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Mdm2 and MdmX are important negative regulators of the tumor suppressor p53. Structurally homolo-
gous Mdm2 and MdmX inhibit p53 by directly blocking p53 transcriptional activation. Mdm2 also
modifies and targets p53 for 26S proteasome dependent protein degradation through E3 ligase activity
mediated by its C-terminal RING domain. However, MdmX lacks intrinsic E3 ligase activity and fails to

Keywords: catalyze ubiquitination of p53 despite containing a conserved RING domain. Thus, a comparative
mgm)z( structural analysis between the Mdm2 and MdmX RING domains offers a unique way to elucidate the
E3 limg e distinct functions of the two proteins in ubiquitination. We performed site-directed mutagenesis of

the MdmX RING domain and found that the substitution of the residue N448 for cysteine and the
substitution of the residue K478 for arginine granted MdmX RING domain ubiquitination activity. The
structural analysis of the Mdm2 and MdmX RING domains revealed that the residue C449 of Mdm2
(structurally homologous to MdmX RING N448) located at the Mdm2 RING dimer interface is critical
for the stability of the RING dimer structure, while the residue R479 (structurally homologous to MdmX
RING K478) plays a role in recruiting and activating the ubiquitin E2 conjugating enzyme. This study

Ubiquitination

provides new insight into the molecular mechanism of Mdm2 RING domain mediated ubiquitination.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Mdm2 (Murine Double Minute 2), the key negative regulator
and primary E3 ligase for the tumor suppressor protein p53, is
strongly associated with cancer development and progression.
The MDM?2 gene is amplified or overexpressed in more than 10%
of all cancers, 40-60% of human osteogenic sarcomas and about
30% of soft tissue sarcomas [1-3]. Overexpression of Mdmz2 is more
frequently detected in low-grade and advance-stage hematological
malignancies where p53 is commonly inactivated through nega-
tive regulation rather than gene mutation [4]. Mdm2 functions as
a master negative regulator of the tumor suppressor p53. Acting
as a transcription factor, the p53 protein responds to genomic or
oncogenic stress signals to activate a wide range of genes that
cause tumor suppression by cell cycle arrest, apoptosis and senes-
cence. The interaction between Mdm2 and p53 directly inhibits
p53 transcription activity and blocks p53 dependent activation of
downstream effectors [5]. More importantly, Mdm?2 is the primary
E3 ligase for p53, which modifies p53 by a process known as
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ubiquitination and targets p53 for the 26S-proteasome mediated
protein degradation [6]. The critical role of Mdm?2 in p53 regulation
was clearly demonstrated by the p53 dependent embryonic lethal-
ity of Mdm2 knockout mice, which can be rescued by deletion of
the p53 gene [7,8]. Thus, aberrant regulation of Mdm2 is a key fac-
tor in the inactivation of p53 in cancer cells and represents an
important therapeutic target to restore p53 tumor suppressive
activity in many forms of malignancy. In contrast to the rich struc-
tural knowledge on the interaction between p53 and Mdmz2, little
information is available about the active site for Mdm2 E3 ligase
activity, which hinders the development of Mdm?2 inhibitors tar-
geting its E3 ligase activity. Ubiquitination activity of Mdm?2 is
attributed to its C-terminal RING domain, which performs a direct
transfer of ubiquitin from a ubiquitin E2 conjugating enzyme onto
its substrate proteins. Several research studies have made attempts
to characterize the mechanism of RING domain mediated ubiquitin
transfer; however, mechanistic details still remain poorly under-
stood [9-11].

MdmX, Murine Double Minute X (also referred to as Mdm4), is
another important negative regulator of p53. It is homologous to
Mdm?2 in both domain arrangement and inhibition of p53 tran-
scriptional activity [12,13]. Similar to Mdm2, MDMX gene knock-
out in mice caused p53 dependent embryonic lethality, and the
phenotype was rescued with a TP53 gene knock-out [14]. Mdm2
and MdmX form a dimer via their C-terminal RING domains, which
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leads to Mdm?2 stabilization and more efficient inhibition of p53
[15]. Although the MdmX RING domain shares 54% sequence iden-
tity with the Mdm2 RING domain and is structurally indistinguish-
able, it does not possess intrinsic E3 ligase activity [15-17].
However, the molecular basis for the lack of E3 ligase activity of
the MdmX RING domain is still unknown.

