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The stability of the p53 protein is regulated by Mdm2. By acting as an E3 ubiquitin ligase, Mdm2 directs the
ubiquitylation of p53 and its subsequent degradation by the 26S proteasome. In contrast, the Mdmx protein,
although structurally similar to Mdm2, cannot ubiquitylate or degrade p53 in vivo. To ascertain which domains
determine this functional difference between Mdm2 and Mdmx and consequently are essential for p53 ubiq-
uitylation and degradation, we generated Mdm2-Mdmx chimeric constructs. Here we show that, in addition to
a fully functional Mdm2 RING finger, an internal domain of Mdm2 (residues 202 to 302) is essential for p53
ubiquitylation. Strikingly, the function of this domain can be fulfilled in trans, indicating that the RING domain
and this internal region perform distinct activities in the ubiquitylation of p53.

The tumor suppressor protein p53 is a transcription factor
that functions to inhibit cell proliferation and is therefore usu-
ally maintained at low levels in cells to allow normal growth.
pS3 is stabilized and activated in response to several forms of
cellular stress, leading to the induction of a set of target genes
involved in cell cycle arrest, DNA repair, or apoptosis, depen-
dent on the type and strength of the signal (32). An important
regulator of p53 activity is Mdm?2, which inhibits the function
of p53 both by abolishing its transcription-regulatory activity
(4, 24) and by targeting p53 for degradation (10, 17). Mdm?2 is
an E3 ubiquitin ligase that directs the ubiquitylation of both
p53 and Mdm?2 (6, 11, 12), resulting in the degradation of both
proteins by the 26S proteasome. Mdm?2 is also a transcriptional
target of p53 (21, 27), and so p53 and Mdm2 form a tight
autoregulatory feedback loop, the importance of which has
been genetically demonstrated by the ability of p53-null mice
to rescue the embryonic lethality of mdm2-null mice (16, 25).

The Mdmx protein is structurally homologous to Mdm?2
(29). The highest conservation between Mdmx and Mdm?2 is
found in three regions named CR1, CR2, and CR3. CR1 (res-
idues 42 to 94) contains the p53-binding domain, CR2 (resi-
dues 301 to 329) spans a putative Zn finger domain, and CR3
(residues 444 to 483) harbors the RING finger domain re-
quired for ubiquitin ligase activity. In contrast to Mdm2, Mdmx
contains no nuclear localization signal (NLS) or nuclear export
signal (NES), and the acidic region (residues 237 to 274) is less
well conserved at the primary amino acid level between the two
proteins, although Mdmx also contains many acidic amino
acids in the same region. Due to the lack of an NLS or NES,
the subcellular localization of the Mdmx protein is determined
by its association with other cellular proteins, providing a level
of regulation of Mdmx activity. It has been shown by us and
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others that in several cell types Mdmx is mainly cytoplasmic
but is efficiently translocated into the nucleus by coexpression
of Mdm2 and/or p53 (8, 18, 22). In addition, a p53- and
Mdm2-independent nuclear translocation after induction of
DNA damage has been shown (18). However, in some cell
types we find a constitutive predominantly nuclear localization
of Mdmx (e.g., in C33A cells) (31). In spite of its inability to
ubiquitylate or degrade p53 in vivo, Mdmx can inhibit tran-
scription activation by p53 (15, 20, 30). Importantly, mdmx-null
mice show embryonic lethality, a phenotype that can be res-
cued by p53 deficiency, showing that—like Mdm2—Mdmx is a
critical regulator of p53 in vivo (7, 23, 26).

Considering the functional differences between Mdm?2 and
Mdmzx, we generated a set of Mdm2-Mdmx hybrids to inves-
tigate the roles of different domains needed for p53 ubiquity-
lation and degradation. We show that, in addition to the RING
finger, a central domain in Mdm? is essential for p53 ubiqui-
tylation.

MATERIALS AND METHODS

Plasmids. Expression vectors for p53, a p53 NLS mutant, Mdm2, an Mdm?2
NLS mutant, His-tagged ubiquitin, and pcDNA3.1-LacZ have been described
previously (30). Expression vectors for Myc-Mdm2 and Myc-Mdm2Ap53 were
made by PCR amplification on wild-type mouse Mdm2 cDNA with 5’ primers
containing an EcoRI endonuclease recognition sequence, a translation initiation
site, and the 9E10 Myc epitope coding sequence and with 3’ primers containing
a stop codon and an EcoRI endonuclease recognition sequence. PCR fragments
were cloned into pcDNA3.1 (Invitrogen).

