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ABSTRACT: It has become increasingly evident that nitric oxide exerts its effects, in part, by S-nitrosylation
of cysteine residues. We tested in vitro whether nitric oxide may indirectly control p53 by S-nitrosylation
and inactivation of the p53 negative regulator, Hdm2. Treatment of Hdm2 with a nitric oxide donor inhibits
Hdm2-p53 binding, a critical step in Hdm2 regulation of p53. The presence of excess amounts of cysteine
or dithiothreitol blocks this inhibition of binding. Moreover, nitric oxide inhibition of Hdm2-p53 binding
was found to be reversible. Sulfhydryl sensitivity and reversibility are consistent with nitrosylation. Finally,
we have identified a critical cysteine residue that nitric oxide modifies to disrupt Hdm2-p53 binding.
This cysteine is proximal to the Hdm2-p53 binding interface and is conserved across species from zebrafish
to humans. Mutation of this residue from a cysteine to an alanine does not interfere with binding but
rather eliminates the sensitivity of Hdm2 to nitric oxide inactivation.

The tumor suppressor p53 is an important regulatory
molecule that is involved in cell cycle arrest during develop-
ment and acts as a mediator of apoptosis in response to stress
(1-3). Mutation of p53 is one of the most common genetic
lesions in human cancer. Although p53 is dispensable for
normal cell growth and development, cells lacking functional
p53 show a predisposition to cell proliferation, chromosomal
abnormalities, and tumorigenesis, suggesting that p53 plays
a critical role in the maintenance of genome integrity (2).
p53 functions as a transcription factor that activates tran-
scription of genes involved in cell cycle arrest (p21WAF1
and cyclin G), DNA damage (GADD45), and apoptosis (Bax)
(2). Mdm2 is another transcriptional target of p53, and its
interactions with p53 are the focus of this study (4, 5).

The mdm2 gene was first detected in a screen for
oncogenes present on a mouse double minute chromosome
(6). The human homologue of the gene, Hdm2, is amplified
and/or overexpressed in a number of human tumors (7).
Hdm2 can regulate p53 by binding to p53 and inibiting its
transcriptional activity (8). Hdm2 also regulates p53 levels
by acting as an E3 ligase to ubiquitinate p53 and, thereby,
promotes p53 degradation (9). Thus, Hdm2 participates in a
negative feedback loop that keeps p53 levels in tight check.

Nitric oxide is a ubiquitous signaling molecule with diverse
and varied functions. NO1 has been shown to be a signal

that increases p53 levels in physiological and pathological
situations. During neuronal differentiation of PC12 cells, NO
acts as a cytostatic agent by inducing p53 activity (10).
Similarly, in vascular smooth muscle cells, NO activates
p21WAF1 through p53 (11). During apoptosis, NO plays a
critical role in p53 induction, but the molecular mechanism
of this induction is not known (12, 13).

One mechanism by which nitric oxide functions in cells
is through S-nitrosylation of cysteine residues. In the case
of Ras, S-nitrosylation enhances its activity (14). For other
proteins, though, S-nitrosylation is an inactivating modifica-
tion. Caspase-3 is inactivated by S-nitrosylation in vivo (15).
Multiple classes of proteins, including receptors, proteases,
and transcription factors, are reportedly S-nitrosylated (16)

It has recently been shown that Hdm2-p53 binding is
sensitive to oxidation and that the sulfhydryl-modifying agent
N-ethylmaleimide destroys the binding capacity for binding
of Hdm2 to p53 (17). In this study, we test whether nitric
oxide also affects the ability of Hdm2 to bind p53. We find
that NO reacts with Hdm2 and thereby inhibits Hdm2-p53
binding. Moreover, we demonstrate that this inhibition is
reversible, consistent with nitrosylation of cysteine. Finally,
we identify a cysteine residue proximal to the Hdm2-p53
binding domain that is responsible for the NO inhibition of
binding.

MATERIALS AND METHODS

Reagents.Dithiothreitol (DTT), N-ethylmaleimide, cys-
teine, reduced glutathione, and tetramethylbenzidine (TMB)
dihydrochloride tablets were all purchased from Sigma.
DETA/NO (NOC-18) was purchased from Alexis.

