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ABSTRACT: Previous studies demonstrate that nitric oxide (NO) promotes p53 transcriptional activity by a
classical DNA damage responsive mechanism involving activation of ATM/ATR and phosphorylation of
p53. These studies intentionally used high doses of NO donors to achieve the maximum DNA damage.
However, lower concentrations of NO donors also stimulate rapid and unequivocal nuclear retention of p53
but apparently do not require ATM/ATR-dependent p53 phosphorylation or total p53 protein accumulation.
To identify possible mechanisms for p53 activation at lowNO levels, the role of Tyr nitration in p53 activation
was evaluated. Low concentrations of the NO donor, DETA NONOate (<200 μM), exclusively nitrate
Tyr327 within the tetramerization domain promoting p53 oligomerization, nuclear accumulation, and
increased DNA-binding activity without p53 Ser15 phosphorylation. Molecular modeling indicates that
nitration of one Tyr327 stabilizes the dimer by about 2.67 kcal mol-1. Significant quantitative and qualitative
differences in the patterns of p53-target gene modulation by low (50 μM), non-DNA-damaging and high
(500 μM),DNA-damagingNOdonor concentrations were shown. These results demonstrate a new posttrans-
lational mechanism for modulating p53 transcriptional activity responsive to low NO concentrations and
independent of DNA damage signaling.

Nitric oxide (NO)1 activates the tumor suppressor protein p53
through a mechanism involving NO-induced DNA damage and,
as a consequence, activation of ATM/ATR-dependent p53 pho-
sphorylation and nuclear uptake (1-4). These studies for the
most part employed NO donors at 0.5-1 mM concentrations
that generate NO levels mimicking a chronic inflammatory
state of tissues and that induce maximal levels of p53 Ser15
phosphorylation (2). The downstream transcriptional conse-
quences are similar to those observed after treatment with other
DNA damaging agents, e.g., ionizing radiation, ultraviolet light,
or adriamycin (2). Some investigations also report results at lower
NO donor concentrations that, although stimulating rapid and
unequivocal nuclear retention of p53, do so by a mechanism or
mechanisms that do not require p53 Ser15 phosphorylation or
total cellular p53 protein accumulation (1, 2). These results imply
that p53 activity is also responsive to non-DNA-damaging
physiological stimuli that generate small transient increases
in NO.

NO involvement in cellular regulation is usually thought of in
terms of activation of soluble guanylate cyclase and protein
kinase G (5, 6). However, NO and reactive nitrogen species
(RNS) generated as a consequence of the reaction of NO with
different reactive oxygen species (ROS) also covalently modify a

number of regulatory proteins. The best studied of these covalent
modifications is the S-nitrosylation or reversible oxidation of Cys
of a number of key regulatory proteins (7-10). RNS can also
nitrate Tyrs (11, 12). Although Tyr nitration is usually associated
with ischemia-reperfusion conditions, moremodest conditions of
RNS generation have been shown to nitrate signal transduction
proteins. For example, activation of the transcription factor
NF-κB by RNS at therapeutic doses of ionizing radiation
involves the reversible nitration of a Tyr181 in the inhibitor
protein IκBR and, as a consequence, dissociation of IκBR from
NF-κB (13). Other examples of Tyr nitration of key regulatory
proteins suggest that this posttranslational modification has
regulatory significance for cellular responses to mild oxidative/
nitrosative stresses (12, 14-19).

Tyr nitration of p53 is also observed in vitro and in vivo (20, 21).
An increase in nitrated p53 is observed in brain tissue of patients
with advanced Alzheimer’s disease (22). Basal levels of p53 Tyr
nitration are also reduced in cultured MCF-7 cells by a NOS
inhibitor, consistent with a role for endogenous NOS in mod-
ulating p53 function (20) . However, identification of the nitrated
Tyrs and how their nitration alters p53 function are unexplored.
Herein we identify the primary site of p53 nitration at low NO
levels as Tyr327 in the tetramerization domain of p53. Nitration
of Tyr327 stimulates the oligomerization and nuclear retention of
p53. The p53-dependent transcriptional response to nitration of
Tyr327 is very different from that observed after DNA-damage-
induced p53 activation.

