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Abstract

In human tumors, many different point mutations of the /;5.) gene

knock out suppressor function and induce the p53 polypeptide to adopt an
immunologically distinct, "mutant" conformation. Here we show that ex

posure to the metal ( delator 1,10-phenanthroline induces wild-type p53 to

adopt the mutant conformation and that this process is reversible. Con
version to mutant phenotype also occurs after exposure to (a) an organic
mercurial reagent targeting cysteinyl residues and (/>I low concentrations
of mercury or cadmium. We propose that binding of metal ions, most
probably zinc, to conserved cysteinyl residues stabilizes the tertiary struc
ture of wild-type p53.

Introduction

The gene encoding the tumor suppressor protein p53 is the most
frequently affected gene in human cancer, where loss of onepSJ alÃele
is often coupled with a point mutation in the remaining alÃele( 1). The
wild-type p53 protein acts as a suppressor of abnormal cell prolifer

ation. However, missense mutations within conserved regions can not
only inactivate this suppressor function but in some cases also activate
p53 as an oncogene and promote cell proliferation (2). The effect of
these mutations on p53 function presumably reflects alterations of the
tertiary structure of the protein (3). Indeed, many oncogenic mutant
p53 proteins differ from wild-type by their reactivity with conforma
tion-specific monoclonal antibodies. Wild-type p53 is characteristi

cally reactive with monoclonal antibodies PAb246 (specific for mu
rine p53) and PAbl620, but not with PAb240, whereas p53 in the
"mutant" conformation reacts with PAb240 but not with PAb246 or

PAbl620 (4-6). The epitopes recognized by PAb246 and PAbl620 are

conformation dependent and are destroyed by protein denaturation. In
contrast, PAb240 recognizes a conserved amino acid motif (RHSVV,
residues 213-217 in human p53) which is cryptic in wild-type but

exposed on the mutant phenotype of p53 (7).
It is remarkable that so many different single amino acid changes

have a common effect on the tertiary structure of p53. We have now
tried to mimic this effect using reagents with defined properties, as a
step toward understanding the "fine tuning" responsible for the main

tenance of p53 in the wild-type conformation. For this purpose, we
have generated murine wild-type p53 protein by translation in rabbit

reticulocyte lysate. We have previously shown that this system con
tains components essential for expression and regulation of specific
conformational states of p53 (5, 6, 8, 9) and is thus particularly
suitable for studying p53 conformation under defined conditions.

Materials and Methods

Transcription and Translation of p53. The plasmids pSP6p53ALa"5
pSP6p53Va"-15 were used for translation of, respectively, murine wild-type and

mutant p53 (5). Truncated p53 (p53A'"Slu) was obtained using pSP6p53Alal"
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linearized with Stul. Translations were carried in rabbit reticulocyte lysate
(Promega) for l h at 37Â°Cunless otherwise stated, in the presence of 0.75 JJM
of added [35S]methionine (40.5 TBq/mmol; Amersham) (4). Translations were

stopped by addition of anisomycin (2 ug/ul). Given that a typical translation
yielded 0.8-1.3 x IO5 cpm of trichloroacetic acid-precipitable material per ul

of lysate, the estimated concentration of p53 synthesized is 100 pmol/ml.
Treatment with Defined Reagents and Immunoprecipitations. OP and

CMPS (Sigma) were kept as, respectively, 10 mM and 25 mM solutions in 10
HIMTris-HCl, pH 7.6. Unless otherwise stated, aliquots of translated lysate
were incubated for 20 min at 37Â°Cin the presence of OP, CMPS, or metal ions

dissolved in 10 m.w Tris-HCl, pH 7.6. Using OP, time course experiments
revealed that the effect on wild-type p53 was rapid (r,/. 7 min) and reached a

maximum after 20 min (data not shown). After incubation. p53 was analyzed
by immunoprecipitation as described previously (4), using the following an
tibodies: PAb 240 (5); PAb246 and PAb248 (10); and rabbit serum to hsp70 (9).
Immunoprecipitates were analyzed on 15% SDS-PAGE as described elsewhere

(8).

