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Mutational analysis of Mdm2 C-terminal tail
suggests an evolutionarily conserved role of
its length in Mdm2 activity toward p53 and
indicates structural differences between Mdm?2
homodimers and Mdm2/MdmX heterodimers
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Mdm2 can mediate p53 ubiquitylation and degradation either in the form of the Mdm2 homodimer or Mdm2/MdmX
heterodimer. The ubiquitin ligase activity of these complexes resides mainly in their respective RING finger domains and
also requires adjacent C-terminal tails. So far, structural studies have failed to show significant differences between Mdm?2
RING homodimers and Mdm2/MdmX RING heterodimers. Here, we report that not only the primary amino acid sequence,
but also the length of the C-terminal tail of Mdm2 is highly conserved through evolution and plays an important role in
Mdm2 activity toward p53. Mdm2 mutants with extended C termini do not ubiquitylate p53 despite being capable of
forming Mdm2 homodimers through both RING-acidic domain and RING-RING interactions. All extended mutants also
retained the ability to interact with MdmX, and this interaction led to reactivation of their E3 ubiquitin ligase activity. In
contrast, only a subset of extended Mdm2 mutants was activated by the interaction with Mdm2 RING domain, suggesting
that Mdm2 homodimers and Mdm2/MdmX heterodimers may not be structurally and functionally fully equivalent.

Introduction

Tumor suppressor p53 maintains genomic integrity of normal
cells through transcription-dependent and -independent regula-
tion of cellular responses to genotoxic stress and other types of
damage.! This activity of p53 is lost in the majority of human
cancers, most commonly by mutations disrupting the abil-
ity of p53 to transactivate its target genes, which are involved
in the regulation of cell cycle arrest, apoptosis, DNA repair or

epithelial-mesenchymal transition.*¢

In a significant proportion
of tumors retaining wild-type p53, overexpression of oncogenes
Mdm2 (Hdm2) and MdmX (Mdm4) can lead to p53 inactiva-
tion via inhibition of p53-dependent transcription and increased
protein degradation and reactivation of p53 by drugs inhibiting
Mdm?2 or MdmX could have therapeutic potential for this group
of cancers. For example, clinical testing is currently underway
for a small-molecule inhibitor nutlin-3, which blocks the binding
of Mdm?2 to p53, activates p53 and induces cell cycle arrest and
apoptosis in cancer cells overexpressing Mdm?2.” Deeper under-
standing of functional interactions between Mdm?2 and MdmX
and their regulation could help the development of other efficient
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targeted therapeutic strategies for tumors exhibiting high levels
of Mdm2 or MdmX proteins.

Mdm?2 serves as a RING finger ubiquitin ligase (E3) with
activity toward a number of substrates, including p53, MdmX
and Mdm?2 itself,® and Mdm2-mediated ubiquitylation can lead
to protein degradation in 26S proteasome. In most tissues, both
Mdm?2 and MdmX are critically important for keeping p53 levels
and activity in check in order to allow for cell proliferation and
survival of normal unstressed cells. Targeted deletion of genes
coding for Mdm2 or MdmX in mice leads to embryonic lethality,
which can be rescued by concomitant deletion of the p53 gene,
indicating a critical role for both Mdm2 and MdmX in control-
ling p53 activity during embryonic development.”! Interestingly,
while the expression of the p53 inhibitor Mdm?2 is stimulated
by transcriptionally active p53, thereby forming an autoregula-
tory feedback loop controlling the cellular levels of both p53 and
Mdm?2, the MdmX expression is not directly controlled by p53,
although Mdm?2 expressed in response to p53 activation can also
regulate MdmX levels.!*!!