Previously, our group and others have mapped the active site of
the Mdm?2 RING domain by mutating specific residues and testing
whether these mutations resulted in a loss of the RING domain
function [9-11,18]. Through this approach, a unique surface area
was identified which appeared to contribute to Mdm2 E3 ligase
activity [9]. It was formed by the basic residues surrounding the
E2 binding site and the residues at the C-terminus of the RING
domain responsible for mediating Mdm2 dimerization. This
approach provided a quick road map for understanding the mech-
anism of Mdm2 mediated ubiquitination. However, it did not
pinpoint the exact role of each residue, or reveal whether the
mutation affected Mdm?2 structurally or catalytically. Here we con-
duct a site-directed mutagenesis study on the RING domain of
MdmX to further delineate the mechanism of the Mdm2 RING
domain-mediated ubiquitination and identify the residues critical
for this process. A comparative structural analysis revealing these
subtle differences between the Mdm2 and MdmX RING domains
will offer critical information on the active site of the RING domain
that makes Mdm?2 active, but MdmX inactive.

2. Materials and methods
2.1. Molecular cloning and site-directed mutagenesis

MdmX RING (416-491) was cloned from the human MdmX
(1-491) into pET-15b (Novagene) and pGEX-2TK (GE) expression
vectors. Mutagenesis of the MdmX RING domain was carried out
using QuikChange® Site-Directed Mutagenesis Kit.

2.2. Protein expression and purification

All proteins were expressed in Escherichia coli BL21 DE3 Codon
Plus cells (Stratagene) using 1 mM IPTG for 16 h at 16 °C. 150 uM
ZnCl, was added to the growing bacterial cultures. Hisg-tagged
and GST-tagged wild-type and mutated proteins were purified
using standard nickel and GST affinity chromatography proce-
dures, respectively. All protein samples were stored at —80 °C until
use.

2.3. In vitro ubiquitination assays

A single ubiquitination reaction contained 0.1 pug of E1, 0.2 pg of
UbE2D2, and 5 pg of ubiquitin. 0.5 pg of either Mdm2 RING or
MdmX RING (Hisg-tagged RING domains) was used as E3. For
MdmX ubiquitination, 0.5 pg of GST-tagged MdmX full-length
was added into the ubiquitination reaction. The reactions were
performed in 20 pl in the buffer containing 50 mM Tris pH 7.6,
5 mM MgCl,, 2 mM DTT, 0.1x protease inhibitor, and 2 mM ATP.
Following a 90-minute incubation at 30 °C, 5x SDS-PAGE sample
buffer was added to stop the reactions. Polyubiquitination was
visualized by immunoblotting using a ubiquitin specific monoclo-
nal antibody (Covance). Ubiquitination of the GST-tagged MdmX
was visualized using a monoclonal anti-GST antibody (GE
Healthcare).

2.4. Protein structural analysis

Solution structure of the Mdm2 RING homodimer (PDB 2HDP)
and crystal structure of the Mdm2/MdmX RING heterodimer

(PDB 2VJE) were used to analyze the Mdm?2 or MdmX RING domain
[10,19]. The computer model of the E2-E3 complex was generated
using the crystal structure of the cIAP2-UbcH5B complex (PDB
3EB6) and the crystal structure of the Mdm2/MdmX RING hetero-
dimer (PDB 2VJE) [10,20]. The Mdm2 RING and MdmX RING
subunits were aligned with the cIAP2 RING domain. PyMol was
used for structural analysis and for generating figures.

3. Results
3.1. Sequence analysis of the Mdm2 and MdmX RING domains

It is hypothesized that amino acid differences between the RING
domains of Mdm2 and MdmX may be responsible for their
functional differences. To test this hypothesis, a sequence and
structural analysis of the Mdm2 and MdmX RING domains was
performed to compare their catalytic sites. As shown by the
sequence alignment, the Mdm2 and MdmX RING domains are
highly conserved throughout evolution (Fig. 1A). There are 30 con-
served residues forming the core structure of the RING domain
composed of three B-strands and one a-helix. Among these con-
served residues are six cysteines and two histidines, which are
important for the coordination of two zinc ions and essential for
proper folding of the RING domain [21]. There are 34 different res-
idues between Mdm2 and MdmX that are distributed throughout
the RING domain structure with the majority located in the loop
region (Fig. 1A, non-shaded residues within sequence alignment).
The fact that these residues were not conserved between Mdm?2
and MdmX indicates the possibility of these residues being respon-
sible for E3 ligase activity of the Mdm2 RING domain. In order to
understand the role of these residues in the Mdm2-mediated
ubiquitination, a set of residues of the MdmX RING domain were
chosen to be mutated into the corresponding Mdm2 RING residues.
These residues include MdmX S438 and E441 located in close prox-
imity to the first zinc coordination site; T459, H462, and K478,
located at the putative E2 enzyme interaction surface, and N448
and R453 within the dimerization interface of the RING domain
dimer (Fig. 1B). Site-directed mutagenesis of these MdmX RING
domain residues was performed, and the mutated MdmX RING
domains were tested for their E3 ligase activity.

