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Identification of a Domain Within MDMX-S That is
Responsible for its High Affinity Interaction With p53
and High-Level Expression in Mammalian Cells
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Abstract The MDMX gene product is related to the MDM2 oncoprotein, both of which interact with the p53 tumor
suppressor. A novel transcript of the MDMX gene has been previously identified that has a short internal deletion of 68 base
pairs, producing a shift in the reading frame after codon 114, resulting in the inclusion of 13 novel amino acids (after
residue 114) followed by a stop codon at amino acid residue 127. This truncated MDMX protein, termed MDMX-S,
represents only the p53 binding domain and binds and inactivates p53 better than full-length MDMX or MDM2. Here we
show that when expressed in cells, MDMX-S is targeted more efficiently to the nucleus than MDMX. MDMX-S suppresses
p53-mediated transcription from a p53 target promoter better than full-length MDMX. The DNA damage inducibility of
these p53 responsive promoters was suppressed better by MDMX-S than by MDMX. Analysis of the MDMX-S protein
indicated that the 13 novel amino acids at its carboxy terminus was responsible for high affinity binding to p53 in vitro and
for high level expression of the protein in cells. Deletion of this 13 amino acid sequence resulted in a protein that was not
able to bind p53 and was not able to be expressed well in cells. Taken together, these data point to an important domain
within MDMX-S that enables it to function well in vivo to block p53 activity. J. Cell. Biochem. 89: 563-575, 2003.
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The MDM2 oncoprotein appears to play an
important role in neoplastic transformation by
interacting with a number of cell cycle regula-
tory proteins within the cell. One of the best
characteristics of these MDMZ2-interactive
factors is the p53 tumor suppressor protein
[Mom and Zambetti, 1997; Piette et al., 1997;
Freedman et al., 1999]. Through this interac-
tion, MDM2 inactivates p53. MDM2 accom-
plishes this function by blocking the ability of
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p53 to activate transcription, by targeting p53
for proteolytic breakdown and by transporting
p53 out of the nucleus into the cytoplasm [Oliner
et al., 1993; Haupt et al., 1997; Kubbutat et al.,
1997; Thut et al., 1997; Roth et al., 1998]. Given
these facts regarding MDM2, it would therefore
be expected that other factors in the cell with
functions similar to MDM2 could play an im-
portant role in the deregulation of cell cycle
control and apoptosis via p53 inactivation.

A protein termed MDMX has been cloned
that is structurally and functionally related
to MDM2 [Shvarts et al., 1996, 1997]. MDMX
and MDM2 are nearly identical in size, yet only
share some common domains. For example,
MDMX and MDM2 are similar within the p53-
binding domain at their amino termini and
both contain a central zinc-finger domain and
a carboxy terminal ring-finger domain [Boddy
and Freemont, 1994; Shvarts et al., 1996, 1997].
Like MDM2, MDMX has been found to associate
with and suppress the activity of p53 [Shvarts
et al., 1996]. Additionally it has been shown
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that both MDM2 and MDMX bind the p53
related factors p63 and p73 [Balint et al., 1999;
Ongkeko et al., 1999; Kadakia et al., 2001]. Like
their effects on p53, both MDMX and MDM2
were able to block the transactivation function
of both isoforms of p63 but only MDM2 was
able to target p63 for proteolytic degradation
[Kadakia et al., 2001]. However, in contrast to
their effect on p53, MDMX and MDM2 stabilize
p73 by protecting it from proteolytic degrada-
tion [Ongkeko et al., 1999]. In this way, the
growth suppressive functions and inducibility
ofthe p21 gene by p73 were enhanced by MDMX
and MDM2 [Ongkeko et al., 1999]. Interest-
ingly, MDMX is located primarily in the cyto-
plasm [Rallapalli et al., 1999; Jackson and
Berberich, 2000; Jackson et al., 2001], unlike
MDM2 which is nucleolar [Li et al., 2002].
However, MDMX can be induced to translocate
to the nucleus upon treatment of cells with DNA
damaging agents [Li et al., 2002].

In addition to their ability to interact with p53
and p73, MDMX and MDM2 have been shown
to heterodimerize, by interacting through their
respective ring fingers at their carboxy termini
[Sharp et al., 1999]. The formation of such a
heterodimer appears to indirectly stabilize
p53, due to an inability of MDM2 to bind p53
[Jackson and Berberich, 1999; Sharp et al.,
1999]. However, it appears that MDM2 and
MDMX are functionally dependent on one
another in that MDMX stabilizes MDM2 so
that the latter can block p53, p63, and p73 [Gu
et al., 2002]. In this regard MDMX may there-
fore have functions that are distinct from that
of MDM2, but yet enable MDMX to act as an
oncoprotein as has been recently suggested
[Migliorini et al., 2002]. However, evidence
suggests that the only role of MDMX in control
of cell proliferation and the cell cycle is through
its regulation of p53 [Migliorini et al., 2002]

This latter finding is surprising given that
MDMX interacts with all p53 family members
and as been recently shown, MDMX interacts
with the E2F1 transcription factor, reducing
the ability of E2F1 to bind DNA [Strachan
et al.,, 2003]. This interaction also leads to
an E2F-1-mediated breakdown in the MDMX
protein [Strachan et al., 2001]. Given that
MDMX associates with E2F1, MDM2, p53,
p63, and p73, it is therefore likely that MDMX
will interact with additional cellular factors,
which may extend its control over the cell cycle
and apoptosis.

