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The core domain of the tumor suppressor p53 has low ther-
modynamic stability, andmany oncogenic mutations cause it to
denature rapidly at body temperature.Wemade a series of core
domain mutants that are significantly less or more stable than
wild type to investigate effects of stability on the transcriptional
activity and levels of native full-length p53 in H1299 mamma-
lian cells. The levels of transcriptionally inactive native protein
with inactivating mutations in the N-terminal transactivation
domain correlated strongly with stability. The levels of tran-
scriptionally active proteins, however, depended on both their
stability and the transcriptional activity that leads to the feed-
back loop of proteolytic degradation via transcription of E3
ligases. A very highly stabilized quadruple mutant and an even
more stable hexamutant weremore active than wild-type p53 in
terms of Bax transcription and apoptotic activity, and reached
higher levels than wild type in cells. The increased activity did
not result from increased overall stability but was due to a single
known suppressor mutation, N239Y. It is possible that the low
intrinsic stability of p53 is ameans of keeping its level low in the
cell by spontaneous denaturation, by a route additional to that
of proteolytic degradation via E3 ligase pathways. Denatured
p53 does accumulate in cells, and there are pathways for the
proteolysis of denatured proteins.

The p53 tumor suppressor protein regulates cell-cycle arrest,
apoptosis, and DNA repair by transactivating a wide range of
downstream genes in response to cellular stress (1). Upon acti-
vation through upstream stress signals, p53 levels rise rapidly
via various mechanisms, such as post-translational modifica-
tion, leading to transcription of downstream genes (2). The
level of p53 protein in vivo is tightly regulated, and the basal
level is kept low by rapid turnover through degradation, by
ubiquitin-dependent proteolysis involving Hdm2 (3, 4) and
other E3 ligases such as Pirh2 (5) and COP1 (6). Cellular
stresses can lead to a decrease in Hdm2 or a disruption of inter-
action betweenHdm2 and p53, for example, leading to an accu-
mulation of p53 protein (7). Hdm2 is in turn transcriptionally
induced by p53, thus forming an autoregulatory feedback loop
that controls p53 levels (8, 9).
p53 contains intrinsically disordered N- and C-terminal

domains, while its central core and its tetramerization domains
are folded (10). The core domain (residues 94–312) dominates

the overall functional stability of the full-length protein, being
relatively unstable, with a melting temperature of only around
44 °C (11). In 50%of human cancers, p53 is inactivated by onco-
genicmutations (12), which aremostly found in theDNAbind-
ing core domain of p53 (13). Some 30% of themutations simply
cause the protein to denature at body temperature, and these
mutants have a half-life of a few minutes or less from sponta-
neous denaturation (13).
Other regulatory proteins involved in cell cycle control, such

as p16INK4a, also have low thermodynamic stability (14). There-
fore, it is possible that the low thermostability of p53 has the
biological purpose of giving p53 a low in vivo half-life in the
absence of the proteosomal degradation pathways. The differ-
ence in intrinsic stability between p53 and its more stable
homologues, p63/p73, may also be important for their different
in vivo functions (15–17).
The stabilized quadruple mutant M133L/V203A/N239Y/

N268D core domain (QM3 or T-p53C, residues 94–312) was
designed semirationally, and found to be more stable than the
wild-type p53 core domain by 2.5 kcal/mol and fully functional
in vitro (18). Its structure is identical to that of wild-type core
apart from small local changes at the sites ofmutation (19). The
quadruple mutant has been used as a stabilized scaffold for
determining the structures of hotspot-destabilizing mutations
in the core domain (20) as well as for facilitating biophysical
measurements with full-length p53 (21). Recently, the quadru-
ple mutant has also been used in determining the quaternary
structure of full-length p53 (22, 23).
We have designed a hexamutant, (HM) (M133L/V203A/

Y236F/T253I/N239Y/N268D) (24), which is even more stable,
based on the proposal that poorly hydrogen-bonded side chains
of Tyr-236 and Thr-253 residues, buried in the core domain of
p53, are replaced by Phe-236 and Ile-253, as found in the more
stable paralogs p63 and p73 (25). The level of expression of the
mutant p53 core domains in Escherichia coli, in the absence of
Hdm2 and other E3 ligases feedback loops that are found in
mammalian cells, depend on their thermodynamic stability
(26). Destabilized mutants reach lower levels, since their rates
of degradation are higher than that of stabilized mutants,
although they all have the same rate of biosynthesis. Here, we
examined the effects of thermodynamic stability of the core
domain of full-length p53, bymaking use of the stabilized quad-
ruple (QM) and HM, and expressing them in mammalian cells
with active feedback loops involving Hdm2. We examined the
levels of native p53 protein and the effects of stability on tran-
scription and apoptosis.
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MATERIALS AND METHODS