Full-length Mdm2 protein consists of 491 amino acid
residues and contains several regions with a high degree
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Mdm2 (Mus musculus) CROPIQMIVLSYFN
Mdm2 (Equus caballus) CRROPIQMIVLIYFP
Mdm2 (Canis familiaris) CRQPIQMIVLIYFP
Mdm2 (Xenopus laevis) CREPIQMIVLIYFS
Mdm2 (Danio rerio) CREPIQSVVLIYMS
Mdm2 (Homo sapiens) CRRPIQMIVLIYFP
MdmX (Mdmd) (Mus musculus) CKKEIQLVIKVFIA
MdmX (Rattus norvegicus) CKKEIQLVIKVFIA
MdmX (¥enopus laevis) CEXPIQMVVKIYVA
MdmX (Bos taurus) CKKEIQLVIKVEVA
MdmX (Danio rerio) CGRVIQKVIKIFIA
MdmX (Homo sapiens) CKKEIQLVIKVFIA
BIRC2 (cIAPl) (Mus musculus) CRGTIKGTVRIFLS
BIRC2 (Rattus norvegicus) CRGTIKGTVRIFLS
BIRC2 (Canis familiaris) CRGIIKGTVRIFLS
BIRC2 (Xenopus laevis) CRGTIKGTVRIFLS
BIRC2 (Danio rerio) CRGMVKGTVRIFLS
BIRC2 (Homo sapiens) CRGIIKGTVRIFLS
BIRC3 (cIAP2) (Mus musculus) CRGTIKGTVRIFLS
BIRC3 (Rattus norvegicus) CRGTIKGTVRIFLS
BIRC3 (Canis familiaris) CRGTVRGTIVRIFLS
BIRC3 (Bos taurus) CRGTIKGTVRIFLS
BIRC3 (Homo sapiens) CRSTIKGTVRIFLS
BIRC4 (XIAP) (Mus musculus) CYIVITFKQKIFMS
BIRCY (Rattus norvegicus) CCTVITFKQKIFMS
BIRC4 (Danio rerio) CCATITQKIKTYNA
BIRC4 (Bos taurus) CYTAITLRQKIFMS
BIRCY (Xenopus tropicalis) CCTIVERRQKIFMS
BIRCY (Homo sapiens) CYIVITFKQKIFMS
BIRC7 (Livin) (Mus musculus) CRVPICSCVRIFLS
BIRC7 (Rattus norvegicus) CRVPICNCVRIFLS
BIRC7 (Danio rerio) CRAVIRGSVRAFMS
BIRC7 (Bos taurus) CRAPIRSCVRIFLS
BIRC7 (Xenopus laevis) CRAATRGSVRAFMS
BIRC7 (Homo sapiens) CRAFVRSRVRIFLS

Figure 1. The length of the C-terminal tail is conserved in ubiquitin
ligases containing C-terminal RING domains. Alignments of the C-ter-
minal sequences in Mdm2, MdmX and the IAP (BIRC) family proteins,
starting with the last cysteine residue of their RING domain.

of evolutionary conservation, of which the non-canonical
C-terminal RING domain mediates the interaction with ubiq-
uitin-conjugating enzymes (E2) and is indispensable for the
E3 activity of Mdm2.'*'* Despite a strong structural similarity
to Mdm?2 RING, the MdmX RING domain does not appear
to have appreciable E3 ubiquitin ligase activity. On the other
hand, we and others have shown that RING-mediated Mdm2
homodimerization or Mdm2/MdmX heterodimerization is
required for the ubiquitin ligase activity, and MdmX RING
is able to contribute to Mdm2 E3 activity by forming stable
heterodimers with Mdm2 RING domain.'*’5""” Depending on
the relative ratio between cellular levels of MdmX and Mdm2
proteins, MdmX can either stabilize Mdm2 and enhance its
E3 activity and p53 degradation or, when highly overexpressed,
inhibit Mdm2-mediated p53 degradation by competing with
Mdm?2 for p53 binding.'®**? Even though the RING domain
structures of both Mdm2 homodimer and Mdm2/MdmX het-
erodimer have been solved, the molecular mechanisms by which
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these complexes promote p53 ubiquitylation and functional
differences between them are not fully understood."*?* The
structural studies have so far failed to identify any significant
structural difference between Mdm2 homodimers and Mdm2/
MdmX heterodimers, and there seems to be only a small dif-
ference in the ability of isolated Mdm2 and MdmX RING
domains to bind the E2 enzyme. However, other studies sug-
gest that MdmX/Mdm2 heterodimer might be thermodynami-
cally more stable than Mdm2 homodimer, and MdmX/Mdm?2
heterodimer might be the predominant complex in vivo.'**»
In previous studies, we and others have determined that
dimerization and ubiquitin ligase activity of the atypical RING
domains of Mdm2, MdmX and inhibitor of apoptosis proteins
(IAPs) require C-terminal tails, and a single point mutation in
this region can cause a complete loss of E3 activity."'?¢ Analyses
of Mdm2 and MdmX RING structures revealed that the
C-terminal residues are involved in the formation of the interface
between two interacting RINGs and are buried as a consequence
of the dimer formation.”® Here, we report that not only the pri-
mary sequence but also the length of the C-terminal tail is highly
conserved through evolution and is important for the E3 activity
of Mdm?2 toward tumor suppressor p53. E3 activity of some of
the extended Mdm2 mutants can be reactivated by dimerization
with Mdm2 or MdmX RING domains containing C-terminal
tail of normal length. Surprising differences in the extent of acti-
vation of some mutants by dimerization with Mdm2 or MdmX
suggest that Mdm2 homodimers and Mdm2/MdmX heterodi-
mers may not be structurally and functionally fully equivalent.

Results

The length of C-terminal tail is evolutionary conserved in
Mdm2, MdmX and IAP proteins. The RING finger domain of
human Mdm?2 is located at the C terminus of the protein with
the last cysteine residue of the RING domain and is followed by
only 13 amino acids. Analysis of the C-terminal tail sequences of
Mdm?2 proteins of various Vertebrates showed that its length is
highly conserved through evolution (Fig. 1). Moreover, sequence
analysis of other proteins containing C-terminal RING domains,
including a close Mdm?2 relative, MdmX, or members of an unre-
lated baculoviral IAP repeat-containing proteins (BIRC) family
of proteins (also known as IAPs) revealed conserved length of the
C-terminal tail in all proteins. This result suggests that not only
the primary amino acid sequence, but also a certain set length of
the C-terminal tail might be a prerequisite for the activity of E3
ubiquitin ligases containing a RING domain at the C terminus.