MATERIALS AND METHODS

Cell Culture, Irradiation, and NO Donor Treatment.
MCF-7 cells were cultured inMEMwith 10% FBS, 0.01 mg/mL
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bovine insulin, and 1�Pen/Strep. Saos-2 cells were cultured in
McCoy’s 5A medium with 15% FBS and 1�Pen/Strep. Cells
were irradiated at a dose rate of 1 Gy/min with a 137Cs source
(GammaCell 40 exactor; MDS Nordion).
Antibodies and Reagents. Primary antibodies used: β-actin

(Santa Cruz Biotechnology); nitroTyr (Millipore); TATA bind-
ing protein (Abcam); p53, phospho-p53 (Ser15), and the 9E10
monoclonal against c-Myc (Cell Signaling). Wild-type pCMV-
p53 was purchased from Clontech. Mutants were constructed by
QuikChange PCR technology. The site-directed mutagenesis kit
(Stratagene) was validated by full-length sequencing. Peroxyni-
trite was purchased from Calbiochem, and DETA NONOate
was from Cayman Chemical.
Transfection, Subcellular Fractionation, Mass Spectro-

metry, Immunoprecipitation, and Western Blotting. These
procedures have been described (9, 13, 23). Mass spectroscopic
analysis of nitrated proteins was performed as detailed pre-
viously (13).
Tetramerization Assay. Glutaraldehyde (GI) cross-linking

to stabilize p53 oligomers has been extensively described (24-26).
Cell lysates prepared in nondenaturing lysis buffer (50 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 0.5% Triton X-100, supplemented
with protease and phosphatase inhibitors) are incubated with
glutaraldehyde on ice for 30 min, boiled with SDS sample buffer,
resolved on 8% SDS-PAGE, and after transfer to nitrocellulose
analyzed for p53 by Western blotting. Western blots obtained
with anti-p53 rabbit monoclonal IgG showed a nonspecific
double band at ∼130 kDa if samples were not incubated with
cross-linker (Figure 2D, lanes a, b, e, f, i, and j). These nonspecific
bands were not observed with anti-p53 mouse monoclonal IgG
(see Supporting Information Figure S6, lanes a, b, e, f, i, and j).
Electrophoretic Mobility Gel Shift Assay and cDNA

Array. p53 DNA-binding activity in the nuclear extracts is
measured with the Odyssey EMSA kit using p53 IRDye 700
infrared dye labeled oligonucleotides (Li-Cor Biosciences) ac-
cording to themanufacturer’s protocol. Incubationwith anti-p53
IgG (DO-1X; Santa Cruz Biotechnology) (Supershift) andwith
p53 consensus oligonucleotide (Santa Cruz Biotechnology) was
used as a control of specific p53-DNA binding (Supporting
Information Figure S2). mRNA was isolated with the RNeasy
mini kit (QIAGEN) and analyzed for p53-regulated genes with a
human p53-regulated cDNA plate array (Signosis, Inc.).
Molecular Modeling. The minimized average NMR struc-

ture of the p53 tetramerization domain (PDB 1sak) was obtained
from the Protein Data Bank (27, 28). For the structural analysis
of nitrated proteins the overall procedure was as described in
ref 13. The geometry of the wild-type tetramer structure was
further optimized while holding the backbone rigid. Sybyl
8.1 (29) using the Tripos force field, Gasteiger-H€uckel charges,
a dielectric constant of 6, and the Powell optimization algorithm
(gradient of energy e0.05 kcal Å-1 mol-1). This resulted in
structure model 1a (see Figure 6A). Next, this structure was
modified by replacing the hydrogen at the 30 position of Tyr327
on chain A with a nitro group followed by the same geometry
optimization protocol to obtain structure 1b. The positioning of
the guanidinium group of Arg333 and the amide group on the
side chain of Gln331 on chain C was found to be not optimal for
the resulting nitrated structure. Thus, the hydrogen bonding
was optimized for this structure by first turning the guanid-
inium group of Arg333 on chain C toward nitroTyr327
(nTyr327) on chain A, allowing the guanidinium hydrogens
to form hydrogen bonds with both the hydroxyl and the nitro

groups (see Figure 6A). This resulting structure was subjected to
geometry optimization, followed by flipping the amide group on
the side chain of Gln331 180� to allow a hydrogen bond to form
between the amide and the nitro group. The final geometry
optimization was performed on this structure (2b in Figure 6A).
For comparison, similar manipulations of Arg333 and Gln331
were performed on the nonnitrated optimized structure, resulting
in structure 2a.
HydropathicAnalysis.The software packageHINT (Hydro-

phatic INTeractions) (30) was used to evaluate the changes in
interactions between the chains caused by nitration of Tyr327 on
chainA.TheHINT score provides an empirical, but quantitative,
evaluation of protein-protein interactions as a sum of all single
atom-atom interactions using the equation:

HINT score ¼
X

i

X

j

bij ¼
X

i

X

j

ðaiSiajSjT ijRijþ rijÞ

where bij is the score for the interaction between atoms i and j, ai
is the hydrophobic atom constant for atom i, Si is the solvent-
accessible surface area for atom i, and Tij is a logic function that

FIGURE 1: Tyr nitration and phosphorylation of endogenous p53
after radiation. (A) MCF-7 cells were irradiated at 5 Gy, and cell
lysates were prepared at the indicated time points for analysis of Tyr
nitration, Ser15 phosphorylation, and total p53 accumulation. Cell
lysate actin levelswere used to demonstrate equal amounts of starting
material prior to immunoprecipitation (IP). (B) MCF-7 cells were
with DETA NONOate for the indicated period of time. NO donor
stimulated Ser15 phosphorylation was analyzed by immunoprecipi-
tation with anti-p53 antibody and WB with anti-pSer15 IgG. NO
donor stimulated nitration was analyzed by IP with anti-nitroTyr
IgGandWBwith anti-p53 IgG.A 2 h time point after a single dose of
IR (5 Gy) was used as a positive control for Ser-15 phosphorylation
(last lane). (C) DNA-binding activity of endogenous p53 in MCF-7
cells was analyzed by EMSA. A 2 h time point postradiation (5 Gy)
was used as a positive control.
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can assume values þ1 and -1. The choice of Tij depends on the
nature of the interacting atoms. Rij and rij are both functions of
the distance between atoms i and j (31). The HINT force field is
based on the assumption that each bij is related to a partial δg
value and that the HINT score has a linear correlation with the
global interactionΔG�. Higher HINT scores correspond tomore
favorable binding free energies. The “semiessential” mode was
used: polar hydrogen atoms and hydrogen atoms bonded to
unsaturated carbon atoms are treated explicitly. In addition to
polar hydrogens, aromatic hydrogens were allowed to act as
hydrogen bond donors. For the backbone amide hydrogen atoms
the Si terms were corrected by adding 20 Å2 (32) to improve the

relative energetics of inter- and intramolecular hydrogen bonds
involving backbone amides.

RESULTS

Activated Endogenous NOS and NO Donors Stimulate
Nitration of p53 in Vivo. Ionizing radiation at clinically
relevant doses (<8 Gy) activates constitutive NOS in diverse cell
types (9, 13, 33). One consequence of this activation is Tyr
nitration of several proteins includingMn-dependent superoxide
dismutase and the NF-κB inhibitor protein, IκBR. A single
radiation exposure of 5 Gy also stimulates endogenous p53 Tyr
nitration (along with Ser15 phosphorylation) in p53 wild-type

FIGURE 2: Tyr nitration stimulates p53 tetramerization in vitro and in vivo. (A) MCF-7 cells transfected with equal amounts of Myc-tagged p53
WTorTyr327Alawere irradiated (5Gy). Tyr nitrationwas shownasdescribed above at the indicated timepoints (toppanels). Both toppanels are
from the sameblot. Total cell lysateswereprobedwith anti-Myc IgGasa loading control (bottompanels). (B) Structure of the p53 tetramerization
domain indicating Tyr327/Arg333 intermonomer interactions in both dimers. (C) Peroxynitrite stimulates endogenous p53 tetramerization (top
panel) and Tyr nitration (bottom panel) in MCF-7 cells in a dose-dependent manner. (D) Incubation with DETA NONOate stimulates
tetramerization ofWT p53 but not Tyr327Ala orArg333Alamutants. Saos-2 cells were transfected with p53WTormutants. Twenty-four hours
after transfection cells were incubated with 200 μMDETANONOate for 4 h. Tetramerization of p53 was assessed as described inMaterials and
Methods. All panels are from the same blot. GA= glutaraldehyde.
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MCF-7 cells (Figure 1A). Tyr nitration of p53 is transient with
maximum levels achieved at ∼30-40 min after radiation and
recovering to baseline levels by 60min. Tyr nitration of endogen-
ous p53 was shown in reciprocal immunoprecipitation experi-
ments by (a) immunoprecipitation with anti-nitroTyr IgG
followed by blotting with anti-p53 IgG (Figure 1A) and (b)
immunoprecipitation with anti-p53 IgG followed by blotting
with anti-nitroTyr IgG (Supporting Information Figure S1). In
contrast, radiation-induced p53 Ser15 phosphorylation is sus-
tained for a longer period of time (Figure 1A).