Results and Discussion

In order to investigate factors involved in the tertiary folding of
p53, we have first studied the effect of metal chelators on the con
formation of wild-type p53, since metal ions play a crucial role in

stabilizing conformational structures in many proteins (11). The effect
of the chelating agent 1,10-phenanthroline on wild-type p53 translated
in vitro is shown in Fig. 1. Wild-type p53 reacted with PAb246 but

only weakly with PAb240 and did not significantly complex with
lysate hsp70 (Fig. 1/4, Lanes 1-4). After exposure to the chelating
agent at 37Â°C,we observed an increase in reactivity with PAb240 and

a decrease in reactivity with PAb246, whereas the amount of p53
complexed to hsp70 was doubled (Fig. \A. Lanes 5-8). This pheno

type is undistinguishable of that of an oncogenic mutant of p53. Thus,
treatment with OP induced p53 to lose the wild-type phenotype and to

adopt the mutant conformation. This effect on p53 conformation was
dependent upon the concentration of OP, with a half-maximal effect

achieved at a concentration of 1.25 min (Fig. IB). Identical results
were obtained using PAb 1620 (specific for the wild-type conforma

tion of both human and murine p53; data not shown). The effects of
OP were similar for human and murine wild-type p53 and were also

observed for cellular p53 in addition to p53 expressed in vitro (data
not shown).

Other chelating agents, including EDTA and EGTA, also altered the
conformation of wild-type p53 in a dose-dependent manner (Fig. \B).
However, whereas a half-maximal effect was achieved with OP at 1.25

mM, a similar effect required about 15 mMEDTA and more than 20 mM
EGTA. Exposure to 2 mM EDTA for up to 4 h did not alter the
wild-type conformation of p53 (data not shown), suggesting that the
low efficiency of EDTA did not reflect a time-dependent mechanism
for metal-protein dissociation in the presence of this agent. EDTA and

EGTA differ from OP by their chemical structure and by their affin
ities for specific metal ions. Although they both bind most divalent
metal ions, EGTA has a higher affinity for Ca(II) versus Mg(II) than

'The abbreviations used are: OP. 1,10-phenanthroline; CMPS. chloromercuryphenyl

sulfonate; hspVO, M, 70,000 heat shock protein; SDS-PAGE. sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; EGTA. ethylenebis(oxyethylenenitrilo)tetraacetic
acid.
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Fig. I. Effect of the chelating agents on the conformation of wild-type p53. (A I Murine
wild-type p53 was translated in vitro in the presence of ("S]methionine and subsequently
incubated in the presence or in the absence (control) of 3 mM OP for 20 min at 37Â°C.
^S-labeled p53 was immunoprecipitated with antibodies specific for wild-type (PAb246)
or mutant (PAb240) forms of p53 and analyzed by SDS-PAGE under reducing conditions.
PAb248, which recognizes both wild-type and mutant p53 phenotypes. was used as a

control. Complex formation with lysate hsp70 was detected by coprecipitation of labeled
p53 with an antiserum to hsp70. MWM. molecular weight markers (in thousands). (Â£t)
Wild-type p53 was exposed to varying concentrations of OP. EDTA or EGTA and analyzed
with PAb246 as described in the legend to Fig. I/I. Immunoprecipitated p53 was quan-
titated by scintillation counting, and results were expressed as a percentage of the amount
of p53 precipitated by PAb246 in [he absence of chelating agents.