Mutations extending the length of Mdm2 C-terminal tail
can inhibit Mdm2 activity toward p53. To determine a pos-
sible role of the length of the C-terminal tail in Mdm2 activity,
we decided to manipulate the length of Mdm?2 tail. We created
several Mdm2 mutants with a different number (5, 14 and 18)
of extra amino acids added to the C terminus of the protein
(Fig. 2A) and tested their ability to degrade p53 in a cell-based
p53 degradation assay. The mutants were made by introducing
missense or frameshift mutations into sites corresponding to
STOP codons in the wild-type Mdm2 mRNA sequence using
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site-directed mutagenesis. In order to account for a possible
inhibitory effect of a particular amino acid sequence, we created
two variants of the shortest extension differing in the first amino
acid and, more importantly, two longer mutants with completely
unrelated sequences in the extensions. All four mutants lost the
ability to degrade p53 (Fig. 2B), indicating that the conserved
length of Mdm?2 C terminus may be important for Mdm?2 activ-
ity toward p53.

RING domains of C-terminally extended Mdm2 mutants
retain the ability to dimerize with Mdm2 acidic and RING
domains. We and others have shown that the E3 ligase activity of
Mdm2 depends on the ability of the protein to dimerize,'*'® while
some earlier studies indicated that the isolated RING domain
of Mdm?2 is capable of binding both the C-terminal RING and
the central acidic domain (AD) of full-length Mdm2.” We
therefore tested whether the observed drop in the activity of our
extended Mdm2 mutants toward p53 could be the result of a loss
of their ability to homodimerize through either RING-RING or
RING-AD interactions. The initial immunoprecipitation experi-
ments (IPs) with C-terminally extended mutants in the context
of full length Mdm?2 showed no obvious defect in the binding
to isolated GFP-tagged RING domain of Mdm2 (GFP-RING)
(Fig. 3A). However, some defects in binding of the extended
RING could be masked by the presence of intact acidic domain
in the mutant protein, and we therefore decided to test each of the
two known modes of binding separately. In order to study only
interactions mediated by the RING domains, we created the cor-
responding C-terminal extensions in the context of Mdm2AAD
construct, i.e., in Mdm?2 lacking the acidic domain, and found
that mutant proteins are capable of interacting with wild-type
GFP-RING in IPs. As a negative control in our experiments, we
used Mdm?2 mutant lacking the last nine amino acids of the tail
(Mdm2A9), which exhibited a clear defect in the RING/RING
interaction in our previous studies in reference 16. As shown in
Figure 3B, the extended Mdm2 mutants lacking AD, but not
the negative control Mdm2AADA9 double deletion mutant,
were able to bind GFP-tagged Mdm2 RING. To confirm these
results, we mutated also the isolated GFP-RING to introduce the
same extra amino acids at its C terminus, and found that these
mutants were still capable of binding to the Mdm2AAD pro-
tein (Fig. 3C). Moreover, results presented in Figure 3D confirm
the ability to dimerize of two mutated Mdm2 RING domains,
both containing the same C-terminal extension, one introduced
into the GFP-RING protein and the other created in the context
of Mdm2AAD protein. Finally, we used a similar approach to
find out whether the length of the C terminus of Mdm2 could
influence the interaction between the Mdm2 RING domain
and the acidic domain of another Mdm2 molecule. We used the
extended GFP-RING mutants in combination with Mdm2 pro-
tein lacking the RING domain (Mdm2ARING) and therefore
unable to interact through the RING-RING mode. Again, we
found no difference between wild-type GFP-tagged RING and
extended GFP-RING proteins in their capacity to bind to the
Mdm2ARING protein (Fig. 3E).

C-terminally extended Mdm2 RING domain is capable
of binding MdmX. It has been shown that the Mdm2/MdmX
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Figure 2. Mutations extending the C-terminal tail can inhibit Mdm?2
activity toward p53. (A) Mdm2 mutants containing different number of
additional amino acids at the C terminus created in this study. The extra
amino acids, which are not present in wild-type Mdm?2, are depicted in
bold letters. (B) Activity of extended Mdm2 mutants was tested in the
p53 degradation assay. U20S cells were transiently transfected with
combinations of plasmid vectors coding for FLAG-tagged p53, GFP and
wild-type Mdm2 or the extended Mdm2 mutants. Lysates of transfect-
ed cells were analyzed by western blotting.

heterodimer rather than the Mdm2 homodimer is the predomi-
nant intracellular form of Mdm2. Furthermore, the Mdm?2/
MdmX heterodimer exhibited higher E3 ligase activity than
Mdm2 homodimer.”® As our extended Mdm2 mutants retained
the capability to form homodimers, we also assessed their ability
to physically interact with MdmX. We used an immunofluores-
cence relocalization assay based on the observation that exogenous
wild-type MdmX protein, which does not contain a nuclear local-
ization signal sequence (NLS), is predominantly localized in the
cytoplasm of transfected U20S cells. However, in the presence
of an excess of exogenous Mdm?2 protein and upon binding to it,
MdmX is transported into the cell nucleus in the majority of cells.
Using this assay, we detected changes in subcellular localization of
MdmX in the presence of all extended Mdm2 mutants, indicat-
ing that the extension of Mdm2 C terminus did not prevent the
interaction between Mdm2 and MdmX RING domains (Fig. 4).