To evaluate the role of NO concentration in p53 activation,
cells were incubated with the slow release NO donor, DETA
NONOate, at concentrations ranging between 20 and 500 μM to
generate steady-state levels of 20-400 nM (the latter simulating
chronic inflammatory conditions (2, 34). Figure 1B compares the
effects of different NO concentrations on p53 Ser15 phosphoryl-
ation and p53 Tyr nitration. As observed by previous investi-
gators (1-4) only at the highest NO donor doses (g500 μM) is
appreciable Ser15 phosphorylation observed. This contrasts with
increased Tyr nitration obtained at the lowest NO donor con-
centrations. At DETA NONOate concentrationse200 μM, p53
DNA binding is also enhanced to levels not that much different
than observed at the highest NO donor concentration examined
(500 μM, Figure 1C). The 2 h time point after 5 Gy of ionizing
radiation was used as a positive control for p53 EMSA assay.

To determine what Tyrs are nitrated, cell lysates of MCF-7
cells overexpressing Myc-tagged p53 were prepared under non-
denaturing conditions and treated with peroxynitrite to maxi-
mally nitrate p53. After immunopurification p53 was processed
for mass spectrometry. Seventeen peptides were identified for
coverage of 54.7%, including 5 of the 9 Tyrs of p53: Tyr103,
Tyr107, Tyr126, Tyr205, and Tyr327 (Figure 2A, Supporting
Information Table S1). Two of these five, Tyr107 and Tyr327,
were identified as nitrated by peroxynitrite (Supporting Informa-
tion Figures S3A and S4 and Table S1).

A genetic approach was used to test whether these Tyrs
are nitrated following treatment of cells with NO donors or
γ-irradiation. MCF-7 cells were transfected with Myc-tagged
wild-type p53, the single mutants Tyr107Ala and Tyr327Ala, or
the double mutant Tyr107Ala/Tyr327Ala. After the indicated
treatment immunopurified nitrated proteins were resolved by gel
electrophoresis and the resultingWestern blots probed with anti-
Myc-tag IgG (Figures 2A and 3A and Supporting Information
Figure S3B). Mutation of Tyr327 to Ala completely abrogated
both radiation-induced and basal p53 nitration (Figure 2A).
Similar specificity is observed with DETA NONOate concentra-
tions <50 μM; p53 wild type, but not the Tyr327Ala mutant, is
nitrated at these donor concentrations (Figure 3A). At much
higher levels of NO donor both wild type and the p53 Tyr327Ala
mutant are nitrated, but the level of p53 Tyr327Ala mutant Tyr
nitration is significantly lower compared with Tyr nitration of
p53 WT (Figure 3A). These observations are in contrast to the
relative nonspecific nitration obtained by treating cell lysates with
high concentrations of peroxynitrite (Supporting Information
Figure S3B). We conclude that the transient and low levels of
RNS generated metabolically by a modest radiation exposure or
with low concentrations of slow release NO donors such as
DETA NONOate result in a relatively specific p53 Tyr nitration
profile.
Nitration of Tyr327 Promotes p53 Oligomerization in a

Dose-DependentManner. Tyr327 is a proximal member of the
β-strand (residues 326-333) of the tetramerization domain

whereas Arg333 is the most distal member of the β-strand and
forms an intermonomer hydrogen bond with Tyr327 in an
adjacent monomer (35). Hence, a p53 dimer has two Tyr327/
Arg333 interacting sites that contribute to the antiparallel inter-
action of β-strands of two monomers (Figure 2B). Increased
dimer stability promotes p53 tetramerization (dimerization
of dimers) through interactions of their R-helices (residues
335-354), resulting in nuclear accumulation of p53 and p53-
dependent transcriptional activation (36, 37).