EDTA. In contrast, OP forms only very weak complexes with Mg(II)
and Ca(II) but has a strong affinity for transition metals, including
Zn(II) (12). Taken together, the differences between chelating agents
rule against an involvement of Ca(II) and Mg(II) and suggest that
Zn(II) may play a role in stabilizing the tertiary structure of wild-type

P53.
Since exposure of wild-type p53 to various denaturing agents irre

versibly destroys the epitope recognized by PAb246 and exposes the
PAb240 epitope, it was crucial to determine whether the effect of OP
was reversible. This was tested using the temperature-sensitive mutant
alÃelep53v""35, which adopts the wild-type conformation when trans
lated at 30Â°Cbut switches to mutant phenotype within minutes of
incubation at 37Â°C.Using this mutant, we have previously shown that

temperature-dependent refolding of p53 from mutant to wild-type

conformation is ATP dependent and is facilitated by addition of
freshly thawed lysate (6, 9). p53va"35 was first translated at 30Â°Cinto

the wild-type phenotype and incubated in the presence of 2 mMOP for
8 min at 30Â°C.The protein was then separated from the chelating

agent by gel filtration on Sephadex G-25 (Pharmacia). After filtration,
the protein was further incubated at 30Â°C.in the presence or in the

absence of added fresh lysate, ATP, and metal ions (ZnCl2). We found
that addition of these three components together reversed the pheno-

typic alteration induced by OP, as shown by restoration of reactivity
with PAb246 (Fig. 2). Thus, exposure to OP does not cause irrevers
ible denaturation of p53 but instead induces a reversible conforma-
tional effect on wild-type p53, converting it to the mutant phenotype.

No effect was observed using ZnCl2 alone. Substitution of ATP with

the nonhydrolyzable analogue 5'-Adenylylimidodiphosphate pre

vented reversion to the wild-type conformation (data not shown), in

agreement with the described requirement for ATP during reversion of
p53 from mutant to wild-type phenotype (9).

Size fractionation studies showed that p53 expressed in vitro forms
high affinity oligomeric complexes. The structural requirements for
quaternary structure can be distinguished from those for tertiary struc
ture, since a truncated form of wild-type p53 (comprising residues
1-343) fails to oligomerize but retains the wild-type conformation

(13). This truncated protein exhibited the same sensitivity to OP as
full-length p53, indicating that the effect of OP on the tertiary struc

ture is independent of the quaternary structure of p53 (data not
shown). However, analysis by SDS-PAGE in nonreducing conditions

revealed that exposure to OP induced the formation of high molecular
weight complexes cross-linked by disulfide bridges and containing
p53 molecules (Fig. 3/1). Cross-linking is dependent upon concentra

tions of OP equal or superior to 2.5 min. Note that these concentrations
are higher than those required for disruption of the wild-type confor

mation of p53 (see Fig. 1). The presence of p53 in high molecular
weight complexes was confirmed by two-dimensional gel electro-
phoresis, where wild-type p53 exposed to OP was analyzed by non-
reducing SDS-PAGE in the first dimension, followed by SDS-PAGE

in reducing conditions in the second dimension (data not shown).
Comparable results were obtained with 25 mM EDTA. These results
indicate that quantitative removal of metal ions with chelating agents
results in an unstable form of p53, with free cysteinyl residues able to
form intermolecular disulfide bonds, visualized as high molecular
weight p53 complexes. A similar effect of chelating agents has been
reported for metalloproteins containing structural zinc bound on cys
teinyl residues, such as aspartate transcarbamoylase (14). The fact that
higher concentrations of OP are required for p53 cross-linking than for
disruption of the wild-type conformation suggests that limited alter
ations of metal-protein interactions are sufficient to disrupt the epitope

recognized by PAb246.
The role of cysteinyl residues in the wild-type structure of p53 was

further investigated using CMPS. Organic mercurials such as CMPS
form stable complexes with thiol groups, and they can diplace Zn(II)
ions bound on cysteinyl residues in metalloenzymes containing struc
tural zinc (15). Exposure to CMPS after in vitro translation converted
wild-type p53 to an apparently mutant phenotype (data not shown).
The effect of CMPS was dose dependent, with a half-maximal effect
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Fig. 2. Reversibility of the effect of OP on the conformation of wild-type p53. The
temperature-sensitive mutant p53v""" was translated at 30Â°C(into the wild-type pheno
type) and subsequently exposed to 2 mMOP for 8 min at 30Â°C.The lysate was then filtered

on a Sephadex G-25 column (Pharmacia) to remove the chelating agent. After filtration,
the lysate was supplemented with anisomycin to block further translation and incubated
for 4 h at 30Â°Cin the following conditions: Lane 1. no addition; Lane 2. addition of ZnClj

(50 UM);Lane 3, addition of ZnCli (50 UM),freshly thawed lysate (1 volume), and ATP
(4 mM). Each aliquot was analyzed by immunoprecipitation with PAb246 and SDS-PAGE
as described in legend to Fig. \A. MWM, molecular weight markers (in thousands).