Another form of MDMX regulation is found
in an alternatively spliced transcript, termed
MDMX-S. MDMX-S has a small internal dele-
tion that leads to the introduction of a stop codon
following amino acid residue 127 [Rallapalli
et al., 1999]. This novel transcript encodes only
the p53-binding domain of MDMX with the ad-
dition of 13 novel amino acid residues. This
protein produced has been referred to as
MDMX-S (short form) [Rallapalli et al., 1999].
MDMX-S has been shown to be better able to
suppress p53-mediated transcriptional trans-
activation and induction of apoptosis, relative to
full-length MDMX or MDM2. MDMX-S expres-
sion appears to be upregulated in a variety of
growing and transformed cell lines while it is
expressed to very low levels in normal low
passage nontransformed cells. With these facts
in mind, MDMX-S may therefore play an im-
portant role in the regulation of tumorigenesis.
Here we explore the basis by which MDMX-S
binds p53. We have analyzed domains within
the MDMX-S protein, to determine the regions
responsible for this interaction. Our analysis
reveals that the unique 13 amino acid region at
the carboxy terminus of MDMX-S is needed for
both a high affinity interaction with p53 and for
high level protein expression in cells.

MATERIALS AND METHODS

Cell Culture, Plasmids, Transfections
and Apoptosis

All cell lines were maintained in Dulbecco’s
modified Eagle’s medium supplemented with
10% bovine calf serum or fetal calf serum. All
transfection experiments were initiated on
50% confluent monolayer cultures. Plasmids
(a total of 30 pg) were transfected by the
calcium phosphate procedure. The cells were
washed the next day to remove the precipitate.

The FLAG epitope tagged MDMX and
MDMX-S ¢cDNA’s were cloned into the eukar-
yotic expression vector pRC/CMV (InVitrogen).
The wild-type p53 cDNA was cloned into and
expressed from the pcDNAS3 expression plas-
mid (InVitrogen). The pPRGCDFosLacZ reporter
construct containing multiple p53 consensus
DNA binding sites cloned upstream of the
basal Fos promoter was used as a p53-target
promoter [Frebourg et al., 1992]. As a control,
the pDFosLacZ reporter used is identical to
pRGCDFosLacZ, but lacks the p53 consensus
sequences [Frebourg et al., 1992].
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Extracts were generated by multiple freeze
thaw cycles approximately 24 h after the trasn-
fection. Equal amounts of protein from the
soluble extracts were assayed either for CAT
activity by thin layer chromatography and auto-
radiography or for beta-galactosidase activity
by a color reaction. All transfections were per-
formed multiple times. A plasmid containing
the SV40 early promoter linked to luciferase
was included in all transfections of the beta-
galactosidase constructs so that the beta-gal
activity could be normalized for differences in
transfection efficiency.

Generation of Extracts and Fusion Proteins

Extracts for immunoblots were generated by
lysingthe cells onice in 0.1% NP-40, 10 mM Tris
(pH 7.9), 10 mM MgCl,, 15 mM NaCl and the
protease inhibitors PMSF (0.5 mM), pepstatin
(2 pg/ml) and leupeptin (1 pg/ml). The soluble
fraction was termed the cytosol. The nuclei were
pelleted by centrifugation at 800g for 10 min
and resuspended in extraction buffer consisting
of 0.42 M NaCl, 20 mM HEPES (pH 7.9), 20%
glycerol, PMSF (0.5 mM), pepstatin (2 pg/ml)
and leupeptin (1 pug/ml) for 10 min on ice, then
centrifuged at 14000g for 8 min to pellet the
residual nuclear material. This supernatant
fraction was termed nuclear extract [Moberg
et al., 1992].

To generate GST fusion proteins, the MDMX
and MDMX-S ¢cDNAs were cloned into pGEX-5T
(Pharmacia) in frame with the glutathione-S-
transferase gene (GST). Fusion proteins were
produced as described in Jordan et al. [1994].
Briefly, the genes were induced with IPTG
(0.5 mM) for 3 h, bacteria were lysed, and pro-
tein was separated from cellular debris by
centrifugation. The bacterial extracts were ap-
plied to small batch columns of glutathione
sepharose (Pharmacia) to generate affinity
colums containing the various fusion proteins
[as in Jordan et al., 1994].