Cloning—Wild-type, QM, and HM full-length p53 were
cloned into the pEGFP N1 vector using the SacII and XmaI
restriction sites. pEGFP-N1 plasmid was a gift from Fiona
Townsley.
Mammalian Cell Fluorescence Assay—H1299 cells were a

gift from Carol Prives. The cells were maintained in RPMI
mediumwith 10% fetal calf serum and penstrep antibiotics. For
transient transfection, cells were seeded at 1.0 � 105 cells/6-
well plate. After 24 h, cells were transfected with 1 �g of
pEGFP-N1 p53 or mutant p53 plasmid. The medium was
removed to harvest the cells. Cells on the plate surface were
scraped into 250 �l of phosphate-buffered saline transferred
into FACS tubes. The cells were then measured for fluores-
cence intensity using a Becton Dickinson FACScan. Cells were
selected by setting the forward-scatter and the side-scatter
range, and the emission intensity of each cell was measured at
530 and 585 nm. Experiments were carried out in triplicate.
Reporter Assay—H1299 cells were seeded at 1.0 � 104 cells

per well in 96-well plates. After 24 h, the cells were co-trans-
fected with 50 ng of pEGFP-N1 p53 or mutant p53 expression
vector and 100 ng of Bax reporter luciferase plasmid (Gift from
Moshe Oren) and 5 ng of CMV-Renilla plasmid, using Lipo-
fectamine 2000 (Invitrogen) transfection reagent according to
the manufacturer’s instructions. Cells were assayed for lucifer-
ase and Renilla activity using a Dual-Glo luciferase assay kit
(Promega) according to the manufacturer’s instructions.
Western Blotting—H1299 cells were seeded at 1.0 � 105 cells

per well in 6-well plates. After 24 h, the cells were transfected
with 1 �g of pEGFP p53 or mutant p53 expression vector. Cells
were harvested after 48 h by scraping into 300 �l of radioim-
mune precipitation assay buffer. Approximately 2 �g of cell
lysate is run on a 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (Invitrogen) and transferred onto a polyvi-
nylidene difluoride membrane (Millipore). Quantification of
cell lysate was done using a BCA kit (Thermo Scientific). Blots
were incubated with a mouse anti-GFP primary antibody
(1:2000) (Clontech) followed by an anti-mouse horseradish
peroxidase secondary antibody (1:2000) (Santa Cruz Biotech-
nology) and assayed using ECL detection reagent (Amersham
Biosciences). Mouse anti-�-tubulin primary antibody (1:5000)
(Sigma) was used for the loading control.
Caspase 3 Assay—H1299 cells were seeded at 1.0 � 105 cells

per well in 6-well plates. After 24 h, the cells were transfected
with 1 �g of pEGFP p53 or mutant p53 expression vector. Cells
were assayed for caspase 3 activity using a caspase 3 assay kit
(Promega), according to the manufacturer’s instructions.
Cell Viability Assay—H1299 cells were seeded at 1.0 � 105

cells per well in 6-well plates. After 24 h, cells were transfected
with 1 �g of pEGFP p53 or mutant p53 expression vector in
triplicate wells. Cells were harvested after 24 h and pooled.
1.0 � 104 cells were sorted by GFP fluorescence into each well
of a 96-well plate containing cell culture medium with 800
�g/ml of geneticin (Sigma) with a Moflo cell sorter. Cell viabil-
ity was measured using a Celltitre-Glo Kit according to manu-
facturer’s instructions (Promega).

RESULTS

Effects of Stability on Protein Levels—Full-length p53 mu-
tants with a range of different stabilities (Fig. 1) were transiently
expressed as a fusion protein with EGFP at the C terminus of
p53 inH1299 cells. Fusionwith EGFPdoes not affect the overall
stability of p53, and EGFP fluoresces only when p53 is folded
(26). This is based on the rapid protein-folding assay (27), in
which an unfolded test protein fused to theN terminus of EGFP
can interfere with the folding of EGFP. Only when the test pro-
tein is fully folded will proper formation of the EGFP chro-
mophore occur and fluorescence be detected.
The steady-state levels of folded p53 were measured by flow

cytometry, by monitoring the average fluorescence intensity of
the green fluorescent cells, thus distinguishing transfected cells
from non-transfected cells (Fig. 2) (28).
Levels of Transcriptionally Active p53 Over Time—The levels

of folded protein for transcriptionally active p53 mutants were

FIGURE 1. Relative stabilities of p53 core domain (p53C) and its mutants.
The thermodynamic stabilities of p53 core domains were measured as previ-
ously in vitro by equilibrium urea denaturation at 10 °C, at which temperature
thermodynamic stability can be more accurately determined and compared
(18, 20, 24, 29). Relative stabilities are given as ��G values (kcal/mol) with
respect to wild-type p53 core domain.