To generate the mouse Mdmx-Mdm?2 chimeric constructs, several endonucle-
ase recognition sites were generated through a two-step PCR-based mutagenesis
or the QuikChange mutagenesis method (Stratagene). The positions of the
alterations and eventual amino acid sequence alterations are shown in Fig. 1A.
All cDNAs were cloned into pcDNA3.1 (Invitrogen). All plasmids produced by
PCR were checked by sequencing and restriction fragment analysis. The se-
quences of all primers used in the cloning or mutagenesis are available upon
request.

Cell lines, cell culture, and transfection. H1299 cells were cultured in RPMI
medium with 10% fetal bovine serum (FBS). Approximately 8 h prior to trans-
fection, the medium was changed to Dulbecco’s modified Eagle’s medium
(DMEM) with 10% FBS. C33A cells were maintained in DMEM with 10% FBS.
H1299 and C33A cells were transfected by the calcium phosphate coprecipitation
method as described previously (31). p53- and mdm2-null cells were cultured in
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FIG. 1. The p53-binding domains of Mdm2 and Mdmx are functionally similar. (A) Schematic representation of the Mdmx and Mdm?2 proteins.
Functional domains are indicated with the positions of the endonuclease recognition sites used to generate the chimeric constructs. Amino acid
changes caused by the introduction of these sites are indicated. (B) p53- and mdm2-null cells (in 5-cm-diameter dishes) were transfected in
duplicate with 200 ng of p53 without or with 1 g of the indicated constructs in the presence of 1 pg of a His-tagged ubiquitin expression construct.
Cells were either treated with 20 uM MG132 or mock treated 4 h before harvesting. The lysates from the MG132-treated cells were used to detect
ubiquitylated pS3 (His purified), while the lysates from the mock-treated cells were analyzed for total levels of p53. (C) C33A cells were transfected
with the indicated constructs and analyzed by immunofluorescence 40 h after transfection. Mdm2 and 2xx were detected with the anti-Mdm?2
antibody 4B2 (a and d), Mdmx was detected with the anti-Mdmx antibody 6B1A (g), and x22 was detected with the anti-Mdm?2 antibody 2A10 (j).
p53 was detected with the anti-p53 antibody FL393 (b, e, h, and k). Nuclei were stained with 4',6’-diamidino-2-phenylindole (DAPI) (c, f, i, and 1).

DMEM with 10% FBS and transfected with Fugene6 transfection reagent
(Roche Molecular Diagnostics) according to the manufacturer’s protocol.

In vivo ubiquitylation assay. Forty hours after transfection, cells were washed
twice and scraped in ice-cold phosphate-buffered saline (PBS). Ten percent
(10%) of the cell suspension was lysed in IPB 0.7 (20 mM triethanolamine [pH
7.4], 0.7 M NaCl, 0.5% NP-40, 0.2% sodium deoxycholic acid) or in Giordano
buffer (50 mM Tris [pH 7.4], 250 mM NaCl, 0.1% Triton X-100, 5 mM EDTA).
Lysis of the remaining 90% of the cells, subsequent isolation of His-ubiquitin-
conjugated protein, and analysis of eluates and total lysates by Western blotting
were performed as described previously (30).

Antibodies. The following antibodies were used: the anti-p53 mouse mono-
clonal antibody DO-1, the anti-p53 rabbit polyclonal antibody FL393, the anti-
Myc mouse monoclonal antibody 9E10 (all from Santa Cruz Biotechnology), the
anti-Mdm2 mouse monoclonal antibodies 4B2 and 2A10, the anti-Mdmx mouse
monoclonal antibody 6B1A (31), and the anti-Mdmx rabbit polyclonal antibody
p57. p57 is a mouse Mdmx-specific rabbit serum raised against an internal
peptide of Mdmx (amino acids [aa] 179 to 195). LacZ was detected with the
mouse monoclonal antibody D19-2F3-2 (Roche Molecular Diagnostics).

Immunofluorescence. Forty hours after transfection, C33A cells were washed
twice with PBS, fixed for 15 min in 4% paraformaldehyde in PBS, and perme-
abilized for 10 min with 0.2% Triton X-100 in PBS at room temperature. Incu-
bation of the cells with primary and secondary antibodies was performed as
described previously (31).

RESULTS

In previous studies it was found that Hdmx appeared to be
incapable of enhancing the ubiquitylation of p53 in vivo (30,
31). To further investigate whether Hdmx would have any
detectable ubiquitin ligase activity, two different in vitro ubig-
uitylation assays were performed by use of UbcHS5 as the E2
enzyme. In both an autoubiquitylation assay and a p53 ubig-
uitylation assay, Hdmx failed to display any significant activity,
while all known E3 ligases tested (e.g., Mdm2 and Praja)
showed self-ubiquitylation activity and Mdm?2 could ubiquity-
late p53. These results strongly suggest that the RING domain
of Hdmx does not act as an E3 ubiquitin ligase, although the
possibility that a different E2 enzyme is essential for Hdmx to
function as such cannot be completely excluded. To study
which domains determine this functional difference between
Mdmx and Mdm?2, we decided to generate Mdm2-Mdmx chi-
meric constructs.

