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Primary rat embryo fibroblasts were transformed by a p53 mutant (alanine to valine change at amino acid 135) 

plus ras. This p53^ '̂*^^ mutant is temperature sensitive for a conformational change detected by the binding 

of a monoclonal antibody, PAb246, which recognizes the wild-type protein or the great majority of p53 va i l 35 
at 

32.5°C. At 37°C, both mutant and wild-type p53 conformational forms co-exist in the cells, while at 39.5°C, 

the majority of the p53^"'̂ ^^ in the cell is in a mutant conformation not recognized by PAb246 antibody. At 

39.5°C, the mutant p53 is localized in the cytoplasm of the cell. At 32.5°C, the p53 protein enters the nucleus 

and stops the growth of these cells. At 37°C where there is a mixture of mutant and wild-type p53, the 

wild-type p53 protein is in a complex with hsc70 and mutant p53 protein in the cytoplasm of the cell during 

Gj. This wild-type protein enters the nucleus as the cells enter the S-phase of the cell cycle. At 32.5°C, the 

cells stop replication and arrest at the G^/S border. After 48 hr at 32.5°C, 91% of the cells are in the Gj 

fraction of the cell cycle. The S-phase cells appear to be immune to the p53 negative regulation of growth 

until they enter the next G^ period. These data strongly suggest that mutant p53 proteins in transformed cells 

act to sequester the wild-type p53 protein in an hsc70-p53 complex, which resides in the cytoplasm during 

the stage of the cell cycle, G ,̂ when nuclear wild-type p53 would normally act to regulate cell growth and 

progression through the cycle. In this way, mutant p53 proteins can act in a trans-dominant fashion to 

overcome growth regulation by the wild-type p53 allele and protein in a cell. 
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Several lines of evidence now indicate that the p53 gene 
product can regulate the growth and replication of cells 
and that mutant forms of this protein or viral oncogene 
products can alter this regulation. The wild-type p53 pro-
tein has the ability to suppress the transformation of 
cells in culture by viral or cellular oncogenes (Eliyahu et 
al. 1989; Finlay et al. 1989). In addition, the reintroduc-
tion of wild-type p53 into a transformed cell blocks cell 
growth (Baker et al. 1990; Diller et al. 1990; Mercer et al. 
1990). Mutant forms of p53 will cooperate with the Tas 

oncogene and mediate transformation of primary rat em-
bryo fibroblasts in cell culture (Eliyahu et al. 1988; Hinds 
et al. 1989). These mutant p53 proteins act in cells that 
have endogenous wild-type p53 proteins (Finlay et al. 
1989) so as to overcome this normal regulatory function. 
The mutations that activate the p53 protein so that it 
can transform cells are usually missense mutations that 
map between amino acid residues 118 and 307 (of 390-
393 amino acids; Levine 1990). They produce p53 pro-
teins with an altered conformation, as detected by the 
failure of monoclonal antibody PAb246 (Yewdell et al. 

^Corresponding author. 

1986) to recognize these mutant proteins (Tan et al. 
1986; Finlay et al. 1988) and the ability of antibody 
PAb240 to specifically bind to some mutant p53 protein 
(Bartek et al. 1990). Along with this altered conforma-
tion, many mutant p53 proteins also bind to the cellular 
heat shock protein, hsc70 (Hinds et al. 1987; Finlay et al. 
1988). Common to all p53 missense mutat ions is a 
greater stability of the protein or a longer half-life (Reich 
and Levine 1984; Finlay et al. 1988; Iggo et al. 1990). This 
results in a much higher concentration of mutant p53 in 
transformed cells (Linzer and Levine 1979; Crawford et 
al. 1981; Dippold et al. 1981; Thomas et al. 1983) and 
tumors (Iggo et al. 1990). Indeed, it is clear that a high 
concentration of mutant p53 protein in a cell is required 
to contribute efficiently to the transformation event 
(Hinds et al. 1989). Finally, several virus-encoded onco-
gene products from SV40, the group C adenoviruses, and 
the human papilloma viruses HPV-16 and HPV-18 bind 
to p53 and may well mediate their transforming activi-
ties via the p53 protein (Lane and Crawford 1979; Linzer 
and Levine 1979; Samow et al. 1982; Wemess et al. 
1990). 

