
INTRODUCTION

THE P53 TUMOR SUPPRESSOR is a checkpoint protein that
elicits cell-cycle arrest, DNA repair, and apoptosis in re-

sponse to stressors. Its importance is underscored by the fact
that its gene is mutated in ~30–50% of human cancers (22).
Cells lacking sufficient levels of p53 are prone to uncon-
trolled proliferation resulting from activating mutations in pro-
tooncogenes and inactivating mutations in tumor suppressor

genes (16). On the other hand, mice engineered to express
high levels of active p53 exhibit a shortened life span accom-
panied by aging-associated phenotypes, such as osteoporosis
and organ atrophy (28). Cells expressing elevated levels of
p53 may be subject to premature apoptosis and, therefore,
may not be available to replenish differentiated cells within
organs that undergo atrophy late in life. Thus, a delicate bal-
ance between high and low levels of p53 is necessary for cancer-
free survival to old age. To perform its tumor suppressor
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ABSTRACT

The p53 tumor suppressor protein is susceptible to oxidation, which prevents it from binding to its DNA re-
sponse element. The goal of the current research was to determine the nature of the cysteine residue thiol oxi-
dation that prevents p53 from binding its DNA target and its effect on p53 structure. Recombinant p53, puri-
fied in the presence of the reducing agent dithiothreitol (DTT), contains five free thiol groups on the surface of
the protein. In the absence of DTT, p53 contains only four thiol groups, indicating that an average of one sur-
face thiol group is readily susceptible to oxidation. Sulfite-mediated disulfide bond cleavage followed by reac-
tion with 2-nitro-5-thiosulfobenzoate showed that oxidized p53 contains a single disulfide bond per monomer.
By atomic force microscopy, we determined that reduced p53 binds to a double-stranded DNA containing the
p53 promoter element of the MDM2 gene. The DNA-bound reduced p53 has an average cross-sectional diam-
eter of 8.61 nm and a height of 4.12 nm. The amount of oxidized p53 that bound to the promoter element was
ninefold lower, and it has an 18% larger average cross-sectional diameter. Electromobility shift assays showed
that binding of oxidized p53 to DNA was enhanced upon addition of DTT, indicating that oxidation is reversible.
The possibility that oxidized p53 contained significant amounts of sulfenic (2SOH), sulfinic (2SO2H), or sul-
fonic acid (2SO3H) was ruled out. Gel filtration chromatography indicated that oxidation increases the per-
centage of p53 monomers and high-molecular-weight oligomers (>1,000 kDa) relative to tetrameric p53. Pro-
tein modeling studies suggest that a mixed disulfide glutathione adduct on Cys182 could account for the
observed stoichiometry of oxidized thiols and structural changes. The glutathione adduct may prevent proper
helix–helix interaction within the DNA binding domain and contribute to tetramer dissociation. Antioxid.
Redox Signal. 5, 655–665.
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activity, p53 binds, as a tetramer, to DNA elements within
promoters of its target genes and enhances transcription (9,
30). In cancers, mutations that arise within the p53 gene usu-
ally code for amino acid replacements that curtail the ability
of p53 to bind DNA (17). These mutations can disrupt p53/
DNA complex formation by creating amino acid substitutions
at sites that contact the DNA element or by creating substitu-
tions at sites required for tertiary structure maintenance (4).

Aside from mutations, the DNA binding property of p53
can be prevented by oxidation (6, 11), evidenced by the fact
that binding of p53 to DNA in vitro can be enhanced by the
addition of the reducing agent dithiothreitol (DTT) (13). As
DTT can reduce cysteine residue disulfide bonds and p53 is
predicted to have several cysteine thiol groups on the protein
surface, it has been proposed that these thiol groups could be
susceptible to redox regulation (31). Cysteine thiol groups
appear to be critical for binding to DNA because thiol block-
ing agents (11, 23) and certain cysteine residue amino acid
replacements (2, 3) inhibit binding of p53 to DNA. p53 con-
sists of three major domains. The N-terminal 100 amino acids
comprise the transactivation domain; the central 200 amino
acids comprise the DNA binding domain; and the remaining
amino acids at the C-terminus comprise the tetramerization
domain and other regulatory functions. All 10 cysteine residues
of human p53 lie within the DNA binding domain.

p53 is also susceptible to redox regulation within cells. Re-
cent work has shown that p53 is susceptible to oxidation by
copper loading in cultured cells (10, 31). Copper leads to in-
creased susceptibility to Fenton chemistry-induced hydroxyl
radical production, which appears to oxidize p53 cysteine thiol
groups. UV light and ionizing radiation may also lead to p53
oxidation because such treatments prevent p53 within nuclear
lysates from binding DNA unless it is first treated with a re-
ducing agent (2). Thioredoxin, a small protein that transfers
electrons to disulfide bonds, increases p53-mediated transac-
tivation (29). These data indicate that, under certain circum-
stances, p53 is susceptible to thiol group oxidation and that
oxidation results in alteration of its DNA binding properties
within cells. A major hindrance to the study of p53 redox reg-
ulation is the lack of knowledge as to the type of cysteine
thiol group oxidation that occurs. Disulfide bond, sulfenic acid,
sulfinic acid, and sulfonic acid formation are among the pos-
sibilities, although the latter two are unlikely candidates be-
cause they are not capable of reduction by DTT. In this report,
we present evidence that p53 has the propensity to form a
disulfide bond under mild oxidizing conditions. The presence
of a disulfide bond correlates with disruption of the tetrameric
nature of p53 and inhibition of DNA binding.