Reactivation of C-terminally extended Mdm2 mutants by
interaction with MdmX. We have shown previously that MdmX
is able to restore the activity of Mdm?2 proteins containing point
mutations in their C-terminal tail. Here, we tested whether bind-
ing to MdmX could also reactivate the extended Mdm2 mutants.
U20S cells were transfected with constructs coding for p53 and
wild-type Mdm2 or extended Mdm2 mutants in the presence
or absence of MdmX, and we studied changes in the levels of
p53 ubiquitylation. To our surprise, all four extended Mdm2
mutants were reactivated by MdmX, regardless of their amino
acid sequence or the length of the C-terminal extension (Fig. 5A).
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Figure 3. Extended MDM2 mutants retain the ability to homo-dimerize through RING-RING and RING-acidic domain interactions. C-terminally
extended mutants in the context of full-length Mdm2 (A), Mdm2 lacking the acidic domain (Mdm2AAD) (B and D) or GFP-RING (A and C-E) were
transiently transfected into HEK293 cells together with GFP-RING (A and B), Mdm2AAD (C) or Mdm2 (Mdm2ARING) (E). Cells were treated 24 h post-
transfection with proteasome inhibitor MG132 for 4 h, lysed and immunoprecipitated with anti-Mdm2 (N-20) and anti-GFP (7.1/13.1) antibodies then
analyzed by western blotting.
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Moreover, restoration of the E3 activity of the
extended mutants lead to a full restoration of
their ability to degrade p53 (Fig. 5B).
Reactivation of the extended Mdm2
mutants by interactions with wild-type Mdm2
RING. Results presented in Figure 5 indicated
that the extended C-terminal tails do not sig-
nificantly interfere with the structure and func-
tion of the Mdm2/MdmX heterodimer. As our
extended Mdm2 mutants retained the ability to
form homodimers, we tested whether they could
be activated by the interaction with Mdm2 con-
structs containing wild-type RING domain.

MdmX

MdmX

Mdm?2

In stark contrast to the full reactivation of all
extended mutants by MdmX, only Mdm2c5 a
and b mutants were able to degrade p53 as part
of complex with GFP-RING (Fig. 6A) and
Mdm2AAD (Fig. 6B) proteins, both containing
wild-type RING domain with C-terminal tail
of normal length, but are inactive on their own

MdmX
+

Mdm2c5b

due to the lack of other important functional
domains, such as the p53-binding domain at
the C terminus and the central acidic domain.
The longer mutants Mdm2c14 and Mdm2c18 MdmX
extended by 14 and 18 amino acids, respectively, +
could not be reactivated by these constructs. Mdm2c14
Interestingly, essentially the same result was
obtained when we co-expressed the extended
mutants with full-length Mdm2 containing
inactivating point mutation directly within
the RING domain itself (Mdm2:473-445) | MdmX
(Fig. 6C). +

The role of the length of the C-terminal Mdm2c18
tail in MdmX function. Despite the fact that
MdmX protein does not seem to possess a sig-
nificant ubiquitin ligase activity, it shares the
same overall domain architecture with Mdm?2,
and its RING finger domain exhibits strong
structural homology to Mdm2 RING. And
just like Mdm2 RING, it contains an adja-
cent C-terminal tail, the length of which was
also conserved in evolution, suggesting that it
might be required for MdmX function. To find
out whether the length of the MdmX tail might play a signifi-
cant role in the activity of Mdm2/MdmX heterodimer, using
site-directed mutagenesis, we created MdmX mutant contain-
ing 23 extra amino acids at the C terminus (MdmXc23; Fig.
7A) and tested its ability to interact with Mdm2 in the above
described re-localization assay. Results presented in Figure 7B
suggest that the extended MdmX protein is able to physically
interact in living cells with wild-type Mdm2 as well as with our
extended Mdm2 mutants. However, the activity toward p53 of
Mdm2/MdmX heterodimer containing the extended MdmX
mutant was markedly impaired. While binding of wild-type
MdmX reactivated the C-terminal Mdm2 Y489A point mutant
and induced p53 degradation, the MdmXc23 mutant was not
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Figure 4. The extended Mdm2 mutants retain the ability to interact with MdmX. U20S cells
were transfected with Myc-tagged MdmX together with wild-type Mdm2 or the extended
mutants then proteins detected by immunofluorescence using a mixture of anti-Mdm2
mouse monoclonal IF2 (Ab-1, Calbiochem) and anti-Myc rabbit polyclonal (A14, Santa Cruz
Biotechnology) antibodies.

capable of such restoration of Mdm?2 function (Fig. 8A). In other
experiments, wild-type MdmX, but not the extended MdmXc23
mutant, was able to restore the ubiquitin ligase activity toward
p53 and p53 degradation mediated by Mdm2/MdmX heterodi-
mers containing C-terminally extended Mdm2 mutants (Fig. 8B
and C), indicating that the conserved length of the C-terminal
tail of MdmX might be important for the activity of Mdm2/
MdmX dimer toward p53 tumor suppressor.