1740

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/8/1739/2453281/cr0530081739.pdf by guest on 19 M

ay 2023



ZINC AND CYSTEINYL RESIDUES IN p53 TERTIARY STRUCTURE

+ OP, mM

e

e
u

Â«/>
r* Â«S

origin â€”¿�

200 â€”¿�

97 â€”¿�

68 â€”¿�

43 â€”¿�
30 â€”¿�

B
+ CMPS,nM

f

ou

l/l
ri V)

PAb 248

PAb 246

Fig. 3. Involvement of cysteiny] residues in metal binding. (A) Formation of disulfide-
linked complexes containing p53 after exposure of wild-type p53 to OP. Wild-type p53

was exposed to varying concentrations of OP and subsequently analyzed on a 10%
SDS-PAGE with a 5% stacking gel under nonreducing conditions. Left ordinate, positions
of molecular weight markers (MWM in thousands), (ÃŸ)Effect of CMPS on the confor
mation of wild-type p53. Wild-type p53 was exposed to varying concentrations of CMPS
for 20 min at 37Â°C.Immunoprecipitations and analysis by SDS-PAGE were carried out as

in legend to Fig. M.

at 62.5 \IM (Fig. 3ÃŸ).These data indicate that specific targetting of
sulfhydryl groups results in the disruption of the wild-type conforma

tion of p53. Taken together, these results and those presented above
suggest that cysteinyl residues in p53 may be involved in the coordi
nation of structural metal ions.

The stability of metal-ligand complexes depends on the polarizabil-
ity of the metal ion involved. "Hard" ions, such as Mg(II) and Ca(II),

have a low polarizability and a high positive charge, and they interact
with ligands through electrostatic forces. In contrast, "soft" ions, such

as Cd(II) and Hg(II), have a high polarizability and a larger size. They
form stable bonds with polarizable ligands such as sulfur (see review

in Ref. 16). Zn(II) is a "borderline" ion with intermediate properties
between "hard" and "soft." Thus, the thiol side chain of cysteine is a
favorable zinc ligand, but bound Zn(II) is readily displaced by "softer"

ions such as Cd(II) and Hg(II). We have therefore analyzed the effect
of different metal ions on the stability of the wild-type conformation
of p53. By exposing wild-type p53 to various concentrations of metal
ions, we found that "soft" ions such as Hg(II) and Cd(II) disrupted the

wild-type phenotype in a concentration-dependent manner, with half-

maximal effects of 0.9 UMand 75 UM,respectively (Fig. 4). Both ions
also induce a reciprocal increase in reactivity with PAb240 (data not
shown). In contrast, Zn(II) had no effect at concentrations up to 500
UM.Other ions, including Mg(II), Mn(II), and Co(II), did not signif
icantly affect wild-type p53 conformation (data not shown). These

results indicate that metal ions which bind to cysteinyl residues with
a better affinity than Zn(II) can disrupt the wild-type phenotype of

p53. These observations are in agreement with a structural involve
ment of Zn(II) in the wild-type conformation of p53 and suggest that

the size and polarizability of the metal ion are critical factors for the
formation of the adequate coordination polyhedron.

