E1A 
NLS added to their N-terminal tags.

ization signals (NLS) of p53. Shaulsky et al. 
(1990) have presented evidence that amino acids 
312-321 and 366-381 are im portant for the n u 
clear localization of p53. Therefore, we added 
a sequence encoding a strong NLS from the 
adenovirus El A protein to the N-terminus of 
the p53 gene in our expression vectors. The 
adenovirus E1A NLS has been shown to trans
po rt certain  fusion proteins into the nucleus 
within 15 minutes after microinjection (Lanford 
et al., 1990; Dingwall and Laskey, 1991). The 
addition of the artificial NLS did not influ
ence the suppression or transform ing activities 
o f any p53 tested (solid bars in the histogram 
of Fig. 2B). These independently constructed 
plasm ids also serve to dem onstrate the rep ro 
ducibility of our results. Nuclear localization 
signals were not added to p53Va1135 or to seg
ments 280-390, 80-390, 1-110/280-390, and 
180-390 since these all had natural p53 NLSs.

It is im portan t to note that transform ation 
by segments of p53 no t only increased the fre
quency of transform ation by ras and E1A but 
also changed the m orphology of the trans
form ed foci dramatically. Figure 3 shows an 
example o f these assays. Cells transfected by 
pBluescript were indistinguishable from  u n 

transfected cells (not shown). Co-transformation 
by ras and E1A produced small, dense foci that 
could be easily identified. Tagged, wild-type p53 
suppressed the ras and E1A activities very effi
ciently; only 2-3 possible transform ed foci were 
evident. The addition of p53280~390 to ras and 
E1A increased the num ber of foci 5- to 6-fold, 
and many of the foci were considerably en
larged. All segments of p53 that increased the 
frequency of transform ation (Fig. 2) induced 
a significant num ber of enlarged foci. T here
fore, colony m orphology confirmed the quan
titative changes induced by the p53 segments.

Fine mapping of the p53 transformation 
domain

We m ade additional m utants to m ap the trans
forming domain of p53 more precisely (Fig. 4A). 
We quantitated the transform ing potential of 
the truncated polypeptides by m easuring their 
enhancem ent of transform ation by ras and El A 
(an average of 41 foci/assay) or by ras alone (an 
average of 2 foci/assay), as described for Table 1. 
We identified the N-terminal and C-terminal 
boundaries of the transform ation dom ain by 
progressively shortening the p53 segment from 
one or both ends. Note that the p53 segments
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p B lu e sc r ip t p B lu e sc r ip t  
E1A + ras

WT p53 p53280-390
E1A + ras E1A + ras

Figure 3. Examples of transformed foci induced by 
selected plasmids shown in Figure 2. Test plasmids, iden
tified in the figure, were cotransfected into REF cells. 
Transformed foci were stained with Coomassie Blue 12 
days after transfection.

enhanced transform ation by ras alone more 
than they enhanced transform ation by El A and 
ras, and that the scales of the two histograms 
are different. The shaded bars in Figure 4B show 
an interesting pattern of transform ing activities

as p53 was shortened. p53 segments became 
progressively m ore active in the enhancem ent 
of transform ation as the N-terminus was short
ened to amino acid 315. The segment from 
amino acids 315-390 was the most active trans
form ing segment. The 315-360 and 320-360 
segments had somewhat less transform ing ac
tivity than the 315-390 segment but m aintained 
a significant level of enhancem ent in both  as
says. The 315-350 segment had low, bu t rep ro 
ducible, levels of transform ation enhancem ent. 
The remaining segments from amino acids 330- 
390, 330-360, 330-350, and 350-390 failed to 
enhance transform ation by either ras and E1A 
or by ras alone. We conclude that residues 315- 
390 constitute the optim al transform ation do 
main of p53, and that residues 320-360 rep re 
sent a strong core transform ation dom ain.

Again, some p53 segments did not include 
a complete set of natural p53 nuclear localiza
tion signals. Therefore, we added a strong NLS 
from the adenovirus El A protein to the N- 
term inal tag of these p53 segments. The add i
tion of the El A NLS did not influence the trans
forming activities of segments 315-390,315-360, 
320-360, 330-390, 330-360, 330-350, or 350- 
390 (solid bars in the histogram of Fig. 4B). 
These results are in agreem ent with the finding 
that the 320-360 segment, w ithout a NLS, en 
hanced transform ation as well as the 315-360 
segment, with a partial NLS, did.