EXPERIMENTAL PROCEDURES

Materials

All chemicals were purchased from Sigma–Aldrich (St.
Louis, MO, U.S.A.) or Fisher Scientific (Tustin, CA, U.S.A.)
unless otherwise noted. Sodium borohydride was obtained
from Matheson Coleman & Bell Manufacturing Chemists
(Norwood, OH, U.S.A.). Si(100) wafers were acquired from

Silicon Valley Microelectronics Inc. (San Jose, CA, U.S.A.).
All custom oligonucleotides were purchased from Integrated
DNA Technologies (Coralville, IA, U.S.A.). For atomic force
microscopy (AFM) studies, a 25mer oligonucleotide with its
5’ end modified with an aminoheptyl tether group [5’-AGT
TAA GTC CTG ACT TGT CTC CCC C (CH2)7NH2-3’] and
its 20mer complementary strand (5’-AGA CAA GTC AGG
ACT TAA CT-3’) were used. For electromobility shift assays,
a 30mer oligonucleotide (5’-AAT TCT CGA GCA GAA CAT
GTC TAA GCA TGC TGG GCT CGA G-3’) and its 30mer
complementary strand were used.

Purification of recombinant human p53

Recombinant p53 was purified from Sf9 insect cells in-
fected with baculovirus expressing full-length human p53, as
previously described (18). Buffer A (40 mM Tris-HCl, pH 8.0,
0.4 M NaCl, 1 mM DTPA) was used to elute p532DTT from
the Q-Sepharose Fast Flow anion-exchange column. Buffer A
plus 10 mM DTT was used to elute p53+DTT from the anion-
exchange column. Protein purity was assessed by Coomassie
staining of sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels, and protein quantity was as-
sessed by comparison of protein band density to known quan-
tities of bovine serum albumin unless otherwise noted.

Procedures for the substrate surface treatment,
DNA immobilization, and p53 attachment

Si(100) substrates, cut from a large wafer to 1.0 cm 3 1.0
cm squares, were sonicated in chloroform and rinsed with
deionized water. The wafers were then dipped in an aqueous
solution containing 14% (wt/vol) NH4OH and 14% (vol/vol)
hydrogen peroxide at 68oC for 15 min. Upon rinsing with
deionized water and drying, the wafers were immersed in a 5%
(wt/vol) aminopropyltriethoxysilane (APTES) aqueous solu-
tion for 30 min for surface modification. The excess APTES
was removed by successive washes of toluene, a 50:50 mixture
of toluene and ethanol, and absolute ethanol. These APTES-
covered wafers were dried in vacuo at room temperature as
previously described (21). To immobilize the oligonucleotides
onto the APTES molecules, 50 µl of 0.1 M Na2HPO4, pH 7.0,
2.5% (wt/vol) glutaraldehyde was cast onto the wafer sur-
faces and allowed to incubate for 15 min. Following an exten-
sive washing step as described previously (19), the wafers
were soaked in 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 0.1 M
NaCl (TE-NaCl buffer), which contained 1 µM 25mer oligo-
nucleotide. After drying for 12 h at room temperature (~25°C)
and <30% relative humidity, the wafers were vigorously rinsed
with a 0.2% (wt/vol) SDS aqueous solution to remove the un-
bound oligonucleotide. The unreacted amino groups on the
wafer surface were deactivated with freshly prepared 68 mM
NaBH4 prepared in 30% (vol/vol) ethanol. The wafer surfaces
were again thoroughly rinsed with 0.2% SDS. Hybridization
with the complementary 20mer was accomplished by im-
mersing the substrate surface in TE-NaCl buffer containing 1
µM target DNA for 12 h at room temperature. The attachment
of the p53 molecules was achieved by exposing the dsDNA
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molecules on the surfaces to 8 µg/ml p53 in buffer A for 15
min at 4°C. The surfaces were rinsed successively 1 min each
with water, 0.2% (wt/vol) SDS, and water.

AFM instrument

AFM images were collected using an AFM equipped with
a magnetic alternating current mode (MAC-mode AFM; Mo-
lecular Imaging, Phoenix, AZ, U.S.A.). The MAC cantilever
tips (Molecular Imaging) had a spring constant of 2.8 N/m
and a resonance frequency of ~75 kHz. Images were scanned
across a 600 cm 3 600 nm2 surface area for 120 reduced
p53/DNA complexes and 23 oxidized p53/DNA complexes.
Particle diameter and height were measured using the Picoscan
software program (version 4.18; Lot-Oriel, U.K.).

Disulfide bond quantification

Quantification of disulfide bonds was performed as de-
scribed (26). In brief, equal volumes of 7.5 µM p532DTT in
40 mM Tris-HCl, pH 7.6, 400 mM NaCl, and alkylating/dena-
turing reagent were mixed and allowed to incubate 1 h at room
temperature. The alkylating/denaturing agent was 80 mM N-
ethylmaleimide, 6 M guanidine isothiocyanate (Gu-SCN) dis-
solved in buffer B (40 mM Tris-HCl, pH 9.5, 400 mM NaCl).
This p53 solution was then dialyzed against buffer B 166,000-
fold. Solid Gu-SCN was added to p53 to a final concentration
of 3 M, and the p53 was concentrated on a Centricon-30 ultra-
filtration unit until its final concentration was 15 µM. A 400-
µl aliquot of 2-nitro-5-thiolsulfobenzoate (NTSB) assay solu-
tion (0.5 mM NTSB, 0.2 M Tris, 0.1 M Na2SO3, 3 mM EDTA,
and 3 M Gu-SCN) was added to 115 µl of 15 µM p53, and ab-
sorbance at 412 nm was measured at 2-min intervals. Within
14 min, the absorbance maximum was observed and held steady
until 26 min after which the experiment was terminated. Flow-
through solution from the ultrafiltration unit was used as
background for absorbance measurements. Oxidized glutathione
and bovine RNase A were the positive controls for disulfide
bond quantification. The concentration of p53 was calculated
from the theoretical extinction coefficient of 38,347 M21 cm21

at 280 nm. The concentration of 2-nitro-5-thiobenzoic acid
(NTB) produced in the reaction was calculated from its ex-
tinction coefficient of 13,600 M21 cm21 at 412 nm.