Generation and nomenclature of the Mdm2-Mdmx chimeric
constructs. To investigate in more detail the domains in Mdm?2
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necessary for in vivo ubiquitylation and degradation of p53, we
made mouse Mdm2-Mdmx chimeras. Initially we divided the
Mdm?2-Mdmx proteins into three parts: the p53-binding do-
main (p53-BD; aa 1 to 106), the middle domain (aa 107 to
303), and the zinc finger/RING finger domain (ZF/RF; aa 304
to 489). These three regions are also the basis of our nomen-
clature for the different chimeras; e.g., x22 contains the
pS53-BD of Mdmx and the middle domain and ZF/RF of Mdm?2
(Fig. 1A). Subsequently, the middle and ZF/RF domains were
each divided into two parts, and the order of these exchanges
is indicated in parentheses; e.g., 2(2-x)2 contains the p53-BD,
the NLS/NES region, and the ZF/RF region of Mdm?2 but the
acidic domain-containing region (AD) of Mdmx. To construct
these chimeras, endonuclease recognition sites were created in
Mdmx and Mdm2 cDNAs on analogous sites, with minimal
changes on the amino acid level (Fig. 1A). Amino acid changes
in Mdmx were chosen such that the sequence would be more
like Mdm?2. The few amino acid changes that were introduced
into Mdm?2 did not affect the function of full-length Mdm?2
(data not shown).

The p53-binding domains of Mdmx and Mdm2 are func-
tionally similar. We and others have shown that the p53-
binding domains of Hdm2 and Hdmx bind p53 with similar
requirements (3, 8). To investigate whether these domains can
functionally replace each other regarding ubiquitylation and
degradation of p53, they were exchanged between Mdmx and
Mdm?2 (Fig. 1A).

These chimeras, x22 and 2xx, were coexpressed with p53 in
p53- and mdm2-null cells, with wild-type Mdm2 and Mdmx as
controls. Duplicate transfected dishes were either incubated
with the proteasome inhibitor MG132 (to allow detection of
p53 ubiquitylation) or mock treated (to allow detection of p53
degradation) 4 h prior to harvesting of the cells. The degrada-
tion and in vivo ubiquitylation of p53 were investigated as
described previously (30, 33). The results show that the x22
hybrid can ubiquitylate and degrade p53 as efficiently as Mdm?2
(Fig. 1B, lanes 2 and 5), while the 2xx hybrid, like Mdmx, lacks
both activities (Fig. 1B, lanes 3 and 4). The Mdmx and 2xx
proteins are both cytoplasmic and nuclear in the p53- and
mdm?2-null cells. However, directing the expression of these
proteins exclusively to the nucleus by fusing the simian virus 40
NLS at the N terminus does not change the inability to ubiq-
uitylate or degrade p53 (data not shown). To confirm these
activities in an independent assay, the same constructs were
expressed in C33A cells in order to investigate their abilities to
degrade endogenous mutant p53. Again, only Mdm?2 (Fig. 1Ca,
b, and c) and the x22 chimera (Fig. 1Cj, k, and 1) degraded p53.
A protein is scored as being able to degrade p53 when at least
80% of strongly positive cells show a significant reduction in
the p53 signal. We found with the in vivo ubiquitylation assay
that the ubiquitylation of endogenous mutant p53 in C33A
cells is increased upon transfection of Mdm?2 or a degrading
chimera, while a nondegrading Mdm2 mutant or chimera has
no effect (data not shown). This result indicates that degrada-
tion of p53, as scored by immunofluorescence, and enhanced
ubiquitylation are correlated. As mentioned above, in the
C33A cells the Mdmx protein, as well as 2xx, is mainly nuclear.
This localization is dependent on an intact Mdmx RING do-
main (see also below). Since these results show that the origin
of the p53-binding domain does not affect the ubiquitylation
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and degradation of p53, most subsequent chimeras tested con-
tained the p53-binding domain of Mdm?2, allowing simulta-
neous detection of the Mdm2-Mdmx chimeras with the
anti-Mdm?2 antibody 4B2.