3.2. E3 ligase activity of the MdmX RING domain mutants

In this study, three single MdmX RING domain mutants (N448C,
T459A, and K478R) and four double mutants (S438V/E441Q,
N448C/K478R, R453K/K478R, and T459A/H462T) were generated.
The mutant MdmX RING domains were purified as Hisg-tagged
proteins and tested for their E3 ligase activity using in vitro ubiqui-
tination assays.

We tested the ability of MdmX RING domain mutants to per-
form autoubiquitination, which is a covalent attachment of ubiqui-
tin molecules onto the E3 ligase itself (wild-type and mutated
MdmX RING domains) (Fig. 2A). In this assay, the wild-type
Mdm2 RING domain was used as the positive control and the
wild-type MdmX RING domain as the negative control. Each reac-
tion included E1, E2 (UbE2D2/UbcH5B), Hisg-tagged E3 (Mdm?2
RING, MdmX RING, or MdmX RING mutant), ubiquitin, and ATP.
The efficiency of the E3 ligase in each reaction was evaluated based
on the amount of the polyubiquitin chain produced, which was
detected by immunoblotting using an antibody against ubiquitin.
As expected, Mdm2 RING domain demonstrated strong autoubiq-
uitination activity. MdmX T549A mutant did not show any auto-
ubiquitination activity. MdmX K478R, T459A/H462T, S438V/
E441Q, and R453K/K478R mutants gained weak ubiquitination
activity. Interestingly, a point mutation N448C and a double
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Fig. 1. Sequence analysis of the Mdm2 and MdmX RING domains. (A) Top panel, Domain arrangement of Mdm2 and MdmX. Bottom panel, Secondary structure and sequence
alignment of the Mdm2 and MdmX RING domains from different species. Conserved and less conserved residues between Mdm2 and MdmX RING domains are highlighted in
black and gray, respectively. The zinc coordinating cysteine and histidine residues are indicated by blue circles. The residues that were mutated within the dimerization and
E2 binding regions are shown by blue and red stars, respectively. (B) Left panel, Ribbon diagram of the crystal structure of the Mdm2/MdmX RING domain heterodimer (PDB
2VJE). Right panel, Structural superposition of the Mdm2 and MdmX RING domain monomers. The Mdm2 RING domain is colored in gray and MdmX RING in blue. The Mdm2
and MdmX RING domain residues under investigation are shown in sticks and labeled in black and red, respectively.

mutation N448C/K478R granted the MdmX RING domain the abil-
ity to ubiquitinate itself similarly to the Mdm2 RING domain. This
suggested that the respective residues Mdm2 C449 and R479 play
important roles in the Mdm2-mediated ubiquitination (Fig. 2B).
Following autoubiquitination, the MdmX RING domain mutants
were tested for the ability to perform substrate ubiquitination
(Fig. 2B-D). As MdmX is one of the ubiquitination substrates of
Mdmz2, the wild-type full-length GST-tagged MdmX was used as
a substrate in an independent in vitro ubiquitination experiment.
Ubiquitinated full-length MdmX was detected by immunoblotting
using an anti-GST tag antibody (Fig. 2B and C). As expected, the
Mdm2 RING domain showed strong ability to ubiquitinate the
full-length MdmX, whereas the MdmX RING domain showed no
ubiquitination activity. In the experiment using the MdmX domain
mutants as the E3 ligase, only the double substitution N448C/
K478R was able to ubiquitinate the full-length MdmX similarly
to wild-type Mdm2 activity. MdmX N448C and K478R showed

weak activity in ubiquitination of the GST-tagged full-length
MdmX. In addition, the total polyubiquitination was detected
using a ubiquitin specific antibody (Fig. 2B and D). Consistent with
the results from the previous autoubiquitination assay (Fig. 2A),
MdmX K478R showed weak E3 ligase activity, while MdmX
N448C and N448C/K478R demonstrated strong activity in catalyz-
ing polyubiquitination (Fig. 2D). Thus, the Mdm2 RING domain
residues C449 and R479 were found to be important for ubiquiti-
nation of the full-length MdmX. Interestingly, MdmX N448C could
not ubiquitinate the substrate full-length MdmX similarly to wild-
type Mdm?2 despite its ability to catalyze polyubiquitination.

