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' Materials and Methods

Reagents
Dithiothreitiol, N-ethylmaleimide, cysteine, reduced glutathione and
tetramethylbenzidine (TMB) dihydrochloride tablets were all purchased from Sigma.

DETA/NO (NOC-18) was purchased from Alexis.

GST-Hdm2

The plasmid GST-Hdm2 (a.a. 1-188) was a gift from David Lane (194). Bacteria
cultures were grown to OD 0.8. They were cooled to room temperature, induced with 1
mM IPTG and then grown for 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 Na;HPO,, 1.8 mM KH,PO,, I1mM PMSF, 1 mM EDTA, 10 mM 2-
mercaptoethanol, pH 7.3) and lysed twice in a French press. After centrifugation the
soluble fraction was incubated with 1 m! of Glutathione Sepharose 4B beads for 1hour at
room temperature and then overnight at 4°C. The entire mixture was then spun and
washed 6 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 Na(l, 1
mM EDTA, 1 mM PMSF, 10 mM 2-mercaptoethanol pH 8.0). Fractions containing

GST-Hdm2 were pooled, aliquotted and stored at -20°C.

Preparation of pS3 protein in SF9 cells
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His-tagged, full-length p53 baculovirus was a gift from Steve Jones. S cells

e —

were infected and cells were harvested 48 hours after infection. The cells were extracted

at 4°C with 1% Triton X-100, 150 mM NaCl, 50 mM Tris/HCI (pH 7.5) and 1 mM
PMSF for 30 minutes. After centrifugation extract was passed through a 0.45um 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-6xHis

antibody (Clontech). Purified p53 was aliquotted and stored at -20°C.

ELISA Assay

The Hdm2-p53 interaction was assayed by ELISA using a similar assay to one
described previously (194). EIA assay plates (Costar) were coated overnight at 4°C with
1 pg/ml of p53 in PBS. Plates were blocked with PBST-M (PBS, containing 5% milk
powder and 0.1% Tween 20) for one hour at room temperature. GST-Hdm?2 (2.5 pg/ml)
in PBS was incubated with NO donor and with or without cysteine or DTT for one-half
hour at room temperature. An equal volume of 2X PBST-M was then added to the
sample and then applied to the ELISA plate for one hour at room temperature. After
three washes wells were probed with a polyclonal anti-GST antibody (1:10,000) from
Sigma in PBST-M and then a HRP-linked polyclonal anti-rabbit antibody (1:1,500) from
Amersham in PBST-M. Substrate development was performed with TMB tablets (0.1
mg/ml) in 0.05 M phosphate-citrate buffer pH 5.0 containing 0.006% hydrogen peroxide.
After 15 minutes reactions were stopped with an equal volume of 1M phosphoric acid

and read at 450 nm. All washing between steps was done with PBS.

_
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Site directed mutagenesis

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

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 includes the first 188
amind acids of Hdm2. This fragment contains the p53-binding domain. In ELISA
assays we confirmed earlier results that the thiol-modifying agent N-ethylmaleimide
(NEM) inhibits Hdm2-p53 binding (Figure 5-1). Using the nitric oxide donor DETA/NO
(1, 5 and 10 mM) we demonstrated that nitric oxide inhibits this binding as well (Figure
5-1). This inhibition is blocked by the addition of an excess of reducing agent. When
excess DTT (10 mM) is present DETA/NO was unable to inhibit binding (Figure 5-2).
Presumably, 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 5-3). These results are consistent with nitric oxide effecting binding by

nitrosylating sulfhydryl residues.

_



76

0.7

OD at 450 nm

Hdm2 + NEM 1 5 10

DETA/NO (mM)

Figure 5-1. DETA/NO inhibits Hdm2-p53 binding. ELISA assays
were performed on p53-coated plates treated with Hdm2 (2.5 pg/ml)
alone, Hdm2 + 10 mM NEM or Hdm?2 + increasing am ounts of
DETA/NO (mM). Data is presented as a mean + SEM (n=15).