Protein thiol group quantification

p532DTT and p53+DTT were separately dialyzed in 0.01
M KH2PO4, pH 7.6, 1 mM EDTA (dialysis buffer). The p53+DTT
solution was dialyzed to the point that the f inal DTTconcen-
tration was 20 µM to prevent oxidation of p53 during dialysis.
The p53+DTT solution was concentrated to 20 µM p53
monomer with a Centricon 30 ultrafiltrator and then diluted
to 7.5 µM with dialysis buffer. The p532DTT was prepared
identically. A 13-µl aliquot of 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB) solution (10 mM DTNB, 0.1 M NaH2PO4, pH 8.0)
was added to 400 µl of p53, and absorbance measurement of
NTB at 412 nm was recorded after 15 min. The f inal p53 con-
centration was always ~5 µM. The background absorbance
was obtained from the flow-through of the ultrafiltrator di-
luted in the same manner as the concentrated p53. Positive

controls for thiol group quantification were bovine serum al-
bumin and 2-mercaptoethanol.

Sulfenic acid analysis

Sulfenic acid analysis was performed as previously described
(14). This assay relies on the fact that 4-chloro-7-nitrobenz-2-
oxa-1,3-diazole (NBD chloride) forms an NBD adduct with
sulfenic acid to give an absorbance maximum at 347 nm (ex-
tinction coefficient of 13,400 M21 cm21) (7). If NBD forms
an adduct with a thiol, an absorbance maximum at 420 nm
(extinction coefficient of 13,000 M21 cm21) is observed. In brief,
the p532DTT solution buffer was exchanged with buffer C
(50 mM K2HPO4, pH 7.0, 1 mM EDTA) by ultrafiltration
with Centricon plus-20 (Millipore). The p532DTT solution
at a f inal concentration of 18 µM was reacted with 200 µM
NBD for 30 min at room temperature. To remove unreacted
NBD, p53 was repeatedly diluted 30-fold with buffer C and
reconcentrated to 500 µl three times. Using the last flow-
through as background, the UV-VIS spectrum was measured.
Significant NBD adduct absorbance was detected at 420 nm,
but not at 347 nm, indicating that the p532DTT free thiol
groups reacted with NBD, but no sulfenic acid was present.
The final p53 concentration observed was 18 µM, as quanti-
fied by absorption at 280 nm.

Sulfinic and sulfonic acid analysis

p53 samples were analyzed for sulfinic and sulfonic acid
as described (12). In brief, samples were incubated at 37°C
for 15 min in buffer containing 120 mM sodium phosphate
buffer, pH 7.4, 7 M urea, and 10 mM DTT. Cysteine residues
were then blocked with 40 mM iodoacetamide. Each sample
was split into two fractions, one of which was treated with 10
mM HOCl for 5 min at room temperature in order to oxidize
sulfinic acids to sulfonic acids. The reactions were termi-
nated after 5 min with the addition of 30 mM DTT. The sam-
ples were extensively dialyzed and hydrolyzed by vapor phase
acid. Amino acid analysis was conducted using precolumn
derivatization with o-phthalaldehyde and reverse-phase HPLC.
HOCl converts sulfinic to sulfonic acid; therefore, the amount
of cysteic acid found in a sample treated with HOCl repre-
sents the total protein irreversibly oxidized cysteine. Cysteic
acid found in samples not treated with HOCl represents the
amount of cysteine detected as protein sulfonic acid. Protein
sulfinic acid was calculated by subtracting the total protein
sulfonic acid from the total irreversibly oxidized cysteine.
The total moles of p53 in a hydrolysate was calculated on the
basis of total leucine in the p53 sample (32 mol of leucine/
mol of p53).

p53 thiol group accessibility analysis by
methoxymaleimide polyethylene glycol 
(MAL-PEG) reactivity

p53+DTT was dialyzed against 40 mM Tris-Cl, pH 8.0,
400 mM NaCl, 0.1 mM DTT for 16 h at 4°C to lower the DTT
concentration so that it would not block MAL-PEG modifica-
tion reaction. p53 at a final concentration of 2 µM was incu-
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bated with 0.67 mM, 1.3 mM, or 3 mM MAL-PEG in 27 mM
Tris-Cl, pH 8.0, 270 mM NaCl for 30 min at 25°C (p532DTT
contained 67 µM DTT in the final reaction). Reactions were
quenched by the addition of Laemmli sample buffer [0.125 M
Tris-Cl, pH 6.8, 1 M 2-mercaptoethanol, 20% (vol/vol) glyc-
erol, 0.02% (wt/vol) bromphenol blue, 10% (vol/vol) 2-mer-
captoethanol, 20% (wt/vol) SDS] heated to 100°C. Samples
were separated on an 8% cross-linked SDS-polyacrylamide gel
and subjected to western blotting with DO-1 antibody (Onco-
gene Science, San Diego, CA, U.S.A.) as previously described
(18). Densitometry of scanned gel images was performed with
UN-SCAN-IT gel software (version 5.1, Silk Scientific Corp.,
Orem, UT, U.S.A.).

Gel filtration

p53+DTT (94 µl, 0.5 mg/ml) or p532DTT (94 µl, 0.33
mg/ml) was injected onto a 300 3 7.8 mm Bio-Sil SEC 400-5
HPLC column, 5 µm particle size (Bio-Rad) equilibrated with
100 mM NaH2PO4, pH 7.06, 1 mM EDTA. The HPLC consisted
of a Varian 9050 UV/VIS detector, a Varian 9012 pump, and a
Varian 9100 autosampler. The flow rate was 1 ml/min, and the
p53 elution profile was monitored at a wavelength of 280 nm.
Relative levels of protein were determined by integration of
areas under the peaks. The protein molecular weight (MW)
standards from Bio-Rad (catalog no. 151-1901) consisted of
bovine thyroglobulin (670,000), bovine g-globulin (158,000),
chicken ovalbumin (44,000), horse myoglobin (17,000), and
vitamin B-12 (1,350). The correlation coefficient of the rela-
tionship between the MW and elution periods of the protein
standards was 0.946.