In this study an examination was undertaken to deter-
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mine how mutant p53 protein in a cell can overcome the 
regulation of endogenous wild-type p53 proteins and 
transform a cell. Two murine p53 mutants, pSS"^^^^^ (an 
alanine to valine change at residue 135) (Eliyahu et al. 
1985; Hinds et al. 1989) and p53*^"^^^ (an insertion of 
four amino acids at residue 215) (Tan et al. 1986) were 
employed to transform primary rat embryo fibroblasts in 
cooperation with the ras oncogene. High levels of these 
murine mutant p53 proteins were expressed in these 
cells along with lesser amounts of the rat p53 protein 
(Finlay et al. 1989). A polymerase chain reaction (PCR) 
amplification of the reverse transcriptase copy of the rat 
p53 mRNA from both p53^^^^^^ and p53^"^^^ plus ras-

transformed cells was sequenced. This showed that the 
endogenous rat p53 mRNA and protein was a wild-type 
copy of p53. The murine mutant p53 protein, the wild-
type rat p53 protein, and the cellular heat shock protein 
hsc70 were found in an oligomeric protein complex in 
these cells (Finlay et al. 1989). It has been suggested that 
the murine mutant p53 protein could sequester the wild-
type rat p53 protein and inactivate its ability to nega-
tively regulate growth in these cells (Baker et al. 1989; 
Finlay et al. 1989). 

In agreement with Michalovitz, et al. (1990), the 
pg^vaiKss jj^m^nt is shown to be temperature sensitive. 
At 32.5°C, the great majority of this p53 protein is in the 
wild-type conformation (PAb246^, PAb240"), whereas 
at 39.5°C, most of this p53 protein is in the mutant con-
formation (PAb246-, PAb240 + ). At 39.5°C, during the 
Gi phase of the cell cycle, the transformed cells replicate 
rapidly; whereas at 32.5°C, cell growth stops and the 
cells are blocked at the G,/S border of the cell cycle. 
Those cells in S-phase continue through the cell cycle to 
the next Gj/S border. At 39.5°C, the p53 mutant protein 
is localized in the cytoplasm, while at 32.5°C, the p53 
protein is in the nucleus. At 37°C where both mutant 
and wild-type p53 coexist in these transformed cells, the 
mutant p53-wild-type p53-hsc70 complex (Hinds et al. 
1987) is in the cytoplasm during the G, phase of the cell 
cycle. The wild-type p53 proteins move into the nucleus 
at the start of the S phase. Thus, wild-type p53 appears to 
be sequestered in the cytoplasm during a critical time, 
Gi, when it could act in the nucleus to block entry into 
the S phase. As such, mutant p53 acts dominantly to 
sequester the wild-type p53 protein in a place where it 
cannot function. The p53'^"^'^ mutant protein, which is 
not temperature sensitive, remains in the cell cytoplasm 
throughout the cell cycle (PAb~, PAb240^, hsc70^ 
complex) (Hinds et al. 1987). 

Results 

Characterization of p53 plus xas-transformed cells 

lines 

The murine p53^^^^^^ mutant (Eliyahu et al. 1985) and 
p53^^^^^ mutant clones (Tan et al. 1986) were employed, 
along with an activated ras oncogene, to transfect pri-
mary rat embryo fibroblasts and isolate transformed cell 
lines (Hinds et al. 1987; Finlay et al. 1988). These 

cell lines were shown to express high levels of mutant 
murine p53 proteins and ras (Hinds et al. 1987; Finlay et 
al. 1988). When PAb246 (recognizes wild-type murine 
p53) and PAb240 (recognizes mutant p53) (Yewdell et al. 
1986; Iggo et al. 1990) were employed to follow the con-
formation of these p53 proteins, using either fluorescent 
antibody tests or immunoprecipitation, the p53^^^^^^ 
mutant was temperature sensitive for antibody binding, 
with the great majority of this protein being in the wild-
type conformation at 32.5°C and mutant at 39.5°C (Table 
1). In Al-5 cells (p53^^^^''^), there was three times more 
mutant p53 than wild type at 39.5°C and four times more 
wild-type p53 than mutant at 32.5°C. The total levels of 
p53 (mutant or wild-type) synthesized at 39.5°C was 
greater than at 32.5°C, and this was due to both the tem-
perature differential and the fact that the mutant form of 
p53 has a longer half-life than the wild-type form of p53 
in AI-5 cells (Finlay et al. 1988). At 39.5°C, the estimate 
of PAb246 detecting wild-type p53 (27%) is very likely 
an overestimate because at this temperature, the wild-
type p53 is in a complex with mutant p53 and rat p53 
(Finlay et al. 1988; also see Fig. 5), which adds to the 
percentage of p53 detected by this antibody in a one-
dimensional gel autoradiogram. Thus, the 3 : 1 ratio of 
mutant to wild-type p53 at 39.5°C is a min imum esti-
mate, and the phenotype of these cells at 39.5°C is 
clearly transformed. This shift in mutant or wild-type 
p53 conformations was not seen with p53^"^*^ plus ras 

cells (TlOl-4 cells), which was in the mutant conforma-
tion at all temperatures. In addition, the p53'^"^''^ mu-
tant at 32.5°C or 39.5°C and the p53^''' '-̂ "̂  mutant at 37°C 
or 39.5°C were each bound to the cellular heat shock 
protein hsc70 in extracts from these cells. p53^^'*'^^ 
failed to bind to hsc70 when grown at 32.5°C. These data 

