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Pharmacological Rescue of
Mutant p53 Conformation and
Function

Barbara A. Foster, Heather A. Coffey, Michael J. Morin,
Farzan Rastinejad*

Compounds that stabilize the DNA binding domain of p53 in the active con-
formation were identified. These small synthetic molecules not only promoted
the stability of wild-type p53 but also allowed mutant p53 to maintain an active
conformation. A prototype compound caused the accumulation of conforma-
tionally active p53 in cells with mutant p53, enabling it to activate transcription
and to slow tumor growth in mice. With further work aimed at improving
potency, this class of compounds may be developed into anticancer drugs of

broad utility.

The p53 tumor suppressor gene is mutated
with high frequency in human cancers, -and
reintroduction of wild-type p53 can suppress
tumorigenicity (/). The transcription regula-
tory and tumor suppressor activity of p53 is
absolutely dependent on the ability of the
protein to maintain the DNA binding confor-
mation (2). A large number of weakly inter-
acting amino acids in the central DNA bind-
ing domain (DBD) of p53 contribute to the
stability of a structured scaffold that orients
the two loops and the loop-sheet-helix motif
of the DNA binding surface (3). Recent evi-
dence suggests that the most frequently en-
countered mutations in p53 reduce the ther-
modynamic stability of the DBD (4). Desta-
bilization of the active conformation, which
occurs under denaturing conditions or upon
mutation of p53, reduces the binding of p53
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search, Pfizer Central Research, Eastern Point Road,
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to specific peptides, to cellular and viral pro-
teins, and to the monoclonal antibody (mAb)
mAb1620 (5). In contrast, the epitope for
mADb240 is exposed when the active confor-
mation is disrupted (6).

Ablation of a negative regulatory domain
at the p53 COOH-terminus by antibodies and
peptides has been used to promote the activ-
ity of certain mutant p53 forms (7). Here, we
present an alternative approach to promoting
p53 activity by stabilizing the active confor-
mation of the DBD. We observed that puri-
fied wild-type p53 DBD is naturally temper-
ature-sensitive for loss of the active confor-
mation. The epitope for mAb1620 was lost in
a temperature- and time-dependent manner
when the protein was immobilized on micro-
titer plates and heated (Fig. 1A). An eight—
amino acid epitope tag (FLAG) that was
fused to the DBD remained fully stable under
these conditions. Furthermore, loss of the
1620 epitope occurred in concert with the
enhanced appearance of the 240 epitope, con-
firming the transition of the protein into a
nonfunctional conformation. The half-life of
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Fig. 1. Modulation of conformation-dependent epitopes on p53 DBD. (A)
FLAG-tagged p53 DBD (1.25 ng) was immobilized on microtiter wells and
incubated at 45°C, and the epitopes for mAb240 (M), antibody to FLAG (@),
and mAb1620 (A) were measured with each of the antibodies (72). Epitope
remaining is shown as percentage of the control protein that was immobi-
lized and maintained on ice. Error bars represent standard deviation. (B)
Wild-type p53 DBD (0.5 ng) was immobilized and incubated at 23°C (),
32°C (@), or 45°C (A), and the epitope for mAb1620 was measured.
Standard deviations were <10%. (C) Wild-type p53 DBD (1 ng) was
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Fig. 2. Structural features of the active compounds. The relative activity of ~300 related
compound analogs was assessed on the basis of the concentration of compound required to
stabilize 50% of the mAb1620 epitope on wild-type p53 DBD. Active and inactive compounds
denote >10-fold differences in potency of matched compound pairs.

the 1620 epitope on immobilized wild-type
p53 DBD was ~35 min at 23°C and de-
creased to <5 min at 45°C (Fig. 1B). In
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parallel, the DNA binding capacity of p53
DBD in gel shift assays was reduced upon
heating in solution (8), confirming the asser-
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immobilized and heated at 45°C for 30 min in the presence of CP-31398 (W),
CP-257042 (@), or the equivalent concentration of the DMSO vehicle (A).
The remaining epitope for mAb1620 is shown as percentage of unheated
control. (D) Wild-type (WT) and mutant p53 DBD preparations, with nearly
equal amounts of epitope for mAb1620 (within 10%), were immobilized and
heated at 37°C for 30 min in the presence of vehicle (solid bars) or
compound (hatched bars). The remaining epitope for mAb1620 is shown as
percentage of unheated controls. Error bars are the standard deviation for

tion that the 1620 epitope provides an accu-
rate measure of the protein’s DNA binding
conformation (2, 5).