Electromobility gel shift analysis

Complementary single-stranded oligonucleotides contain-
ing the p53 binding portion of the GADD45 promoter sequence
were annealed in TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA)
at a f inal concentration of 1 µg/µl. The oligonucleotide probe
at 0.02 µg/µl was end-labeled in the presence of 0.45 mCi of
[g-32P]ATP (6,000 Ci/mmol) (Perkin-Elmer) with 20 units of
T4 polynucleotide kinase (New England BioLabs) in 70 mM
Tris-HCl, pH 7.6, 10 mM MgCl2, 5 mM DTT for 10 min at
37°C. The reaction was quenched by the addition of EDTA
from a 0.5 M, pH 8.0, stock solution, to a final concentration
of 0.01 M. Radiolabeled probe was separated from unreacted
ATP by G-50 spin column (Roche Molecular Biochemicals;
catalog no. 1 273 965) centrifuged at 1,100 3 g for 4 min at
room temperature. A 1-µl aliquot of eluant was used to mea-
sure efficiency of labeling by liquid scintillation counting.
The probe was diluted with TE to a f inal concentration of
6,000 cpm/µl prior to each experiment.

For electromobility shift assay, p53 at a final concentration
of 44–111 ng/µl was preincubated for 10 min at room temper-
ature with 74 ng/µl poly(dI-dC)�poly(dI-dC) in 10 mM Tris-
HCl, pH 7.5, 50 mM NaCl, 0.5 mM EDTA, 1 mM MgCl2, and
4% (vol/vol) glycerol. Where indicated, DTT was added to a
final concentration of 0.5 mM. After preincubation, 2 µl of
6,000 cpm/µl radiolabeled probe was added and the mixture
was allowed to incubate 20 min at room temperature. The re-
action was quenched by the addition of 2 µl of 250 mM Tris-

HCl, pH 7.5, 0.2% bromphenol blue, 0.2% xylene cyanol, 40%
(vol/vol) glycerol. Samples were separated on a 6% nondena-
turing polyacrylamide gel at room temperature in 0.045 M
Tris, 1 mM EDTA, 0.044 M boric acid. Gels were dried and
exposed to x-ray f ilm.

Protein modeling

The crystal structure of three p53 core regions consisting of
amino acids 92–292 with a segment of DNA containing the p53
consensus sequence was obtained from the Protein Data Bank
(PBD ID 1TSR). Its three-dimensional image was visualized and
manipulated using WebLab® ViewerPro™ software (version 4.0,
Molecular Simulations Inc., San Diego, CA, U.S.A.). Of the
three protein chains in the crystal structure, chain B has the most
interactions with the consensus site and is thought to accurately
represent the p53–DNA interaction that occurs in vivo. Thus,
chains A and C were deleted for this model study. The DNA se-
quence in the crystal structure is 5’-ATAATTGGGCAAGTC-
TAGGAA-3’ (pentamer consensus site in bold face). The DNA
binding domain makes several hydrogen bonds with the consen-
sus site, notably, Lys120 with the second G, Arg280 with the G
on the opposite strand, and Cys277 with the C on the opposite
strand. To construct the model, a second pentamer consensus se-
quence of AGACT is on the opposite strand complementary to
five bases in tandem to the first sequence. A second p53 core
subunit was created by duplicating chain B. The new subunit was
positioned in the DNA major groove so that it interacted with the
second consensus sequence in the same way that protein chain B
binds with the first. Glutathione molecules were created using
the molecular builder tools in the software program. To simulate
oxidation via glutathiolation, these molecules were bound via
disulfide bonds to the Cys182 residues of the two p53 subunits.

RESULTS

Oxidized p53 contains one oxidized thiol 
per monomer

Crude nuclear lysate from insect cells infected with human
p53 baculovirus was loaded onto an anion-exchange column,
and the recombinant p53 was eluted with a salt buffer either
containing or lacking the reducing agent DTT. Figure 1 is a
Coomassie-stained Laemmli gel showing that p53 lacking
DTT (p532DTT) and p53 with DTT (p53+DTT) were >90%
pure. We f irst sought to determine if p53 purified in the ab-
sence of DTT was oxidized relative to p53 purified in the
presence of DTT. DTNB reactivity was used to determine the
stoichiometry of solvent-exposed thiol groups per p53 poly-
peptide (8). Table 1 shows that, on average, five thiol groups
per polypeptide reacted with DTNB in p53+DTT. We pre-
dicted that if p532DTT were oxidized, then one or more thiol
groups on the protein surface would fail to react with DTNB.
Table 1 shows that approximately four thiol groups per poly-
peptide reacted with DTNB in p532DTT, indicating that an
average of one thiol group per p53 polypeptide was oxidized
in the p532DTT sample relative to the p53+DTT sample.
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Oxidized p53 contains one disulfide 
bond per monomer

We next explored the possibility that oxidized p53 con-
tains a disulfide bond. First, oxidized p53 was treated with a
denaturant and N-ethylmaleimide to alkylate free thiols. In
this procedure, the presence of a disulfide bond is revealed if
one of the two sulfur atoms in the disulfide bond reacts with
sulfite to form thiosulfonate (Fig. 2, reaction 1). The remain-
ing cleaved sulfur atom forms a free thiol (26). Subsequent
reaction of NTSB with the free thiol produces a second thio-
sulfonate and the spectroscopically active nitrothiobenzoate
(Fig. 2, reaction 2). The amount of nitrothiobenzoate produced
is a direct measure of the number of disulfide bonds present
in the reaction mix, and it is normalized to the number of p53
polypeptides present. Our data indicate that one disulfide
linkage (1 ± 0.12, n = 3) is present per oxidized p53 polypep-
tide. To determine whether this disulfide bond connects two
p53 polypeptides, the molecular size of oxidized p53 was an-
alyzed by denaturing, nonreducing SDS-PAGE. The vast ma-

jority of the oxidized p53 migrated as a 53-kDa protein (data
not shown), indicating that there was no evidence for exten-
sive intermolecular disulfide bond formation between two or
more p53 polypeptides. The demonstration of the presence of
a disulfide linkage and the fact that oxidized p53 contains
one less free thiol group than reduced p53 is consistent with
the hypothesis that f ive thiol groups are located on the protein
surface and that, in the absence of reducing agent, a disulfide
bond is formed between an exposed thiol on the protein and a
second thiol. The absence of significant levels of covalently
linked subunits suggests it is likely that the second thiol is ei-
ther a buried cysteine thiol in p53 or a small MW thiol ligand.