Table 1. Detection of wild-type and mutant forms of p53 in 
p53 plus las-transformed cells at 39.5°, 37°, and 32.5°C 

Monoclonal 

detects 
PAb246 

PAb240 

PAb246 
PAb240 

Temperature-percent 

Al-5 cells (p53'"'"^-') 

antibody 
39.5°C 37°C 

27% 36% 

73% 65% 

TlOl-4 cells (p53''"^'^) 

39.5°C 37°C 

0% 0% 

100% 100% 

reactive 

32.5°C 

82% 

18% 

32.5°C 

0% 

100% 

Soluble protein extracts were prepared from p53^*"''^ plus ras 
(Al-5 cells) or p53''"^'-^ plus ras (T lOl^ cells) labeled with 
[^''S]methionine for 1 hr at the indicated temperature. The p53 
protein was immunoprecipitated with PAb246 (wild type), 
PAb240 (mutant), or PAb421 (total p53), and the level of p53 was 
quantitated by densitometer tracings of autoradiograms from 
SDS-polyacrylamide gels of the immunoprecipitates (Finlay et 
al. 1989). In replicate experiments, scintillation counting was 
employed to quantitate these results with the levels remaining 
essentially the same. 
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suggest that the p53^^'^'^^ allele is temperature sensitive, 
in agreement with Michalovitz et al. (1990). 

When Al-5 cells (p53^^^^^^) and TlOl-4 cells 
(p53^"^^^L grown at 37°C, were stained with fluorescent 
antibodies that detect the wild-type p53 (PAb246) or 
both mutant and wild-type p53 (PAb421), the PAb246 
antibody detected nuclear p53 in a punctate pattern in 
Al -5 cells (at 37°C, 35% of the p53 is wild type). PAb246 
failed to detect any wild-type p53 in p53^"^^^-
transformed cells (TlOl-4; Fig. 1). The PAb421 antibody 
detects p53 predominantly in the cytoplasm of TlOl-4 
cells and both nuclear and cytoplasmic p53 in Al-5 cells. 

Because the great majority of p53 in these cells derives 
from the murine p53 transgene (Finlay et al. 1988); it is 
unlikely that these fluorescent probes detect the rat en-
dogenous p53 protein. To determine whether the rat p53 
protein was a mutant or wild-type p53; we amplified a 
cDMA copy of the rat p53 by PCR and sequenced it di-
rectly (see Materials and methods). Both the Al-5 and 
the T lOl -4 cells had wild-type rat p53 mRNAs. Thus, 
these transformed cells have a mixture of mutant p53 
and wild-type p53, whereas the mutant form is usually 
in t h e highest concentration because it has a longer half-
life (Reich and Levine 1984). 

Intracellular localization of pSS^"'^^^^ changes with 

incubation temperature 

The murine p53''^'^'^^ mutant has recently been shown to 
be temperature-sensitive for transforming activity. At 
32.5°C, it is unable to cooperate with ras in transforma-
tion assays, yields no foci, and behaves in a wild-type 
manner (Michalovitz et al. 1990). Al-5 cells contain this 
temperature-sensitive mutant, whereas TlOl-4 cells ex-
press p53'^"^^'', which is not temperature sensitive for 
the m u t a n t phenotype. These cell lines were compared 
to determine the effect of incubation temperature on the 
subcellular localization of total (PAb421) murine p53 
proteins (Fig. 2). p53'^"^'^ remained cytoplasmic regard-
less of the incubation temperature. In Al-5 cells incu-

39.5«*C 32.5°C 

PAb421 PAb246 

Figure 1. Al-5 and TlOl-4 cells stained by indirect immuno-
fluroescence with PAb421 and PAb246. Cells were grown on 
coverslips at 37°C and stained as described. Phase-contrast pho-
tomicrographs are included for reference. 

r-r 

Figure 2. pSS" '̂̂ ^^ intracellular localization in Al-5 and TlOl-
4 cells at 39.5°C and 32.5°C. Cells were grown on coverslips for 
48 hr at 39.5°C and 32.5°C and were fixed and stained by indi-
rect immunofluorescence with PAb421. Phase-contrast photo-
micrographs are included for reference. 

bated at 39.5°C, p53^^'^^^ was mainly cytoplasmic and 
the staining pattern was similar to that seen in TlOl-4 
cells. Conversely, at 32.5°C, p53''^'^^^ was localized in 
the nucleus soon after a shift down in temperature at all 
stages of the cell cycle. Therefore, at low temperature, 
when the protein is in the wild-type configuration, it is 
concentrated in the nucleus. 

