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ABSTRACT

The p53 protein is a tumor suppressor often inactivated in cancer, which controls cell proliferation and survival
through several coordinated pathways. The p53 protein is induced in response to many forms of cellular stress,
genotoxic or not. p53 is a zinc-binding protein containing several reactive cysteines, and its key biochemical prop-
erty, sequence-specific DNA binding, is dependent upon metal and redox regulation in vitro. In this review, we
describe the main features of p53 as a metalloprotein and we discuss how metal binding and oxidation-reduction
may affect p53 activity in vivo. In particular, we stress the possible involvement of thioredoxin, Ref-1 (redox fac-
tor 1), and metallothionein in the control of p53 protein conformation and activity. Furthermore, we also review
the available evidence on the role of p53 as a transactivator or transrepressor of genes involved in the production
and control of reactive oxygen intermediates. Overall, these data indicate that p53 lies at the center of a network
of complex redox interactions. In this network, p53 can control the timely production of reactive oxygen interme-
diates (e.g., to initiate apoptosis), but this activity is itself under the control of changes in metal levels and in cel-
lular redox status. This redox sensitivity may be one of the biochemical mechanisms by which p53 acts as a “sen-

sor” of multiple forms of stress. Antioxid. Redox Signal. 3, 611-623.

INTRODUCTION: p53, A PROTEIN AT
THE HEART OF A NETWORK OF
REDOX INTERACTIONS

HE P53 PROTEIN is a transcription factor (mo-

lecular mass 53,000) constitutively ex-
pressed in most cells and tissues. TP53 (MIM
no. 1911170), the gene encoding p53, is located
on human chromosome 17p13.1 and is fre-
quently mutated in a wide variety of human
cancers. Most of these mutations are missense
mutations scattered in the region of the gene
that encodes the DNA binding domain of p53,
emphasizing the role of sequence-specific
DNA-binding as the main biochemical prop-
erty of p53 in tumor suppression. The p53 pro-

tein is weakly expressed in most normal cells.
However, after activation by a variety of stress-
related signals, the protein is stabilized by es-
cape from proteosome-mediated degradation,
accumulates in the nucleus, binds specifically
to DNA, and regulates (positively or nega-
tively) the transcription of several dozen
downstream effector genes. In addition, p53
also binds to a number of proteins involved in
DNA replication, transcription, and repair. To-
gether, these various DNA and protein targets
mediate a set of antiproliferative responses, in-
cluding cell-cycle arrest, apoptosis, DNA re-
pair, or differentiation (for reviews, see 29 and
41).

Reactive oxygen intermediates (ROI) are in-
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volved in a direct or indirect manner at several
levels in the p53 signaling pathways (Fig. 1).
First, ROI induce the formation of DNA strand
breaks, one of the most potent signals leading
to p53 induction (55). Strand break damage is
signaled to p53 through a complex cascade in-
volving among others, ATM (the product of the
ataxia-telangiectasia gene) and Chk-2 (a cell-cy-
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cle regulatory kinase) (5, 33). Second, hypoxia
induces p53 in a pathway that differs from the
one elicited by DNA damage (26). This path-
way involves an interaction of the hypoxia-
inducible factor (HIF-la) with p53, but the
mechanisms of this control are still poorly un-
derstood (2, 7). Recently, it has been shown that
ROI released from mitochondria regulate the
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FIG. 1. Multiple roles of ROI in the p53 pathway. The p53 protein is pictured at the center of a network of redox
interactions. Upstream of p53, ROI produced from intracellular or extracellular sources may induce DNA damage.
This damage is signaled to p53 through a signaling cascade involving ATM, the product of the ataxia-telangiectasia
gene, and the cell-cycle checkpoint kinase Chk-2. The p53 protein is also induced by hypoxia in a redox-dependent