FIGURE 2. FACs analysis for measuring cellular fluorescence. Left, cells
with the right forward (FSC) and side scatter (SSC) were selected by gating.
Right, EGFP-positive cells selected were measured for fluorescence emission
through the FL1 (530 nm) and FL2 (583 nm) channels. This allowed p53-trans-
fected cells to be distinguished from non-transfected ones. The fluoresence
intensity of 10,000 individual cells was measured, and the average fluores-
cence intensity was recorded.
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alsomeasured over a range of 48 h by EGFP fluorescence inten-
sity (Fig. 3). We observed an accumulation in p53 levels to a
maximum after 36 h followed by a decrease in signal. The levels
of p53 correlated with thermodynamic stability. QM and HM,
which have the highest stabilities, accumulated more rapidly
thanWT or V143A in the first 36 h and have the highest levels
of folded protein over the 48-h period. V143A, which is a highly
destabilized oncogenic mutant (29), had the lowest amount of
folded protein over the time period. There was, however, little
difference between QM and HM levels despite the higher sta-
bility in HM.
We also made a control, QM-V143A, which has a destabiliz-

ing V143Amutation, lowering its stability to slightly below that
ofWT p53 (Fig. 1). The levels of QM-V143A protein were very
similar to WT p53 over the 48-h period, which suggested that
the higher levels of protein observed for QM and HM was due
to their higher stabilities rather than the effect of one ormore of
the stabilizing mutations.
The comparison of transcriptionally active p53 may reflect a

more complex picture due to the induction of degradation and
apoptosis, especially toward the later stages of the 48-h period.
Differences in the extent of cell killing by the various mutants
will be shown later.
Comparison with Transcriptionally Inactive p53 after 48 h—

We made use of a transcriptionally inactive scaffold L22Q/
W23S/W53Q/F54S (QS1/2) mutant (30) to rule out any self-
induced degradation via the transcriptionally mediated Hdm2
feedback loop and to minimize apoptosis (Figs. 4 and 5). The
QS1/2 mutations are in the natively unfolded N terminus
domain of p53 and do not affect the overall thermodynamic
stability of p53, which is governed by the core domain. The lack
of cell killing in these transcriptionally inactivemutants also led
to a more homogeneous population of GFP-positive cells,
which allowed better comparison of fluorescence levels.

The fluorescence levels between the transcriptionally inac-
tiveQS1/2mutants showed a similar trend as the transcription-
ally active ones (Fig. 6a). Levels of QS1/2-QM and QS1/2-HM
were significantly higher than that of QS1/2-WT after 48 h,
which suggests that higher stability does indeed lead to a higher
accumulation of folded protein. QS1/2-V143A also yielded the
smallest amount of protein. We also found that the fluores-
cence levels of QS1/2-WT, QS1/2-QM, and QS1/2-HM were
higher than the transcriptionally activeWT,QM, andHM, 48 h
after transfection (Fig. 6a).
Western blot analysis gave the total fraction of protein,

which includes folded and unfolded protein (Fig. 6b). It can be
seen that the total fraction of protein correlated well with the
thermodynamic stability of the transcriptionally inactiveQS1/2
mutants. The transcriptionally inactive QS1/2-WT, QS1/2-
QM, and QS1/2-HMmutants were at higher levels in the total
fraction than were their transcriptionally active counterparts
because of activation of Hdm2 and the effects of cell death by
the transcriptionally activemutants. No difference in levels was

FIGURE 3. Stabilized HM and QM mutants gave higher fluorescence (lev-
els of folded p53) than wild-type p53 over a time course. EGFP-tagged
transcriptionally active p53 mutants were transfected into H1299 cells, and
the average fluorescence intensity was measured by FACS scan at different
time points from 12 to 48 h after transfection. Higher thermodynamic stability
led to higher accumulation over time. The QM-V143A control, which was
similar to WT in terms of thermodynamic stability, had similar levels of folded
protein to WT.