RNA Analysis and RT/PCR Reactions

Total RNA was isolated from cells by Trizol
(Gibco/BRL). For RT/PCR reactions, 1 pug of total
RNA was used in each reaction with primers
from the murine sequence [the 5’ primer: gcect-
ctctatgacatge (spanning amino acid residues
96-102) and the 3’ primer: gtcgtgaggtaggcag
(spanning amino acid residues 158-163)]. All
total RNA’s were DNAase I treated in the RT
reaction prior to the PCR reactions. Addition-

ally, as a control, PCR done in the absence of RT
was negative for any ethidium bromide stained
bands (data not shown).

In Vitro Transcription/Translation

In vitro transcription reactions were per-
formed with Bluescript KS plasmids containing
the MDMX and MDMX-S ¢cDNAs. The plasmid
constructs were used directly in the TnT coupl-
ed in vitro transcription/translation system of
Promega, using the nuclease treated rabbit reti-
culocyte lysate, in a total reaction volume of
50 pl. 3°S-methionine at 0.9 pCi/ml was also
included in the reactions.

Western Blot Hybridizations

Extracts were first electrophoresed by SDS-
PAGE and then the proteins were electrophor-
etically transferred onto nitrocellulose, the
blots washed in TBST buffer (10 mM Tris,
pH 8; 150 mM NaCl; 0.05% Tween 20), blocked
with 2.5% BSA in TBST for 30 min at room
temperature and then incubated with the M2
anti-FLAG monoclonal antibody (10 ng/ml,
VWR/Kodak/IBI). The blots were washed three
times (10 min each) with TBST, then incubated
for 30 min at room temperature with a 1:7500
dilution of secondary antibody in TBST (goat
anti-mouse conjugated to alkaline phosphatase,
Vector Labs). The blots were then stained using
the Protoblot system from Promega.

Immunofluorescence

For indirect immunofluorescence, COS cells
were plated on 10 cm tissue culture dishes con-
taining glass coverslips. The cells were trans-
fected with the MDMX or MDMX-S expression
plasmids (or the vector control) and 24 h post
transfection the plates were washed once in
PBS and then fixed with 4% paraformaldehyde
in PBS for 20 min followed by an additional
rinse in PBS. To permeabilize the cells, the
coverslips were treated with PBS plus 0.2%
Triton X-100 for 15 min followed by three
washes of 5 min in PBS plus 0.2% gelatin. The
M2 monoclonal antibody was diluted in PBS
plus 0.2% gelatin. A total of 50 pl of diluted
antibody was added to a 6 cm culture dish,
coverslips containing the fixed and permeabi-
lized cells were placed cell side down on the drop
of diluted antibody and incubated for 1.5 h at
37°C. The coverslips were washed three times in
PBS plus 0.2% gelatin. Fluorescein conjugated
goat anti-mouse IgG (Vector Laboratories) was



566 Rallapalli et al.

diluted to 30 ug/ml in PBS plus 0.2% gelatin.
Again 50 pl of diluted antibody were placed in a
dish, the coverslips placed cell side down and
incubated for 30 min at 37°C. The coverslips
were washed in PBS plus 0.2% gelatin (10 min),
PBS plus 0.2% gelatin plus 0.05% Tween 20
(10 min) and finally in PBS (10 min). The nuclei
were then stained with the DNA dye DAPI. The
coverslips were rinsed three times in PBS,
once in deionized water, and then they were
dried, mounted and analyzed by fluorescence
microscopy.

RESULTS

MDMX and MDMX-S Display Differences in
Their Subcellular Localization

It has been previously demonstrated that the
short isoform of MDMX, termed MDMX-S, has
a higher affinity for p53 and a greater ability
to block p53-mediated gene expression than
MDMX [Rallapalli et al., 1999]. The goal of the
studies here was to analyze the activities of
MDMX-S in more detail. These activities in-
cludeits subcellular locale, its ability to regulate
gene expression via the DNA damage response
pathway mediated by p53 and the identifica-
tion of domains within MDMX-S that may be
responsible for its high affinity interaction
with p53. To begin these studies, MDMX and
MDMX-S were independently expressed in
COS cells and their levels of expression were
assessed by immunoblotting of cytosolic and
nuclear extracts, using an antibody to the amino
terminal Flag epitope. As shown in Figure 1,
MDMX is present at higher levels in the
cytosolic fractions than in the nuclear fractions.
In contrast, MDMX-S is present at slightly
higher levels in the nuclear extracts, which is
consistent with earlier findings[Rallapalliet al.,
1999]. This data indicates that there may be
differences in subcellular location of these two
proteins. Additionally, it appears from the data
that MDMX-S is expressed to a higher level in
the cell extracts than MDMX.