3.3. Structural analysis of the MdmX RING domain mutants
Since the mutants MdmX N448C and K478R were able to gain

E3 ligase activity similarly to levels seen in wild-type Mdm2, struc-
tural analysis of the Mdm2/MdmX RING domain was carried out to
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Fig. 2. Ubiquitination activity of the MdmX RING domain mutants. (A) Autoubiquitination activity of the Mdm RING domains was investigated with an in vitro ubiquitination
assay containing E1, E2, ubiquitin, and ATP using the MdmX RING domain mutants as an E3 ligase. Ubiquitination activity was detected using a ubiquitin specific antibody. (B)
E3 ligase activity exhibited by the wild-type Mdm2 and MdmX RING domains, as well as of the mutated MdmX RING domains is estimated based on the intensity of the
polyubiquitination signal and is summarized in the table. (C and D) Ubiquitination of the GST-tagged MdmX by the MdmX RING domain mutants. (C) Ubiquitination of the
GST-MdmX was detected using an antibody against GST. (D) Total ubiquitination was detected using a ubiquitin specific antibody.

understand the roles of these two residues in the Mdm2 RING
domain mediated ubiquitination.

In the Mdm2/MdmX dimer structure, Mdm2 C449 and MdmX
N448 are located at central p-barrel with the side chains protrud-
ing into the central space from the opposite sides. When overlay-
ing the Mdm2 RING and MdmX RING domain monomers, Mdm2
C449 and MdmX N448 reside at the same position of the 1-sheet
(Figs. 1C and 3A). Since both residues are buried in the hydropho-
bic core upon dimerization of the Mdm2 and MdmX RING
domains, they are not likely to make direct contact with an E2
enzyme. However, two observations were made for MdmX N448
emphasizing the important role of this residue in ubiquitination.
(1) MdmX N448 possesses a polar side chain, which creates a dif-
ferent intra-molecular interaction network in comparison to the
structurally homologous Mdm2 C449. Specifically, in the hetero-
dimer structure of Mdm2/MdmX RING domain, the 3-NH2 of
MdmX N448 forms a hydrogen bond with the y-OH of Mdm2
T488, which stabilizes the central B-barrel of the dimer (Fig. 3B).
However, in the case of MdmX dimer, the polar side chain of

two N448 residues in the middle of the hydrophobic core would
be expected to destabilize the dimer structure due to decreased
hydrophobicity of the core. (2) MdmX N448 could affect the
hydrogen bonding network of the neighboring residues. The side
chain of asparagine is known to actively participate in hydrogen
bonding with the backbone of the neighboring residues [22]. In
the hetero-dimer structure of the Mdm2/MdmX RING domain,
d-carboxyl oxygen of MdmX N448 resides within hydrogen bond-
ing distance (3 A) of the backbone amide group of MdmX 1449 sug-
gesting that N448 can potentially affect the hydrogen bonding
network and local dynamics of the neighboring MdmX H456 and
1449. H456 is critical for zinc coordination, whereas 1449 forms
part of the hydrophobic surface essential for recruitment of the
ubiquitin-conjugating enzyme E2 [9]. The presence of MdmX
N448 may have a negative effect on stability of the RING structure
as well as an allosteric effect on the E2 binding. In contrast, the
side chain of Mdm2 C449 displays more hydrophobicity and is
not expected to interfere with the local hydrogen bonding
network.
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Fig. 3. Structural analysis of the Mdm2 and MdmX RING domains. (A) The dimerization region of the Mdm2/MdmX RING domain heterodimer (Mdm2: gray; MdmX: blue).
Mdm2 C449 and MdmX N448 are shown in sticks and labeled in black and red, respectively. (B) The hydrogen bonding network around the MdmX N448. Mdm?2 T488 is
labeled in black. MdmX residues are labeled in red. (C) The structural model of the Mdm2/MdmX RING domain:E2 complex based on the crystal structure of the cIAP2 RING
domain:E2 (PDB 3EB6, PDB 2VJE). The Mdm2 RING is colored in gray, MdmX RING in blue, cIAP2 RING in purple, E2/UbcH5B in green. (D) The molecular interactions between
the RING domains and E2. The Mdm2 R479 residue is labeled in black, MdmX K478 in red, cIAP2 R592 in purple, and E2/UbcH5B S94 and Q92 in green. A polar contact

between cIAP2 R592 and E2/UbcH5B Q92 is shown with dashed lines.