A. Map of p53 segments B. p53 Enhancement of Transformation by
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Figure 4. Fine mapping of the trans
formation domain of p53. Test plas
mids expressing no p53, p53Va1135, 
or isolated segments o f p53 were 
cotransfected with plasmids express
ing ras and E1A or ras alone into 
REF cells. The total DNA added to 
all cultures was 10 pg. Transformed 
foci were counted 12 days after 
transfection. We quantitated the 
transforming potential o f the trun
cated polypeptides by measuring 
their enhancement o f transforma
tion by ras and E1A or by ras alone 
in the absence (shaded bars) or in 
the presence (solid bars) o f an ar
tificial nuclear localization signal.
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Figure 5. Transactivation by wild-type and mutant p53s. 
HCT-116 cells were transfected with plasmids express
ing the CAT gene under the control o f the p53-specific 
PG13/Py promoter and wild-type p53 or segments of p53.
A. General structure o f the CAT reporter gene and the 
genes expressing wild-type p53 or segments o f p53.
B. Levels o f CAT activity induced by the various p53s 
or combinations of p53 indicated at the bottom of the 
histogram.

Transactivation by p53 domains
We investigated transactivation by wild-type p53 
and segments of p53 to determine how the trans
activation function correlates with p53 suppres
sion and transforming functions (Fig. 5). We used 
the CAT gene under the control of a p53-specific 
prom oter as a reporter for transactivation (Fig. 
5A). Kern et al. (1992) have shown that thirteen 
p53-DNA recognition sequences upstream  from 
a TATA sequence act as a strong prom oter in 
HCT-116 cells. Co-transfection of the reporter 
plasmid with a plasmid expressing wild-type p53 
stim ulated CAT activity about 20-fold. We have 
shown this level as 100% in Figure 5B. The chi
m eric protein in which the p53 transactivating 
dom ain is replaced by the transactivating do
m ain of VP16 stim ulated CAT activity almost

twice as well as wild-type p53. This result is con
sistent with our finding that the chim eric p ro 
tein is a better suppressor of transform ation 
than wild-type p53. We used triple transfections 
to determ ine w hether p53 segments, in a 5-fold 
m olar excess, could block CAT transactivation 
by wild-type p53. The p53 gene segment encod
ing amino acids 1-110 did not inhibit wild-type 
transactivation. In contrast, the gene encoding 
p53 amino acids 315-390 almost completely 
blocked wild-type transactivation. Thus, wild- 
type and chim eric p53s that suppress transfor
mation are strong transactivators of this reporter 
plasmid, while the 315-390 segment that en
hances transform ation interferes with wild-type 
transactivation.

Intracellular expression of p53 domains

Most of our p53 segments m aintain either sup
pression or transformation functions. These seg
ments, therefore, must be expressed in signifi
cant quantities in REF cells, and conclusions 
based on these positive results are valid. Some 
p53 segments, however, neither suppress nor 
enhance transform ation. We investigated the 
intracellular expression of p53 segments 1-320, 
80-390, and 330-390 because these three seg
ments include all of the p53 regions that have 
no function in suppression and transform ation 
assays. We used KT3 monoclonal antibodies that 
recognize the tagged p53s to quantitate intra
cellular expression (Fig. 6). W ith the exception 
of the segment consisting of amino acids 80-390, 
we were unable to identify the transfected, 
tagged p53 segments in REF cells using a com
bination of im m unoprecipitation and immuno- 
blotting techniques (Fig. 6A). The 80-390 seg
m ent is evident only because there is very little 
background in this position of the blot. Endoge
nous wild-type p53 encoded by the REF cells 
is not present in the immunoblots because it 
does not have a KT3 epitope. These results were 
not unexpected for a num ber of reasons. The 
MSV prom oter is not a strong prom oter; only 
a m inority of REF cells would be successfully 
transfected; many p53s have very short half-lives; 
and the KT3 monoclonal antibody has only mod
erate affinity for its epitope (MacArthur and 
Walter, 1984). Therefore, we expressed selected, 
tagged p53 segments in SF9 cells under the con
trol o f a strong promoter. The im m unoblot in 
Figure 6B dem onstrates that the p53 segments 
are expressed, and that the segments have sizes
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Figure 6. Expression of tagged p53 in REF and SF9 cells. A. REF cells were transfected with pAT plasmids ex
pressing wild-type p53 or segments of p53. The tagged p53s were concentrated by immunoprecipitation and analyzed 
by immunoblotting with KT3 monoclonal antibodies, as described in Materials and Methods. B. SF9 cells were 
infected with baculovirus expressing wild-type p53 or segments o f p53. Tagged p53s were identified directly by 
immunoblotting with KT3 monoclonal antibodies, as described in Materials and Methods. The N + C abbreviation 
designates the p53 segment containing N-terminal (1-110) and C terminal (280-390) segments o f p53.

consistent with their predicted molecular com
position. Furtherm ore, there is no evidence of 
intrinsic instability of the various segments 
under these conditions.