Discussion

Mdm2 and MdmX cooperate in tightly controlling the activ-
ity of tumor suppressor p53 during embryonic development and
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©0w® and IAP proteins of vertebrate origin, sug-
a3 gesting that not only the. primary amino ac.id
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kohel . . L
Ss= length might be important for the biological
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function of proteins containing C-terminal
RING domain. Interestingly, Mdm2-like and
p53-like genes have recently been identified
in the genomes of some invertebrates as well,
including Arachnid Ixodes scapularis (deer
tick) and a very simple multicellular animal
Trichoplax adhaerens. Detailed sequence anal-
yses have shown that Mdm2 and p53 genes
in Ixodes and Trichoplax retain key features
required for p53-Mdm2 interaction and for

Mdm2-mediated p53 regulation.??® To our
surprise, Mdm2-like genes in these organisms

western blotting.

Figure 5. MdmX restores the activity of extended Mdm2 mutants in vivo. (A) Co-expression
with MdmX restores the E3 activity of the extended Mdm2 mutants, regardless of the length
of the C-terminal extension. U20S cells were transiently cotransfected with FLAG-tagged p53,
wild-type Mdm2 or the extended mutants, Myc-tagged MdmX and HA-tagged ubiquitin.
Cells were treated 24 h post-transfection with proteasome inhibitor MG132 for 3 h and lysed
into 0.5% SDS. Lysates were diluted and p53 was immunoprecipitated with DO-1 antibody.
Ubiquitin-conjugated p53 was detected by western blotting using anti-HA mouse monoclonal
antibody and p53 levels in the input using anti-FLAG antibody M2 (Sigma-Aldrich). (B) MdmX
restores p53 degradation by the C-terminally extended Mdm2 mutants. U20S cells were
transiently co-transfected with FLAG-tagged p53, wild-type Mdm2 or the extended mutants
and Myc-tagged MdmX. Cells were lysed 24 h post-transfection, and lysates were analyzed by

also exhibit the same length of the C-terminal
tail, indicating that this property of Mdm2
C terminus might have been evolutionary
conserved for over one billion years, further
highlighting the possibility of its importance
for Mdm?2 function.

In order to analyze the possible role of the
length of Mdm2 C terminus, we created a
series of Mdm2 mutants extended by 5, 14
or 18 amino acids. All mutants were inactive

in normal, unstressed tissues. On the other hand, Mdm2 and
MdmX overexpression is often found in human cancers and can
be responsible for attenuation of the tumor-suppressive func-
tions of p53 and tumor development. Mdm2 dimer serves as a
RING finger ubiquitin ligase for p53 and targets p53 for pro-
teasomal degradation, which is something that MdmX on its
own cannot accomplish, despite its high degree of homology to
Mdm?2. However, MdmX can participate on p53 ubiquitylation
and degradation as a part of the Mdm2/MdmX complex. Both
Mdm2 homodimerization and Mdm2/MdmX heterodimeriza-
tion is mediated by the RING domains and requires adjacent
C-terminal tails. The critical importance of the extreme C termi-
nus for Mdm?2 function has been confirmed in studies showing
that deletion of the extreme C terminus prevents the formation
of RING-RING dimers and inactivates Mdm2."'%? NMR
analysis of the isolated Mdm2 RING missing seven C-terminal
residues revealed that this mutant is conformationally disrupted
and appears to be partially unfolded, suggesting that the extreme
C-terminal tail is required for the maintenance of the structural
integrity of Mdm2 RING.? Independent of its role in RING
dimerization, the C-terminal tail of Mdm2 is also directly
involved in the ubiquitin ligase activity of Mdm2. We and others
have shown that point mutations within this region can inhibit
Mdm?2 activity toward p53 without disrupting RING domain

dimerization.'>!¢-28
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toward p53—unable to ubiquitylate p53 in
cells and target it for proteasomal degrada-
tion. However, the mutants retained the ability to heterodimer-
ize with MdmX, and their activity toward p53 was fully restored
in the presence of MdmX in a manner similar to C-terminal tail
point mutants Y489A and Y489D, which were described in our
previous work in reference 16. Our results also showed that the
extended RING domain of Mdm?2 is perfectly capable of bind-
ing the RING domain or the acidic domain of another Mdm2
molecule, regardless whether wild-type or extended, indicating
that the extensions of the C-terminal tail did not pose a sterical
hindrance for Mdm2 RING domain dimerization. In contrast
to the effect of deletions of the tail, the extensions did not seem
to have any significant impact on the overall structure of Mdm?2
RING, as this would certainly have a strong negative impact on
RING-mediated dimerization.