In addition, we investigated the role of Mdm2 R479 and its
counterpart K478 in MdmX. Mdm2 R479 and MdmX K478 reside
close to the second zinc ion and at the edge of the hydrophobic sur-
face required for E2 binding. The side chains of the two residues
point away from the structure and are solvent-exposed. Since the
RING structure of Mdmz2 is highly homologous to cIAP2, the com-
plex structure of clAP2 RING domain and UbE2D2 (PDB 3EB6) was
used to model E2 binding for the Mdm2 RING domain. When the
RING domains of Mdm2 and MdmX were superimposed with clAP2
RING domain, Mdm2 R479 and MdmX K478 were found to reside
at the same position as clAP2 R592. cIAP2 R592 forms a hydrogen
bond with UbE2D2 Q92, a critical residue within the catalytic cleft
of the E2. The interaction is not only important for the E2-RING
domain binding, but also essential for allosteric activation of ubig-
uitin transfer from the catalytic cysteine of the E2 to a substrate
lysine residue [23]. While the side chain of Mdm2 R479 overlaps
with cIAP2 R592 pointing towards UbE2D2 Q92, the side chain of
MdmX K478 moves away from the position, suggesting Mdm2
R479 is more favorable in recruiting and activating the E2, which
is consistent with the data that MdmX K478R is more active in cat-
alyzing ubiquitination.

4. Discussion
In this study, structural and functional analyses of the Mdm2

and MdmX RING domains were performed to further explore and
characterize the E3 ligase active site. Specifically, a number of res-

idues within the Mdm2/MdmX dimerization surface and the E2
binding surface of the Mdm2 RING domain were selected and
introduced into the MdmX RING domain at the corresponding
sites. Since MdmX lacks intrinsic E3 ligase activity, the introduced
Mdm?2 residues that granted the MdmX RING domain ubiquitina-
tion activity were considered critical for Mdm2 RING domain med-
iated E3 ligase activity.

Function of Mdm2 as a ubiquitin ligase depends on: (1) dimer-
ization via the RING domain, and (2) recruitment of a ubiquitin E2
conjugating enzyme. In this study, two Mdm?2 residues C448 and
K454 at the dimerization interface were introduced into the MdmX
RING domain at the residues N449 and R453, respectively. The
mutant N449C at the Mdm2/MdmX dimerization interface results
in MdmX RING E3 ligase activity. Based on the structural analysis
of the Mdm2/MdmX RING domain complex, N449 may affect the
local hydrogen-bonding network and negatively influence RING
dimerization and E2 binding [9,11,18]. The role of Mdm2 K454
and MdmX R453 was studied in the double mutant MdmX
R453K/K478R. Even though MdmX K478R single mutant acquired
E3 ligase activity as discussed below, MdmX R453K/K478R mutant
showed very little effect, suggesting that K454 does not contribute
to E3 ligase activity of the Mdm2 RING domain. This is consistent
with the previous studies that reported that mutation of Mdm?2
K454 did not affect the ubiquitination function of Mdmz2 [18,24].

We also introduced the Mdm?2 residues V439, Q442, A460, T463
and R479 into MdmX at the residues S438, E441, T459, H462 and
K478, respectively. These residues are within or close to the E2
binding site. K478R, T459A/H462T, and S438V/E441Q mutations
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granted MdmX RING weak autoubiquitination activity. This
implies that hydrophobicity and charge distribution in the E2 bind-
ing site play an important role in determining E3 ligase activity.
Mdm2 RING R479 has been mutated in previous studies, and its
substitution abolished E3 ligase activity of Mdmz2 [9,10]. Structural
analysis of the Mdm2/MdmX RING domain indicates that Mdm?2
R479 plays a critical role in both E2 binding and activation of ubiq-
uitin transfer from E2 to a substrate. Interestingly, only MdmX
N448C/K478R was able to perform autoubiquitination and ubiqui-
tination of MdmX full length, further implying the importance of
these two residues in the function of the Mdm2 RING domain.