Oligomerization of p53 was examined using previously de-
scribed methods of glutaraldehyde protein cross-linking (24, 38).
Cell lysates from MCF-7 cells with wild-type p53 were treated
with different doses of peroxynitrite, incubated on ice with 0.03%
glutaraldehyde, and analyzed by SDS gel electrophoresis. With
increasing peroxynitrite concentration there are increasing en-
dogenous p53 Tyr nitration and oligomerization (Figure 2C).
The reason for the multiple bands at protein sizes corresponding

FIGURE 3: Low doses of DETA NONOate (20-200 μM) stimulate
p53 tetramerization and nuclear accumulation by a Tyr327 nitration-
dependentmechanism. (A) Saos-2 cellswere transfectedwith p53WT
orTyr327Alamutant.Twenty-fourhours after transfection cellswere
incubatedwith different doses ofNOdonor for 2 h.Nuclear fractions
were probed with anti-p53 antibody. NO donor stimulated nitration
in the total cell lysates was analyzed by IPwith anti-nitroTyr IgG and
WB with anti-p53 IgG. Total cell lysates were probed with anti-
phospho-p53 (Ser15), anti-p53, and anti-actin IgG. Anti-TBP
(TATA binding protein) antibody was used as a loading control
for nuclear extracts. (B) Saos-2 cells were transfected with p53WTor
Tyr327Ala mutant. Twenty-four hours after transfection cells were
irradiated (5 Gy). Nuclear fractions were collected at 2 and 4 h after
IR and probed as in panel A. The 0 time point represents nonradiated
controls. Total cell lysates were probed with anti-phospho-p53
(Ser15), anti-p53, and anti-actin IgG. Anti-TBP (TATA binding
protein) IgG was used as a loading control for nuclear extracts.
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to dimers and tetramers and observed by all investigators using
glutaraldehyde to cross-link p53 is not known (24, 25, 39).

A similar approach was used to examine NO-dependent oligo-
merization in intact cells at different NO donor concentrations.
Saos-2 cells (p53 null) were transfected with wild-type p53 or the
Tyr327Ala andArg333Ala p53mutants. Twenty-four hours after
transfection cells were incubated for 2 h with 200 μM DETA
NONOate and lysed in nondenaturing lysis buffer. The cell
lysates were divided into equal aliquots: one treated with
glutaraldehyde to stabilize the oligomers and the other without.
Incubation with the NO donor promoted both dimerization and
tetramerization in cells transfected with wild-type p53 but had no
effect on p53 oligomerization in the cells expressing eithermutant
(Figure 2D). In the absence of NO donor the monomer-dimer-
tetramer equilibria of wild-type p53 and the mutants were iden-
tical (compare lanes c, g, and k in Figure 2D). These latter results
correspond to previous observations that mutation of Tyr327 to
Ala or Arg333 to Ala had no effect on unstimulated p53 oligo-
merization when expressed in yeast or Saos-2 cells (26, 40). On
another hand, mutation of Tyr327 to Phe results in a significant
decrease of unstimulated p53 oligomerization and cannot be used
for our purposes (Supporting Information Figure S5).

Two additional p53 mutants were also evaluated: Arg337Ala
and p53 without its tetramerization domain (p53 ΔTD) (Sup-
porting Information Figure S6). Mutation Arg337Ala decreases
p53 tetramerization (26, 41). In untreated samples p53 Arg337A-
la had a significantly lower dimer-tetramer level compared with
p53 WT (Supporting Information Figure S6, lanes c and g), and
incubation with 200 μMDETANONOate did not stimulate tet-
ramerization of this mutant (Supporting Information Figure S6,

lanes g and h). Absence of the tetramerization domain in p53
ΔTD completely abolishes the ability for oligomerization with
and without DETANONOate incubation (Supporting Informa-
tion Figure S6, lanes k and l). We conclude that the cross-linking
results in Figure 2 support the importance of the Tyr327/Arg333
interaction in the mechanism of NO-dependent oligomerization
of p53.
Low Doses of NO by Nitrating Tyr327 Stimulate p53