p53 is not oxidized to sulfenic acid, sulfinic acid,
or sulfonic acid

We also considered the possibility that oxidized p53 may
contain sulfenic acid (2SOH), sulfinic acid (2SO2H), or sul-
fonic acid (2SO3H). Like a disulfide bond, sulfenic acid can
be reduced to the thiol by DTT (5). To determine if oxidized
p53 contains sulfenic acid, it was reacted with NBD, which
absorbs visible light at 347 nm when it is covalently bound to
sulfenic acid (7, 14). No detectable sulfenic acid was observed
in oxidized p53. However, the possibility that sulfenic acid is
transiently formed during disulfide bond formation cannot be
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FIG. 1. Coomassie-stained gel demonstrating p53 purity
in the presence and absence of DTT. Proteins eluted from
Fast-Flow Q Sepharose column were separated by SDS-PAGE
on an 8% cross-linked gel. MW standard sizes are shown in
kilodaltons.

TABLE 1. QUANTIFICATION OF SOLVENT ACCESSIBLE THIOLS ON P53

Experiment p53 status* p53 (µM) SH (µM) SH/p53†

1 Reduced (n = 5) 5.61 ± 0.07 28.6 ± 1.59 5.09 ± 0.33
Oxidized (n = 5) 4.97 ± 0.45 20.9 ± 3.60 4.19 ± 0.43

2 Reduced (n = 3) 5.66 ± 0.32 26.8 ± 1.16 4.75 ± 0.24
Oxidized (n = 3) 5.61 ± 0.065 21.9 ± 1.35 3.90 ± 0.28

*Reduced refers to p53 purified in the presence of DTT. Oxidized refers to p53 purified
in the absence of DTT. n is the number of independent measurements performed on a sep-
arate batch of p53 purified for each of two experiments.

†Ratio of moles of thiol groups determined by DTNB assay divided by moles of p53
monomer.

FIG. 2. Reaction mechanism for sulfite cleavage reaction
of disulfide bond and quantification with NTSB.

http://www.liebertonline.com/action/showImage?doi=10.1089/152308603770310338&iName=master.img-000.jpg&w=137&h=191
http://www.liebertonline.com/action/showImage?doi=10.1089/152308603770310338&iName=master.img-001.png&w=224&h=161


ruled out. Next, we checked whether oxidized p53 contained
sulfinic acid by performing a reaction to convert sulfinic acid
to cysteic acid, followed by hydrolysis and amino acid analy-
sis (see Experimental Procedures). Oxidized p53 contains 0.1
moles (±0.02, n = 3) of sulfinic acid per mole of p53 polypep-
tide and reduced p53 contains 0.06 moles (±0.01, n = 3) of
sulfinic acid per mole of p53 polypeptide. This indicates that
the presence of DTT prevents irreversible oxidation to sulfinic
acid and that the level of sulfinic acid in oxidized p53 was es-
sentially the same as that in the reduced p53. Moreover, the
absolute level of sulfinic acid in oxidized p53 is substoichio-
metric. The presence of sulfonic acid was also checked, but
none could be detected above background levels. The data show
that oxidized p53 forms an average of one disulfide per p53
polypeptide, but does not form appreciable levels of sulfenic,
sulfinic, or sulfonic acid.

Addition of reducing agent enhances oxidized p53
binding to DNA

To confirm that p53 binds to DNA in a redox-sensitive
manner, electromobility shift assays were performed. A syn-
thetic radiolabeled oligonucleotide containing the GADD45
p53-binding element was used to assess the DNA binding
properties of p53. The p53/DNA complex was separated from
unbound probe by gel electrophoresis, and the complex was
detected by autoradiography. Figure 3A shows that oxidized
p53 was unable to efficiently bind to the probe. The level of
oxidized p53 that bound to the probe was only 2.2-fold over
background. When DTT was added to the oxidized p53/DNA
mixture, DNA binding increased to 5.4-fold (±0.3) over back-
ground. This indicates that oxidized p53 could be activated
upon addition of DTT and is consistent with a model in which
p53 undergoes reversible oxidation reactions on its cysteine
residues. Figure 3B shows that when reduced p53 was heat-
inactivated or when excess unlabeled probe was added to the
reaction as a competitor, the reduced p53 failed to bind to the
probe. This suggests that DNA binding requires p53 tertiary
structure and that the binding is competitively inhibited. The
data show that p53 requires DTT for efficient DNA binding
and that oxidized p53 can be altered by DTT to bind DNA more
efficiently. We also used the electromobility shift assay to test
if DTT increased p53 binding to an oligonucleotide probe

representing a p53 binding site within the MDM2 promoter
and observed similar results (data not shown). This indicates
that p53 likely requires DTT for efficient binding to a number
of p53 binding sequences in the promoters of several genes.

To extend these studies, MAC-mode AFM was used to de-
tect p53 bound to a double strand oligonucleotide sequence
representing a DNA element within the MDM2 promoter. This
method allows one to visualize the protein bound to DNA and
measure its dimensions. Synthetic oligonucleotides represent-
ing the complete p53 binding site (20mer) were covalently
attached to a silica surface. The DNA bound silica surface
was incubated with oxidized p53 or reduced p53 for 15 min,
after which the surface was washed. Figure 4A shows that
when reduced p53 was added to the surface, many particles
could be detected. Figure 4B shows that fewer particles were
observed when an identical concentration of the oxidized
form was applied to the DNA-covered surface. Importantly,
no particles could be detected when p53 was not added to the
bound DNA (Fig. 4C). By grain analysis, the surface density
of reduced p53 particles was 5.6 3 1010 conjugates/cm2, and
the surface density of the oxidized counterpart was 6.8 3 109

conjugates/cm2. The data show that ninefold fewer p53 conju-
gates were bound to the oligonucleotides in the absence of
DTT. The AFM images confirm the results obtained from the
electromobility shift assays and demonstrate that DTT en-
hances the binding of p53 to DNA. These results support a
model in which oxidation reversibly inhibits the capacity of
p53 to bind to DNA.