The p53 wild-type protein in a transformed cell alters 

its intracellular location as a function of the cell cycle 

The Al-5 cells at 37°C contain a mixture of murine mu-
tant p53 and wild-type murine and rat wild-type p53 in 
the cell. The nuclear and cytoplasmic localization of 
these p53 molecules (Figs. 1 and 2) suggested the possi-
bility that different stages of the cell cycle might affect 
the location of p53 in the cell. To test this, Al-5 cells 
were synchronized by selective mitotic detachment. 
These cultures were pulse-labeled with [^H]thymidine to 
determine the time of entry into S phase or stained by 
indirect immunofluorescence using PAb246 to examine 
the intracellular location of the wild-type p53 (confor-
mation) in these cells. The results of this experiment are 
presented in Fig. 3. [^HjThymidine incorporation (i.e., 
entry into S phase) begins 3 hr after mitosis (the gener-
ation time of these cells was 13 hr) and reaches a maxi-
m u m by 4 hr. Mitotic cells all have wild-type (but not 
mutant) p53 attached to the chromosomes in the cell 
(zero time). At 1-2 hr, virtually all of the cells contained 
p53 (wild-type p53) in the cytoplasm (Fig. 3). As the cells 
entered S phase, the percentage of cells with wild-type 
p53 in the nucleus increased in parallel with the increase 
in [^Hjthymidine incorporation. By 4 hr, most cells had 
the punctate staining pattern of nuclear p53, which con-
tinued through S phase. Throughout Gj, Al-5 cells do 
not show any nuclear staining for p53 with PAb246 (Fig. 
3, wild-type) or PAb421 (total p53, not shown). The wild-
type conformation of p53 is excluded from the cell nu-
cleus during the G^ phase of the cell cycle. It enters the 
nucleus as the cells enter S phase. Interestingly, this is 
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Figure 3. Determination of initiation of 
DNA replication and intracellular distri-
bution of p53^^"^^ in synchronized A1-5 
cells. {A) Al-5 cells were synchronized by 
mitotic detachment, incubated at 37°C, 
and analyzed for TCA-precipitable [̂ H]-
thymidine incorporation (#). The percent 
of p53 positive nuclei was determined af-
ter indirect immunofluorescence using 
PAb246 (•). (B) Synchronized Al-5 cells 
grown on coverslips were stained with 
PAb246 at hourly intervals. A representa-
tive field for each sample time point is pre-
sented. Phase-contrast photomicrographs 
are included for reference. 
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the same pattern of cell localization reported for hsp70 in 
a cell (Milarski and Morimoto 1986). TlOl-4 cells con-
tain no wild-type murine p53 and has all of its p53 
(PAb421) in the cytoplasm throughout the cell cycle (re-
sults not shown). 

p53 localization affects cell growth 

p53 is a nuclear protein and has been implicated in 
growth control of the cell. In Al-5 cells, the subcellular 
localization of pSS"^'^^^ can be varied by changing the 
incubation temperature. On this basis, the effect of a p53 
nuclear versus cytoplasmic compartmentalization on 
cell growth was investigated. Doubling times of six dif-
ferent cell lines were determined at 32.5°C, 37°C, and 
39.5°C (Table 2). The following cell lines were studied: 
Al-5; B4, an independently isolated cell line also ex-

pressing the p53 '̂*"^ '̂̂  mutan t ; TlOl-4; TlOl-1, an inde-
pendently isolated clone also containing the p53^"^ '^ 
mutant; Rat-1, an immortalized rat embryo fibroblast 
cell line; and secondary rat embryo fibroblasts, which are 
not immortalized. Growth of Al-5 (Fig. 4) and B4 cells 
(Table 2) that express p53^^'^^^ was arrested at 32.5°C. 
All other cell lines slow their growth considerably at 
32.5°C but continue to grow and divide. Viability of Al-5 
cells maintained at 32.5°C, as assayed by trypan blue 
exclusion, is 100% even when incubated for periods of 
up to 1 week at the low temperature. These cells con-
tinue to synthesize proteins and are capable of incorpo-
rating p^S]methionine at rates nearly equal to that of 
cells grown at 37°C (results not shown). Finally, the rate 
of ['^H)thymidine incorporation for Al-5 cells grown at 

5000 

Table 2. Doubling times of p53-transformed cells, Rati 
cells, and primary REPs at three incubation temperatures 

Cell line 

Al-5 
B4 
TlOl-1 
T l O l ^ 
Rat-1 
REF 

Transforming 
p53 mutant^ 

p53^'"i35 

p53vall35 

P53KH215 

P53KH215 

NA 
NA 

Doubling time 

39.5°C 

13 
15 
18 
14 
13 
18 

37°C 

13 
18 
20 
22 
14 
19 

(hr) 

32.5''C'' 

* 
• 

54 
41 
44 
31 

^ (NA) Not applicable. 
'' (* I Cells remained viable but did not divide. 