Nuclear Retention and p53-Dependent Gene Transcription.
We tested whether low doses (e200 μM) of DETA NONOate
activate p53, not through phosphorylation but through nitration
of Tyr327, protein tetramerization, and nuclear retention.
Twenty-four hours after transfection with p53 WT or p53
Tyr327Ala mutant, Saos-2 cells were incubated for 2 h with
20-200 μM DETA NONOate. Treatment with these low con-
centrations of DETA NONOate induced nuclear accumulation
of p53WT and nitration but without increasing Ser15 phosphor-
ylation (Figure 3A). Similar treatment of Saos-2 cells expressing
the Tyr327Ala mutant failed to nitrate or enhance the nuclear
accumulation of the p53 mutant. In contrast, p53 WT and p53
Tyr327Ala nuclear accumulation and Ser15 phosphorylation
demonstrated identical responses after IR: both stimulate Ser15
phosphorylation, significant nuclear accumulation, and moder-
ate total accumulation of the protein (Figure 3B). Consistent with
these results, DETANONOate at 50 μMstimulated p53WT but
not p53 Tyr327A mutant oligomerization (Supporting Informa-
tion Figure S7).

To investigate the role of Tyr327 nitration in p53-dependent
gene expression, we treated cells with 50 μM DETA NONOate
and analyzed gene expression with a cDNA array specific for p53

FIGURE 4: Analysis of p53-dependent gene expression (Saos-2 cells). The cDNA assay for gene expression was performed with Saos-2 cells
transfected with empty vector, p35 WT, or p53 Tyr327Ala. Panel A: NO-dependent/p53-dependent gene modulation. Panel B: NO-dependent/
p53-independent genesmodulation. Panel C:Genes showing no significant expression changes. Panel D: Comparison of gene expression analysis
in MCF-7 cells treated with 50 or 500 μM DETA NONOate or 5 Gy of ionizing radiation at 24 h posttreatment. Genes with less than 2-fold
expression changes are not shown. Experimental data are presented as means( SD for triplicate samples. The embedded panel in panel A shows
the level of p53 expression for cells transfected with empty vector, p53WT, or p53 Tyr327Ala. Actin expression was shown as a loading control.
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target genes. This concentration of NO donor produces WT p53
nitration (Figure 1B), tetramerization (Supporting Information
Figure S7), and nuclear accumulation (Figure 3A) without ap-
parent activation of the ATM/ATR signaling pathway
(Figures 1B and 3A and refs 1 and 2). More than 2-fold up- or
downregulation ofmRNA expressionwas considered significant.
Saos-2 cells expressing WT p53 demonstrated upregulation of
Bax,MDM2, PTENmRNAs and downregulation of Bcl-2 upon
treatment with 50 μM DETA NONOate (Figure 4A). In con-
trast, expressions of these genes were unchanged in Saos-2 cells
expressing p53 Tyr327Ala or with empty vector. NO-dependent
but p53-independent transcriptional regulation was demonstra-
ted by the comparable upregulation of 14-3-3 and p21 in Saos-2
cells transfectedwith empty vector, p53WT, orTyr327Alamutant
(Figure 4B). Incubation with 50 μM DETA NONOate had no
effect on expression of cyclin B, GADD45, HNF4R, IGF-2,
MDR1, MMP1, Rb1, or VEGF in Saos-2 regardless of whether
they expressed p53 or not (Figure 4C).

We also compared endogenous p53 gene expression profiles
inMCF-7 andMCF-10A cells treated with 50 or 500 μMDETA
NONOate or irradiated at 5 Gy (Figure 5). At 50 μM DETA
NONOate, the expression patterns of MCF-7, MCF-10A, and
Saos-2 transfectedwithWTp53were very similar with expression
of MDM2, p21, 14-3-3, and Bax up and expression of Bcl-2
down. The only difference waswith PTEN,whose expressionwas
unresponsive inMCF-7 cells irrespective of treatment. Responses
to 500 μMDETANONOate or ionizing radiation showed almost
the same spectrum of gene modulation that differed significantly
from that observed at lowerNOdonor concentrations, e.g., 14-3-3,

Bax, GADD45, cyclin B, and MDM2. These latter findings
parallel the relative effects of these different treatments on p53
Ser15 phosphorylation (Figures 1B and 3 and refs 1 and 2) and
support the argument that low level NO activates p53 transcrip-
tional activity by mechanisms that differ from that initiated by
DNA damage.
MolecularModeling of the Interaction Changes between

Two p53 Monomers after Tyr 327 Nitration. The effects of
Tyr327 nitration on the p53 subunit interactions were also
analyzed with the molecular modeling tool HINT (Hydropathic
INTeractions). HINT permits the quantitative analysis of all
possible noncovalent atom-atom interactions, including hydro-
gen bonding, Coulombic, acid-base, and hydrophobic interac-
tions, using X-ray crystal or NMR protein structures (42, 43) as
input. HINT uses empirically derived constants based on thermo-
dynamic hydropathy values from solvent partition measure-
ments. In a previous study we used HINT to evaluate the eff-
ects of IκBR nitration on its interactions with the p50 subunit of
NF-κB (13). HINT calculations have also accurately estimated
changes in free energy resulting from site-specific mutations and
their effect on hemoglobin dimer-tetramer assembly (44, 45).