manner. Finally, the protein is intrinsically redox-sensitive

and its conformation is modulated by metallothioneins

(Mt) and by thioredoxin (Trx). Downstream of p53, the protein transactivates or transrepresses genes involved in the
production and control of ROIL Down-regulation of ROI may participate in a protective response against DNA dam-
age. Up-regulation of ROI may play a role in the signaling pathways of apoptosis.
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cytosolic redox state and are required for sta-
bilization of p53 protein levels in response to
hypoxia (10). Third, the p53 protein is itself re-
dox-sensitive and contains several critical cys-
teines located within the DNA-binding domain
(for review, see 49). Three of these cysteines, to-
gether with a histidine, are involved in the
tetrahedral coordination of zinc to form a pro-
tein structure that interacts with the minor
groove of target DNA. Several other cysteines
are located in the regions that bind within the
major groove of target DNA (13). Fourth, p53
regulates the transcription of genes involved in
ROI metabolism, such as the inducible forms of
nitric oxide synthase (NOS2) (22) and cy-
clooxygenase (COX2) (64) (which are both tran-
scriptionally repressed by p53), and glu-
tathione peroxidase (GPX) (which is
transcriptionally activated by p53) (66). More-
over, p53 also transactivates several genes
known as PIGs (p53-induced genes), suspected
to be involved in the production and control of
ROI (62).

These observations show that ROI play sev-
eral overlapping roles, both as upstream regu-
lators and downstream effectors of p53 (Fig. 1).
In this respect, the p53 protein shows func-
tional similarities with ubiquitous, redox-sen-
sitive transcription factors such as activating
protein 1 (AP1) and nuclear factor-«B (NF-«B)
(52, 61). In this review, we summarize the struc-
tural and regulatory roles of metals and ROl in
the p53 signaling pathway, with particular em-
phasis on how these factors cooperate to con-
trol the DNA-binding capacity of the p53 pro-
tein.

p53 AS A METALLOPROTEIN

The p53 protein has the general anatomy of
a transcription factor, with an N-terminal
acidic domain containing a minimal transac-
tivation domain, a central sequence-specific
DNA-binding region, and a C-terminal do-
main that contains multiple regulatory sig-
nals and promotes the assembly of p53 into a
tetramer. The C-terminus also contains a do-
main that binds DNA in a non-sequence-spe-
cific manner, but the role of this activity is not
well understood.
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The notion that p53 is a metal-dependent
protein was established in 1993 when it was
found that metal chelators, as well as zinc com-
petitors, could unfold the structure of the
DNA-binding domain of the protein (30, 59).
These studies were based on the use of sets of
monoclonal antibodies to distinguish between
the correctly folded (zinc-containing) or mis-
folded forms of the DNA-binding domain (16,
53). The presence of tetrahedrally coordinated
zinc in the DNA-binding domain was demon-
strated by x-ray crystallography by Pavletich
and colleagues in 1994 (13).

The DNA-binding domain is made up of an
array of two B-sheets supporting large loop/
helix structures directly involved in contacting
DNA. These loops are bridged together by the
tetrahedral coordination of a divalent zinc
atom by three cysteines (residues 176, 238, and
242) and one histidine (residue 179) (Fig. 2) (13,
25). Primary sequence data suggest that this
structure is conserved in the recently identified
p53-related proteins, p73 and p63 (39). A com-
parison with other metal-dependent transcrip-
tion factors indicates that the metal structure in
p53 differs from the “zinc finger” structures
found in many transcription factors (15). In
p53, the two sets of bridging amino acids
(176-179 and 238-242) are located >50 residues
apart and belong to two structurally distinct
entities (helix 1 and loop 3, respectively), sep-
arated by two short B-strands. Rather than
forming a finger-like structure that inserts into
the major groove of DNA, the bridging of zinc
confers some stability to an otherwise very
loose structure that contains a crucial residue,
Arg248, which forms the main contact between
p53 and the minor groove of DNA. Another
difference is that, in the “classical” zinc fingers,
invariant hydrophobic residues contribute to
an interior hydrophobic core in which the zinc
atom is buried, forming a very stable structure
(23). Such a stable structure does not exist in
p53 and, to our knowledge, the p53 zinc struc-
ture has no equivalent in other proteins (other
than members of the p53 family).