Dimensions of reduced and oxidized p53 
bound to DNA

Measurement of the particle dimensions should give an
estimate of the size of p53 bound to DNA. p53 is known to
bind efficiently to two half-sites within the DNA as a tetramer
(20, 30). Measurement of the p53 particles in the AFM im-
ages containing DTT indicates that the cross-section diameter
is 8.61 nm (±1.12) and the height is 4.12 nm (±0.76) (Fig.
4D). The size of these particles is consistent with p53 acting
as a tetramer with a shape that is fairly flat, in line with a re-
cent solution NMR/modeling study (15). The low standard de-
viation in the size of the particles indicates that the popula-
tion of DNA-bound p53 is homogeneous. Longer incubation
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FIG. 3. Electromobility shift assays
demonstrating requirement for DTT for
efficient binding to GADD45 promoter.
(A) Electromobility shift assay demonstrat-
ing effect of DTT on DNA binding by oxi-
dized p53. Lane 1: free probe with no added
p53; lanes 2 and 3: oxidized p53; lanes 4–6:
oxidized p53 plus added DTT. (B) Electro-
mobility shift assay demonstrating speci-
ficity of p53 binding to DNA probe con-
taining the sequence from the GADD45
promoter. Lane 1: free probe (no added p53);
lane 2: reduced p53; lane 3: oxidized p53;
lane 4: reduced p53 (heat-inactivated); lane
5: reduced p53 with excess unlabeled com-
petitor DNA.
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times of p53 with the bound DNA revealed much larger par-
ticles likely due to large molecular aggregates. Oxidized p53
bound to DNA had a cross-section diameter of 15.32 nm
(±2.12) and a height of 3.14 nm (±2.18). The dimensions of
the oxidized p53 bound to DNA indicates that oxidized p53
may consist of higher ordered oligomers that vary in the
number of bound subunits or exhibit conformations that are
varied. Overall, the data indicate that the reduced p53 and
oxidized p53 bound to DNA have fundamentally different
sizes and that the oxidized p53 particle dimensions are more
varied.

Oxidation promotes formation of monomers,
dimers, and abnormal tetramers of p53

Given that oxidized p53 particle dimensions differ from
reduced p53 particle dimensions, we explored the possibility
that oxidation alters the oligomeric state of p53. Oxidized p53
was fractionated by gel filtration chromatography, and the
elution positions of the p53 oligomers were transformed into
apparent MWs by comparison with elution positions of pro-
tein standards (Table 2). This comparison assumes an overall
shape that is consistent from protein to protein. The majority
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FIG. 4. MAC-mode AFM images of p53 bound to oligonucleotide probe representing MDM2 promoter. (A) AFM image of
reduced p53 bound to oligonucleotide probe. (B) AFM image of oxidized p53 bound to oligonucleotide probe. (C) AFM image
of surface-bound oligonucleotide probe in the absence of p53. (D)  Cross-section distance and depth dimensions of two p53 parti-
cles from image A, bisected by the white line segment.

TABLE 2. GEL FILTRATION CHROMATOGRAPHY ANALYSIS OF P53 + DTT AND P532DTT

p53 + DTT p53 2 DTT

Apparent MW (kDa) Relative percentage (%) Apparent MW (kDa) Relative percentage (%)
>1,000 4 >1,000 11

430 ND* 430 12
259 52 259 ND

89 ND 89 18
54 44 54 59

*ND, not detected.
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of oxidized p53 was in the monomer form (59%, MW = 54
kDa), and the majority of the reduced p53 was in the tetramer
form (52%, MW = 259 kDa). We note that oxidized p53 also
formed dimers (18%, MW = 89 kDa), intermediate size
oligomers (12%, MW = 430 kDa), and higher ordered protein
complexes (11%, MW > 1,000 kDa), but no tetramers. Re-
duced p53, aside from tetramers, also formed monomers (44%,
MW = 54 kDa), but very little higher ordered protein com-
plexes (4%, MW > 1,000 kDa). The data indicate that reduced
p53 has a higher propensity to form tetramers than oxidized
p53 and is consistent with a model in which oxidation pre-
vents proper tetramerization of p53. We cannot rule out the
possibility that the intermediate size oligomers (MW = 430
kDa) of oxidized p53 are actually tetramers with an unusual
conformation. Tetramers of this approximate apparent MW
were previously observed (9). The possibility that unusually
shaped tetramers were present in the oxidized p53 sample
was confirmed by glutaraldehyde cross-linking studies (data
not shown). Oxidized p53 tends to form high MW complexes
of >1,000 kDa and intermediate size oligomers and/or unusu-
ally shaped tetramers. Because tetrameric p53 is the most ef-
ficient at binding DNA (30), it is likely that inhibition of proper
tetramer formation of the 259 kDa MW size explains why ox-
idized p53 fails to bind DNA efficiently.