Upon screening a library of >100,000
synthetic compounds and testing analogs of
the active compounds, we identified multiple
classes of small molecules (300 to 500 dal-
tons) that promoted the conformational sta-
bility of wild-type p53 DBD as well as that of
full-length p53 (8). Active compounds stabi-
lized the epitope for mAb1620 in a dose-
dependent manner when p53 was heated (Fig.
1C). The dimethyl sulfoxide (DMSO) solvent
and several related analogs of the active com-
pounds failed to stabilize.

We next examined whether the com-
pounds could stabilize the active conforma-
tion of mutant p53. DBDs from several mu-
tant p53 proteins were isolated from bacteria
grown at 17°C where a substantial fraction of
the protein retained the epitope for mAb1620
(4, 9). The mutant DBDs were less stable
than wild-type DBD when heated, but the
stability of the mutants in the presence of
compound equaled or exceeded that of the
wild-type p53 in the absence of compound
(Fig. 1D). These compounds did not rescue
p53 that had already lost the active confor-
mation. Indeed, there was no increase in
mAb1620 reactivity when p53 DBD was
heated before compound addition. Also, the
compounds reduced the rate of epitope loss,
but prolonged heating resulted in loss of the
active conformation. Compound wash-out
before incubation at 37°C did not prevent
epitope loss, suggesting that the effect may
be reversible (8).

All of our active compounds join together
a hydrophobic group (R1, polycyclic) and an
ionizable group (R2, often an amine) by a
linker of a specific length (Fig. 2). Certain
substitutions at R1 and R2 positions main-
tained activity, whereas even subtle changes
in these groups rendered the compounds in-

24 DECEMBER 1999 VOL 286 SCIENCE www.sciencemag.org



Fig. 3. Modulation of p53 con-
formation and transcription ac-
tivity in cultured cells (A and C)
and in tumors (B and D). (A)
Cultured H1299 cells transfected
with 173A mutant p53 were
treated with CP-31398 (15 pg
ml~7) (73). Total levels of p53
were unchanged as assessed
with mAbDO-1. Cell lysates rep-
resenting equal amounts of p53
were added to microtiter plates
coated with mAb1620, and the
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the epitope for mAb1620 was
measured (74). Values represent
the average of three replicates.
Reactivity with mAb1620 did
not change in vehicle-treated
cells. (B) Mice with subcutaneous
tumors derived from H1299
transfectants were given a single
intraperitoneal injection of CP-
31398 (100 mg kg™ "), and tu-
mor lysates from two mice at
each time point were prepared.
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amounts of total p53 were as-
sayed as above to determine the
relative fraction of p53 that dis-

CP-31398 (ug/ml)
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played the epitope for mAb1620. Each sample deviated by <15% from the average (shown), and
similar results were obtained when the experiment was repeated. (C) Matched H1299 transfectants
with a luciferase reporter gene (@) or with the reporter gene and the 173A mutant p53 (H) were
treated in microtiter wells for 16 hours (75). As a measure of p53 transcription activation function,
the expression of luciferase reporter gene was corrected for the basal level of expression in the
absence of compound. Shown are results of a representative experiment with standard deviation
for four replicate wells. (D) Tumor lysates from animals treated as in (B) were normalized for
protein content and analyzed for luciferase expression. Luciferase expression was unchanged in

lysates from vehicle-treated tumors.

active. Negatively charged or uncharged
groups at R2 were always inactive. The
spacing between R1 and R2 was also crit-
ical because a propyl length linker was
optimal for activity. Branched linkers often
improved activity. Although the exact na-
ture of the molecular interaction remains to
be elucidated, these observations suggest a
bivalent contact between p53 and the com-
pounds through the R1 and the R2 groups.
The optimal length of the linker may reflect
the necessity of precisely distancing or ori-
enting these two sites on the protein while
providing a tether that enhances the stabil-
ity of the active conformation.