GST-Hdm2. The GST-Hdm2 plasmid (amino acids
1-188) was a gift from D. Lane (18). Bacterial cultures were
grown to an OD of 0.8. They were cooled to room
temperature, induced with 1 mM IPTG, and then grown for
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4 h at 27°C. Cells were harvested, and pellets were flash-
frozen in liquid nitrogen. Pellets were resuspended in ice-
cold buffer A [0.5 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4, 1 mM PMSF, 1 mM EDTA, and 10 mM
2-mercaptoethanol (pH 7.3)] and lysed twice in a French
press. After centrifugation, the soluble fraction was incubated
with 1 mL of glutathione-Sepharose 4B beads for 1 h at
room temperature and then overnight at 4°C. The entire
mixture was then spun and washed six times with PBS, and
then the beads were packed in a column. The protein was
then eluted with buffer B [50 mM Tris-HCl, 10 mM reduced
glutathione, 0.5 M NaCl, 1 mM EDTA, 1 mM PMSF, and
10 mM 2-mercaptoethanol (pH 8.0)]. Fractions containing
the GST-Hdm2 fusion were pooled, aliquoted, and stored
at -20 °C.

Preparation of p53 Protein in Sf9 Cells.Sf9 cells were
infected with a His-tagged, full-length p53 baculovirus (19),
and cells were harvested 48 h after infection. The cells were
extracted at 4°C with 1% Triton X-100, 150 mM NaCl, 50
mM Tris-HCl (pH 7.5), and 1 mM PMSF for 30 min. After
centrifugation, the extract was passed through a 0.45µm
filter. The p53 protein was purified on a His-Bind Quick
900 Cartridge (Novagen). Protein expression and purity were
checked by Western blotting with a monoclonal anti-six-
His antibody (Clontech). Purified p53 was aliquoted and
stored at-20 °C.

ELISA.The Hdm2-p53 interaction was assayed by using
an ELISA similar to one described previously (18). EIA assay
plates (Costar) were coated overnight at 4°C with 1 µg/mL
p53 in PBS. Plates were blocked with PBST-M (PBS
containing 5% milk powder and 0.1% Tween 20) for 1 h at
room temperature. The GST-Hdm2 fusion (2.5µg/mL) in
PBS was incubated with NO donor with or without cysteine
or DTT for 0.5 h at room temperature. An equal volume of
2× PBST-M was then added to the sample and then applied
to the ELISA plate for 1 h atroom temperature. After three
washes, wells were probed with a polyclonal anti-GST
antibody (1:10000) from Sigma in PBST-M and then an
HRP-linked polyclonal anti-rabbit antibody (1:1500) from
Amersham in PBST-M. Substrate development was per-
formed with TMB tablets (0.1 mg/mL) in 0.05 M phosphate-
citrate buffer (pH 5.0) containing 0.006% hydrogen peroxide.
After 15 min, reactions were stopped with an equal volume
of 1 M phosphoric acid and read at 450 nm. All washing
between steps was carried out with PBS.

Site-Directed Mutagenesis.Site-directed mutagenesis and
generation of the GST-Hdm2C77A mutant plasmid were
performed with the QuickChange site-directed mutagenesis
kit from Stratagene following standard protocols. The mutant
sequence was confirmed by automated DNA sequencing.

RESULTS

We tested whether treating Hdm2 with a nitric oxide donor
would affect its binding to p53. We employed a GST-Hdm2
fusion protein that incorporates the first 188 amino acids of
Hdm2 and thereby includes the p53 binding domain. With
ELISAs, we confirmed earlier results which showed that the
thiol-modifying agent N-ethylmaleimide (NEM) inhibits
Hdm2-p53 binding (Figure 1). We demonstrated that nitric
oxide inhibits this binding as well, using the nitric oxide
donor DETA/NO (1, 5, and 10 mM) (Figure 1). This

inhibition is blocked by the addition of an excess of the
reducing agent. When excess DTT (10 mM) is present,
DETA/NO is unable to inhibit binding (Figure 2). Presum-
ably, the excess DTT competes with Hdm2 for the nitric
oxide. Moreover, addition of excess amounts of cysteine also
blocked nitric oxide inhibition of Hdm2-p53 binding (Figure
3). These results are consistent with nitric oxide affecting
binding by nitrosylating sulfhydryl residues.

To ensure that the effect of nitric oxide was specific for
Hdm2, we performed several controls. We coated ELISA
plates with the GST-Hdm2 fusion instead of p53 and tested
whether the presence of nitric oxide affected the binding of
the anti-GST antibody to the GST-Hdm2 protein. In these
experiments, nitric oxide had no effect (data not shown). We

FIGURE 1: DETA/NO inhibits Hdm2-p53 binding. ELISAs were
performed on p53-coated plates treated with Hdm2 (2.5µg/mL)
alone, Hdm2 and 10 mM NEM, or Hdm2 and increasing amounts
of DETA/NO (millimolar). Data are presented as means( SEM
(n ) 15).