120 

Figure 4. Growth curves of Al-5 cells at 39.5°C (A), 37°C (•), 
and 32.5°C (•). 
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32.5°C drops sevenfold when shifted from 37°C to 
32.5°Q whereas TlOl-4 cells continue at only slightly 
reduced levels (data not shown). Therefore, growth inhi-
bition of Al-5 cells by incubation at 32.5°C does not 
appear to result from nonspecific toxicity of p53''*^^^^. 
Since [^H]thymidine incorporation was reduced at the 
low temperature, it was expected that DNA synthesis 
might be impaired. 

Table 3. Percent of Al-
incubation temperatures 

Incubation 
temperature (°C) 

39.5 
37 
32.5 

5 cells 

Gi 

51 
35 
91 

in Gj, S, and G2 at three 

Cell cycle fraction (%) 

S G2 

31 18 
42 23 

4 5 

Inhibitory effects of p53 on cell growth are restricted 

to Gi 

In Al-5 cells grown at 37°C, p53^^'^^^ had a cytoplasmic 
location during Gj (Fig. 2). Incubation at 32.5°C resulted 
in nuclear localization of p53'^*'^^^ accompanied by cell 
growth inhibition (Figs. 2 and 4). As a next step, growth-
inhibited Al-5 cells at 32.5°C were tested to determine 
whether they were blocked at a specific point in the cell 
cycle. Al-5 cells maintained for 48 hr at 39.5°C, 37°C, 
and 32.5°C were lysed and the nuclei were treated with 
ethidium bromide and analyzed by flow cytometry (Fig. 
5, Table 3). At 32.5°C, 91% of the cells were in Gj; less 
than one-tenth of all the cells are present in S and Gj. In 
contrast, the profiles for cells growing at 37°C and at 
39.5°C are indicative of normal exponential growth. 
Therefore, it appears likely that the progression of Al-5 

Figure 5. Histograms of Al-5 cells incubated for 48 hr at 
39.5°C, 37°C, or 32.5°C. Nuclei were prepared and analyzed by 
flow cytometry. Relative DNA content is represented on the 
x-axis; cell numbers are on the y-axis. Cell cycle fractions Gi, S, 
and G2 are indicated; the percent of total cells in each fraction 
is presented in Table 1. 

cells incubated at 32.5°C is impeded at the Gj phase of 
the cell cycle. 

The results in Figure 5 provide a static profile of the 
cells maintained at the three tempera turf . It would be 
informative to explore the changes tha iccur when a 
rapidly growing population of Al-5 eel! maintained at 
high temperature are shifted to low te ;;erature. Log-
phase cultures of Al-5 cells growing 3 39.5°C were 
shifted to 32.5°C and analyzed by flow cytometry (Fig. 6). 
This demonstrated that cells in Gj did not advance 
through the cell cycle. However, the shift from 39.5°C to 
32.5°C did not retard the progression of cells already in S 
phase through the remainder of the cycle (Fig. 6). The 
block was coincident with a rapid shift in p53^^^^^^ lo-
calization from cytoplasm to nucleus, as seen by immu-
nofluorescent staining. Interruption of cell cycle progres-
sion by shifting to low temperature appears to affect only 
those cells that have not yet entered S phase. These data 
are most consistent with the possibility that p53^^''' '^ 
functions at 32.5°C during Gj as a growth inhibitor and 

12hri 

24hri 

Figure 6. Histograms of Al-5 cells shifted down from 39.5°C to 
32.5°C. Samples were analyzed by flow cytometry. Histograms 
are aligned relative to their G, peaks. The time point of each 
sample is indicated. 
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that cells in S phase are not affected by this inhibitory 
activity. 

To confirm this conclusion^ the progression of cells 
through the cell cycle was compared when they were 
synchronized and allowed to progress to Gj or S phase 
prior to a shift to 32.5°C. Al-5 cells were synchronized 
by mitotic detachment, aliquoted into 60-mm plates, 
and divided into two groups. Gi-phase cells were ob-
tained by incubating mitotic cells at 37°C for 1 hr and 
shifting to 32.5°C. The S-phase group was maintained at 
37°C for 4 hr before shifting to 32.5°C. All samples were 
analyzed by flow cytometry (Fig. 7). From the results 
obtained in the experiment shown in Figure 3, it was 
expected that 1 hr at 37°C was sufficient time to allow 
mitosis to be completed but not long enough for DNA 
replication to be initiated. Furthermore, when incuba-
tion is continued for 4 hr, cells incorporate 
[^H]thymidine and are thus committed to entering S. 
The profiles of cells moving through the cell cycle show 
clearly that preincubation at 37°C for 4 hr (S phase pro-
gression; Fig. 7B) is sufficient to allow some cells to es-
cape the Gi block imposed by incubation at the low tem-
perature. These data suggest that the temperature-asso-
ciated block in the cell cycle occurs prior to initiation of 
DNA replication. Once replication has begun, the cell 
cycle continues unhindered until G, is encountered once 
again. 