To examine the effect of compounds on
the conformational stability of p53 in living
cells, we used the p53-null H1299 lung car-
cinoma cells that were transfected with mu-
tant p53. The mAbDO-1, which does not
discriminate between the active and the inac-
tive conformations of p53, was used in pro-
tein immunoblots to select clones expressing
mutant p53. Immunoprecipitation of the
transfected cell extracts with mAb1620 con-
firmed that only a small fraction of mutant
p53 in cells retains the active conformation
(10). Low micromolar concentrations of a
prototype compound, CP-31398, increased
the steady-state fraction of 1620-positive pS3
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in cells by fivefold at 4 to 6 hours after
treatment (Fig. 3A). CP-31398 did not alter
the total amount of p53 as measured with
mAbDO-1. Despite the large pool of inactive
p53 in these cells, the compounds are likely
to stabilize only the newly synthesized p53
that is in the active conformation and thus
allow for time-dependent accumulation of
this fraction.

CP-31398 also enhanced the steady-state
levels of the pS3 fraction that displays the
epitope for mAb1620 in tumors derived from
transfected H1299 cells. Tumor-bearing mice
were killed after a single dose of 100 mg
kg~!, and the conformational status of p53
was quantified in the tumor lysates. Total p53
levels were unchanged as measured on pro-
tein immunoblots with mAbDO-1. The rela-
tive amount of the mAbl620 epitope was
increased by ~fivefold at 3 hours after treat-
ment (Fig. 3B).

We next examined the effect of the com-
pound on the sequence-specific transcription
activity of p53. H1299 cells were transfected
with a p53-inducible luciferase reporter gene,
and a stable clone (H1299/Reporter) was re-
transfected to express mutant p53. In the
presence of mutant p53, CP-31398 increased
reporter gene expression by ~10-fold (Fig.
3C). This induction of the reporter gene was

p53 mutant 173 249
CP-31398 - + - +
P53

L e

P21 — -

Fig. 4. Induction of p21 in cells expressing only
mutant p53. Saos-2 cells expressing transfected
mutant p53 were treated with CP-31398 (16
pg ml™7) for 16 hours. Cell lysates were nor-
malized for total protein and analyzed on pro-
tein immunoblots for the expression of p21 and
total p53 (76).

dependent on the presence of mutant p53
because H1299/Reporter cells did not acti-
vate the reporter gene.

To determine if mutant p53 could be func-
tionally restored in vivo, we measured the
reporter gene in tumors. A maximum 4.5-fold
induction was observed at 8 hours after a
single intraperitoneal dose of CP-31398 (Fig.
3D). No induction was observed in mice
treated with the vehicle. The peak plasma
concentration of compound in mice was ~10
pg ml~! (8). This may account for the lower
levels of reporter gene induction in tumors as
compared with cultured cells, where a 10-
fold induction was observed at 18 pg ml™!
(Fig. 3C).

We also examined the ability of CP-31398
to induce the cellular p21 gene in the absence
of wild-type p53. As compared with vehicle
treatment, CP-31398 elevated p21 expression
by ~threefold in Saos-2 osteosarcoma cells
that express either position 173 or position
249 mutant p53 (Fig. 4). The total amount of
mutant pS3 protein in these cells was un-
changed, suggesting that conformationally
stabilized p53 can activate a relevant down-
stream gene.

We next examined whether CP-31398
could inhibit the growth of small human tu-
mor xenografts with naturally mutated p53.
The compound appeared safe, and no mortal-
ity was observed when mice were dosed at
200 mg kg day~! (100 mg kg~!, every 12
hours) for 14 consecutive days (8). Doses
above 100 mg kg~! did not appreciably in-
crease plasma concentrations, suggesting that
absorption may be limited. The A375.S2 mel-
anoma cell line (mutated at p53 position 249)
and the DLD-1 colon carcinoma cell line
(mutated at pS3 position 241) rapidly formed
tumors in nude mice (Fig. 5). Seven daily
injections of CP-31398 (100 mg kg™!) sup-
pressed A375.S2 tumor growth by ~50%,
and twice daily administrations inhibited tu-
mor growth by 75% (Fig. 5). Twice daily
treatments completely inhibited DLD-1 tu-
mor growth. The growth of both tumor types
resumed upon cessation of treatment, con-
firming the inhibitory activity of the com-
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Fig. 5. Growth inhibition of tu-
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was determined by standard methods (78). Error bars represent standard error for 5 to 10 mice in
each group. Results were reproducible in repeated experiments.