A complete Mdm2 RING is essential for efficient ubiquity-
lation and degradation of p53. As a basis for further chimeras
we exchanged the ZF/RF domain of Mdm? for that of Mdmx,
creating 22x (Fig. 2A). This chimeric protein, as well as the
derived RING finger chimeras (see below), contains the NLS/
NES region of Mdm2 and is predominantly located in the
nucleus. As expected, the 22x chimeric protein could not ubig-
uitylate or degrade p53 in p53- and mdm2-null cells or in
H1299 cells (Fig. 2B and C, lanes 5 and 6). In H1299 cells some
lower-molecular-weight ubiquitylated p53 species were almost
always detected; these are most likely the result of an interac-
tion with the endogenous Hdm?2 (30). However, this ubiquity-
lation is insufficient to target p53 for degradation, a finding
supported by the observation that treatment with a proteasome
inhibitor does not lead to stronger accumulation of ubiquity-
lated p53. The RING fingers of Mdmx and Mdm?2 are rather
well conserved on the amino acid level (51% identity), and so
we investigated whether any part of the Mdmx RING could
replace the function of the Mdm2 RING. First, we generated
chimeras by use of the Pmill site (residues 461 and 462 in
Mdm?2), generating 22(2-x)P and 22(x-2)P (Fig. 2A). Fang et
al. have shown that cysteine 449 of Hdm2 (C447 in Mdm?2) is
essential for the degradation of p53 by Hdm2 (6). The analo-
gous position in Mdmx contains an asparagine (N447), and so
we mutated N447 to C447 within the 22(x-2)P chimera. The
activities of these chimeras were tested following cotransfec-
tion with p53 into p53- and mdm2-null cells and H1299 cells.
All the chimeric proteins that contain part of the Mdmx RING
lost the ability to ubiquitylate and degrade p53, although the
22(2-x)P protein showed some residual p53 ubiquitylation (Fig.
2B and C, top panels). Furthermore, no significant self-ubig-
uitylation activity was detected (Fig. 2B and C, bottom panels).
22(2-x)P showed some minor higher-molecular-weight forms
in p53- and mdm2-null cells, possibly indicating some self-
ubiquitylation (Fig. 2B, bottom panel, lanes 7 and 8), but the
half-lives of all these chimeric proteins, as measured by a
cycloheximide pulse-chase experiment with H1299 cells, were
much prolonged compared to that of Mdm?2 (data not shown).
These results show that the C-terminal 27 aa of the Mdm?2
protein (aa 463 to 489), only 14 of which are part of the RING
domain, are essential for the ubiquitin ligase activity. The in-
ability of these chimeric proteins to degrade p53 was confirmed
by transfection into C33A cells and investigation of the level of
endogenous p53 by immunofluorescence (data not shown).

To investigate whether a small N-terminal part of the Mdm?2
RING could be functionally replaced by the analogous part of
the Mdmx RING, we created chimeras by use of the Agel site
at aa 453 and 454, generating 22(2-x)A and 22(x-2)A. The
22(x-2)A construct was also made with the N447C mutation
(Fig. 3A). These chimeras were coexpressed with p53 in p53-
and mdm2-null cells and H1299 cells, and it was found that all
these chimeras are impaired in the ability to ubiquitylate and
degrade p53 (Fig. 3B and C, top four panels). Transfection of
the 22(x-2)A N447C construct resulted in the detection of
ubiquitylated p53 species (Fig. 3B and C, top panels, lanes 11
and 12). However, the amount of ubiquitylated p53 did not
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FIG. 2. Mdm2-Mdmx swaps at the C terminus of the RING finger inhibit ubiquitin ligase activity. (A) Schematic representation of Mdmx-
Mdm?2 chimeras with exchanges at the C terminus of the RING domain. (B) p53- and mdm2-null cells were transfected in duplicate with 200 ng
of p53, with or without 1 g of the indicated constructs, and with 1 pg of the His-ubiquitin expression vector and 1 pg of CMV-LacZ. Cells were
either treated with 20 pM MG132 or mock treated 4 h before harvesting. Western blot analysis was performed on ubiquitylated proteins
(His-purified) and total cell lysates. p53 was detected with DO-1, Mdm?2 and chimeric proteins were detected with 4B2, and LacZ was detected
with D19-2F3-2. (C) H1299 cells (in 9.4-cm-diameter dishes) were transfected with 500 ng of p53, with or without 2 ug of constructs, and with 2
pg of a His-ubiquitin expression vector and 2 pg of CMV-LacZ. Transfected cells were treated, and lysates were subsequently analyzed, as

described for panel B.