FIGURE 4. Caspase 3 assay showing that QS1/2-WT, QS1/2-QM, and QS1/
2-HM do not induce apoptosis. H1299 cells were transfected with EGFP-
tagged p53 plasmid. Caspase 3 activity was measured after 24 h, and normal-
ized for cell numbers using a cell viability kit in a parallel experiment.

FIGURE 5. Transcriptional assay showing that the QS1/2-WT, QS1/2-QM
and QS1/2-HM mutants are transcriptionally inactive. H1299 cells were
co-transfected with EGFP-tagged p53, Bax-luciferase reporter plasmid and a
CMV-Renilla plasmid, and luciferase activity was measured after 24 h.
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observed between V143A and QS1/2-V143A, since both
mutants are inactive.
Higher Cell-killing Activity in QM and HM—We initially

tried to measure the transcriptional activity of QM and HM
and co-transfected p53 with a constitutive reporter plasmid,
CMV-Renilla, to serve as a control for cell number. How-
ever, we found that Renilla activity was consistently lower
for QM and HM than for WT after 24 h (results not shown).
This led us to suspect that QM and HM were more potent in
killing cells.
Our suspicion that QM and HM were more toxic persisted

when we tried to select for EGFP-positive cells with geneticin.
We observed that much fewer EGFP-positive cells transfected
with QM and HM survived, as compared with wild-type, when
viewed under the fluorescence microscope. We used a caspase
3 activity assay to show that QM and HM induced apoptosis
and displayed higher activity than wild-type p53 (Fig. 7).

We then used a cell viability assay to measure the number
of surviving cells after sorting the same number of EGFP-
positive cells into each well of a 96-well plate to confirm our
results. The use of cell sorting also ruled out proliferation of
non-transfected cells. The number of viable cells transfected
with HM and QM was significantly lower than with WT p53
after both 2 and 3 days (Fig. 8). Almost none of the cells
transfected with QM and HM survived after 4 days (data not
shown).

FIGURE 7. The N239Y substitution leads to higher caspase 3 activity.
H1299 cells were transfected with EGFP-tagged p53 plasmid. Caspase 3 activ-
ity was measured after 24 h, and normalized for cell numbers using a cell
viability kit in a parallel experiment. Higher caspase activity could be traced
back to a single N239Y mutation (N239Y mutation is also present in
QM-V143A, QM, and HM). Comparison with the QM V143A and N268D con-
trols showed that the higher caspase 3 activity in N239Y was not due to its
higher thermodynamic stability.

FIGURE 8. Cell viability assay shows that the N239Y substitution contrib-
utes to lower cell viability. H1299 cells were transfected with EGFP-tagged
p53 plasmid. 10,000 EGFP-positive cells were sorted into each well in a 96-well
plate and allowed to proliferate. Cell viability was measured after 1 and 2 days.
The results confirmed that N239Y led to higher cell death as shown by the
caspase 3 assay.

FIGURE 6. Higher stability of p53 leads to higher fluorescence (levels of
folded p53) in both transcriptionally active and inactive (QS1/2) p53
mutants. a, EGFP-tagged p53 mutants were transfected into H1299 cells and
the average fluorescence intensity was measured 48 h after transfection
using a FACscan. Levels of folded p53 were correlated with intrinsic thermo-
dynamic stability. Transcriptionally active mutants had lower levels of folded
protein than transcriptionally inactive ones with the QS1/2 scaffold. b, West-
ern blot showing the total fraction of p53 protein 48 h after transfection. The
total fraction of p53 correlates well with thermodynamic stability of the tran-
scriptionally inactive QS1/2 mutants.
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Role of N239Y in Apoptosis—We investigated whether the
higher stability of HM andQMwas the cause of higher apopto-
sis levels seen in the caspase 3 and cell viability assays. The fact
that QM-V143Awasmore active thanWT in the caspase 3 and
cell viability assays (Figs. 7 and 8) suggested that the increased
stability of QM andHM per sewas not the cause of the increase
in cell death.
The oncogenic mutant V143A in theWT framework is inac-