FIGURE 2: DTT blocks DETA/NO inhibition of Hdm2-p53
binding. ELISAs were performed on p53-coated plates that were
presented with Hdm2 (2.5µg/mL) alone, Hdm2 and 10 mM DTT,
Hdm2 and 10 mM DETA/NO, or Hdm2, 10 mM DTT, and 10
mM DETA/NO. Data are presented as means( SEM (n ) 9).

FIGURE 3: Cysteine blocks NO inhibition of Hdm2-p53 binding.
ELISAs were performed on p53-coated plates treated with Hdm2
(2.5µg/mL) alone, Hdm2 and 10 mM cysteine, Hdm2 and 10 mM
DETA/NO, or Hdm2, 10 mM cysteine, and 10 mM DETA/NO.
Data are presented as means( SEM (n ) 9).
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also tested whether nitric oxide was modifying p53 instead
of Hdm2. Plates coated with p53 were treated with DETA/
NO and tested for their ability to bind Hdm2. In these
experiments, DETA/NO had no effect on Hdm2-p53
binding (data not shown). From these experiments, we
conclude that the effect of nitric oxide on Hdm2-p53
binding is due to a reaction of NO with Hdm2.

We tested whether the effect of nitric oxide was reversible.
DETA/NO was reacted with Hdm2 for 0.5 h, and then the
mixture was split in two. Half of the sample was then
incubated with DTT for an additional 0.5 h, while the other
half of the sample was untreated. The results from these
experiments clearly indicate the inhibition by nitric oxide to
be reversible, again consistent with nitrosylation of a
sulfhydryl group (Figure 4).

Previously, it had been shown that the Hdm2-p53 reaction
was susceptible to oxidation (18). This fact coupled with
our results with NO led us to examine which cysteine residue
is modified by NO and thereby inhibits binding. In our Hdm2

fragment, there are three cysteine residues (C2, C77, and
C127). C77 seemed to be the residue most likely to be
modified due to its proximity to the Hdm2 and p53 binding
interface (17, 20) (Figure 5). In addition, we found that this
C77 is highly conserved in humans, mice, chickens, frogs,
and zebrafish (Figure 5). Moreover, C77 is conserved in a
related protein, MDMX (21). We mutated C77 to A in Hdm2
and tested the ability of this mutated protein to bind p53
and the effect of nitric oxide on this binding. As C77 is buried
in a hydrophobic pocket, it was replaced with an alanine to
avoid adding the hydrophilicity that the hydroxyl oxygen of
a serine would. The C77A mutation did not affect normal
binding when compared to the binding of the wild-type
protein (Figure 6). However, when the mutant protein was
treated with DETA/NO, there was no inhibition of Hdm2-
p53 binding (Figure 7). Thus, the C77 to A mutation renders
Hdm2 insensitive to NO inhibition and provides strong
evidence that NO exerts its action through this particular
cysteine residue.

DISCUSSION

We have presented a mechanism by which NO may
increase p53 levels. Nitric oxide inhibits p53 binding of
Hdm2, a negative regulator of p53 activity (Figure 1). This
inhibition of binding would allow p53 levels to go unchecked
and remain high or increase. The reducing agent DTT or
the NO scavenger cysteine (Figures 2 and 3) can block this
inhibition. Importantly, the inhibition of Hdm2-p53 binding
is reversible, suggesting this may be a relevant form of
regulation in vivo (Figure 4). Additionally, we have identified
C77 in our Hdm2 fragment as the target of NO. Mutation of
this residue to alanine does not inhibit normal binding to
p53 (Figure 6). Nitric oxide has no effect on Hdm2C77A-
p53 binding unlike wild-type Hdm2-p53 binding, which is
inhibited by nitric oxide (Figure 7).

FIGURE 4: DETA/NO inhibition of Hdm2-p53 binding is revers-
ible. ELISAs were performed on p53-coated plates. Hdm2 (2.5µg/
mL) alone or Hdm2 and 10 mM DETA/NO were incubated for
0.5 h, and then half of each sample was incubated with 10 mM
DTT for 0.5 h. Data are presented as means( SEM (n ) 9).