Given the recent findings that MDMX is a
predominantly cytoplasmic protein [Rallapalli
et al., 1999; Jackson and Berberich, 2000;
Jackson et al.,, 2001], it was important to
determine if MDMX-S was also cytoplasmic or
nuclear. To determine if in fact MDMX-S is
located more in the nucleus, immunofluores-
cence studies were performed on cells ectopi-
cally expressing either the tagged MDMX or
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Fig. 1. Ectopic Expression of MDMX and MDMX-S in COS
cells. COS cells were transfected with an MDMX expression
plasmid (upper), an MDMX-S expression plasmid (lower) or with
the vector alone (control). Forty-eight hours post-transfection,
the cells were lysed and extracts generated. A total of 50 pg of
COS nuclear and cytosolic extract were electrophoresed by SDS-
PAGE and blotted onto nylon membrane. Blots were generated
and incubated with the M2 antisera specific to the epitope tag,
followed by a secondary antibody coupled to alkaline phospha-
tase. Shown are the developed blots. The bands corresponding to
MDMX and MDMX-S are indicated along with the sizes of the
markers in kiloDaltons (kDa). The data show that a majority of
MDMX-S protein is present in nuclear extracts while a majority of
the MDMX protein is present in the cytosolic extracts.

the MDMX-S proteins. As shown in Figure 2A,B,
when expressed in COS cells, MDMX-S is
predominantly nuclear, and unlike MDMZ2,
appears to be moderately excluded from the
nucleoli. In contrast, MDMX is predominantly
cytoplasmic as has been described. Figure 2A
shows a comparison of MDMX and MDMX-S
expression (Fluorescein) along side the DAPI
(DNA) stain nuclei. Figure 2B shows a series
of cells expressing either MDMX or MDMX-S,
where in the side-by side comparison, MDMX-S
is primarily nuclear while MDMX is primarily
cytoplasmic. The data indicate that MDMX-S
and MDMX differ markedly in their subcellular
distribution in these cells.

MDMX and MDMX-S Show Differences
in Their Ability to Suppress Gene Expression
Mediated Directly by p53 and
by DNA Damaging Agents

Since the MDMX-S protein is predominantly
nuclear when expressed in cells, it would be
expected to be more capable of blocking the
action of p53. This was found to be the case as
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seen in Figure 3A. When NIHS3T3 cells are
cotransfected with a p53-target promoter and
a pb3 expression vector, significant transac-
tivation is seen (Fig. 3). However, when these
cells are cotransfected with an MDMX-S ex-

FLEC

pression vector along with a p53 expression
vector, this transactivation of the promoter
is completely blocked. When these cells are
transfected with an MDMX expression vector,
only partial blockage is evident (Fig. 3A).

DAPI
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Fig. 2. MDMX-S is predominantly nuclear and MDMX
predominantly cytoplasmic when expressed in COS cells. COS
cells grown on cover slips were transfected with the vector
alone, MDMX or the MDMX-S expression plasmids. Forty-eight
hours post-transfection, the cells were fixed and processed for
indirect immunofluorescence using an M2 primary antibody
directed against the epitope tag and a FITC conjugated secondary
antibody. The DNA (nuclei) was then stained with DAPI.
A: Shown are representative fluorescent positive cells expressing
either the vector control, MDMX or MDMX-S following the

transient transfection. The data show that MDMX is present
primarily in the cytopolasm while the MDMX-S protein is pre-
dominantly nuclear butexcluded from the nucleoli. B: Shown are
multiple fluorescent positive cells expressing either MDMX-S
(Left Panels) or MDMX (Right Panels). As in (A) above, the data
show that MDMX-S protein is predominantly nuclear while
MDMX is present predominantly cytopolasmic. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Fig. 2.

Thus, MDMX-S appears better than MDMX
at inhibiting p53-mediated transcriptional
transactivation.

Since MDMX-S is better than MDMX at
blocking pb53 activity, it could be predicted
that the induction of a p53-target promoter
by DNA damaging agents should be inhibited

(Continued)

better by MDMX-S than by MDMX. To perform
this experiment, cells were transfected with
the p53-target promoter in the presence and
absence of an MDMX-S expression plasmid.
Additionally where indicated, the cells were
treated with 5 uM camptothecin (CPT), a drug
well known to induce DNA damage through
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Fig. 3. MDMX-S is a potent suppressor of p53-mediated and
DNA damage-inducible transcriptional activation. A: NIH3T3
fibroblasts were transfected with the p53-target promoter,
pRGCDFOS-lacZ, inthe presence or absence of a p53 expression
plasmid. Additionally, where indicated, the cells were cotrans-
fected with an MDMX or MDMX-S expression vector. Twenty-
four hours post-treatment, the cells were lysed and extracts
generated. Atotal of 10 pg of extract was used in an assay for beta-
galactosidase activity. Shown are the relative levels of activity
over multiple experiments. The data show that p53 activates
transcription from the target promoter, but in the presence of
MDMX-S no activation is evident. MDMX is not able to reduce
the amount of p53-mediated activation to the level seen by
MDMX-S. B: NIH3T3 fibroblasts were transfected with the p53-
target promoter, pPRGCDFOS-lacZ, in the presence or absence of
5 pM camptothecin. Additionally, where indicated, the cells
were cotransfected with an MDMX or MDMX-S expression
vector. Twenty-four h post-treatment, the cells were lysed and
extracts generated. A total of 10 pug of extract was used in an assay
for beta-galactosidase activity. Shown are the relative levels of
activity over multiple experiments. The data show that the p53
target promoter is activated by treatment of the cells with
camptothecin. MDMX-S is able to suppress the activation of the
p53 target promoter by camptothecin while MDMX is only
partially able to suppress this induction. A plasmid containing the
SV40 early promoter linked to luciferase was included in all
transfections of the beta-galactosidase constructs (in A and B) so
that the beta-gal activity could be normalized for differences in
transfection efficiency.