Discussion 

Normal or untransformed cells contain very low levels 

1 hr 32.50C 

2 4 h r t 

1 hr37*b 

4 hr 32.50c 

24hrt 

Figure 7. {A) Progression of Al-5 cells synchronized to G,. Al-
5 cells synchronized by mitotic detachment were preincubated 
at 37°C for 1 hr and shifted to 32.5°C. (B) Progression of Al-5 
cells synchronized to the S phase. Al-5 cells synchronized by 
mitotic detachment were preincubated at 37°C for 4 hr and 
shifted to 32.5°C. All samples were analyzed by flow cytometry. 
Histograms are aligned relative to G^ peaks. The postmitotic 
time is indicated at right. The incubation temperature protocol 
is also indicated for each group. 

of p53 (Linzer and Levine 1979), which has made it very 
difficult to study this protein in these cells. Expressing 
higher levels of wild-type p53 appears to suppress cell 
growth (Baker et al. 1990; Diller et al. 1990; Mercer et al. 
1990; Michalovitz et al. 1990), further complicating the 
study of p53 function in these cells. Mutant p53, on the 
other hand, cooperates with the ras oncogene to trans-
form cells (Eliyahu et al. 1984; Parada et al. 1984), and 
high levels of mutant p53 proteins are found in these 
cells. Several biochemical and immimological criteria 
have been used to distinguish between the mutant and 
wild-type p53 proteins (Levine 1990): (1) PAb246 binds to 
wild-type but not most mutant p53 proteins (Tan et al. 
1986; Yewdell et al. 1986); (2) PAb240 binds to many 
mutant proteins but not to wild-type p53 proteins (Bar-
tek et al. 1990); (3) many mutant p53 proteins form a 
complex with hsc70 in the cell (Hinds et al. 1987); (4) the 
half-life is longer and the cellular concentrations of mu-
tant p53 proteins are higher than wild-type p53 (Finlay et 
al. 1989). Recently, Michalovitz et al. (1990), have shown 
that the p53''^^^'^''' mutant is temperature sensitive. In 
this study we confirmed that observation with each of 
the criteria stated above. At 32.5°C the great majority of 
the p53''^'^'^'^ protein is wild type, at 39.5°C most of it is 
mutant, and in Al-5 cells at 37°C a mixture of these two 
forms has been shown previously to coexist (Hinds et al. 
1987; Finlay et al. 1988). This mixture of mutant and 
wild-type forms of p53 in Al-5 cells may be a good model 
system to ask the question, how can mutant p53 have a 
trans-dominant phenotype, eliminating the negative reg-
ulatory functions of wild-type p53 (Finlay et al. 1989)? 
The hypothesis put forth to explain this observation was 
that murine mutant p53-hsc70 and murine and rat wild-
type p53 in these cells was in a complex that inactivated 
the p53 wild-type function. The results presented in this 
report provide a mechanism to explain the dominant loss 
of function mediated by mutant p53. First, the results of 
a shift of Al-5 cells from 39.5°C to 32.5°C strongly sug-
gests that wild-type p53 acts in Gj to block cells from 
entering the S phase of the cell cycle. Second, in Al-5 
cells at 37°C wild-type p53 is sequestered, likely by its 
association with mutant p53-hsc70 (Hinds et al. 1987) in 
the cytoplasm in Gj and cannot act in the nucleus at that 
time. When wild-type p53 returns to the nucleus in S 
phase, possibly as a result of the movement of hsc70 into 
the nucleus at that time (Milarski and Morimoto 1986), 
it is too late in the cell cycle to function and block pro-
gression through the cell cycle. 

In addition to providing a mechanism for mutant p53 
to act in a dominant-negative (loss of function) fashion, 
the results reported here suggest that wild-type p53 acts 
during the Gj phase of the cell cycle. This result is in 
good agreement with Diller et al. (1990) and Michalovitz 
et al. (1990). The only caution in all of these observations 
is that the wild-type p53 levels required to observe these 
effects are higher than levels normally seen in cells. This 
is really an overexpression phenotype. This communica-
tion is the first report of the genotype of the p53 alleles 
from rat cells transformed by mutant murine p53 plus 
las. In both p53^*^^^^ and p53^"^^^ plus rds-transformed 
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cell lines, the endogenous rat p53 is wild type. It re-
mained possible that the endogenous rat cell p53 gene 
had sustained a mutation to produce a permanent trans-
formed cell line. Many permanent cell lines in culture 
have been shown to have mutant p53 genes and proteins 
(Finlay et al. 1988; Levine 1990). On the contrary, the 
two different mutant p53 plus las rat embryo fibroblast 
cell lines examined here each had wild-type endogenous 
rat p53 mRNAs, consistent with the tra/js-dominant in-
activation of a negative regulator by mutant murine p53 
proteins. This is based on the assumption that p53''^'^^^ 
in its wild-type conformation is a good model for study-
ing the behavior of the wild-type rat p53 protein. 