This study aimed to identify the residues in the Mdm2 RING
domain essential for its E3 ligase activity. A number of residues
located within the Mdm2/MdmX dimerization interface and the
E2 binding site were determined to be essential for ubiquitination
activity. These results confirmed the significance of maintaining
integrity of the hydrophobic core of the Mdm2 RING domain and
the critical role of the E2 binding region for its E3 ligase activity.
This study provides further insight into the mechanism of the
Mdm2 RING domain mediated ubiquitination and a structural
basis for future rational design of Mdmz2 inhibitors targeting its
E3 ligase activity.

Acknowledgments

This work was supported by the Grants from the Leukemia and
Lymphoma Society of Canada (LLSC) and the Banting Research
Foundation to Y.S.

References

[1] E. Toledo, G.M. Wahl, Regulating the p53 pathway: in vitro hypotheses, in vivo
veritas, Nat. Rev. Cancer 6 (2006) 909-923.

[2] J.D. Oliner, KW. Kinzler, P.S. Meltzer, D.L. George, B. Vogelstein, Amplification
of a gene encoding a p53-associated protein in human sarcomas, Nature 358
(1992) 80-83.

[3] C.Cordon-Cardo, E. Latres, M. Drobnjak, M.R. Oliva, D. Pollack, J.M. Woodruff, V.
Marechal, J. Chen, M.F. Brennan, A.J. Levine, Molecular abnormalities of mdm2
and p53 genes in adult soft tissue sarcomas, Cancer Res. 54 (1994) 794-799.

[4] K. Onel, C. Cordon-Cardo, MDM2 and prognosis, Mol. Cancer Res. 2 (2004) 1-8.

[5] P.H. Kussie, S. Gorina, V. Marechal, B. Elenbaas, ]J. Moreau, A]J. Levine, N.P.
Pavletich, Structure of the MDM2 oncoprotein bound to the p53 tumor
suppressor transactivation domain, Science 274 (1996) 948-953.

[6] R. Honda, H. Tanaka, H. Yasuda, Oncoprotein MDM2 is a ubiquitin ligase E3 for
tumor suppressor p53, FEBS Lett. 420 (1997) 25-27.

[7] R.Montes de OcaLuna, D.S. Wagner, G. Lozano, Rescue of early embryonic lethality
in mdm2-deficient mice by deletion of p53, Nature 378 (1995) 203-206.

[8] S.N. Jones, A.E. Roe, L.A. Donehower, A. Bradley, Rescue of embryonic lethality
in Mdm2-deficient mice by absence of p53, Nature 378 (1995) 206-208.

[9] J. Shloush, J.E. Vlassov, I. Engson, S. Duan, V. Saridakis, S. Dhe-Paganon, B.
Raught, Y. Sheng, C.H. Arrowsmith, Structural and functional comparison of the
RING domains of two p53 E3 ligases, Mdm2 and Pirh2, ]. Biol. Chem. 286
(2011) 4796-4808.

[10] K. Linke, P.D. Mace, C.A. Smith, D.L. Vaux, ]. Silke, C.L. Day, Structure of the
MDM2/MDMX RING domain heterodimer reveals dimerization is required for
their ubiquitylation in trans, Cell Death Differ. 15 (2008) 841-848.

[11] S. Iyappan, H.P. Wollscheid, A. Rojas-Fernandez, A. Marquardt, H.C. Tang, R.K.
Singh, M. Scheffner, Turning the RING domain protein MdmX into an active
ubiquitin-protein ligase, ]. Biol. Chem. 285 (2010) 33065-33072.

[12] A. Shvarts, M. Bazuine, P. Dekker, Y.F. Ramos, W.T. Steegenga, G. Merckx, R.C.
van Ham, W. van der Houven van Oordt, AJ. van der Eb, A.G. Jochemsen,
Isolation and identification of the human homolog of a new p53-binding
protein, Mdmx, Genomics 43 (1997) 34-42.

[13] A. Shvarts, W.T. Steegenga, N. Riteco, T. van Laar, P. Dekker, M. Bazuine, R.C.
van Ham, W. van der Houven van Oordt, G. Hateboer, A.J. van der Eb, A.G.
Jochemsen, MDMX: a novel p53-binding protein with some functional
properties of MDM2, EMBO J. 15 (1996) 5349-5357.