The Mdm2/MdmX RING domain heterodimer is a highly
symmetrical structure in which MdmX RING replaces one of
the RINGs of the Mdm2 homodimer, and the extreme C ter-
mini of both Mdm2 and MdmX play an important role in the
formation of the dimer.'" The C-terminal residues are involved
in 13 of 15 hydrogen bonds on the interface between the two
RINGsS, and six residues of each C terminus are buried as a con-
sequence of dimer formation.”® Importantly, structural studies
have so far failed to identify significant differences in the struc-
ture of the RINGs of the two proteins. Therefore, if MdmX was
able to restore the activity of all extended Mdm2 mutants toward
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Figure 6. Wild-type Mdm2 RING domain restores the activity of only a subset of extended Mdm2 mutants. U20S cells were transiently co-transfected
with FLAG-p53 and extended MDM2 mutants together with GFP-RING (A), Mdm2AAD (B) or inactive Mdm2 RING domain mutant Mdm2:473-4AS (C),

p53, we expected that wild-type Mdm2 RING domain would
be also capable of reactivating the extended Mdm2 RINGs.
Quite unexpectedly, only Mdm2 RINGs carrying the short
est, i.e., five amino acids, tail extension were fully reactivated
by binding to GFP-RING or Mdm2AAD, protein constructs
containing wild-type Mdm2 RING but not active toward p53
due to the lack of other important functional domains, such
as the N-terminal p53-binding domain or the central acidic
domain. To our surprise, the shortest extensions were also acti-
vated in the presence of otherwise inactive RING domain point
mutant Mdm2:473-4AS, showing that only one RING domain
of Mdm2 homodimer needs to be functional for the complex
to be fully active toward p53 and suggesting a similarity in the
activity toward p53 of Mdm2 homodimers and Mdm2/MdmX
heterodimers. However, the results were very different when we
tested the activity of Mdm2 homodimers containing one wild-
type RING domain and the other extended by 14 or 18 amino
acids. The homodimers were inactive, even though the Mdm2/
MdmX heterodimers containing these extensions were target-
ing p53 for degradation normally. Recent studies have shown
some differences between the Mdm2/MdmX complex and the
Mdm?2 dimer in their specificity for Mdm2 as a substrate’? and
suggested that the heterodimer might be thermodynamically
more stable than Mdm2 homodimers.?* Nevertheless, we believe
that the clear difference in the reactivation of various Mdm2
extended mutants described here is the first report strongly sug-
gesting that Mdm2 homodimers and Mdm2/MdmX heterodi-
mers might not be fully structurally and functionally equivalent,
even though we cannot, at this stage, completely exclude the pos-
sibility that the long extensions can interfere with other parts
of the Mdm?2 protein, thereby preventing reactivation seen with
shorter extensions.
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We have shown previously that MdmX C-terminal rtail
participates in the formation of Mdm2/MdmX heterodimer,
and it is required for the restoration of the activity the Mdm2
C-terminal tail mutant Y489A.' In this work, we have created
also a C-terminally extended version of MdmX, and show that
it can physically interact with both wild-type Mdm?2 and the
C-terminally extended Mdm2 mutants. However, unlike wild-
type MdmX, it is not able to restore the activity of the YA89A
Mdm2 point mutant or Mdm?2 extension any more.

Taken together, results presented in this study suggest that
the length of the C-terminal regions of Mdm2 and MdmX
proteins has been conserved in evolution, because it can influ-
ence their activity toward tumor suppressor p53. Moreover, the
observation that Mdm2 mutants containing C-terminal exten-
sions do not ubiquitylate p53, despite being capable of forming
dimers, confirms our previous results indicating that the role of
Mdm2 C-terminal tail in RING dimerization can be separated
from its function in protein ubiquitylation.' In addition to that,
data presented here indicate that despite their apparent struc-
tural similarity, the Mdm2 homodimers and Mdm2/MdmX
heterodimers may not be fully functionally equivalent and may,
therefore, be differentially regulated, possibly adding an addi-
tional level of complexity to the cellular regulation of p53 tumor
suppressor.

Materials and Methods

Cell culture. Human U20S and HEK293T cells were cul-
tured at 37°C under 5% CO, in a high-humidity atmosphere in
Dulbecco’s modified Eangle’s medium (DMEM) supplemented
with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml peni-
cillin and 100 pg/ml streptomycin sulfate.
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Figure 7. C-terminal extension of MdmX does not prevent heterodimerization with Mdm2.
(A) Using site-directed mutagenesis, we have created an extended MdmX mutant with

23 amino acids added at the C terminus (MdmXc23). The extra amino acids, which are

not present in wild-type MdmX, are depicted in bold letters. (B) We examined the ability

of wild-type Mdm2 and the extended Mdm2 mutants to bind MdmXc23 and translocate

it from the cytoplasm to the nucleus. U20S cells were transiently co-transfected with
plasmids coding for GFP-MdmXc23 and wt Mdm?2 or extended Mdm2 mutants. Subcellular
localization of MdmX was detected in fluorescence microscope using the fluorescence of
the N-terminal GFP tag. Mdm2 was localized in the cells by immunofluorescence using anti-

Mdm2 mouse monoclonal antibody IF2 (Ab-1).