Finally, there are some suggestions in this study that 
p53 does not act (in a mutant or wild-type form) only as 
a negative regulator of cell growth. First, the punctate 
pattern observed in the nuclei of Al-5 cells grown at 
37°C and stained with PAb246 (wild-type p53; Fig. 3) is 
not observed in these same cells at 32.5°C (Fig. 2). The 
wild-type p53 protein in cells that are actively replicat-
ing their DNA (having allowed cells to enter S phase) 
behaves differently (has a different nuclear distribution) 
in S phase than when it is in the nucleus in Gj (at 
32.5°C). Similarly, the wild-type p53 protein (and not the 
mutant form) binds tightly to metaphase chromosomes 
(Fig. 3B). This has also been observed with wild-type p53 
in nontransformed cells (rat embryo fibroblast cells; re-
sults not presented). Third, the results presented here 
would predict that wild-type p53 proteins that failed to 
enter the nucleus (because they have lost their nuclear 
localization signals) would also fail to suppress transfor-
mation of cells by p53 plus las or ElA plus las. That is, 
p53 must mediate its suppressive effects by acting in the 
nucleus of a cell. This has recently been tested (G. Shaul-
sky, N. Goldfinger, M. Tosky, A. Levine, and V. Rotter, 
in press) and is correct. Wild-type p53 proteins without a 
nuclear localization signal fail to suppress transforma-
tion of cells in culture. On the other hand, one might 
predict that mutant p53 proteins that are activated for 
transformation, but lack a nuclear localization signal, 
would transform cells in culture by cooperating with las. 

In this case, being sequestered in the cytoplasm seems to 
constitute a mechanism to effect a dominant loss of 
function for the endogenous wild-type p53. This hypoth-
esis is being tested. 

periment and have been described in detail elsewhere (Finlay et 
al. 1988). Rat-1 cells were derived from methylcholanthrene-
treated Fisher rat embryo fibroblasts (Freeman et al. 1973). Rat 
embryo fibroblasts are secondary or tertiary cultures. Culture 
medium for all cells was Dulbecco's modified Eagle medium 
(DMEM) supplemented with 10% heat-inactivated fetal calf se-
rum (FCS) at 37°C, except where stated otherwise. 

PAb421 is a pan-specific monoclonal antibody that detects 
p53 from all species (Harlow et al. 1981). PAb246 recognizes a 
specific conformational epitope present only on wild-type mu-
rine p53 (Yewdell et al. 1986). PAb240 is specific for mutant 
murine p53 proteins (Gannon et al. 1990). 

Indirect immunofluoiescent staining 

Coverslips with attached cells were rinsed three times in ice 
cold PBS [137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HP04 • 7H2O, 
1.4 mM KH2PO4 (pH 7.3)]. The cells were fixed in methanol/ 
acetone (50 : 50) for 2 min at -20°C and rehydrated with cold 
PBS. Undiluted monoclonal antibody cell culture supematants 
were applied to the coverslips and incubated in a humidified 
atmosphere for 2 hr at 37°C. After washing three times with 
cold PBS, FITC-conjugated sheep F(ab')2 fragment anti-mouse 
IgG (heavy and light chains) (Cooper Biomedical, Inc., Malvern, 
PA) diluted 1 : 50 was added. The coverslips were incubated for 
30 min at 37°C and washed three times with cold PBS. Samples 
were mounted on glass slides with mounting solution (1 x PBS, 
90% glycerol, 0.1% p-phenylenediamine). A Zeiss model IlIRS 
microscope was used for all observations and photographs. 

PCR amplification and DNA sequencing 

Total RNA was isolated as described by Maniatis et al. (1982). 
cDNA was generated essentially as described by Kawaski 
(1990), using 5 |xg of total RNA, except that oligo[d(T)]i8 was 
used to prime the reverse transcriptase reaction. On completion 
of the reverse transcriptase reaction, the enzyme was inacti-
vated by heating to 94°C for 56 min. The PCR was performed by 
adding 80 fil of 1 x PCR buffer [50 mM KCL, 2.5 mM MgClj, 10 
mM Tris-Cl (pH 8.3), 200 |JLM dNTPs, 0.1 mg/ml BSA], 10 pmoles 
of 5' primer (5'-CCTGAAGACTGGATAACTGTCATGG-
AGGAT-3'), 10 pmoles of 3' primer (5'-AGAGGGGGCCG-
AGTACTATCTACAAGGTAA-3'), and 5 units of Taq poly-
merase (Cetus Emeryville, CA) directly to the cDNA reaction 
mixture. Rat p53 cDNA was amplified by 30 cycles (1 min at 
94°C, 2 min at 45°C, and 3 min at 72°C). Single-stranded DNA 
from this reaction was amplified by asymmetric PCR as de-
scribed by McCabe (1990) and sequenced directly by the dideoxy 
chain-termination method (Sanger et al. 1977). 