The structure of the DNA-binding domain of
p53 shows similarities to the one of NF-«B. The
latter is made of two distinct parts, each with
a general architecture similar to the p53 DNA
binding domain (a sandwich of two B-sheets
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connected by loose loop /helix structures) (17).
Although it does not contain structural zinc,
several studies have shown that zinc regulates
the binding of NF-«B to its target DNA (14, 40).
NF-«B binds to a consensus sequence corre-
sponding to repeats of the motif 5'-GGGRN-
NYYCC-3’, quite similar to the 5'-RRRC-
(A/T)(T/A)GYYY-3" motif bound by p53. Ac-
tually, there are instances where the two pro-
teins can recognize the same DNA motif as, for
example, in the mouse p53 promoter (18, 73).

p53 AS A REDOX- and
METALLO-REGULATED
TRANSCRIPTION FACTOR

Effect of zinc and other metals on transcriptional
regulation by p53

Experiments with metal chelators have pro-
vided evidence that p53 is dependent upon the
coordination of zinc for both correct folding
and correct binding to specific DNA in intact
cells (for review see 49). Exposure of wild-type
p53 synthesized in vitro to metal chelators such
as EDTA or o-phenanthroline results in a rapid
switch to a form immunologically similar to
that of mutant p53, with loss of DNA-binding
activity. This form is thought to correspond to
a partially unfolded state of the DNA-binding
domain, exposing an epitope recognized by the
monoclonal antibody PAb240. Metal chelation
results in oxidation of thiols into disulfides and
cross-linking of p53 into high molecular weight
aggregates (19, 30, 31).

Using recombinant p53 prepared in defined,
metal-free conditions, we have shown that in-
corporation of zinc (measured by detection of
incorporated ®Zn) was required for the protein
to adopt the DNA-binding capacity. Of the var-
ious transition metals tested (including Cu?",
Fe?*, Cd?*, and Ni?*), Zn?* is the only one to
induce such an effect. However, excess Zn?™" al-
ters protein conformation and down-regulates
binding to specific and nonspecific DNA (50,
57). Metals that compete with Zn?* for binding
to cysteines, such as Cd?* and Cu?*, alter p53
conformation and DNA-binding activity in
vitro (32, 48). Cd2* abrogates DNA binding in
a dose-dependent manner, even in the presence
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of a 25-fold excess of Zn?*. Copper ions exert
complex effects. They bind to p53 as Cu!*, but
may undergo redox cycling between the Cul*
and Cu?" forms and induce drastic changes in
p53 protein conformation (32).

The role of zinc on p53 activity in intact
cells was probed using the metal chelator
N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylene-
diamine (TPEN), which crosses both plasma
and nuclear membranes and decreases the in-
tracellular availability of zinc. In cultured cells
expressing wild-type p53, TPEN induces p53 to
accumulate in the “mutant” form, unable to
bind DNA. Removal of TPEN from the culture
medium and addition of zinc allow p53 to fold
back into the native, “wild-type” form and to
recover DNA-binding activity. The restoration
of wild-type p53 is not observed when cells are
plated in metal-free medium after removal of
the chelator, indicating that addition of exoge-
nous zinc is essential for p53 renaturation (50,
71). Different effects have been reported with
another metal chelator, o-phenanthroline. Ex-
posure of cultured cells to the latter chelator in-
creases p53 levels and DNA binding activity
(65). We have shown that this effect is due to
the capacity of o-phenanthroline to mediate the
accumulation within the cell of redox-active
metals, such as copper and iron, resulting in
the formation of DNA strand breaks that in-
duce p53 protein accumulation. Thus, in con-
trast with in vitro experiments, the effect of o-
phenanthroline on p53 in intact cells is not the
consequence of an alteration of zinc binding
(49, 70).