Discussion

We have investigated the suppression and trans
form ation properties of isolated segments of 
wild-type m urine p53. We cotransfected plas
mids expressing p53 along with plasmids ex
pressing ras and El A to m onitor both activities 
simultaneously or with plasmids expressing ras 
alone to m onitor transform ation. Although 
levels of p53 expression in transfected REF cells 
were too low for quantitation, we could iden
tify wild-type p53 and segments of p53 that were 
expressed under the control of a strong p ro 
m oter in SF9 cells. O ur findings argue that our 
plasmids express p53s of the appropriate  size 
and with similar stabilities. Most importantly, 
our m ajor conclusions are based on positive 
events: suppression of cell proliferation and en
hancem ent of transform ation. Furtherm ore, 
both  our positive and negative findings dem 
onstrate striking dom ain patterns that are not

likely to represent differences in protein expres
sion. Only intact or chimeric p53s with all func
tional domains suppress transformation; all six
teen sub-segments of p53 fail to suppress. Eight 
out o f eight segments that include amino acids 
320-360 enhance transform ation, while eight 
out of eight segments without these amino acids 
fail to enhance transform ation.

None of the p53 segments had any detect
able suppression function. We know that the 
largest segment, consisting of am ino acids 80- 
390, is expressed in the transfected REF cells. 
It was detected by immunoblotting, and it en 
hances rather than suppresses transform ation. 
We conclude that most of p53 is needed for sup
pression of cellular growth. It is known that p53 
oligomerizes (McCormick et al., 1981; Eliyahu 
et al., 1988; Kraiss et al., 1988; Schmieg and 
Simmons, 1988; Gannon et al., 1990; Milner 
et al., 1991; Stenger et al., 1992; Sturzbecher et 
al., 1992), binds specific DNA sequences (Stein- 
meyer and Deppert, 1988; Bargonetti et al., 1991; 
Kern et al., 1991; El-Deiry et al., 1992; Funk et 
al., 1992), and activates downstream genes (Fields 
and Jang, 1990; W eintraub et al., 1991; Farmer 
et al., 1992; Funk et al., 1992; Kern et al., 1992;
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Figure 7. Genetic and structural organization o f p53. The protein is divided into three regions: an N-terminal acidic 
transactivation domain, a central domain with conserved sequences and highly specialized functions, and a C-terminal 
oligomerization domain. The optimal transformation domain coincides with the oligomerization domain. The 
sequences o f the core transforming domain from 315-360 are shown and compared with similar sequences o f p53s 
from other species. The shaded sequences are the most conserved.

Zambetti et al., 1992). The transactivation func
tion may be m odulated by o ther cellular p ro 
teins, such as mdm-2 (Momand et al., 1992; 
O liner et al., 1992). Fields and Jang (1990) have 
proposed that transactivation would lead to the 
expression of a num ber of genes that negatively 
regulate cellular proliferation. O ur present 
findings are consistent with the idea that all of 
these functions are needed for suppression of 
both cellular proliferation and tum or form a
tion. Indeed, we have shown directly that wild- 
type p53 and chim eric VP16-p53 that suppress 
transform ation strongly transactivate a p53- 
specific promoter. O ur findings are consistent 
with those of others — that most of p53 is needed 
for intracellular transactivation (Aoyama et al., 
1992). However, mouse p53 with a deletion of 
the C-terminal 30 amino acids has been reported 
to retain  tum or suppressor activity (Barak and 
Oren, 1992).

Deletion of the p53 transactivation dom ain 
within am ino acids 1-80 completely abolished

p53 suppression of transform ation by El A and 
ras. Because we have dem onstrated the accu
m ulation of the 80-390 segment of p53 in REF 
cells, we know that the loss of suppression 
represents an intrinsic loss of p53 function. 
Substitution of the transactivation dom ain of 
herpesvirus VP16 for the p53 transactivation 
domain fully restored the suppression function. 
Aside from a net negative charge, the amino 
acid sequences of the transactivating dom ains 
of VP16 (Pellet et al., 1985) and p53 (Soussi et 
al., 1990) are quite different, and it seems u n 
likely that these small domains share more than 
the transactivating function. Thus, unless the 
p53 and VP16 acidic segments share functions 
in addition to transactivation, our findings d i
rectly implicate transactivation in the suppres
sion of cellular proliferation by p53. However, 
our findings do not exclude the possibility that 
p53 has additional functions in the suppression 
of cellular proliferation. Indeed, p53 represses 
rather than activates the expression of many
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prom oters, and a combination of prom oter ac
tivation and repression by p53 may m odulate 
cellular proliferation (Seto et al., 1992). Further
more, p53 may play additional roles in the regu
lation of DNA replication (Friedman et al., 1990) 
and in cellular repair mechanisms (Lane, 1992).