Plasmids and mutagenesis. Plasmids coding for FLAG-
tagged human wild-type p53 (pcDNA3-FLAG-p53), wild-type
Mdm2 (pCHDMI1A), Mdm2 mutant 1-440 (Mdm2ARING)
and Myc-tagged MdmX have been described previously in refer-
ences 8, 20 and 31. Mdm2AAD mutant of pPCHDMIA, coding
for Mdm?2 lacking amino acids 245-295, was kindly provided
by Mary Hanlon. GFP-MdmX expression plasmid coding for
N-terminally tagged full-length human MdmX was kindly
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provided by Robert Ludwig. Plasmid GFP-
RING coding for GFP-tagged human Mdm?2
C terminus (amino acids 384-491) was gener-
ated by cloning HindIII/Avr] fragment from
pCHDMIA into HindII1/Xba[ sites of pEGFP-
C1 (Clontech). All point and deletion muta-
tions within the C-terminal tail of Mdm?2,
Mdm2AAD, GFP-RING and MdmX were
generated by site-directed mutagenesis using
Pfu DNA polymerase (Stratagene) and verified
by DNA sequencing.

MDM2-mediated ~ p53 degradation.
U20S cells in 60-mm dishes were transfected
with 0.5 pg of FLAG-p53 and 4 wg of pCH-
DMIA or extended Mdm2 mutants (5 pg of
extended MDM2 mutants and Mdm2:473-
4AS, Mdm2AAD or GFP-RING transfected

either separately or in combinations in a 1:1

ratio in experiments presented in Fig. 6H)
using Lipofectamine 2000 reagent according
to guidelines of the manufacturer (Invitrogen).
For experiments studying the role of MdmX
in Mdm2-mediated p53 degradation, the total
amount of pPCHDMIA (or extended mutants)
transfected separately was 2.5 g, and the total
amount of pPCHDMIA (or extended mutants)
and Myc-MdmX transfected in combina-
tion was 5 pg in a 1:1 ratio. Each transfection
mixture also contained 0.5 pug of pEGFP-NI
(Clontech) to control for transfection efficiency,
and empty plasmid pcDNA3.1 (Invitrogen) was
used to bring the total amount of transfected
DNA to 6 pg. Cell were cultured for an addi-
tional 24 h, washed with PBS and lysed with
0.25 ml of SDS sample buffer. Proteins were
resolved by SDS-PAGE and detected using anti-
Mdm2 Ab-1 (Calbiochem), anti-Myc 9E10 or
anti-GFP 7.1/13.1 (Roche).
Immunoprecipitation. HEK293T cells were
transfected in 100-mm plates with 6 pg of DNA
using Lipofectamine 2000 reagent according to
guidelines of the manufacturer (Invitrogen).
Cells were treated with proteasome inhibi-
tor (15 pM MGI132 in cell culture medium)
24 h post-transfection. Four h later, cells were
washed with ice-cold PBS and lysed in Triton
X-100 lysis buffer (1% Triton X-100, 150 mM
NaCl and 50 mM Tris pH 8.0) containing pro-
tease inhibitors (Complete Mini EDTA-free, Roche) by incubat-
ing on ice for 30 min, and the extracts were centrifuged at 13,000
rpm for 30 min at 4°C. Immunoprecipitation was performed at
4°C overnight with 1 pg of antibody. After incubation, 20 wl
of protein G-Sepharose (Sigma-Aldrich) were added for another
45 min on a rotating wheel. Mdm?2 was immunoprecipitated
with anti Mdm?2 rabbit polyclonal antibody (N-20, Santa Cruz
Biotechnology) and GFP-RING with anti-GFP 7.1/13.1 (Roche).
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analyzed by western blotting.

Figure 8. C-terminal extension in MdmX inhibits reactivation of C-terminal Mdm2 mutants by Mdm2/MdmX heterodimerization. (A) Extended
MdmX is not able to restore p53 degradation by Mdm2 C-terminal tail mutant YA89A. U20S cells were transiently co-transfected with FLAG-p53 and
Mdm2:489A mutant together with GFP-MdmX or GFP-MdmXc23, and lysates of transfected cells were analyzed by western blotting. (B) Extended
MdmX is not able to reactivate p53 ubiquitylation by C-terminally extended Mdm2. U20S cells were transiently co-transfected with plasmids coding
for FLAG-p53, the extended Mdm2c5a mutant and HA-ubiquitin together with GFP-MdmX or GFP-MdmXc23. Cells were treated 24 h post-transfec-
tion with proteasome inhibitor MG132 for 3 h and lysed into 0.5% SDS. Lysates were diluted and p53 was immunoprecipitated with DO-1 antibody.
Ubiquitin-conjugated p53 was detected by western blotting using anti-HA mouse monoclonal antibody and p53 levels in the input using anti-FLAG
antibody M2. (C) Extended MdmX is not able to restore p53 degradation by the extended Mdm2 mutants. U20S cells were transiently co-transfected
with FLAG-p53 and the extended Mdm2 mutants c5, c14 or c18, together with GFP-MdmX or GFP-MdmXc23, and lysates of transfected cells were