Intracellular movements of zinc and copper
are tightly regulated by metallothioneins
(MTs), a class of inducible proteins that can
bind up to seven zinc equivalents. MTs have
protective roles against toxic metal stress and
control physiological metal transfer reactions
(45, 69). Incubation of in vitro translated p53
with thionein (apo-MT) shifts the p53 protein
into the “mutant” form, unable to bind DNA.
This effect is consistent with zinc chelation by
thionein. However, different effects are ob-
served when p53 and MT are cotransfected in
p53-null cells. When p53 and MT expression
plasmids are transfected in equimolar ratios,
MT induces a threefold increase in p53 tran-



"SUOTIEDTPOW YIIM ST T S dseqeie(] USARYN00Ig UID10L] ) WOIJ dIEMIJOS 97 JOJNSEY SuIsn pajesaudsd a1om saim)
-JIJ "MOT[oA PaIO[0d aIe SWoje INJINS A, "SAUTISAd aanoear Afreniuajod aaty Jo uontsod ayy Surmoys ‘YN 1931e) Jo aA0013 10fewr a3 ut
spuiq ey ujoad oy} Jo urewrop ayy ur sexiEYy pue sdooy ay3 jo dn-asopd e s1 (U9913) 3sur PYSIY ‘TeIdW S} JO UOHBUIPIOOD [eIpayer}d)
AU} UT PAAJOAUT SINPISAI INOJ A} SUIMOYS ‘9315 JUTpuIq-douIZ 3y) Jo dn-asopd e sT (MOT[A) Jasul 3337 -a1ayds uaail e se umoys ST woje duIz
YT, -mym ut sdoo] pue “ejuadewr Ur saXI[PY-» ‘MOT[eA Ul PaIofod §19aYs-g Y3Im “(gT) UMOYs ST “YN( 1991e) SiT pm Xxardwod ur “urejoad
ayj jo urewop Surpuiq-yN( Y3 Jo arnjonns ayJ, danyonins urdjord ¢gd ay) ungiim sauraisAd aandear pue 3)1s Surpuiq-d>urz ‘g ‘oIl

615

ZINC BINDING AND REDOX CONTROL OF p53



http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-001.jpg&w=415&h=553

616

scriptional activity. When expressed in excess
relative to p53, MT inhibits transactivation by
p53 (50). These observations suggest that MT
can act as a regulator of zinc binding by p53,
depending on its concentrations. At low levels,
MT may help p53 to fold in the “wild-type,”
DNA-binding conformation. At high levels,
however, MT acts as a chelator to sequester zinc
and thus prevents the protein from folding into
its active conformation (Fig. 3). Such a regula-
tory role of MT has also been proposed for sev-
eral zinc-binding proteins (46) and for NF-
kB (1).

Effect of oxidation—reduction on transcriptional
regulation by p53

Binding of p53 to DNA in vitro requires the
addition of thiol reducing agents. The protein
does not bind to DNA in the absence of B-mer-
captoethanol or dithiothreitol, but can be in-
duced to bind a target oligonucleotide in a con-
centration-dependent manner in their presence
(up to 10 mM of thiol equivalents). Moreover,
binding is abrogated by thiol oxidants such as
diamide (19, 31, 63). The redox state of p53 af-
fects binding to target DNA in such a way that
consensus DNA sequences are recognized by
reduced p53 only and not by oxidized p53,
whereas nonspecific DNA is recognized
equally well by both oxidized and reduced p53
(58).

It is likely that redox changes modify the cys-
teines involved in the binding of zinc, but there
is evidence that other conserved cysteines in
the DNA-binding domain may also be affected.
The DNA-binding domain contains five such
cysteines (residues 124, 135, 141, 275, and 277).
Residues 275 and 277 form a C-X-C motif lo-
cated within a loop that binds in the major
groove of DNA. Cys?”7 is exposed at the pro-
tein surface and donates a hydrogen bond to
bases in the major groove of DNA (13). Oxida-
tion of Cys?” would prevent the formation of
this hydrogen bond. It also would induce con-
formational and steric changes at the DNA-
binding surface. Site-directed mutagenesis of
the residues corresponding to Cys!?4, Cys!®,
Cys!'#!, and Cys?*”® in murine p53 has shown
that these cysteines have a role in the redox
regulation of DNA binding in vitro (63). These
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residues may be more accessible for redox
modifications than those involved in the bind-
ing of zinc. Cys!®® and Cys!#! belong to a B-
sheet located just beneath the loop containing
Cys?”®> and Cys?”” (Fig. 2). Although they are
not in direct contact with DNA, their experi-
mental mutation also decreases DNA binding.
The orientation of these residues makes it un-
likely that they are involved in the stable coor-
dination of a metal ion. However, the possibil-
ity remains that several of these residues
represent a secondary site for transient metal-
lic interactions.