double-stranded DNA breaks during S phase,
as a result of its interaction with DNA-topoi-
somerase I [Logan et al., 1995; Hann et al.,
1998]. As shown in Figure 3B, CPT treatment
alone was able to induce transcription from
the p53-target promoter, indicating that a func-
tional p53 response was active in these cells.
As expected, MDM-S expression was able to
completely block this activity while MDMX
was only able to partially block it (Fig. 3B).
Thus, the ability of MDMX-S to inhibit p53-
mediated gene expression appears to have a
physiological consequence, in that it acts to
block the ability of p53 to induce DNA damage
responsive genes.

The Novel C-Terminal End of MDMX-S is
Required for High Affinity Binding to p53

From the above data, and that published pre-
viously [Rallapalli et al., 1999], it is clear that
MDMX-S is more efficient at blocking the
activity of p53 than MDMX. As demonstrated
above, this may at least in part be due to the fact
that MDMX-S is targeted more efficiently to the
nucleus. An additional effect of MDMX-S on p53
activity is that MDMX-S is better able to bind
p53 than full length MDMX. As shown in the
graph in Figure 4A (left side), equal amounts
of 3°S-radiolabelled p53 were applied to small
batch columns containing GST, GST-MDMX or
GST-MDMX-S. Following extensive washing of
the columns and then release of the bound p53
by boiling of the columns in SDS-sample buffer,
the amount of bound p53 was determined by gel
electrophoresis and phosphorimager analysis of
the dried gels. From Figure 4A, it appears that
nearly ten-times more p53 binds MDMX-S than
MDMX.

To explore the basis for the increased bind-
ing affinity of p53 for MDMX-S, we focused on
generating carboxy terminal deletions within
the MDMX-S protein. While MDMX-S lacks the
central and carboxy terminal regions of MDMX
it also has a short unique amino acid sequence
at its carboxy terminal end (Fig. 4A, right side).
It is possible that this unique sequence within
MDMX-S plays and important role in p53
binding. To assess the potential function of
the short carboxy-terminal peptide, a carboxy
terminal deletion mutant was generated in
MDMX-S that lacks this portion of the protein.
This mutant is shown in Figure 4B (mut no. 1,
deletion of 17 amino acid residues). Two other
C-terminal mutants were also generated that
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GST-MOMX-S
GST-MDMX
GST Onty

B Mutants Of MDMX-S

MDMX-S mut #3 MTSHSTSAQCSASDSACRISSEQI SQVRPKLOLLKILHAAGAQGEVFTMKEVMHYLGQYTIMVKQLYDQQE*
MDMX-S mut #2 MTSHSTSAQCSASDSACRISSEQISQVRPKLOLLKILHAAGAQGEVFTMKEVMHYLGQY TMVKQLYDQQEQHMVYCGGDLLGDLLGCQSF*
MDMX-S mut #1 MTSHSTSAQCSASDSACRISSEQISQVRPKLOLLKILHAAGAQGEVFTMKEVMHYLGQY IMVKQLYDQQEQBEMVYCGGDLLGDLLGCQSFSVKDPSPLYDMLRKNLVT SA*

MDMX-S MTSHSTSAQCSASDSACRISSEQISOVRPKLOLLKILHAAGAQGEVFTMKEVMHYLGQY IMVKQLYDQQEQHMVYCGGDLLGDLLGCOSFSVKDPS PLYDMLRKNLVT SASNNTARCNRILOSQOKRN *
MDMX MTSHSTSAQCSASDSACRISSEQISQVRPKLOLLKILHAAGAQGEVFTMKEVMHY LGQY IMVKQLYDQQEQHMVYCGGDLLGDLLGCQSFSVKDPS PLYDMLRKNLVT SASNNTDAACOTLALAQDHT - -

-The underlined bold regions denote the sequences that differ between MDMX-S and MDMX.
The asterisk ( * ) indicates a stop codon.

C MDMX-S mutant #3 -tm-ol-trn—02—tm-"
MDMX-S mutant #2 -trn-ol-trn—o2-trn—o3-trm-"
MDMX-S mutant #1 —trm-oi-trn—o2-trn—o3-trn-trn-sheet*
MDMX-S —trn—al-trn—02-trn—o3—trn—trn-sheet-trn-sheet” tm=wm
o = alpha helix
MDMX —trm-—cl-tm—0o2—-tm—o3-trm-tm-sheet-trn-helix—

-sheet = beta sheet
HDM2/MDM2 —trn—ol-tm—02—-trm—o3—trm-g4-—sheet-trn-frn--——-

-The * indicates a stop codon. The undenined bold sequence indicates
the regions that differ between MDMX-S, MDMX and MDM2.