Zinc serves both catalytic and structural roles in many proteins. The
coordination polyhedron of catalytic zinc is usually dominated by
histidine side chains, whereas that of structural zinc is almost exclu
sively dominated by cysteine thiolates (16). Usually, structural zinc
displays a tetrahedral coordination, as in the "zinc finger" identified in

many transcription factors. In this structure, zinc stabilizes a polypep-
tidic "finger" involved in contacting DNA (17). Structural zinc is also

found in other proteins involved in nucleic acid replication, such as
gene 32 protein from bacteriophage T4 and the largest subunits of
various prokaryotic and eukaryotic RNA polymerases (18). In these
proteins, the structure stabilized by zinc does not appear to be in
volved in direct nucleic acid binding and may be critical for the
assembly of protein subunits which establish the integrity of the
catalytic machinery. An example of such zinc-stabilized structures is

found in aspartate transcarbamoylase, the tertiary structure of which
has been determined by X-ray diffraction studies. In this multimeric

enzyme, a zinc molecule bound by four cysteinyl residues in the
carboxyl terminus of the regulatory subunit determines the folding of
a domain which represents the major site of interaction between
regulatory and catalytic subunits (19).

Two domains reminiscent of the zinc binding domains of aspartate
transcarbamoylase and RNA polymerases can be identified in the
primary structure of wild-type p53. They include cysteines located in

conserved regions 2, 3, 4, and 5. Assuming that mutation in human
cancer reveals a role for a given residue in maintaining the integrity of
the wild-type p53 conformation, the structure of these putative zinc-
binding domains in human wild-type p53 would be Cys'35-X5-
Cys141-X34-Cysl76-X2-His179 for domain 1 and Cys218-X.vCys242-
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Fig. 4. Effect of metal ions on the wild-type conformation of p53. Wild-type p53 was
exposed to varying concentrations of Zn(II), Cd(II). or Hg(II) for 20 min at 37Â°C.Metal

ions were added as sulfate (zinc, cadmium) or chloride (mercury) salts in water (26).
Immunoprecipitations with PAb246 and quantification by scintillation counting were
carried out as in legend to Fig. \A. Results are expressed as a percentage of the amount
of p53 detected by PAb246 in the absence of added metal ions. For Zn(II), identical results
were obtained using ZnCl2 instead of ZnSO4 (not shown)
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X,2-Cys275-XrCys277 for domain 2 (where X represents a residue not

directly involved in metal binding). The only other conserved cysteine
in p53, Cys124, has thus far not been found to be mutated in human

cancer (1). An hypothetical model of wild-type p53 incorporating
these putative zinc-binding domains proposes the existence of two
"zinc loops" flanking the cryptic epitope recognized by PAb240. By
"bridging" the conserved regions 2-3 and 4-5, which contain the

major hotspots for mutations in human cancer, this model provides a
structural basis to explain how mutations scattered over more than 150
residues may have a common effect on the tertiary structure of p53.

In a variety of experimental systems, loss of wild-type p53 confor

mation is correlated with loss of the ability to exert antiproliferative
effects. In particular, a mutant of murine p53 which is temperature
sensitive for conformation (6) is also temperature sensitive for func
tion in intact cells (20) and for sequence-specific DNA binding in vitro

(21). A further link between conformation and biochemical function is
demonstrated by the fact that exposure to OP of wild-type p53 trans

lated in vitro abolishes its ability to bind a p53 consensus DNA
sequence.4 This suggests that the metal-dependent folding of wild-

type p53 is critical for its ability to bind specifically to DNA, a
functional property which is lost in mutants from all four conserved
domains of the p53 molecule (22).

A conformational hypothesis proposes that normal p53 may func
tion both to suppress and promote cell proliferation, a given function
depending upon the conformation of p53 protein (3). This hypothesis
assumes that p53 conformation could be regulated during the normal
growth response. Indeed, the suppressor form of p53 (equivalent to
wild-type phenotype) may be inactivated by cell growth stimulation,

which induces a transient loss of PAb246 immunoreactivity (23). The
model proposed here suggests that folding of p53 is dependent on
physiological parameters such as the availability of metal ions and
reduction-oxidation conditions (see Fig. 3A, where removal of metal

ions with chelating agents is associated with oxidation of sulfhydryl
groups in p53). Redox control has been recently shown to regulate the
activity of transcription factors such as AP-1 (24), NF-Â«B(25), and

USF (26). Clearly, a better understanding of these questions awaits a
detailed description of the tertiary structure of the p53 domains in
volved in metal binding.
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