There is evidence to suggest that p53 func-
tion is redox-regulated in vivo. Treatment of
cells with the thiol-antioxidant compound
pyrrolidine dithiocarbamate (PDTC) has mul-
tiple effects on the p53 pathway. Several stud-
ies have shown that PDTC inhibits nuclear
translocation of p53, induces a shift in confor-
mation from “wild-type” to “mutant” form,
down-regulates the DNA-binding activity of
p53, and prevents transactivation of murine
double minute 2 (MDM2). These multiple ef-
fects are the consequence of an increase in p53
thiol oxidation. This increased oxidation may,
in turn, result from the capacity of PDTC to
bind extracellular copper and induce its accu-
mulation within the cell (70, 74, 75).

Various oxidizing agents have been shown
to affect p53 transcriptional activity. Although
many strong oxidants can activate p53 through
a DNA-damage-dependent pathway, there is
evidence that exposure of cells to high levels of
hydrogen peroxide results in decreased trans-
activation by p53 of a target reporter construct
in vivo. Simultaneous treatment of the cells with
N-acetylcysteine protects the transactivation
ability of p53 from the oxidative effects of hy-
drogen peroxide (58). A similar, paradoxical
situation has been reported with nitric oxide
(NO). Although nitric oxide (NO) is an inducer
of DNA strand break damage and activates p53
(22), there is evidence that exposure of cells to
high doses of NO donors actually turns p53
into an oxidized form similar to mutant p53 (8,
12). The recent demonstration that NO nitrates
tyrosine residues in p53 protein in MCFE-7 cells
gives further substance to the notion that NO
can directly modify the p53 protein (11).

Studies in yeast have provided perhaps the
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best evidence so far for a physiological role of
redox regulation in the control of p53 function.
Although the existence of a yeast homologue
of p53 is not established, this organism is a con-
venient model system for functional expression
of mammalian p53. Studies by Casso and Beach
(9) and by Pearson and Merrill (60) show that
mutation or deletion of TRR1, the yeast gene
encoding thioredoxin reductase, inhibits p53-
regulated expression of a reporter gene. This
observation implies that reduction of disulfides
within p53 is essential for its function as a tran-
scription factor. This finding is supported by
studies in cultured mammalian cells showing
that cotransfection of the genes encoding p53
and thioredoxin (Trx) enhances the transcrip-
tion of p21, whereas a dominant-negative mu-
tant TRX suppresses this effect (67). We have
recently observed that p53 and Trx can be im-
munoprecipitated together as a complex, but
whether this interaction is direct or requires
other protein partners remains to be deter-
mined (unpublished data). There is also evi-
dence that Trx and p53 colocalize in the nucleus
of cells after exposure to cisplatin (68).

Trx is known to control the redox status of
several transcription factors, including NF-«B
and AP1 (3, 34, 35, 76). This redox regulation
involves a third protein partner, redox factor 1
[Ref-1; also called apurinic-apyrimidinic en-
donuclease 1 (APE-1)] (20). Ref-1 is a bifunc-
tional enzyme, with a redox and a DNA repair
activity (binding to apurinic/apyrimidinic
sites, followed by endonuclease removal) en-
coded by nonoverlapping domains (34, 78).
Ref-1 stimulates p53 DNA binding in vitro (37)
and regulates p53 transcriptional activity in in-
tact cells (24). It is interesting to note that,
through its dual function, Ref-1 can provide a
molecular bridge between two pathways of p53
regulation, namely DNA-damage sensing and
redox modulation. However, the exact nature
of the interactions between p53 and Ref-1 re-
main to be determined (Fig. 3).