tive because of its low stability, which causes it to be unfolded at
37 °C. The V143Amutant was inactive in cell killing in both the
caspase 3 assay (Fig. 7) and the cell viability assay (Fig. 8). Sta-
bilizing the mutant with the additional four mutations from
QM to give QM-V143A raised its stability to be about 1.3 kcal/
mol less than WT (Fig. 1) but increased its activity in the
caspase 3 assay to be close to that of the farmore stableQMand
HM. This finding implies that the higher caspase activity does
not result from increased stability of the mutants, but most
likely results from a specific effect of one or more of the four
stabilizing mutations.
We thus studied two of the substitutions,N239Y andN268D,

which are found at the surfaces of HM and QM. N239Y has a
stabilizing effect of 1.49 kcal mol�1 while N268D has a stabiliz-
ing effect of around 0.92 kcal mol�1 (Fig. 1). The N239Y sub-
stitution, alone, led to higher apoptosis and cell death in the
caspase 3 assay (Fig. 7) and cell viability assay (Fig. 8) whereas
N268D caused no significant difference in p53 activity, com-
pared with wild-type p53. Similar effects on apoptosis and cell
death were seen for QM-V143A, QM, and HM, which contain
the N239Y substitution (Figs. 7 and 8). These effects suggested
that the N239Y substitution is the determining factor for the
higher apoptotic activity seen in our results. It thus appears that
increasing stability does not have any further observable effect
on cell death in our assay.
Higher Cell-killing Activity of N239Y Is Transcriptionally

Dependent—We repeated the transcription assay, but meas-
ured the activity at a shorter time point of 7 h to minimize cell
deathWe observed thatQM-V143A,N239Y,QM, andHMhad
higher transcriptional activities than WT and N268D (Fig. 9),
which suggested that the N239Ymutation leads to higher tran-
scription from the Bax promoter.
The V143A mutant did not have any transcriptional activity

(Fig. 9), but its activity was fully restored to aboveWT levels in
QM-V143A when the stabilizing QM scaffold is used.
We ruled out any transcription-independent pathway that

could have led to the higher cell death observed inQMandHM
by making use of the QS1/2 scaffold (Fig. 5). We also observed
no difference in caspase 3 activities between QS1/2-WT, QS1/
2-QM, and QS1/2-HM (Fig. 4).

DISCUSSION

Comparison of p53 Levels and the Role of Thermodynamic
Stability in Cells—We determined the levels of p53 core
domain mutants both when transcriptionally competent and
when containing mutations in the transactivation domain that
render them transcriptionally incompetent.
There was a correlation between the thermodynamic stabil-

ity of the transcriptionally competent p53 mutants and the lev-
els of folded protein in mammalian cells. To compare protein

levels in the absence of cell death and self-induced degradation
by up-regulation of Hdm2, wemade use of the transcriptionally
inactive QS1/2 scaffold. There were similar trends for both
transcriptionally active and inactive QM and HM mutants,
which accumulated to higher levels of folded protein thanWT.
However, the increase in stability from QM to HM led to a less
significant increase in the fraction of folded protein.
The thermodynamic stability of p53 has been shown earlier

to correlatewith the rate of unfolding of protein in vitro at 37 °C
(31). Our results strongly suggest that the intrinsic thermody-
namic stability of p53 affects the rate of accumulation and deg-
radation of folded protein in mammalian cells.
The in vivo level of a protein is related to its rate of synthesis

and degradation, and p53 is known to bemainly regulated at its
rate of degradation. It is likely that p53 can unfold spontane-
ously in vivo, in a manner similar to in vitro experiments (31).
Stabilized p53 mutants, QM and HM, have slower rates of
unfolding,4 and thus accumulate to higher levels of folded pro-
tein. This effect is observed even in the absence of the induction
ofHdm2 and other E3 ligases, suggesting that spontaneous deg-
radation occurs independently of these pathways.
p53, like many other cellular proteins, is degraded by the

ubiquitin-dependent pathway, which involves the 26S proteo-
some (32). p53 degradation via Hdm2 ubiquitination involves
recognition of the folded p53 core domain, in addition to its N
terminus, by the Hdm2 protein (33, 34). p53 may also be
degraded by a ubiquitin-independent mechanism, involving
the 20S proteosome (35), known to degrade mainly unfolded
proteins such as tau (36) and p21 (37). Denatured p53 does
accumulate in cells, as detected by antibodies, and less stable
mutants more so (38). Such spontaneously unfolded p53 may
be targeted toward further proteolysis through the 20S proteo-
some pathway. p53 may have evolved to be unstable at body
temperature so that the protein could have facile degradation

4 G. Jaggi and A. R. Fersht, unpublished in vitro data for QM.

FIGURE 9. N239Y mutation led to higher transcription from a Bax reporter
plasmid. H1299 cells were co-transfected with EGFP-tagged p53, Bax-lucifer-
ase reporter plasmid and a CMV-Renilla plasmid. Luciferase activity was meas-
ured after 7 h. The higher transcriptional activity due to the N239Y mutation,
suggest that the higher cell killing is transcriptionally dependent.