FIGURE 5: Hdm2 sequences from humans, mice, chickens, frogs, and zebrafish. The N-terminus of Hdm2 contains three cysteines (vertical
boxes, C2, C77, and C127). C77 is highly conserved and is located within the p53 binding domain (horizontal box, amino acids 50-100).
Sequences were aligned using the Clustal Method in MegAlign.
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In this study, we focus on the N-terminus of Hdm2 that
contains the p53 binding domain. However, Hdm2 regulates
p53 by two mechanisms. In addition to its ability to bind
and inactivate p53, Hdm2 also regulates p53 stability by
targeting the p53 protein for proteasomal degradation (22,
23). A recent report suggests that Mdm2, the murine version
of Hdm2, is a RING finger-dependent ubiquitin protein ligase
for itself and p53. This study identified several cysteine
residues in the Mdm2 RING finger that are critical for its
ability to degrade p53 (9). Thus, it is possible that in full-
length Hdm2, these cysteines are additional targets of NO.

There are several possible products of the reaction of NO
with C77. First, NO might oxidize C77. We do not think
that this possibility is likely because the reaction is reversible
(24). Second, NO might facilitate disulfide bond formation.
We do not think that this is likely because C77 is buried in
a hydrophobic pocket, and there are no other cysteines close
by (20). Third, NO might S-nitrosylate C77, which we
consider to be the most likely possibility.

The importance of C77 of Hdm2 is not immediately
apparent as it does not participate directly in p53 binding.
However, the crystal structure does show that C77 is
proximal to the p53 binding pocket (Figure 8A). Specifically,
C77 lies in the proximity of two residues, V75 and P91, that
participate in van der Waals interactions with p53 (20, 25).
C77 is buried in a hydrophobic pocket directly behind the
p53-interacting residues (P91, V75, V88, and L82) (Figure
8B). Reaction of NO with C77 will make this side chain
both larger and more polar. One can propose two possible
models. The nitrosylated C77 side chain might pop out of

the hydrophobic pocket, which would distort the p53
interaction domain. Alternatively, the nitrosylated side chain
might remain in the pocket, distorting the layer of p53-
interacting residues, which make up much of the hydrophobic
pocket. Further structural studies would be required to resolve
this question.

Modification of Hdm2 may be relevant to NO’s action in
a variety of physiological situations. Previously, we have
shown that NO induces p53 accumulation during neuronal
differentiation (10). We also know that NO acts in a cGMP-
independent manner during PC12 differentiation (26) and
(C. M. Schonhoff and A. H. Ross, unpublished findings).
NO is also known to induce p53 during apoptosis. Activation
of iNOS in RAW 246.7 macrophages results in the ac-
cumulation of p53. Moreover, work with NO donors showed
a clear increase in p53 levels, while NO removal blocked
p53 induction (13, 27-29). Despite the clear link between
NO and p53 induction during apoptosis, the molecular
mechanism was not understood. In each case, neuronal

FIGURE 6: Wild-type and mutant Hdm2 bind to p53 similarly.
ELISAs were performed on p53-coated plates using increasing
concentrations of wild-type and mutant (C77A) Hdm2.

FIGURE 7: Mutant Hdm2 lacks responsiveness to DETA/NO.
ELISAs were performed on p53-coated plates with either wild-
type Hdm2 (2.5µg/mL) or Hdm2 (C77A) (2.5µg/mL) with or
without 10 mM DETA/NO. Data are represented as means( SEM
(n ) 9).

FIGURE 8: (A) Crystal structure of Hdm2 (gray) bound to a peptide
from p53 (green) (20). C77 (yellow van der Waals surface) is
located at the bottom of the hydrophobic p53 binding pocket lined
by V75, L82, F86, and F91 (gray van der Waals surface). (B) In
the absence of p53, NO could access and nitrosylate C77. This
figure was made using the graphics display program MIDAS (25).
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differentiation and apoptosis, NO may increase p53 activity
by inactivating Hdm2.

Recently, another group has reported that p53 activation
by nitric oxide involves downregulation of Mdm2 (30). Using
NO to induce p53 levels, they noted that Mdm2 levels are
decreased preceding a rise in p53 levels. Thus, it is possible
that nitric oxide may regulate Hdm2 or Mdm2 by two distinct
mechanisms. Nitric oxide may indirectly modulate Hdm2
levels, but it is also clear from our in vitro data that nitric
oxide can directly modify Hdm2 by S-nitrosylation.
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