increase upon treatment with the proteasome inhibitor and
pS3 was not degraded, suggesting that the ubiquitylation ob-
served was not sufficient for degradation. The lack of degra-
dation can be explained by the fact that the high-molecular-
weight ubiquitylated pS53 proteins were underrepresented
relative to the low-molecular-weight ubiquitylated p53 species,

compared to the ubiquitylation pattern of p53 observed after
coexpression with Mdm?2. In addition, relative to the total level
of p53, the level of ubiquitylated species is much lower than
that seen after coexpression of Mdm2. Taken together, these
results indicate that a complete Mdm2 RING is necessary for
efficient polyubiquitylation of p53 such that it can be degraded
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stained for expression of the chimeric proteins with 4B2 (a, d, and g) and for expression of p53 with FL393 (b, e, and h). Nuclei were stained with

4',6'-diamidino-2-phenylindole (DAPI) (c, f, and i).

by the proteasome. The failure of these chimeric proteins to
degrade p53 was confirmed by expression in C33A cells (Fig.
3D). Furthermore, these chimeric proteins were also virtually
unable to self-ubiquitylate in both cell types (Fig. 3B and C,
bottom panels), thereby enhancing their half-lives compared to
that of Mdm?2 (data not shown).

The results obtained with the 22(x-2)A and 22(x-2)A N447C

chimeras do not formally prove that the defect in pS3 ubiqui-
tylation and degradation is due to modification of the function
of the RING domain, since a contribution of the region con-
taining the Zn finger and the linker sequences to the RING
finger cannot be excluded. To investigate this possibility, the
complete Mdm2 RING was substituted for the Mdmx RING in
22x, generating 22(x-2)Afl (Fig. 3A). Expression of this chi-



4934 MEULMEESTER ET AL.

Py

MoL. CELL. BIOL.

mdmzh
mdm2
p5a wl wl wl

woe ][]

A2xg 2 2x2g AAD

“nis ks -nis nis wl wl wl
| | | I | | W

S 2 '
- - P
: -— -
e | - T T
Tolal -
Iysale I"""'_--ﬂ-‘"—---—--—-—-—-—lI---—._._._._ILH:Z
[ . e [C] ] —-— T
e
Mdma
! b
Hes-punbed
- —
1 2 3 4 65 6 78 9 10 11121314 15 16 17 18 19 20
PSYmdm2 null colls
mdm2 22 xR 2 Aed2 AAD
mdm2 wt nis wl
ps3 wt wt w ls  nis nis nis wl w wl
wee FIE M1 FIEr Ar 1 Frr
Hes pundsed
- __ ! - | [
—— — ——— - - -
—_ — —— —— —— -
Tolal -
e e T T
| | T
a-M2Mx g - . .
AT EI.—#, --' Mdm2ix
o - - - s W _"---
-
12 3 4 5 6 78 9 10 1112 13 14 15 16 17 18 19 20
H1299 cells

FIG. 4. A central part in Mdm?2 is essential for p53 ubiquitylation. (A) Schematic representation of the Mdmx-Mdm?2 chimeras containing
swaps in the central part and of the Mdm2AAD deletion mutant. (B) Immunofluorescence analysis of C33A cells transfected with 2x2 or NLS-2x2.

Cells were stained for 2x2 with 4B2 (a and d) and for p53 with FL.393
(cand f). (C and D) p53- and mdm2-null cells (C) and H1299 cells (D
proteins and total lysates were analyzed as described for Fig. 2B.

meric protein in C33A cells resulted in degradation of the
endogenous p53 (Fig. 3D), indicating either that the region
between aa 304 and 413 of Mdm?2 is not important for p53
degradation and ubiquitylation or that the analogous region of
Mdmx can fulfill the same function.

A central part of Mdm2 is essential for ubiquitylation of
p53. Since the RING finger of Mdm?2 is responsible for ubig-
uitin ligase activity, we investigated if substituting the ZF/RF
domain of Mdmx for that of Mdm?2 in 2xx, generating 2x2 (Fig.
4A), would result in p53 ubiquitylation and degradation. Since
this chimeric protein lacks the NLS of Mdm?2 and contains the
RING of Mdm?2, it is mainly localized in the cytoplasm. Trans-
fection into C33A cells showed the cytoplasmic localization
and lack of degradation of endogenous p53 (Fig. 4Ba, b, and

(b and e); nuclei were stained with 4’,6'-diamidino-2-phenylindole (DAPI)
) were transfected in duplicate with the indicated constructs. Ubiquitylated