Ref-1 has been shown to bind to a negative
regulatory region located within the 30 C-ter-
minal residues of p53 (37). Moreover, studies
in yeast indicate that deletion of the same re-
gion allows p53 to escape the requirement for
thioredoxin reductase (24, 51). This region of
p53 is known as one of the most important reg-
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ulatory sites for the control of DNA-binding ac-
tivity. Typically, specific binding of p53 to
DNA in vitro requires the neutralization of this
negative regulatory region using a specific an-
tibody, PAb421, which recognizes an epitope
in the C-terminus of p53 (36). Without neutral-
ization of this region, thiol reducing agents can-
not activate DNA binding in vitro. It is there-
fore tempting to speculate that Ref-1 may have
a double function with respect to p53 activa-
tion: binding to the C-terminus to neutralize
negative regulation and, in doing so, making
the protein accessible to redox regulation.
Additional evidence for a role of redox reg-
ulation in the control of p53 studies has been
recently obtained in cells exposed to di-
coumarol, an inhibitor of the NADH quinone
oxidoreductase 1. Dicoumarol was found to in-
duce strong reduction in the levels of p53 pro-

transcription
of target genes

No transcription
of target genes

FIG. 3. MT and thioredoxin (Trx)/Ref-1 in the control
of p53 protein conformation and activity: a hypothesis.
The p53 protein is shown as being able to oscillate be-
tween two conformations, one corresponding to reduced
active protein (“wild-type” form, circle) and the other cor-
responding to oxidized inactive protein (“mutant” form,
square). Zinc atoms are represented as small dark circles.
This model proposes that the transition of p53 from the
oxidized to reduced form and conversely from the re-
duced to oxidized form is regulated by Ref-1 and Trx,
which can either alone or in complex control the reduc-
tion state of reactive cysteines, and by MT, which controls
zinc supply to p53.



http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-008.jpg&w=222&h=246
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-008.jpg&w=222&h=246
http://www.liebertonline.com/action/showImage?doi=10.1089/15230860152542961&iName=master.img-008.jpg&w=222&h=246

618

tein in both normal and y-irradiated cells, and
to suppress p53-dependent apoptosis in irradi-
ated mouse thymocytes. Whether these effects
involve direct, redox modifications of the p53
protein is not known (4).

p53 AS A TRANSCRIPTIONAL
REGULATOR OF REDOX EFFECTORS

Acting as either a transactivator or a trans-
repressor, p53 is capable of regulating a num-
ber of genes known or suspected to affect the
cellular redox state. Genes specifically up-reg-
ulated in a p53-dependent manner include
GPX (66) and a gene called p53-induced gene
3 (PIG3) (62). Both of these genes contain con-
sensus p53 binding sequences in their pro-
moter. GPX is one of the primary antioxidant
enzymes that scavenges hydrogen peroxide
and organic hydroperoxides with glutathione
as the hydrogen donor. Using DNA chips, GPX
was found to be induced in wild-type p53-con-
taining human cells treated with etoposide (72)
or exposed to y-irradiation (42). PIG3 encodes
a NADPH quinone oxidoreductase homo-
logue, and was initially identified in a screen
for genes induced by p53 before the onset of
apoptosis (62). A recent study shows that the
PIG3 protein is localized to the cytoplasm and
induced in primary, nontransformed, and
transformed cell cultures after exposure to
genotoxic agents (21). It has been proposed that
PIG3 is involved in the production of damag-
ing radicals that signal the induction of apop-
tosis. However, expression of PIG3 is not
restricted to the apoptotic response, but also oc-
curs during p53-mediated growth arrest, with
delayed kinetics as compared with other p53
targets such as p21 and MDM2 (21).

p53 also induces other PIGs with known re-
dox function, but in which the regulatory se-
quences bound by p53 have not yet been iso-
lated. These PIGS include PIG1, a member of
the galectin family involved in superoxide pro-
duction; PIG6, a homologue of proline oxi-
doreductase, a mitochondrial enzyme involved
in the conversion of proline to glutamate; and
PIG12, a member of the microsomal glu-
tathione S-transferase gene family (62). The
family of redox-regulated genes induced by
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p53 can be further extended to include genes
activated in response to oxidative stress in cells,
but for which functions have not yet been iden-
tified. These genes are likely to be involved in
modulating, either directly or indirectly, the re-
dox status of the cell. They include PIG4, which
encodes a serum amyloid protein; PIG7, a gene
induced by tumor necrosis factor-a; and PIGS,
the human homologue of murine ei24 (42, 43,
62). Although the function of PIG8/ei24 is not
known, it is important to note that its ectopic
expression is strongly antiproliferative and in-
duces the morphological features of apoptosis.
Furthermore, this gene is located within a chro-
mosomal region often altered in human tumors
(11923) (27, 28).