Calculations were performed on two sets of p53 structures
(Figure 6A). Each set consisted of one tetramer structure where
Tyr327 on chain A was nitrated (1b and 2b) and one where it was
not (1a and 2a). The difference between the structures in these
two sets was that for structures 1a and 1b the geometries were
built from the optimized NMR structure that has the wild-type
Tyr327. No experimental structure exists for the nitrated protein,
and thus H-bonding for 2b with nitrated Tyr327 on chain A was
optimized by rotating the guanidinium of Arg333 and the amide
of Gln331 on chain C (see Materials and Methods). 15N NMR
relaxation measurements indicate that the side chains on these
two residues are flexible (46) and can adopt many orientations
(47). In particular, model 24 in 2j0z (47) shows the orientation of
Arg333 relative to Tyr327 in an almost identical pose to the one
we obtained by optimizing the interactions between this Arg and
nitrated Tyr.

This analysis showed that for the nonnitrated (1a) and nitrated
(1b) structures the interactions between chainsA andCwere 4590
and 4241HINT units, respectively. Earlier work (42, 43) suggests
that 1 kcalmol-1 is equivalent to 515HINT score units. Thus, the
nitrated structure 1b is less stable than 1a by 0.68 kcal mol-1.
However, after optimizationof the hydrogen-bondingnetwork in
the nitrated case, as in structure 2b, the interaction score between
the two chains is 5961 HINT units, i.e., 2.67 kcal mol-1 more
stable than 1a. The nonnitrated structure, 2a, subjected to the
same manipulations as 2b, is 0.63 kcal mol-1 less stable than 1a,
indicating that it is the nitration and not an optimization artifact
that stabilizes the nitrated tetramer structure. Figure 6B sum-
marizes these results. Molecular models of the 1a and 2b
conformations are shown in Figure 6C,D. A detailed listing of
the interactions and HINT/free energy contributions are pro-
vided in Table S2 of the Supporting Information. As a further
note, this analysis only represents the effect of one Tyr nitration.
It is possible for the Tyr327 on the opposite strand to be nitrated
and interact with its corresponding Arg333. This could as much
as double the estimated energy stabilization due to Tyr nitration.

DISCUSSION

Cellular responses ranging from cytoprotective, signaling
activity to DNA-damaging, cytotoxic effects are initiated at
different NO concentrations (reviewed in ref 48). With respect

FIGURE 5: Analysis of p53-dependent gene expression (MCF-7 and
MCF-10A cells). Comparison of gene expression analysis in MCF-7
(panel A) and MCF-10A (panel B) cells treated with 50 or 500 μM
DETANONOate or5Gyof ionizing radiation at 24hposttreatment.
Genes with less than 2-fold expression changes are not shown.
Experimental data are presented as means ( SD for triplicate
samples.
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to the tumor suppressor protein p53, high NO concentrations
(>400 nM) stimulate p53 Ser15 phosphorylation and activation
similar to what is observed with DNA-damaging agents (1, 2).
These earlier studies, however, also demonstrated that the DNA-
binding activity of p53 is promoted at much lower cellular NO
levels without Ser15 phosphorylation. The aim of the present
work was to explore this phosphorylation-independent mechan-
ism of p53 activation.

Previously we demonstrated that nitration of Tyr181 of IκBR
dissociates IκBR from NF-κB and activates the transcription
factor (13). Here we describe how Tyr nitration activates p53 by
promoting its oligomerization. A high degree of selectivity in p53
nitration was observed at low NO concentrations generated
either by transient activation of endogenous NOS by a single
radiation treatment or by incubating cells with 20-50 μM
DETA NONOate. Under these conditions only Tyr327 is
nitrated (Figures 2A and 3A). At higher DETA NONOate con-
centrations (g200 μM) or treating cell lysates with peroxynitrite
additional Tyrs become nitrated (Figure 3A and Supporting
Information Figure S3).