Oxidized p53 thiol groups are more susceptible to
MAL-PEG conjugation than reduced p53

The data suggest that a single surface thiol group forms a
disulfide bond under relatively mild oxidizing conditions. A
previous study using conformation-specific antibodies showed
that oxidation promotes a conformation change in p53 (11).
To confirm and extend these studies, we performed a confor-
mation analysis experiment using the thiol probe MAL-PEG.
MAL-PEG forms a thioether bond with cysteine thiol groups
on the protein surface. The MAL-PEG bound form of p53 can
easily be distinguished from unbound p53 after separation by
SDS-PAGE because each MAL-PEG adduct increases the MW
of the polypeptide by ~5,000 Da (18). However, due to its
bulky structure, MAL-PEG will not react efficiently with the
protein if the reactive thiol groups are partially occluded or
are in close proximity to each other. Figure 5 shows that when
reduced p53 was incubated with 0.67 mM MAL-PEG, 32%
formed adducts. At 1.3 mM MAL-PEG, 71% of p53 formed
adducts, and at 3.3 mM MAL-PEG, 81% of p53 formed
adducts. MAL-PEG adduct formation with oxidized p53 was
more efficient than adduct formation with reduced p53. At
0.67 mM MAL-PEG, 95% of oxidized p53 formed adducts.
At 1.3 mM and 3.3 mM, 100% of p53 formed adducts. The
relative lack of MAL-PEG reactivity by reduced p53 suggests

that its thiol groups are sterically blocked and unavailable for
reaction with the bulky adduct. Oxidized p53, on the other
hand, is more likely to be in the monomer stage or exhibit a
conformation that is available for reaction with MAL-PEG,
thus, its greater degree of reactivity. We note that at 0.67 mM
and 1.3 mM MAL-PEG, 23% and 43% of oxidized p53, re-
spectively, formed more than four adducts. Reduced p53 failed
to form more than four adducts at lower MAL-PEG concen-
trations. We suggest that oxidized p53, when bound to more
than one MAL-PEG molecule, is susceptible to denaturation,
which allows its buried cysteine thiols to be available for ad-
ditional MAL-PEG adduct formation. Reduced p53, on the
other hand, is less susceptible to MAL-PEG adduct formation
due to the fact that its thiol groups are located on the interface
of the p53 subunits.

Testable model for oxidation of p53 at Cys182

The results suggest the possibility that p53 may bind one
small thiol-containing molecule that could prevent it from
binding DNA and decrease tetramer formation. One common
small thiol group is glutathione, a thiol-containing tripeptide
that has been demonstrated to form protein disulfide adducts
in cells that are oxidatively stressed (27). Although we have
demonstrated that five cysteine thiol groups are exposed on
the surface of the protein, Cys182 is located in an ideal loca-
tion to inhibit DNA binding and alter the quaternary structure.
By using x-ray crystallography data (4), a model was built de-
picting the arrangement of two p53 DNA binding domains
binding to two pentamer consensus sequences. Figure 6A
shows that these two subunits each interact with the major
groove of the DNA and that the helices containing Cys182
come into close proximity to each other, in agreement with re-
cent solution structure data (15). These short helices are com-
posed of residues Pro177-Cys182. As shown in Fig. 6B, if glu-
tathione were to form a disulfide bond to each of two Cys182
residues, the two subunits would dissociate laterally by as much
as several angstroms. This lateral motion would disengage the
p53 from the DNA. Although not depicted in the model, such a
displacement would also be expected to disrupt the tetrameriza-
tion domain, which is located further toward the C-terminus.

DISCUSSION

The cysteine thiol groups predicted to be exposed on the
surface of native p53 and thus most likely involved in p53
functionality are Cys176, Cys182, Cys229, Cys242, and Cys277
(31). Cys176 and Cys242 join Cys238 in coordinating a zinc
atom and, together, are required for maintenance of the ter-
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FIG. 5. Demonstration of p53 conforma-
tion changes by DTT. Reduced p53 and oxi-
dized p53 were treated with the indicated con-
centrations of MAL-PEG for 30 min at 25°C.
MAL-PEG binding reaction was quenched by
addition of hot Laemmli protein sample buffer,
and proteins were separated by SDS-PAGE.
p53 was detected by western analysis with
DO-1 antibody. Asterisk represents p53 bound
to more than five MAL-PEG adducts.
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tiary structure necessary for p53 to bind DNA in a sequence-
specific fashion (4). Cys277 makes direct contact to N4 of
cytosine or O4 of thymine within a p53 DNA consensus se-
quence. Cys182 is located within a region where two p53
DNA binding domains associate called the H1 helix (15).

The DTNB derivatization results show that five thiols are
present on the surface of reduced p53 and four on oxidized
p53. A single disulfide bond per p53 is observed, and there is
no evidence of intersubunit disulfide bonds. This result, un-
expected because one would expect two surface thiols to be-
come oxidized to form a disulfide bridge, can be explained in
one of two ways. First, one cysteine can form a disulfide bond
intramolecularly with a cysteine sulfhydryl that is partially
buried and thus undetectable in the DTNB study. This may be
the case with Cys277 (surface) and Cys275 (buried) because
they are in close proximity to each other and, although Cys275
is not completely exposed to the surface, it may be able to
undergo a conformation change to accommodate a disulfide
bridge with Cys277. The surface to buried disulfide bonding

may also be the case with zinc binding residues Cys176 (sur-
face), Cys238 (buried), and Cys242 (surface). Disulfide bond
formation between any two of these cysteine residues would
likely expel zinc and lead to a global conformation change
consistent with our conformation analysis data.

The second explanation would be that there is an intermo-
lecular disulfide bond between a surface cysteine thiol and a
small, sulfhydryl-containing molecule such as glutathione. In
this case, it may be difficult to tell which surface cysteine
participates in the disulfide linkage. In accordance with our
AFM, MAL-PEG, and gel filtration data, the reactive cys-
teine sulfhydryl would most likely be in a position that is im-
portant for proper tertiary or quaternary structure formation.
Specifically, the small molecule must inhibit DNA binding
and expose other surface cysteine thiol groups to the surface,
as well as inhibit tetramer formation. In our modeling study
(see Fig. 6), it was shown that if such a small molecule, in this
case glutathione, were to bind Cys182, the H1 helix of each
p53 DNA binding domain would be pushed away from each