Materials and methods 

Cells and antibodies 

Al and B4 cells are primary rat embryo fibroblasts transformed 
by transfection with activated ras (T24) (Goldfarb et al. 1982) 
and plasmid LTR p53cG, which directs overexpression of 
p53vaii35 (Finlay et al. 1988). These two cell lines were derived 
from separate transformation experiments. Al-5 cells were de-
rived from the Al line by limiting dilution and were used 
throughout these studies, except where indicated. Cell lines 
TlOl-1 and TlOl-4 are rat embryo fibroblasts transformed by 
transfection with activated ras (T24) and plasmid MSUKH215, 
which directs the overexpression of p53''^"^'^. These two cell 
lines are independent clones from the same transformation ex-

Growth curves 

Log-phase cells grown to no more than 80% confluence were fed 
fresh media 12-24 hr before they were replated at a density of 
5 X 10'̂  cells/60-mm plate. The cells were allowed to attach at 
37°C for 8-12 hr and were left at 37°C or shifted to either 32.5''C 
or 39.5°C. The initial sample was taken 12-24 hr later (approx-
imately one doubling time). Cell numbers were determined us-
ing an Electrozone model 112LTSNBCD/ADC (Particle Data, 
Inc). All time points were performed in duplicate. Doubling 
times were calculated by fitting data points to an exponential 
curve using regression analysis. 

Mitotic detachment 

Cells for mitotic detachments were fed fresh culture media 15 
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hr prior to the experiment. All cells were grown at 37°C to 90% 
confluency in Coming T150 flasks (Coming, Chicago, IL). Mi-
totic cells were harvested by replacing culture media with 6 ml 
of fresh suspension-modified minimum essential medium 
(SMEM) and 10% PCS, prewarmed to 37°C. After continued 
incubation at 37°C for 30 min, the flasks were shaken rapidly for 
15 sec. The media now containing mitotic cells were pooled and 
centrifuged at low speed (4°C). Cell pellets were resuspended in 
culture medium (Terasima and Tolmach 1963). This procedure 
regularly yielded populations that consisted of 70-80% mitotic 
cells. 

Cell cycle piogiessions 

For determination of S phase, synchronized cells obtained by 
mitotic detachment were aliquoted into 35-mm plates and in-
cubated at 37°C. At hourly intervals, cells were labeled by re-
placing culture medium with prewarmed (37°C) medium con-
taining 50 (xCi/ml [^H]-thymidine (73.7 Ci/mmole, Dupont/ 
New England Nuclear, Boston, MA). Incubation was continued 
for 15 min at 37°C. Samples were harvested by rinsing cell 
monolayer with ice-cold PBS and applying 1 ml of lysis buffer 
[10% SDS, 10 mM EDTA (pH 8.0)| directly to the plate. TCA-
precipitable radioactivity was determined for each sample by 
scintillation counting in a Beckman LS5000TD. 

Synchronized cells for indirect immunofluorescence studies 
were resuspended in 5 ml of culture medium and applied to 
poly-L-lysine-coated coverslips for 10 min on ice. The coverslips 
were placed in 35-mm plates with medium and incubated at 
37°C. Coverslips were removed at hourly intervals and prepared 
for immunofluorescence as described. 

Cells for analysis of cell cycle progression using flow cytom-
etry were trypsinized from 60-mm plates and lysed in FACS 
buffer (3.4 mM Na citrate, 10 mM NaCl, 0.1% NP-40, 75 mM 
ethidium bromide). The cell nuclei were either analyzed imme-
diately, or pelleted, resuspended in freezing buffer |10 mM Tris-
Cl (pH 7.5), 10% sucrose], and stored at - 70°C for analysis at a 
later date (Sherley and Kelly 1988). 

Temperatuie shift assays and flow cytometry analysis 

Cells were plated at a density of 5 x 10^ cells/10-cm plate and 
incubated at 37°C overnight to allow attachment. For shift-
down experiments, plates were incubated at 39.5°C for 24 hr and 
shifted to 32.5°C. Samples were taken at appropriate intervals 
and prepared for analysis by flow cytometry as described (Sher-
ley and Kelley 1988). Cells for indirect immunofluorescent 
staining were grown on coverslips and subjected to the same 
temperature-shift protocols. 
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