Fig. 4. Wild-type p53 binds to MDMX-S with higher affinity
than to MDMX. A (leftside): The p53 protein was radiolabeled by
coupled in vitro transcription and translation. The resulting *°S-
methionine radiolabeled protein was applied to small batch
affinity columns containing GST, GST-MDMX or GST-MDMX-S.
The columns were washed extensively in buffer and then boiled
directly in SDS-PAGE sample buffer and electrophoresed by
SDS-PAGE. The gel was dried and then exposed to X-ray film for
autoradiography (the quantitation of the film is shown). The data
show that while p53 associated with GST-MDMX-S as apposed
to GST-MDMX and that p53 did not associate with GST alone.
The amount of GST fusion protein was in 1000-fold excess to

lack additional sequence (i.e., mut no. 2 and mut
no. 3, Fig. 4B), each deleting 20 amino acids as
shown. Figure 4C shows the putative secondary
structure of MDMX, MDMX-S, and MDM2,
as well as the mutants of MDMX-S. This pre-
liminary structural analysis suggests that
MDMX-S differs from both MDMX and MDMX
at the carboxy terminal end of the p53-binding
domain. The MDMX-S mutants therefore lack
the novel sequence at carboxy terminal end of
the p53-binding domain.

The mutants were then cloned adjacent to
GST, to make GST-fusion proteins, which were
expressed in bacteria and purified. To test the
affinity of p53 for these mutants, **S-met radio-
labeled p53 (from coupled in vitro transcription/
translation) was then applied to small batch
columns containing the different GST-MDMX-
S fusion proteins mutant forms of MDMX-S
(as described in Figure 4A). The result of this

p53. Right side: The diagram shows an alignment comparison of
the MDMX and MDMX-S proteins. B: Shown are the amino acid
sequences of the three mutants of MDMX-S; mutno. 1, mutno. 2,
and mut no.3. The amino acid sequence in bold denotes the
sequence that differs between MDMX, and MDMX-S. C: The
diagram shows the predicted secondary structures of the very
amino-terminus of MDMX, MDMX-S and MDM?2. The structure
for MDM2 was derived from the crystal structure of the amino
terminus of the protein [Kussie et al., 1996]. The predicted
secondary structures for MDMX and MDMX-S are derived from
Robson-Garnier, Chou-Fasman and combined Robson-Garnier/
Chou-Fasman algorithms.

binding experiment is shown in Figure 5, where
p53 did not detectably bind any of the MDMX-S
mutants. The labeled p53 only associated with
full-length MDMX-S. These data indicate that
the small amino acid residue unique sequence
contained within the very carboxy terminus of
MDMX-S is needed for optimal association of
MDMX-S with p53.

The Novel C-Terminal End of MDMX-S
is Required for a High Level of
rotein Expression in Cells

From the above it is clear that p53 was bound
very poorly if at all to the MDMX-S mutants
no. 1, no. 2, and no. 3. It was next important
to assess the expression of these mutants in
cells, to determine their effects on p53-mediated
transcriptional activity. The MDMX-S mutants
were epitope tagged (Flag) at their amino
termini and cloned into pcDNA3.1, a mam-
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Fig. 5. The novel sequence in MDMX-S is responsible for its
high affinity binding to p53. The p53 protein was radiolabeled by
coupled in vitro transcription and translation in the presence of
3>S_methionine. The resulting radiolabeled protein was applied
to small batch affinity columns containing GST, GST-MDMX,
GST-MDMX-S, GST-MDMX-Smut1, GST-MDMX-Smut2, and
GST-MDMX-Smut3. The columns were washed extensively in

malian expression vector. These expression
constructs were transfected into Phoenix cells
(a derivative of 293 cells), extracts were then
generated which were assessed by immunoblot-
ting. As seen in Figure 6A, high levels of MDMX-
S were detected in the extracts. However, none
ofthe mutants were expressed to high levels and
in fact were barely detectable. One possibility
for the low level protein expression may be that
each mutant is not expressed well at the mRNA
level. Therefore RT/PCR analysis was perfor-
med on total RNA isolated from the transfected
cells. As seen in Figure 6B, nearly equal levels
of transcript are detected for MDMX-S and
each of the mutants. This data indicates that
the lack of protein expression in the transfect-
ed cell extracts is not due to lack of mRNA
expression.