CHARACTERIZATION OF OXIDIZED p53 663

FIG. 6. Hypothetic model of how glutathione bound to Cys182 of p53 could disrupt quaternary interactions. (A) Two p53
DNA binding domains engaging two pentamers within the DNA consensus sequence (projecting perpendicular to the plane of the
page). The dimer of the p53 DNA binding domains are partially stabilized by H1 helix/H1 helix interactions (labeled H1), and
Cys182 (asterisks) on each H1 helix is directed into the opposing H1 helix. (B) When glutathione is bound to Cys182, the H1 he-
lices are incapable of interacting and the two DNA binding domains disengage the DNA consensus sequence. For clarity, the p53
subunits are shown in the conceptual solid ribbon format and the DNA in the ladder format. Only the Cys182 residues and the
bound glutathione molecules are depicted at atomic level resolution (lacking hydrogen atoms) in the ball and stick format.
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other. The p53 dimer would be incapable of binding to DNA
and, furthermore, may be inhibited in its ability to form a
tetramer. In the absence of DNA, the subunits of reduced p53
may partially block thiol groups from exposure to large thiol-
reacting molecules such as MAL-PEG. This may explain why
MAL-PEG fails to react with reduced p53. With glutathione
bound to Cys182, we speculate that the p53 monomers are
less able to protect each other’s thiol groups and are more sus-
ceptible to MAL-PEG conjugation. However, we cannot rule
out the possibility that a small molecule could form a disul-
fide bond with other surface cysteine residues; but it is not
clear whether such binding would lead to the gross conforma-
tion alterations detected in our study. It is also possible that
no one particular cysteine residue is oxidized to the exclusion
of others in a population of p53 molecules nor can we exclude
the possibility that a subpopulation of the p53 contains more
than one oxidized surface thiol and the other subpopulation is
reduced. The gel filtration data show that oxidized p53 exists
in a variety of oligomeric forms, including monomers, dimers,
and large aggregates. Oxidized p53 appears to also form a
tetramer that has a shape that is distinct from reduced p53.
Each oxidized species may be formed from a particular cys-
teine residue oxidation.

We have ruled out significant contributions of other types
of oxidation to p53 under our conditions. Specifically, we ruled
out sulfenic acid, sulfinic acid, and sulfonic acid as major
contributors to oxidation of p53. Interestingly, we detected a
substoichiometric level of sulfinic acid in the oxidized p53
(approximately 1:10 molar ratio). Sulfinic acid is not reduced
to the sulfhydryl by the addition of DTT. However, as addi-
tion of DTT to oxidized p53 increases DNA binding capacity,
this indicates that sulfinic acid does not significantly con-
tribute to inhibition of DNA binding. One type of oxidation
we have not ruled out is nitrosylation.

A tetramer at p53 binds to a full consensus site consisting of
four pentamers. The p53 particles observed to be bound to
DNA in our AFM studies have dimensions consistent with that
expected for a tetramer if one considers that one dimer binds a
half-site on an oligonucleotide and a second dimer binds to
another half-site on a different oligonucleotide. Our AFM data
are consistent with a recent NMR/modeling study in which
this sandwich-like model was suggested (15). According to
this model, the p53 tetramer straddles between two half-sites
and engages each at an approximate 90° angle. An electron
microscopy analysis of p53 bound to DNA showed that the dis-
tance between the two DNAs is 10 nm (25). Considering that
the diameter of B-DNA is 2.4 nm (1), and that p53 wraps itself
approximately half way around the consensus site, one would ex-
pect that the p53 tetramer cross-section distance to be ~8 nm.
This measurement is remarkably consistent with our measure-
ment of 8.61 nm for the tetramer. In our experimental setup, it is
likely that p53 tetramer binds a single half-site through one
dimer while the second dimer is not bound to DNA. The height
of p53 is ~4.12 nm with very little variation. This distance is
slightly larger than one turn of B-DNA (3.4 nm), which would
code for a half-site. The data indicate that the p53 tetramer is a
flat disc that engages the DNA perpendicularly. As predicted,
the number of oxidized p53 particles bound to DNA detected
by AFM was lower by ninefold. Whether this is due to a de-
crease in the rate of binding or due to a higher dissociation
constant is not clear. The oxidized p53 particles that bind

DNA possess a longer diameter (15.32 nm) and decreased height
(3.14 nm) and much greater variation compared with reduced
p53 particles. This may suggest that, upon oxidation, p53 as-
sumes a more open conformation that expands the disc shape,
but does not greatly affect the height of the tetramer. The fact
that oxidized p53 appears to have a larger Stokes radius (ap-
parent MW 430 kDa versus 259 kDa) lends credence to this
idea. Glutaraldehyde cross-linking experiments by us (data
not shown) and others (9) suggest that at least some oxidized
p53 retains a tetrameric state.

Perspective

Oxidation appears to regulate p53’s ability to bind a con-
sensus sequence. A recent report has shown that selenometh-
ionine and Redox factor-1 can maintain p53 in a reduced state
within cultured cells (24). This study suggests that Cys275
and/or Cys277 are susceptible to reversible oxidation in the
absence of selenomethionine and Redox factor-1; but other
cysteine residue thiols have not been excluded. Another study
suggests that Cys277 is susceptible to oxidation in UV-damaged
cells and that oxidation prevents the p53 from binding GADD45
promoter (2). Previous work has demonstrated that free radi-
cals produced by the Fenton reaction in the presence of cop-
per can oxidize p53 both in cells and in vitro (10). Future studies
will be required to uncover the specific sites of cysteine residue
oxidation on p53, the oxidizing ligand, and the mechanism of
oxidation.
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ABBREVIATIONS

AFM, atomic force microscopy; APTES, aminopropyltri-
ethoxysilane; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); DTT,
dithiothreitol; Gu-SCN, guanidine isothiocyanate; MAC-mode,
magnetic altering current mode; MAL-PEG, methoxymaleimide
polyethylene glycol (2 kDa); MW, molecular weight; NBD
chloride, 4-chloro-7-nitrobenz-2-oxa-1,3-diazole; NTB, 2-nitro-
5-thiobenzoic acid; NTSB, 2-nitro-5-thiolsulfobenzoate; SDS-
PAGE, sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis.
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