OD at 450 nm

Figure 5-2. DTT blocks DET A/NO inhibition of Hdm2-p53 binding.
ELISA assays were performed on p53-coated plates that were presented
with Hdm2 (2.5 pg/ml) alone, Hdm2 + 10 mM DTT, Hdm2 + 10 mM
DETA/NO or Hdm2 + 10 mM DTT and 10 mM DETA/NO. Data is
presented as a mean = SEM (n=9).
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Figure 5-3. Cysteine blocks NO inhibition of Hdm2-p53 binding.
ELISA assays were performed on p53-coated plates treated with
Hdm?2 (2.5 pg/ml) alone, Hdm2 + 10 mM cysteine, Hdm2 + 10 mM
DETA/NO or Hdm2 + 10 mM cysteine and 10 mM DETA/NO. Data
is presented as a mean + SEM (n =9).
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T In order to ensure that the effect of nitric oxide was specific for Hdm2 we

F performed several controls. We coated ELISA plates with GST-Hdm?2 instead of p53 and
tested whether the presence of nitric oxide effected the binding of the anti-GST antibody
to GST-Hdm2. In these experiments, nitric oxide had no effect (data not shown). We
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. Inthese
experiments DETA/NO had no effect on Hdm2-p53 binding (data not shown). From
these experiments we conclude the effect of nitric oxide on Hdm2-p53 binding is duetoa
reaction of NO with Hdm2.

We tested whether the effect of nitric oxide was reversible. DETA/NO was
reacted with Hdm2 for one-half hour and then the mixture was split in two. Half of the
sample was then incubated with DTT for an additional one—;half hour 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 (Fig 5-4).

Previously, it had been shown that the Hdm2-p53 reaction was susceptible to
oxidation (194). 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 Hdm?2 fragment
there are three cysteine residues; C2, C77 and C127. C77 seemed to be the most likely
residue to be modified due to its proximity to the Hdm2 and p53 binding interface
(193,195) (Figure 5-5). In addition we found that this C77 is highly conserved in human,

mouse, chicken, frog and zebrafish (Fig 5-5). We mutated C77 to A in Hdm2 and tested

_
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OD at 450 nm

DETA/NO - - + +
DTT - + - +

Figure 5-4. DETA/NO inhibition of Hdm2-p53 binding is reversible.
ELISA assays were performed on p53-coated plates. Hdm?2 (2.5 ng/ml)
alone or Hdm2 + 10 mM DETA/NO were incubated for one-half hour
then half of each sample was then incubated with 10 mM DTT for
one-half hour. Data is presented as a mean £ SEM (n=9).
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Figure 5-5. The N-terminus of Hdm2 contains three cysteines (C2,
C77 and C127). C77 is highly conserved and is located within the
p53-binding domain (aa 50-100). Sequences were aligned using the

Clustal Method in MegAlign.
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the ability of this mutated protein to bind p53 and the effect of nitric oxide on this
binding. The C77A mutation did not affect normal binding when compared to the wild
type protein (Fig. 5-6). However, when the mutant protein was treated with DETA/NO
there was no inhibition of Hdm2-p53 binding (Fig. 5-7). 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 potential mechanism by which NO increases p53 levels.
Nitric oxide inhibits binding of Hdm2, a negative regulator of p53 levels, to p53 (Fig. 5-
1). This inhibition of binding would allow p53 levels to go unchecked and remain high
or increase. This inhibition can be blocked by the reducing agent DTT or the NO
scavenger, cysteine (Fig. 5-2 and 5-3). Importantly, the inhibition of Hdm2-p53 binding
is reversible suggesting this may be a relevant form of regulation in vivo (Fig. 5-4).
Additionally, we have identified C77 in our Hdm2 fragment as the target of NO.
Mutation of this residue to alanine has no effect on normal binding (Fig. 5-6). Nitric
oxide has no effect on Hdm2C77A-p53 binding unlike wild-type Hdm2-p53 binding,
which is inhibited by nitric oxide (Fig. 5-7).

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, Hdm?2 also regulates p53 stability by targeting the pS3 protein

)
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Figure 5-6. Wild type and mutant Hdm?2 bind to p53 similarly.
ELISA assays were performed on p53-coated plates using
increased concentrations of wild type and mutant (C77A) Hdm2.
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Figure 5-7. Mutant Hdm2 lacks responsiveness to DETA/NO.
ELISA assays were performed on p53-coated plates with either
Hdm?2 wild type (2.5 pg/ml) or Hdm2 (C77A) (2.5 pg/ml) with
or without 10 mM DETA/NO. Data is represented as a mean +
SEM (n=9).
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for proteasomal degradation (51,52). 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 identifies several cysteine residues in the Mdm2 RING finger that are critical
for its ability to degrade p53 (190). Thus, it is possible that in full length Hdm2, these
cysteines are additional targets of NO.