To determine if the low level of protein
expression was in some way due to altered
translatability of the mutants, coupled in vitro
transcription/translation in the presence of
35S-methionine was performed on each of the
mutants, which was then compared to full-
length MDMX-S. The resulting proteins were
then analyzed by gel electrophoresis, followed
by phosphorimage analysis of the dried gels. As
seen in Figure 6C, nearly equal levels of each
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buffer and then boiled directly in SDS-PAGE sample buffer and
electrophoresed by SDS-PAGE. The gel was dried, exposed to
phosphoimager cassette and the amount of p53 bound to the
columns was quantitated. The amount of p53 bound to GST-
MDMX-S was arbitrarily set at 100%. The data show that only
MDMX-S associates with p53. None of the mutants of MDMX-S
were able to bind p53.

protein are present following in vitro trans-
lation, indicating that mutants are likely not
defective in translation. In total these data
indicate that the very carboxy terminal portion
of MDMX-S, which includes the novel 13 amino
acids, is needed for high-level protein expres-
sion in cells. In the absence of this sequence,
mutant MDMX-S proteins are expressed only to
low levels.

One possibility for the decreased levels of the
mutant forms of MDMX-S is that they are
highly susceptible to proteolytic degradation
and that perhaps the carboxy terminal domain
of MDMX-S made the protein resistant to pro-
teolysis. Cells were therefore transfected with
the various MDMX-S mutant expression con-
structs followed by treatment of the cells with
the following protease inhibitors; lactacystin,
which inhibits the proteasome [Fenteany and
Schreiber, 1998], ALLN, which blocks the
proteasome plus calpain and cathespin-like
proteases [Rock, 1994] and ALLM, which only
blocks calpain and cathepsin-like proteases
[Inoue, 1991; Rock, 1994]. Addition of these
inhibitors to cells expressing the MDMX-S
mutants had no effect on elevating the levels
of their cognate gene products, as assessed by
immunoblotting (data not shown). These data
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Fig. 6. The carboxy terminal domain of MDMX-S is needed for
high-level protein expression in cells. Phoenix cells were trans-
fected with the MDMX-S expression vector or plasmids expres-
sing the mutant MDMX-S proteins (mut no. 1, no. 2, and no. 3
outlined in Figure 4). Twenty-four hours posttransfection, the
cells were lysed and either protein extracts were generated or
total RNA was isolated. A: Shown is an immunoblot of the protein
extracts using the FLAG specific monoclonal antibody against the
amino terminal epitope tag. The data show that the MDMX-S is
present at much higher levels compared to the mutant proteins.
B: Shown is an RT/PCR analysis using primers specific for
MDMX-S and for each mutant. As a control, primers specific for
beta-actin were also used in an RT/PCR reaction. The data show
that MDMX-S and each mutant are expressed to equal levels.
C: Using the expression constructs outlined in (A) above, the
proteins were radiolabeled by coupled in vitro transcription and
translation in the presence of >*S-methionine. The resulting radio-
labeled proteins were electrophoresed by SDS-PAGE. The gel
was dried and exposed to phosphoimager cassette. The data show
that each protein is expressed to equal levels in this in vitro assay.

indicate that these broad groups of proteases do
not appear to mediate the reduced protein levels
of these mutant cells.

The Carboxy-Terminus of MDMX-S is Required
for Optimal Repression of p53
Transcriptional Activity

Since the mutants of MDMX-S do not bind
p53 well and are not expressed well in cells, it

would be expected that they would not be
effective at blocking p53-mediated target gene
expression. MDMX-S and mutant expression
plasmids were therefore transfected into COS
cells in the presence or absence of a p53 expres-
sion plasmid plus a p53 target promoter. As seen
in Figure 7, p53 is able to induce transcription
from this target promoter and coexpression of
MDMX-S blocks the ability of p53 to activate
transcription. However, the mutants of MDMX-
S (mut’s no. 1, 2, and 3) are unable to block p53
transcriptional activation. These data are con-
sistent with that shown in Figure 6, in that all
the mutant proteins are not expressed well
in cells and hence are not able to suppress
p53-mediated gene expression.

DISCUSSION

A novel transcript produced by the MDMX
gene has been previously identified that is
nearly identical to the published ¢cDNA se-
quence, yet has a short internal deletion of 68
base pairs [Rallapalli et al., 1999]. This deletion
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Fig. 7. The carboxy terminal domain of MDMX-S is needed for
suppression p53-mediated transcriptional activation in vivo.
Phoenix cells were transfected with pPRGCDFOS-lacZ vector in
the presence or absence of a p53 expression plasmid. Addition-
ally, where indicated, the cells were cotransfected with an
MDMX-S expression plasmid or plasmids expressing the mutant
MDMX-S proteins (mut no. 1, no. 2, and, no. 3 as in Figure 4).
Twenty-four hours posttransfection, the cells were lysed and
extracts generated. A total of 10 ug of extract was used in an assay
for beta-galactosidase activity. Shown are the relative levels of
activity over multiple experiments. The data show that only
MDMX-S inhibits p53-mediated transcriptional activation. None
of the mutants were able to block p53-induced transactivation.
A plasmid containing the SV40 early promoter linked to luci-
ferase was included in all transfections of the beta-galactosidase
constructs so that the beta-gal activity could be normalized for
differences in transfection efficiency. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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produces a shift in the reading frame after codon
114, resulting in the inclusion of a stop codon at
amino acid residue 127 (full length MDMX is
489 residues) [Rallapalli et al., 1999]. This
shortened form of MDMX, termed MDMX-S,
produces a protein comprised of the p53-binding
domain of MDMX with some additional novel
amino acid sequence. It appears that MDMX-S
expression is high in a majority of mouse and
human transformed and immortalized cell lines
examined, yet in nontransformed cells and in
quiescent cells, MDMX-S transcript levels are
very low [Rallapalli et al., 1999]. Additionally,
MDMX-S expression in the RNA of normal
human tissues is very low (unpublished obser-
vations). These data would suggest that ex-
pression of MDMX-S may be coordinated with
the process of immortalization and/or neoplastic
transformation.