Effects of Stability on the Biological Function of p53

30978 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 45 • NOVEMBER 6, 2009



via spontaneous unfolding when it is not needed. The rapid
degradation of p53 by multiple mechanisms may facilitate the
tight control of p53 levels.
Transcriptional Feedback Loop of p53—The QS1/2 scaffold

used in our experiments rules out p53-induced degradation via
the Hdm2 feedback loop and p53-induced apoptosis. The
QS1/2 mutations have been studied separately as L22Q/W23S
(QS1) (39) andW53Q/F54S (QS2) (40). These mutations affect
the transactivation domains 1 and 2 of p53, respectively, both
leading to reduced transcription and apoptosis. The fourmuta-
tions (QS1/2) were later shown to abrogate synergistic tran-
scription and apoptosis in H1299 cells (30), which we con-
firmed in our results.
The lack of transcription of Hdm2, and hence the absence of

its regulatory feedback loop, led to the accumulation of higher
levels of folded p53 protein when the QS1/2 scaffold was used.
This suggests that the transcriptionally induced feedback loop
is important in maintaining low levels of p53 in the cell.
Role of the Second Site Suppressor N239Y in Apoptosis—We

observed higher transcriptional and apoptotic activities forQM
andHMthanWTp53. The increase in the level of transcription
and apoptosis was traced to a single N239Y mutation, which
was further confirmed by cell-viability assays, but we did not
observe any further significant increase in activity from any
higher intrinsic stability in our assay.
N239Y acts as a second site suppressor mutation, which is

able to restore cancer hot-spotmutations such as G245S, found
in loopL3 (41).N239Y increases the thermodynamic stability of
the p53 core domain by about 1.5 kcal mol�1, which is able to
restore wild type stability in G245S/N239Y (42). We observed
that the N239Ymutation led to higher transcriptional and apo-
ptotic activity inmammalian cells. It is possible that the surface
mutation affects interactions with proteins that bind to p53. It
has also been suggested that N239Y may alter DNA binding
specificity as it is found close to the phosphodiester backbone of
DNAwhen p53 is bound toDNA (41). p53 controls a vast num-
ber of genes in cell cycle arrest, apoptosis, and DNA repair in a
DNA sequence-specific manner, and mutations in the DNA
binding domain have been shown to lead to differential tran-
scriptional and downstream biological responses (43). The
higher activity of the N239Y mutant might explain why it has
not been selected for in nature (19), as it is a more potent
inducer of apoptosis. Future studies on thismutantmay further
elucidate how p53 chooses between cell cycle arrest and apo-
ptosis, which is of interest for cancer therapy.
Rescue of Oncogenic V143A Mutant by QM Scaffold—The

V143A oncogenic mutant shows neither DNA binding nor
transcriptional activity at 37 °C, although these functions can
be restored at lower temperatures (44). The mutation destabi-
lizes p53 core domain by 3.5 kcal mol�1 (29). The transcrip-
tional and apoptotic activity of V143A can be partially restored
by individual N239Y and N268D mutations (41). Our results
confirmed that V143A has no transcriptional or cell-killing
activity at 37 °C and demonstrated that the destabilizingV143A
mutation could be fully rescued in terms of transcriptional and
apoptotic activity to above wild-type level by placing it in the
QM-stabilizing scaffold. This presumably arises from the over-
all stabilizing effect of theQMscaffold, which contains both the

N239Y and N268D mutations, and which contributes an
increase of 2.5 kcal mol�1 to stability. This observation is in
agreement with the crystal structure of QM-V143A, showing
that the mutation creates an internal cavity but leaves the over-
all structure intact (20). The additional potency in inducing cell
death comes from the N239Y substitution.

CONCLUSIONS

Our results show that the thermodynamic stability of p53 is
correlated the level of folded protein in mammalian cells, but
that increasing the intrinsic stability of p53 above that of WT
appears to have no significant effect on transcriptional or apo-
ptotic activity. It is possible that p53 has evolved to be margin-
ally stable to allow the spontaneous denaturation of WT p53,
without compromising its activity. This may serve as an alter-
native pathway for the tight control of p53 levels, independent
of transcriptional feedback loops.
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