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 5-8 A). Specifically, C77 lies in close
proximity to two residues, V75 and P91, that participate in Van der Waal’s interactions
with p53 (195,196). C77 is buried in a hydrophobic pocket directly behind the p53-
interacting residues (P91, V75, V88 and L82) (Fig. 5-8 B). Reaction of NO with C77
will make this sidechain both larger and more polar. One can propose two possible
models. The nitrosylated C77 sidechain might pop out of the hydrophobic pocket, which
would distort the p53-interaction domain. Alternatively, the nitrosylated sidechain 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. |

Is Hdm2 nitrosylation a physiologically relevant form of p53 regulation?
Previously, we have shown that NO induces p53 accumulation during neuronal
differentiation (84). We also know that NO acts in a cGMP independent manner during
PC12 differentiation (184) and (Chapter IV). NO is also known to induce p53 during

apoptosis. Activation of iNOS in RAW 246.7 macrophages results in p53 accumulation.



Figure 5-8 A. Cys77 (yellow) is in close proximity to other Hdm2
residues (gray) that bind p53 (green). The crystal structure (194)
was used with the MIDAS display sy stem (195) to create this model.
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Figure 5-8 B. Cys77 is located in a hy drophobic pocket.
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Moreover, work with NO donors showed a clear increase in p53 levels while NO removal
blocked p53 induction (76,111,112,197). Despite the clear link between NO and p53
induction during apoptosis the molecular mechanism is not understood. In both cases,
neuronal differentiation and apoptosis, NO might increase p53 levels by inactivating

Hdm2.
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CHAPTER VI

ADDITIONAL DISCUSSION

Taken in their entirety, the results from this thesis describe the importance of a
signal transduction pathway activated by NGF that involves nitric oxide, p53 and WAF1
which leads to cell cycle arrest and ultimately neuronal differentiation in PC12 cells
(Chapter II). In addition, it is now known that NGF induces NOS through activation of
the Ras-ERK MAP kinase pathway (Chapter III). Moreover, nitric oxide exerts its
actions in a cyclic GMP-independent manner in this system (Chapter IV). Finally, we
present in vitro evidence that nitric oxide could regulate p53 levels by blocking the p53
regulator, Hdm2, from binding to p53 (Chapter V).

When presented in total these data suggest an appealing pathway important for the
control of neuronal differentiation (Figure 6-1). However, several caveats must be
considered. One key aspect to consider was the culture conditions used to differentiate
PC12 cells. In Chapters IT and IV we used defined media to quicken the speed of
differentiation. In Chapter III, however, serum-containing media was used to optimize
the assays used for NOS detection. It is important to note that the timing of NOS, p53
and p21 WAF1 induction is different between the two culture conditions. Another group
has looked carefully at the NGF-induction of p53 and p21WAF1 in serum and serum-free

media (129). The induction of NOS as viewed by diaphorase staining in serum-free

conditions (three days) or by RT-PCR, western blotting and citrulline assay (from two to
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Figure 6-1. A signal transduction pathway important for the control of neuronal
differentiation.
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six days) in serum-containing conditions are consistent with the timing of the induction
of total p53 levels seen by us (Chapter II) and others (129).

A significant amount of the data in this thesis relies on the specificity of various
chemical inhibitors. Recently, a study has been published investigating the specificity
and limitation of some of these drugs (198). The three kinase inhibitors used in this
thesis, PD98059, U0126 and SB203580, are all extremely specific for their substrates.
Nonetheless, in the case of PD98059 and U0126 we found varying results due to their
different potencies (Chapter IIT). An effect on neurite extension but not NOS induction
was seen by SB203580 (Chapter IIT). While the guanylate cyclase inhibitor LY83583 did
not have an effect on the induction of a differentiation marker (Chapter IV), it was used
at a concentration that has been used by others to block guanylate cyclase activity in
PC12 cells (184). The use of chemical inhibitors has been a very important tool in
biochemical research. However, an over-reliance on these drugs can lead to faulty
conclusions. When available, other means should be used to bolster results obtained with
chemical inhibitors. The use of a dominant negative expressing protein, as we did in
Chapter I1I, is one convenient alternative to a chemical inhibitor. Finally, if no effect is
seen with a chemical inhibitor, the ideal control is to assay the activity of the propoé‘%ﬂ

substrate of the drug.
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