Interestingly, we found that any p53 segment 
that includes amino acids 320-360 enhances 
transform ation by ras or by ras and El A. These 
results are consistent with the recent findings 
of Shaulian et al. (1992) that amino acids 315- 
390 of mouse p53 are sufficient for transfor
m ation. We also found that, in the absence of 
these amino acids, none of the segments that 
we tested could transform  cells. Amino acids
320- 360, therefore, appear to account for the 
m ajor transform ing potential of p53. The ex
tremely small size of this dom ain argues that 
it transforms through a loss rather than gain 
of function. This segment contains only 29 
am ino acids (positions 321-349 in the mouse 
and 324-352 in hum an) that are highly con
served in diverse species (Fig. 7). W hen similar 
p53 segments from many species are aligned, 
amino acids 321-349 of the mouse are brack
eted by insertions or deletions in some other 
species. Recent evidence supports the idea that 
such insertions and deletions are im portant 
clues for the identification of functional seg
ments within proteins (Thornton et al., 1992). 
Furtherm ore, we can delete amino acids 350- 
360 w ithout a complete loss of transform ation. 
These observations suggest that amino acids
321- 349 are the most crucial for transform a
tion. Nevertheless, o ther sequences in the seg
m ent of amino acids 350-390 also contribute 
to p53 transform ation. Recently, Sturzbecher 
et al. (1992) have im plicated hum an p53 amino 
acids 334-356 both in dim erization and tetra- 
m erization of p53 and amino acids 363-386 in 
tetramerization. Overlapping regions, therefore, 
have been im plicated in p53 oligomerization 
and transform ation. Together, these findings 
strongly support the concept that incorporation 
of nonsuppressing and nontransactivating p53 
subunits in p53 oligomers is necessary and 
sufficient for p53-induced transform ation.

How does m utant p53 interfere with the func
tion of wild-type p53? We have shown directly 
that a p53 segment that enhances transform a
tion also interferes with transactivation by wild- 
type p53. Although p53 has been reported  in 
a variety of oligomeric states in crude extracts,

purified p53 forms mostly tetram ers or m ul
tiples of tetram ers (Stenger et al., 1992). Tetra
mers would be well suited to b ind  two adjacent 
sets of inverted repeats found in the strongest 
DNA recognition sites identified to date (El- 
Deiry et al., 1992; Funk et al., 1992). The incor
poration of one or m ore segments of p53 in 
tetram ers would have variable effects on DNA 
binding, depending on the residual m olecular 
activities of the truncated p53. Tetramers includ
ing large truncated segments, such as those be
tween am ino acids 80-390 and 180-390, may 
retain  some DNA binding, transactivation, and 
suppression functions, while small segments, 
such as 315-390 and 315-360, would retain fewer 
functions. However, once the oligomerization 
dom ain is invaded, the p53 segment would no 
longer oligomerize or interfere with wild-type 
function. This idea would explain why the 
315-390 segment, which is believed to contain 
both dimerization and tetramerization domains 
(Sturzbecher et al., 1992), transforms better than 
the 320-360 dim erization segment does.

O ur findings explain the pattern  of amino 
acid substitutions found in naturally occurring 
hum an tum ors and in spontaneously trans
form ed rodent cells (Fig. 7). Although the en
tire p53 protein is needed for growth suppres
sion, m utations are frequently identified in the 
central segment of p53. These m utations would 
inactivate specific suppression functions like 
DNA binding (Bargonetti et al., 1991; Kern et 
al., 1991; Kern et al., 1991; El-Deiry et al., 1992) 
and transactivation (Raycroft et al., 1990; Ray- 
croft et al., 1991; Farm er et al., 1992; Kern et 
al., 1992; Unger et al., 1992; Zambetti et al., 1992) 
but would not block oligomerization. The p rod
ucts o f alleles with m utations in the central seg
m ent would enhance actively growing tum or 
cells by forming mixed oligomers with wild-type 
p53. Amino acid substitutions with transform 
ing activity are not found in the N-terminal do
main; this segment can be exchanged with other 
transactivating dom ains and is, therefore, rela
tively nonspecific. Furtherm ore, the strongly 
acidic nature of the N-terminus of wild-type p53 
would not be significantly affected by spontane
ously occurring amino acid substitutions. Trans
form ing m utations do not occur frequently in 
the C-terminal segment; these m utations would 
interfere with oligom erization functions that 
are essential for trans-dominance. We conclude 
that any nonsuppressing and nontransactivat
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ing p53 that retains the capacity to oligom er
ize with endogenous wild-type p53 would have 
transform ation potential.
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