¢). Fusion of the simian virus 40 NLS signal at the N terminus
resulted in nuclear localization but not in degradation (Fig.
4Bd, e, and f). The 2x2 construct was also cotransfected with
p53 into p53- and mdm2-null cells (Fig. 4C) and H1299 cells
(Fig. 4D) in order to further examine the ubiquitylation pat-
tern and degradation of p53. Since the 2x2 protein is cytoplas-
mic, in this transfection assay a p53 mutant lacking the main
NLS was used, and an Mdm2 mutant lacking the NLS was used
as positive control. We and others have shown previously that
these mutant proteins are indeed predominantly cytoplasmic
but that ubiquitylation and degradation of p53 still occurs very
efficiently in the cytoplasm (1, 30, 34, 35). The 2x2 protein is
virtually incapable of ubiquitylating p53, and no degradation
was observed (Fig. 4C and D, top two panels, lanes 11 and 12).
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Importantly, the ubiquitin ligase activity per se of the 2x2
chimera remained, since self-ubiquitylation could still be de-
tected (Fig. 4C and D). The amount of ubiquitylated 2x2 spe-
cies appears to be small in the p53- and mdm2-null cells, but
this is probably caused by the fact that the 2x2 protein is very
unstable in these cells, and even after MG132 treatment, ac-
cumulation of the protein is much less than that of Mdm?2. In
H1299 cells the 2x2 protein appears to be more stable, an
observation for which we have no explanation at the moment.
To further define which part within the middle domain is
important for p5S3 ubiquitylation and degradation, the NLS/
NES region or the acidic domain-containing region of Mdm?2
was substituted for that of Mdmx in this chimera, creating
2(2-x)2 and 2(x-2)2, which accumulate in the nucleus and cyto-
plasm, respectively (Fig. 4A). It was found with both cell types
that the 2(x-2)2 chimera very efficiently ubiquitylates and de-
grades p53 (Fig. 4C and D, top two panels, lanes 13 and 14)
while the 2(2-x)2 chimera is unable to do so (lanes 5 and 6),
showing a critical importance of the Mdm2 acidic domain-
containing region.

Apparently, the Mdm2 NLS/NES-containing region either is
dispensable for this function or has a function that can be
fulfilled by the analogous region of Mdmx. These results were
confirmed by transfection into C33A cells. Interestingly, al-
though the 2(x-2)2 protein is mainly cytoplasmic, in a propor-
tion (10 to 20%) of the transfected C33A cells the endogenous
p53 was still degraded (data not shown). The same observation
was made with the Mdm2 NLS mutant (data not shown). Both
chimeras still showed self-ubiquitylation, apparently low com-
pared to that of Mdm?2 (Fig. 4C and D, bottom panels, lanes 5,
6, 13, and 14). However, the levels of ubiquitylated species
relative to total levels are similar after expression of Mdm?2 or
the different chimeras. Like 2x2, these chimeric proteins are
expressed at low levels because of a short half-life in p53- and
mdm2-null cells.

It has been reported that certain deletion mutants of Mdm?2
lacking part of the acidic domain were impaired in the degra-
dation, but not the ubiquitylation, of p53 (1, 36). The fact that
the 2(2-x)2 chimera, in contrast, is unable to ubiquitylate p53
could mean that the acidic domain-containing region of Mdmx
has a dominant-negative effect on the ubiquitylation of p53 by
Mdm2. To investigate this possibility, we deleted this region
(aa 202 to 302) from Mdm?2, creating Mdm2AAD (Fig. 4A).
Coexpression of Mdm2AAD with p53 resulted in the same
pattern of ubiquitylation as that of 2(2-x)2, with only the lower-
weight bands of ubiquitylated p53 detected (Fig. 4C and D,
upper panels, lanes 19 and 20). This result led us to conclude
that at least part of the acidic domain-containing region is
necessary for the ubiquitylation of p53, in addition to the
function essential for the degradation of ubiquitylated p53. In
contrast to the chimeric proteins with exchanges in the middle
domain, Mdm2AAD also showed impaired self-ubiquitylation
(Fig. 4C and D, bottom panel, lanes 19 and 20), suggesting that
the acidic domain-containing region of Mdmx can fulfill a
function necessary for this activity.