pound. Pharmacokinetic data indicated that
even twice daily dosing of CP-31398 did not
‘maintain concentrations of the compound that
were sufficient to continuously sustain p53
activity in tumors of treated animals. This
suggests that intermittent threshold levels of
p53 activity may be sufficient to suppress
tumor growth.

Pharmacological agents that specifically
reduce the free energy of a protein’s active
conformation may have utility in cancer,
cystic fibrosis, and prion-mediated neuro-
degeneration, where protein conformation,
folding, and aggregation contribute to the
disease (11). Other benefits of specific con-
formation stabilizing agents may be envi-
sioned whereby naturally unstable proteins
are maintained in their active conformation,
enabling them to compensate for disease-
related deficiencies. Our findings support
the notion that broadly effective anticancer
therapies may one day be developed from
compounds that conformationally stabilize
p53. We have shown here that prototype
compounds can conformationally modulate
all of the four randomly chosen p53 mu-
tants in vitro and functionally activate three
mutants in vivo. Evaluating the full poten-
tial of these compounds will ultimately re-
quire improvements in their potency.
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Recombinant DBD (residues 94 to 312) from wild-
type and mutant p53 proteins (173A, 175S, 2498,
and 273H) and FLAG-tagged wild-type p53 DBD
were diluted in buffer containing 25 mM Hepes (pH
6.8), 150 mM KCl, and 10 mM dithiothreitol (DTT),
and 0.25 to 1.0 ng of the protein was immobilized
onto Reactibind microtiter wells (Pierce, Rockford,
IL) by incubating on ice for 30 min. Compounds
were dissolved in DMSO at 10 mg ml~" and diluted
before use. The wells were rinsed with 25 mM
Hepes (pH 6.8) and 150 mM KCl, compound or
diluted DMSO vehicle was added, and the plates
were incubated at the indicated temperatures. In-
cubation was terminated by placing the wells on
ice, and the enzyme-linked immunosorbent assays
were performed on ice to avoid further alterations
of the epitopes. Wells were blocked for 1 hour with
cold 5% skim milk in Hepes-KCl buffer before
addition of the primary antibodies. Monoclonal
antibodies mAb1620 and mAb240 (Calbiochem,
San Diego, CA) and antibody to FLAG M2 (Sigma,
St. Louis) were diluted at 1:100 to 1:250 in Hepes-
KCl and added at 100 pl per well for 30 min. The
plates were rinsed twice with cold Hepes-KCl buff-
er and incubated with horseradish peroxidase
(HRP)—conjugated antibody to mouse immuno-
globulin G (IgG; Roche, Indianapolis) for another 30
min. The HRP signal was developed with 3,3',5,5'-
tetramethylbenzidine (TMB) developer (Pierce),
and the optical density of the signal was read on a
Bio-Rad microplate reader set at 450 nm.

Cell lines were obtained from the American Type
Culture Collection (Manassas, VA) and grown in
the recommended media with 10% fetal bovine
serum. Cells were transfected with expression plas-
mids encoding the 173A mutant p53 and a neo-
mycin selectable marker with N-[2,3-dioleoy-
loxy)propyl]-N,N,N-trimethylammonium methyl-
sulfate (DOTAP) transfection reagent (Roche).
Transfected clones were selected for growth in
media containing G418.

Cells (1 X 107) were treated overnight, rinsed three
times with cold tris-buffered saline, and lysed in 1.5
ml of hypotonic lysis buffer [20 mM Hepes (pH 7.4),
10 mM NaCl, 20% glycerol, 0.2 mM EDTA, 0.1%
Triton X-100, and 10 mM DTT with protease inhibi-
tors]. Cells were pelleted in microfuge tubes at 2000

15.