Increased expression of MDMX-S in tumor
cells correlates well with its properties. MDMX-
S is much more effective than either full-length
MDMX or MDM2 at inhibiting p53 mediated
transcriptional activation and induction of
apoptosis [Rallapalli et al., 1999]. This effect is
at least partly due to the enhanced ability of
MDMX-S to bind p53. MDMX-S binds p53 with
higher affinity than MDMX or MDM2. Analysis
of the amino acid residues comprising MDMX-S
and MDMX indicate interesting differences
with respect to an alignment with MDMZ2. The
structure of the very amino terminal 110 amino
acids of HDMZ2 (the human homologue of
MDM?2) is a 4-helix bundle characterized as
a “twisted trough” [Kussie et al., 1996] (the
secondary structure of HDM2 is shown in
Figure 4C). The activation domain of p53 binds
within this trough, and through an “induced-fit”
type of interaction thereby forms an alpha helix
during the association [Kussie et al., 1996].
Three amino acid residues in p53, F19, W23,
and L26, are critical contact points for its as-
sociation with HDMZ2 [Kussie et al., 1996;
Bottger et al., 1997]. In contrast to HDM2, both
MDMX-S and MDMX contain two helix break-
ing proline residues within the region making
up the fourth helix (shown by the vertical arrows
in Figure 4B), which implies that a turn existsin
this region. This suggests a novel structure
for MDMX-S and MDMX with regard to p53
association. Additionally, the novel 13 amino
acids of MDMX-S are predicted to form an ad-
ditional turn followed by a beta sheet, as shown
in Figure 4C. These data suggest that MDMX-S

has a unique structure, distinct from both
MDMX and MDM2.

Consistent with the idea that the very carboxy
terminal region of MDMX-S is an essential
domain, deletion of the novel amino acids from
the very carboxy terminus of MDMX-S leadsto a
protein that is not able to bind p53 in an in vitro
assay. Since this region of MDMX-S may have a
unique structure compared to both MDMX and
MDMZ2, it may be that it is this unique structure
that is responsible for the high affinity asso-
ciation with p53. However, the nature of the
structure of MDMX-S is not known at this point
of time.

What is surprising about the studies here
is that the very carboxy terminal domain of
MDMX-S was also needed for a high level of
protein expressionin cells. As shown in Figure 5,
deletion of the C-terminal domain of MDMX-S
significantly reduced the expression level of
this protein. This reduction was neither due to a
lack of mRNA expression nor due to decreased
translatability. While it is possible that the
C-terminal domain confers resistance to cellu-
lar proteolytic domains, use of specific protease
inhibitors targeting the proteasome, calpain
and cathepsin-like proteases had no effect on
increasing the level of expression of the MDMX-
S mutants. At this time the mechanism(s) re-
sponsible for the reduction in protein levels in
these mutants is not known.

With regard to subcellular location, it was
found that MDMX-S was present predomi-
nantly in the nucleus of cells, but somewhat
excluded from the nucleolus (Fig. 2). This is
in contrast to both MDMX and MDM2. MDMX
has been shown to reside in the cytoplasm
[Rallapalli et al., 1999; Jackson and Berberich,
2000; Jackson et al., 2001] but can be induced
to translocate to the nucleus following DNA
damage [Li et al., 2002]. MDMZ2 on the other
hand is primarily nucleolar [Li et al., 2002].
While MDMX-S does not contain a strong con-
sensus nuclear localization sequence (NLS),
it does contain some potential residues that
may be recognized as such (e.g., VRPKL and
SQKKN). However, given its small size, it is
possible that MDMX-S does not require an NLS,
but may simply diffuse into the nucleus, or it
may translocate as part of a complex with other
proteins.

The central theme of p53 function is that
inducers of DNA damage normally result in
increases in p53 levels that eventually lead to
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cell cycle arrest and/or apoptosis. Expression
of MDMX-S could affect the ability of p53 to
function optimally in this regard. It is certainly
possible that an upregulation of MDMX-S ex-
pression in a p53 wild-type cell could potentially
make that cell p53 null. It is therefore possible
that MDMX-S acts oncogenically, because of
its ability to interact with and inactivate p53,
acting across a broad spectrum of cell and tissue
types. Current efforts are underway to deter-
mine if the biological effect of MDMX-S expres-
sion is consistent with its role in blocking p53
activity.
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