[14] J. Parant, A. Chavez-Reyes, N.A. Little, W. Yan, V. Reinke, A.G. Jochemsen, G.
Lozano, Rescue of embryonic lethality in Mdm4-null mice by loss of Trp53
suggests a nonoverlapping pathway with MDM2 to regulate p53, Nat. Genet.
29 (2001) 92-95.

[15] R. Stad, N.A. Little, D.P. Xirodimas, R. Frenk, AJ. van der Eb, D.P. Lane, M.K.
Saville, A.G. Jochemsen, Mdmx stabilizes p53 and Mdm2 via two distinct
mechanisms, EMBO Rep. 2 (2001) 1029-1034.

[16] D.A. Sharp, S.A. Kratowicz, M.]. Sank, D.L. George, Stabilization of the MDM2
oncoprotein by interaction with the structurally related MDMX protein, J. Biol.
Chem. 274 (1999) 38189-38196.

[17] S. Tanimura, S. Ohtsuka, K. Mitsui, K. Shirouzu, A. Yoshimura, M. Ohtsubo,
MDM2 interacts with MDMX through their RING finger domains, FEBS Lett.
447 (1999) 5-9.

[18] M.V. Poyurovsky, C. Priest, A. Kentsis, K.L. Borden, Z.Q. Pan, N. Pavletich, C.
Prives, The Mdm2 RING domain C-terminus is required for supramolecular
assembly and ubiquitin ligase activity, EMBO ]. 26 (2007) 90-101.

[19] M. Kostic, T. Matt, M.A. Martinez-Yamout, HJ. Dyson, P.E. Wright, Solution
structure of the Hdm2 C2H2C4 RING, a domain critical for ubiquitination of
p53, J. Mol. Biol. 363 (2006) 433-450.

[20] P.D. Mace, K. Linke, R. Feltham, F.R. Schumacher, C.A. Smith, D.L. Vaux, ]. Silke,
C.L. Day, Structures of the cIAP2 RING domain reveal conformational changes
associated with ubiquitin-conjugating enzyme (E2) recruitment, J. Biol. Chem.
283 (2008) 31633-31640.

[21] S.Fang, ].P. Jensen, R.L. Ludwig, K.H. Vousden, A.M. Weissman, Mdmz2 is a RING
finger-dependent ubiquitin protein ligase for itself and p53, J. Biol. Chem. 275
(2000) 8945-8951.

[22] N. Eswar, C. Ramakrishnan, Deterministic features of side-chain main-chain
hydrogen bonds in globular protein structures, Protein Eng. 13 (2000) 227-238.

[23] E. Ozkan, H. Yu, J. Deisenhofer, Mechanistic insight into the allosteric
activation of a ubiquitin-conjugating enzyme by RING-type ubiquitin ligases,
Proc. Natl. Acad. Sci. USA 102 (2005) 18890-18895.

[24] C. Priest, C. Prives, M.V. Poyurovsky, Deconstructing nucleotide binding
activity of the Mdm2 RING domain, Nucleic Acids Res. 38 (2010) 7587-7598.


http://refhub.elsevier.com/S0006-291X(14)00707-4/h0005
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0005
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0010
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0010
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0010
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0015
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0015
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0015
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0020
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0025
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0025
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0025
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0030
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0030
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0035
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0035
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0040
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0040
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0045
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0050
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0050
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0050
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0055
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0055
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0055
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0060
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0065
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0070
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0075
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0075
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0075
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0080
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0080
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0080
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0085
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0090
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0090
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0090
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0095
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0095
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0095
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0100
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0105
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0110
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0110
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0115
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0120
http://refhub.elsevier.com/S0006-291X(14)00707-4/h0120

	A site-directed mutagenesis study of the MdmX RING domain
	1 Introduction
	2 Materials and methods
	2.1 Molecular cloning and site-directed mutagenesis
	2.2 Protein expression and purification
	2.3 In vitro ubiquitination assays
	2.4 Protein structural analysis

	3 Results
	3.1 Sequence analysis of the Mdm2 and MdmX RING domains
	3.2 E3 ligase activity of the MdmX RING domain mutants
	3.3 Structural analysis of the MdmX RING domain mutants

	4 Discussion
	Acknowledgments
	References