17.

18.

19.

rpm for 5 min at 4°C, and nuclear extracts were
prepared by resuspending the pellets in the same
buffer with 0.5 M NaCL. Tumor samples were homog-
enized in a Dounce homogenizer in three volumes of
the above buffer with 0.5 M NaCl. The lysates were
cleared by centrifugation at 10,000 rpm for 10 min at
4°C. Nuclear extracts were normalized for p53 con-
tent with protein immunoblots with mAbDO-1 anti-
body, and p53 was captured onto wells of MaxiSorp
F96 plates (Nunc, Naperville, IL) that had been coat-
ed overnight at 4°C with mAbDO-1 at 1 pg ml~" in
0.05 M carbonate buffer (pH 9.6). The wells were
washed with cold phosphate-buffered saline (PBS),
blocked for 3 hours at 4°C with 4% skim milk in
PBS, and probed with HRP-conjugated mAb1620
antibody in skim milk. The antibody incubation was
for 1 hour on ice, after which wells were washed
three times in PBS with 0.05% Tween 20, and TMB
substrate was used to develop the signal. A stan-
dard curve was established with the lysate from
temperature-shifted (32°C) cells that expressed
large quantities of 1620-positive p53. Quantitation
of the samples was within the linear range of the
standard curve and was corrected for total p53 in
each sample as well as for the 1620-positive p53
fraction in untreated cell lysates.

Cells were transfected with a plasmid encoding the
hygromycin resistance marker and a p53 reporter
gene made up of four copies of a p53-binding se-
quence (GCCTTGCCTGGACT TGCCTGGCCT TGCC-
TTTTC) placed upstream of the simian virus 40 basal
promoter driving the luciferase gene. Transfected
clones were selected for growth in Hygromycin and
subsequently transfected with the mutant p53 as
above. Monolayers of cells in 96-well tissue culture
plates were treated with compound, and luciferase
activity was determined with a substrate conversion
assay (Promega, Madison, WI) and quantified with a
Dynatech microplate luminometer.

. Cultured cells were treated for 21 hours, rinsed three

times with cold tris-buffered saline, scraped, and
pelleted at 10,000 rpm for 30 s before being resus-
pended in 50 mM Hepes (pH 7.5), 0.1% NP-40, 250
mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM DTT,
aprotinin (50 pg ml™"), and Pefabloc (1 mg ml=";
Roche). Protein concentrations were determined with
Bradford reagent (Bio-Rad, Hercules, CA), and 10 pg
of cell lysate was loaded onto 8 to 16% gradient
polyacrylamide-SDS gels (Novex, San Diego, CA).
Proteins were transferred onto Immobilon P mem-
brane (Millipore, Marlborough, MA). Membranes were
bisected between the 32.5- and 47.5-kD molecular
mass markers and blocked for 1 hour at room tem-
perature in SuperBlock (Pierce) plus 3% skim milk.
The bottom half of the blot was probed for p21
expression with monoclonal antibody clone EA10
(Calbiochem), and the top half of the blot was probed
for total p53 expression with mAbDO-1 (Calbio-
chem). The blots were washed for 1 hour in three
changes of tris-buffered saline with 0.1% Tween 20,
before the addition of a secondary antibody, HRP-
conjugated antibody to mouse IgG. The bands were
visualized with Renaissance ECL (DuPont, Boston)
and exposure to Hyperfilm ECL (Amersham, Arlington
Heights, IL).

Cultured cells were rinsed with PBS, and 1 X 10°
A375.52 or 5 X 10° DLD1 cells were inoculated in
90% Matrigel (Becton Dickinson, Franklin Lakes, NJ)
unilaterally into the right flanks of ~20-g female
NU/NU-nuBR mice (Charles River Laboratories, Wil-
mington, MA). CP-31398 was administered intraperi-
toneally in a saline solution with 0.1% Pluronic P-105
(BASF, Parsippany, NJ) as the vehicle. Tumor diame-
ter was measured in two dimensions with calipers
and converted to tumor volume. The care of animals
was in accordance with institutional guidelines.
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