Immunoprecipitated proteins were washed three times with lysis
buffer and resuspended in 2x SDS sample buffer. Proteins from
whole-cell extracts and immunoprecipitations were resolved by
SDS-PAGE and analyzed by western blotting with anti-Mdm?2
Ab-1 (Calbiochem) and anti-GFP 7.1/13.1 (Roche).
Immunofluorescence. U20S cells grown on coverslips were
transfected with 4.5 pg MDM2 or extended MDM2 mutants
and 1.5 pg Myc-tagged MdmX or GFP-tagged MdmX using
Lipofectamine 2000 reagent according to guidelines of the
manufacturer (Invitrogen), and DMEM was changed 4 h later.
Twenty-four hours after transfection, cells were treated with 15
wM MGI132 in DMEM for 3 h, washed with PBS and fixed in
3% paraformaldehyde for 20 min at room temperature. After
fixation, cell were washed with PBS and permeabilized with
0.2% Triton X-100 in PBS for 5 min and blocked with PBS con-
taining 0.5% bovine serum albumin for 30 min at room tem-
perature. The cells were then incubated with the anti-MDM?2
monoclonal IF2 (Ab-1, Calbiochem) and anti-c-Myc polyclonal
(A14, Santa Cruz Biotechnology) antibodies for 2 h in block-
ing solution and, following three washes in PBS, were incubated
with a mixture of fluorescein isothiocyanate (FITC)-conjugated
donkey anti-rabbit and DyLight™ 594 conjugated AffiniPure

donkey anti-mouse antibodies (H + L; Jackson ImmunoResearch
Laboratories) in blocking solution containing 1 wg/ml DAPI
(Sigma-Aldrich) for visualization of nuclei. Cells were washed
with PBS and mounted with Vectashield mounting medium
(Vector Laboratories). Images were taken with an Olympus
FluoView™ 500 confocal laser scanning fluorescence microscope
(Olympus).

Mdm2-mediated p53 ubiquitylation in vivo. U20S cells
grown in 60-mm dishes were transiently transfected with
FLAG-p53 (0.5 wg), hemagglutinin (HA)-ubiquitin (0.5 pg),
MDM2 or extended MDM2 mutants (2.5 pg) and Myc-
MDMX (2.5 g) using Lipofectamine 2000 reagent according
to guidelines of the manufacturer (Invitrogen). Empty plasmid
pcDNA3.1 (Invitrogen) was used to bring the total amount of
transfected DNA to 6 pg. Cells were treated 24 h post-transfec-
tion with 15 puM MGI132 in DMEM for 3 h and lysed in 300 .l
0.5% SDS. Lysates were boiled for 5 min, vortexed, cooled
down to room temperature and diluted with 1 ml Triton X-100
lysis buffer. Immunoprecipitation of p53 was performed for 1 h
using 1 pg of anti-p53 monoclonal antibody DO-1 at 4°C on a
rotating wheel. After incubation, 20 pl of protein G-Sepharose
(Sigma-Aldrich) were added for another 45 min. Subsequently,
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the immunoprecipitates were washed three times with lysis buffer
and analyzed by western blotting. Ubiquitylated p53 was detected
using anti-HA-tagged mouse monoclonal antibody; FLAG-p53,
MDM2 and MDMX levels in the input were detected using

anti-FLAG antibody M2 (Sigma-Aldrich), anti MDM2 Ab-1

(Calbiochem) and anti-Myc 9E10 antibody.
SDS-PAGE and western blot analysis. Total cells lysates of

peroxidase conjugated antibody was applied for 1 h at room tem-
perature. Visualization was done on blue sensitive Medical X-ray
film (Agfa) using an enhanced chemiluminescence kit (ECL,
Amersham Life Science).

Disclosure of Potential Conflicts of Interest

degradation, immunoprecipitation and ubiquitylation assays
were resolved by SDS-PAGE. After transfer, the polyvinylidene

difluoride membrane (PVDF; Millipore) was blocked in 5% milk
in TBS (10 mM TRIS-HCI, 100 nM NaCl and 0.05% Tween
20; pH = 7.4) for 1 h at room temperature, then incubated
overnight at 4°C with specific antibody (using dilutions recom-
mended by the manufacturer). After three washes in 1% milk in
TBS, sheep anti-mouse (GE Healthcare) secondary horseradish
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