The acidic domain and the RING finger can cooperate in
trans. In the transfection studies in C33A cells we encountered
an interesting result. It had been shown previously that, in
contrast to its location in C33A cells, Hdmx is mainly cytoplas-
mic in most other cell types, e.g., U20S cells, but Mdm?2 could
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efficiently translocate Hdmx into the nucleus (22). We won-
dered whether the cytoplasmic chimeric proteins could also be
translocated in this way. To that end we expressed xx2 and 22x,
either alone or together, in C33A cells. Figure 5B shows that
xx2 is cytoplasmic (Fig. 5Ba, b, and c) and 22x is nuclear (Fig.
5Bj, k, and 1). When these two chimeric proteins were coex-
pressed, xx2 was translocated into the nucleus (Fig. 5Bd, e, and
f). In these cotransfections more than 80% of the transfected
cells expressed both proteins. Double staining of the cells from
the same transfections with anti-Mdmx and anti-p53 or with
anti-Mdm?2 and anti-p53 antibodies showed that, as expected,
neither xx2 (Fig. 5Bg, h, and i) nor 22x (Fig. 5Bj, k, and 1) was
able to degrade the endogenous p53. However, after cotrans-
fection of xx2 and 22x, endogenous p53 was either absent or
present at very low levels in the cells expressing xx2 in the
nucleus (Fig. 5Bm, n, and o). The same observation was made
for the majority of the 22x-positive cells from the same co-
transfection (data not shown). Taken together with the results
obtained with the 2(x-2)2 and 2(2-x)2 hybrids, these findings
allowed us to hypothesize that the two important domains for
p53 ubiquitylation, the acidic domain-containing region and
the RING finger, would be able to function independently in a
trans fashion. To investigate this possibility, further transfec-
tions into p53- and mdm2-null cells were performed. It was
found that, when either Mdm2AAD or 2(2-x)2 was coex-
pressed with 22x, p53 was efficiently ubiquitylated and de-
graded, while these proteins individually did not have these
capacities (Fig. 5C). Transfection of the same chimeras into
C33A cells confirmed these results. In C33A cells additional
transfections were performed with an Mdm2 mutant from
which the p53-binding domain (aa 1 to 111) was deleted
(M2Ap53) but which contained an N-terminal Myc tag. Since
M2Ap53 cannot bind p53, it failed to degrade p53 (Fig. 5Bs, t,
and u). As a control to ensure that the Myc tag did not inter-
fere with Mdm?2 function, a Myc-tagged Mdm?2 was also trans-
fected and was found to degrade p53 (data not shown). Co-
expression of M2Ap53 with 22x in C33A cells resulted in
degradation of p53 (Fig. 5Bp, q, and r), indicating that the
complementing proteins do not necessarily both require the
ability to bind p53. These results strongly indicate that the
RING domain and a central part in Mdm2 comprise two do-
mains that perform distinct functions in the ubiquitylation of
p53.

DISCUSSION

In this study we investigated the roles of different domains in
Mdm?2 in the ubiquitylation and degradation of p53. In con-
trast to earlier studies, in which parts of Mdm2 were deleted (1,
33), we swapped domains between the structurally homologous
Mdm?2 and Mdmx proteins. It has been shown previously that
Mdmx has no detectable in vivo ubiquitin ligase activity toward
p53 (27). In addition, in vitro ubiquitylation studies revealed
no detectable ubiquitin ligase activity of Mdmx, either toward
p53 or toward itself (data not shown). Exchanges within and
around the RING finger of Mdm?2 and Mdmx indicated that a
complete Mdm2-derived RING is necessary for efficient polyu-
biquitylation and degradation of p53. To our surprise, a chi-
meric Mdm2-Mdmx protein containing only aa 202 to 302 of
Mdmx could not significantly ubiquitylate p53, although it still
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analyzed as described for Fig. 2B.

showed self-ubiquitylation. Deletion of the same region from
Mdm?2 affected the ability to ubiquitylate p53 similarly. How-
ever, this deletion mutant also showed an impaired ability to
self-ubiquitylate, and it accumulated to higher levels than wild-
type Mdm?2. The latter observations correlate well with earlier
reports showing that Mdm?2 mutants lacking small parts within
this region have greater stability than wild-type Mdm?2 (1, 36).
These data suggest that the analogous region in Mdmx can
fulfill a function that is necessary for self-ubiquitylation but
cannot provide an activity essential for efficient pS3 ubiquity-
lation. The mechanism by which the central region of Mdm?2
affects p53 ubiquitylation is still elusive. It has been reported
that the ARF protein inhibits p53 ubiquitylation by binding to
Mdm?2 (33). However, Mdm?2 deletion mutants (A222-272 and
A217-247) (1, 36) that should not bind ARF can still ubiqui-
tylate p53. This finding indicates that ARF binding and
deletion of sequences that are needed for ARF binding have

distinct functional effects. However, it is possible that the in-
hibition of p53 ubiquitylation by ARF has a stronger effect on
the structure of the Mdm?2 protein than deletion of a number
of amino acids. In addition, it has been reported that pRB can
inhibit the degradation of p53 by Mdm?2 (13). Since the pRB-
binding domain on Mdm?2 partly overlaps with the region de-
leted in our Mdm2AAD mutant, it could be hypothesized that
pRB binding to Mdm?2 has the same effect as deletion of the
middle region and thus represses the ubiquitylation of p53.
Our preliminary results indicate that strong overexpression of
PRB can partially inhibit p53 ubiquitylation, but the effect is
much less than that observed after deletion of the central
domain. Both ARF and pRB could, through their interaction
with Mdm2, prevent the binding of other proteins essential in
ubiquitylation. Binding of p300 in the central region of Mdm?2
has also been shown to stimulate the ability of Mdm2 to de-
grade p53. However, the loss of p300 binding apparently leads
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not to decreased ubiquitylation but to a degradation defect of
the ubiquitylated p53 (36). Similarly, mutations of several
phosphorylatable serines within the acidic domain of Mdm?2
have the same effect in that only degradation, not ubiquityla-
tion, of p53 is impaired (2).