The p53 protein also acts as a transcriptional
repressor for genes involved in redox metabo-
lism, including the inducible forms of cy-
clooxygenase (COX2) (64) and of nitric oxide
synthase (NOS2) (22). COX2 is up-regulated in
various cancers and catalyzes the synthesis of
prostaglandins from arachidonic acid. NOS2 is
responsible for the production of NO, which in
turn induces p53 accumulation. It is possible
that down-regulation of these two genes con-
tributes to cellular mechanisms of protection
against oxidative stress.

It is somewhat paradoxical that p53 may be
able to transactivate both prooxidant (for ex-
ample, PIG3) and antioxidant (for example,
GPX) enzymes, and also to repress enzymes
generating damaging species such as NOS2.
How these various and sometimes opposite ac-
tivities are coordinated is not clearly under-
stood. One hypothesis is that these genes are
differentially regulated in a time-dependent
manner. Indeed, there is evidence that whereas
PIG3 is induced rather late in response to p53
induction (21), GPX and NOS2 are part of an
earlier response (62, 66). This distribution into
two groups implies that p53 may regulate an
initial protective response against oxidative
stress, and a secondary response in which ROI
production is activated.

Such a time compartmentalization of p53-de-
pendent gene expression may have several
physiological consequences. First, the primary
antioxidant response may help p53 fold into a
“wild-type” active conformation during the in-
duction phase, whereas the secondary prooxi-
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dant response may be part of a feedback loop
in which ROI can inactivate p53 function. Sec-
ond, it is important to keep in mind that p53
plays a dual role within the cell, both as a reg-
ulator of cell-cycle arrest under conditions of
mild genotoxic damage and as a trigger for
apoptosis under conditions of severe genotoxic
damage. The primary antioxidant response
may occur preferentially in cells undergoing
cell-cycle arrest, whereas the secondary proox-
idant response is required for the induction of
ROI as second messengers of the apoptotic cas-
cade. Infection of HeLa cells with an adenovi-
ral vector containing human wild-type p53, as
opposed to B-galactosidase, results in a tran-
sient increase in ROI followed by alterations in
the mitochondrial membrane potential and
apoptosis (44). Likewise, transfection of HeLa
cells with wild-type p53 results in an increase
in the intracellular ROI level followed by apop-
tosis, whereas transfected mutant p53 (R173H)
is defective in inducing both ROI production
and apoptosis. Cotransfection of the cells with
wild-type p53 and peroxiredoxin V, coding for
an antioxidant thioredoxin peroxidase, results
in a lower ROI level and in decreased apopto-
sis (79).

PERSPECTIVES: IS p53 A
REDOX REGULATOR?

The evidence summarized in this review in-
dicates that p53 is subject to modulation by re-
dox and by metal changes, and that this mod-
ulation determines the activity of p53 as a
transcriptional regulator of redox effectors,
both antioxidants and prooxidants. The bal-
ance of reductants to oxidants within the cell,
as well as the levels of physiological metals,
must be critical in determining the structure
and the function of p53. Factors that affect the
fine tuning of this regulation may therefore
have an impact on p53 function. In this respect,
it is interesting to note that MT is regulated in
a cell-cycle-dependent manner and accumu-
lates in rapidly growing cells in tissues. In a
colon cancer cell line, MT levels increase dur-
ing G1 to reach a maximum in late G1 and at
the G1/S transition (54). Such a transient in-
crease in MT levels may affect intracellular
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fluxes of zinc and participate in the control of
p53 activity at a crucial cell-cycle checkpoint.

The intracellular localization of p53 is also
likely to play a role in controlling the redox
state and thereby the function of p53. It is
known that relocation of the protein to the nu-
cleus or the cytoplasm varies according to
stages of the cell cycle and to conditions to
which the cells are subjected (for review, see
38). As concentrations of the redox effectors
glutathione and Ref-1 are higher in the nucleus
(6, 77), the redox state of p53 may be differen-
tially affected depending on whether the pro-
tein is located in the nucleus or cytoplasm of
the cell.