Tyr327 is a proximal member of the β-strand (residues
326-333) of the tetramerization domain and forms an inter-
monomer hydrogen bond with Arg333, the most distal member
of the β-strand (35). This proximal component of the tetramer-
ization domain (amino acids 325-334) is responsible for the
monomer/monomer binding and dimer formation, the rate-limiting
step in forming a tetramer (Figure 2B). Mutation of either amino
acid prevents NO-induced p53 oligomerization. A molecular

modeling suggests that nitration of Tyr327, by changing the
monomeric conformation and facilitating the interaction with
Arg333 of an adjacentmonomer, enhances the stability of the p53
dimer. Dimer stabilization promotes tetramerization (dimeriza-
tion of dimers) which depends on the distal part of tetrameriza-
tion domain (amino acids 335-355) (49). Although mutation of
Tyr327 or Arg333 to Ala completely blocks the p53 oligomeriza-
tion in response to a NO donor, it does not interfere with basal
p53 monomer-dimer-tetramer equilibrium (Figure 2D, lanes
c, g, and k). This latter finding agrees with work showing that
mutation of either amino acid does not alter p53 oligomer equili-
bria when expressed in yeast or Saos-2 cells (26). Control experi-
ments with p53 Arg337Ala and p53 ΔTD provide additional
proof that NO-dependent p53 activation depends on the tetra-
merization domain (Supporting Information Figure S6).

High doses of NO also lead to Tyr327 nitration, but as shown
by several investigators DNA damage is also generated with sub-
sequent activation of ATM/ATR-dependent signaling pathways.
These DNA damage inducible pathways block the binding of
mdm2 to p53 tetramer by ATM/ATR-dependent phosphoryla-
tion of both proteins, thereby stabilizing the p53 tetramer (1-4).

Different patterns of p53-dependent gene expression are also
observed at different NO concentrations (Figure 5). Expression
modulation of Bax, cyclin B, GADD45, andMDM2 at high NO
levels in MCF-7 and MCF-10A cells mimics the radiation-indu-
ced pattern and is significantly different from that observed at
low doses of NO. Since nitration of p53 occurs at all NO donor
concentrations, these differencesmust reside in themodulation of

FIGURE 6: Molecularmodelingof the interaction changes between twop53monomers afterTyr327nitration. (A)The four structures subjected to
HINTanalysis. (B) Interactions between chainsA andC calculated byHINT.The nitrated structure, with the optimized hydrogenbondnetwork,
has stronger interactions than the conformation derived from the NMR structure. ΔΔG= 0 was defined as the interactions in the nonnitrated
(NMR experimental) conformation. (C) Conformation before Tyr327 nitration. (D) Conformation after Tyr327 nitration.
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different coactivators or cooperation factors that enhance or
repress p53-induced transcription (see review (50)). We also do
not understand whether there is any functional consequence to
slow sustained release of NO as obtained with DETANONOate
compared to the relatively rapid, transient increase in NO fol-
lowing NOS activation by radiation. More extensive investiga-
tions of p53-dependent genemodulation by different doses ofNO
and frequency of NO delivery and p53 nitration are planned that
address these different mechanisms. Results from such experi-
mentation should provide insight into the physiological function
of p53 nitration under acute or chronic inflammatory conditions.

Our results also reveal a NO-dependent, p53-independent acti-
vation of two p53-target genes: p21 and 14-3-3. p21 is activated
by radiation and both low or high NO donor concentrations
whereas 14-3-3 expression is only activated at lowNOdoses. p53-
independent activation of p21 has been previously reported (51-
53), but we are unaware of previous investigations demonstrating
p53-independent upregulation of 14-3-3. The DNA-binding activ-
ity of p53 is enhanced by 14-3-3 by stabilization of p53 dimers to
form tetramers at low p53 concentrations (54). Hence, NO-
dependent upregulation of 14-3-3 can serve as an additional
stabilization mechanism for p53 tetramerization.
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containing nitroTyr (Figure S4); tetramerization activity of p53
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lation of p53WT,Arg337Ala, andΔTD tetramerization byDETA
NONOate (Figure S6); stimulation of p53 WT and Tyr327Ala
tetramerization by a low dose of DETA NONOate (Figure S7);
mass spectroscopy results for p53 protein (Table S1);HINT score
calculations for interactions of Tyr327 before and after nitration
(Table S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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