It has recently been shown that acetylation of p53 prevents
the ubiquitylation of these acetylated lysines and that deacety-
lation is required for Mdm2-mediated ubiquitylation and deg-
radation (14, 19). It was found that Mdm?2 interacts with an
HDACT-containing complex and recruits this complex to p53,
leading to its deacetylation. It is tempting to speculate that the
Mdm2AAD mutant can no longer recruit this HDACI1-con-
taining complex, resulting in impaired deacetylation and, con-
sequently, reduced ubiquitylation. This model could also ex-
plain the complementation that is observed when two proteins,
each alone incapable of ubiquitylating and degrading p53, can
perform these functions together. Complementation needs p53
binding by at least one of the proteins. An active RING do-
main and an intact acidic domain can be provided by separate
proteins. It can be hypothesized that the enzymatic activities
needed for full ubiquitylation of p53, deacetylation and ubig-
uitin ligation, are fulfilled by these two main domains. The
RING directs the ubiquitin ligase activity, and the acidic do-
main is essential for recruitment of the HDACI-containing
complex. This would also imply that complementation can
occur only when the complementing proteins are both in a
complex with p53. The experiments for which results are shown
in Fig. 5 were all performed with complementing proteins, of
which one contained the RING of Mdm2 and the other con-
tained the RING of Mdmx. These RING domains are known
to form a strong interaction, and we have indeed found that
these proteins can very efficiently be coimmunoprecipitated,
in a complex together with p53 (data not shown). Although
less efficiently, we can find some degradation of p53 in C33A
cells with the combination of Mdm2Ap53 and Mdm2AAD
(~20% of the Mdm2AAD-expressing cells), correlating with a
much less efficient coimmunoprecipitation. The interaction
might still take place via Mdm2 RING finger homodimeriza-
tion. In addition, we find a somewhat stronger effect (~25% of
Mdm2AAD-expressing cells) by the combination of Mdm2AAD
with Mdm2Ap53ARING (the latter deletion mutant of Mdm?2
lacks both the p53-binding domain and the RING finger).
Also, these proteins can be coimmunoprecipitated, together
with p53, although again with low efficiency. These data are in
agreement with the results described in the accompanying
report by Kawai et al. (16a), in which it is shown that an
Mdm2AAD mutant, very similar to ours, can be comple-
mented by a short Mdm?2 protein essentially representing
only the NLS/NES region and the acidic domain. We have
no direct evidence for the mechanism that recruits the
Mdm2Ap53ARING protein to the p53/Mdm2AAD complex.
However, it has been found that the RING domain of Mdm2
can not only homodimerize but also interact with the Mdm?2
central acidic region (5), and this interaction was reported not
to inhibit the E3 ligase activity of Mdm2. Although perhaps
less likely, the possibility that the central domain of Mdm?2 is
mediating a direct association with p53 is not excluded. Al-
though the major binding sites within both Mdm2 and p53
have been localized to the N termini of the proteins, there is
precedent for the contribution of other regions to the interac-
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tion. Shimizu et al. found that an Mdm2-RNA complex asso-
ciates not only with the N-terminal part but also with the core
domain of p53 (28). Mutations in the p53 core domain that
affected this second association also affected the ubiquitylation
of p53 by Mdm2, in a manner dependent on the presence of
the N-terminal binding site in p53. The region in Mdm?2 that
binds to the p53 core was not determined, but the central
domain of Mdm?2 could be the second p53-binding site.

Apart from a recruitment function of proteins helping
Mdm?2 in the ubiquitylation of p53, it is possible that the
central domain somehow induces a conformational shift in p53
in such a way that the lysines to be ubiquitylated are more
available. It has been suggested previously that the ubiquityla-
tion of p53 is a stepwise process accompanied by a conforma-
tional alteration (9). In conclusion, we have shown that a
central domain in Mdm?2 has a critical function in the ubiqui-
tylation of p53. Elucidation of the mechanism of p53 regula-
tion, including the Mdm2-mediated degradation, is important
for understanding the tumor suppressor functions of p53 and
may lead to additional targets for p53 reactivation in cancer
therapy.
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