The sensitivity of p53 to redox modulation
offers perspectives for the pharmacological
modulation of p53 function. Recently, we have
shown that the aminothiol WR1065 is a potent
activator of p53 in cultured cells (56). The
mechanism of activation of p53 by WR1065 is
not known, but data from our laboratory sug-
gest that it is not dependent on a DNA-dam-
age pathway (O. Pluquet and P. Hainaut, un-
published data). WR1065 is a demonstrated
antioxidant (47) and is currently used (in the
form of a phosphorylated pro-drug, WR2721)
as a cytoprotectant of normal cells in a number
of cancer therapeutic protocols. It is tempting
to speculate that the cytoprotective effects of
WR1065 may be due at least in part to its ca-
pacity to redox modulate p53 and thereby ac-
tivate a physiological cell-cycle and DNA re-
pair checkpoint.

In addition to being at the center of a net-
work of pathways affecting the redox balance
within the cell, p53 may actually participate di-
rectly in redox reactions. As previously men-
tioned, when TRR1 is deleted in yeast, p53 is
no longer able to stimulate reporter expression,
presumably because the protein is in an oxi-
dized state (60). Recently, Pearson and Merrill
have shown that Trx is predominantly in the
reduced form in wild-type yeast and in the ox-
idized form in TRR1-deleted yeast. Surpris-
ingly, however, when both the TRX and TRR1
genes are deleted in Saccharomyces cerevisiae,
p53 activates the expression of a reporter gene
(Pearson and Merrill, unpublished observa-
tions). Thus, the accumulation of oxidized Trx
in the absence of TRR1 induces p53 oxidation
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and inactivation, but the presence of reduced
Trx itself is not essential for p53 function (Fig.
4). These results suggest that p53 may play an
active role in thiol interchanges with thiore-
doxin and, possibly, with other proteins.
These observations led us to investigate the
crystal structure of p53 in search of a poten-
tial redox active site. The three cysteines that
bind zinc (Cys!'”, Cys?*, and Cys?4?) are un-
likely candidates, as their role is in essence a
structural one. However, two other cysteines,
Cys!®® and Cys?”?, form an interesting motif
as a result of being brought in close contact
with each other by the tertiary folding of the
protein, even though located far apart in the
primary structure of the protein (Fig. 2) (13).
Mutation of the murine equivalents of Cys!3°
and Cys?”° suggests that these two cysteines
are involved in redox regulation of p53 func-
tion (63). Examination of the crystal structure
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of p53 shows that these two cysteines are the
ones most likely to modulate the presentation
of the loop— sheet-helix region of p53 to tar-
get DNA. Whether these cysteines are part of
a redox-active site, or are involved in interac-
tions with metal ions, remains to be tested ex-
perimentally.

In summary, control of zinc binding and con-
trol of redox status of p53 are two interdepen-
dent factors that play a major role in the regu-
lation of both structure and function of this key
tumor suppressor protein. Clearly, p53 belongs
to the family of oxidative stress response fac-
tors found within eukaryotic cells. We postu-
late that p53 is the critical protein at the core of
anetwork of redox interactions essential for the
survival of those cells that are capable of DNA
repair and for the apoptosis of those cells that
are incapable of repair of severe genotoxic
damage.

A

transactivation

FIG. 4. Possible roles of thioredoxin reductase and thioredoxin in the control of the redox state of p53. A dia-
grammatic interpretation of the findings of Pearson and Merrill (60) is presented as sequential redox reactions, with
thioredoxin reductase represented by a diamond (Trr), the oxidized forms of thioredoxin (Trx) and p53 represented
by squares, and the reduced forms of each represented by circles. Deletions of genes, and absence of corresponding

gene products, are illustrated by crossed lines, whereas das

hed lines and fading shades indicate breaks in the redox

pathway and the resulting absence of reduced forms of Trx and p53. (A) The normal situation. (B) The situation when
the Trrl gene is deleted, (C) The situation when both the Trrl and Trx genes are deleted. In C, it is proposed that an
agent (indicated by a question mark) other than Trx can maintain p53 in a reduced form.
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