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The tumor suppressor p53 maintains genome stability and
prevents malignant transformation by promoting cell cycle
arrest and apoptosis. Both Mdm2 and Pirh2 have been shown
to ubiquitylate p53 through their RING domains, thereby tar-
geting p53 for proteasomal degradation. Using structural and
functional analyses, here we show that the Pirh2 RING domain
differs from the Mdm2 RING domain in its oligomeric state,
surface charge distribution, and zinc coordination scheme.
Pirh2 also possesses weaker E3 ligase activity toward p53 and
directs ubiquitin to different residues on p53. NMR and mu-
tagenesis studies suggest that whereas Pirh2 and Mdm2 share
a conserved E2 binding site, the seven C-terminal residues of
the Mdm2 RING directly contribute to Mdm2 E3 ligase activ-
ity, a feature unique to Mdm2 and absent in the Pirh2 RING
domain. This comprehensive analysis of the Pirh2 and Mdm2
RING domains provides structural and mechanistic insight
into p53 regulation by its E3 ligases.

The tumor suppressor p53 acts as the “guardian of the ge-
nome” using transcription-dependent and -independent
mechanisms. Through its sequence-specific DNA binding
activity, p53 orchestrates cellular responses by regulating
transcription of target genes that are involved in a number of
cellular processes, including cell cycle arrest, apoptosis, senes-
cence, DNA repair, and angiogenesis (1). p53 also triggers
apoptosis by activating the intrinsic apoptotic pathway
through direct interactions with BH3 proteins at the mito-
chondria (2, 3). Because p53 activation often leads to growth
inhibition and cell death, p53 levels and activation are tightly
regulated under normal cellular conditions in the absence of
stress signals. Ubiquitylation of p53 mediated by several E3
ligases, including Mdm2, Pirh2, COP1, E6-AP, ARF-BP1, sy-

noviolin, and the atypical E3 ligase E4F1, is the major mecha-
nism that regulates p53 turnover, thereby modulating p53
protein levels in the cell (4–10).
MDM2, the murine double minute 2 gene (also denoted

HDM2 for the human gene), encodes a p53-specific E3 ligase
and is amplified in more than 7% of all cancers (11). The cen-
tral role of Mdm2 in p53 regulation has been clearly demon-
strated by the p53-dependent embryonic lethality inMDM2
knock-out mice, which can be rescued by deletion of the p53
gene (12, 13). p53 and Mdm2 form a negative feedback loop.
Mdm2 down-regulates p53 function by directly inhibiting p53
transactivation, targeting p53 for proteasomal degradation
and redistributing p53 from the nucleus to the cytoplasm,
whereas the expression of Mdm2 is under the transcriptional
control of p53. Mdm2-mediated p53 ubiquitylation requires
coordination of multiple domains: 1) the N-terminal p53-
binding domain, which binds with high affinity to the N-ter-
minal p53 transactivation domain, 2) the central acidic do-
main, which recognizes the ubiquitylation signal presented in
the p53 core domain, and 3) the C-terminal RING domain,
which recruits a ubiquitin-conjugating enzyme E2. Deletion
or mutation of any of these domains results in a loss or atten-
uation of p53 ubquitylation by Mdm2.
MdmX, a protein homologous to Mdm2, functions as an-

other negative regulator of p53. Similar to Mdm2, it has been
shown to act as a specific and essential inhibitor of p53 trans-
activation during embryonic development (14). Although
MdmX contains all three domains of Mdm2 (i.e. the p53
binding domain, the acidic domain, and the RING domain), it
lacks intrinsic E3 ligase activity and is incapable of ubiquity-
lating p53 or itself (15, 16). Mdm2 and MdmX are capable of
forming homodimers as well as heterodimers through their
C-terminal �-sheet extensions of their RING domain. Het-
erodimer formation of Mdm2 and MdmX has been demon-
strated to stabilize Mdm2 and enhance its inhibitory effect on
p53 (17, 18).
Among the newly emerging p53 E3 ligases, Pirh2 (p53-in-

duced RING-H2 domain protein; also known as RCHY1) has
been shown to regulate p53 functions in many ways similar to
Mdm2. It represses p53-dependent transactivation and
growth inhibition while being subject to p53 transcriptional
control (6). Overexpression of Pirh2 has been reported in a
number of human cancers, which correlates with an increase
in p53 ubiquitylation and a decrease in p53 levels independent
of Mdm2, suggesting that the Pirh2-mediated p53 inhibition
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could play a role in tumorigenesis (19, 20). Our recent struc-
tural study revealed that the interaction of p53 and Pirh2 em-
ploys a two-site binding mode, where the p53 DNA binding
domain interacts with the Pirh2 N terminus, whereas the p53
tetramerization domain binds to the Pirh2 C terminus to en-
hance specificity in targeting the active, tetrameric form of
p53 for ubiquitylation and proteasomal degradation (21).
Both Mdm2 and Pirh2 regulate p53 primarily through their

E3 ubiquitin (Ub)3 ligase activity, which relies on the RING
domains harbored in both proteins. RING domains are a spe-
cial class of zinc finger, �60 amino acids in length. A typical
RING domain binds two zinc ions and folds into a compact
�/� topology. Unlike the HECT domain-containing E3 ligases
that form a Ub-thioester intermediate prior to substrate ubiq-
uitylation, the RING domain type E3 ligases serve to recruit
the Ub-conjugating enzyme E2 as well as to stimulate the re-
lease and direct transfer of Ub from the E2 to a substrate ly-
sine residue presented either on the E3 or the target substrate
protein. Despite the fact that the RING domain structures of
both Pirh2 and Mdm2 have been determined, the detailed
molecular mechanisms by which these E3 ligases mediate p53
ubiquitylation are not well understood.
Resurrection of p53 activity in tumor cells that retain the

wild type p53 with its function suppressed by oncogenic ap-
plication of its negative regulators is an attractive strategy for
potential anti-cancer therapy. Thus, p53 E3 ligases represent
an attractive group of therapeutic targets. Structure and
mechanistic understanding of these p53 E3 ligases would pro-
vide insight into the development of effective inhibitors of
p53 ubiquitylation. One such example is that the small mole-
cule Nutlin blocks Mdm2 interaction with p53, thereby in-
ducing p53-mediated apoptosis in cancer cells with overex-
pressed Mdm2 (22, 23). In this study, we thoroughly
examined the structural similarities and differences between
the RING domains of Pirh2 and Mdm2 as well as characteriz-
ing the relative contributions of these structural features to
p53 ubiquitylation and E2-E3 interactions. We investigated
the activities of the respective RING domains in catalyzing E3
autoubiquitylation and ubiquitylation of p53, the residues
essential for E2-E3 interactions, and the effects of RING do-
main dimerization on E3 ligase function. Our analysis aims to
elucidate the mechanistic differences between Pirh2 and
Mdm2 in ubiquitylation catalysis in order to provide a struc-
tural and biochemical basis for deciphering the different roles
of Pirh2 and Mdm2 in Ub-mediated regulation of p53.

EXPERIMENTAL PROCEDURES

Protein Preparation—Pirh2 and Mdm2 proteins were pre-
pared as described previously (21, 24–26). A panel of human
E2 clones used in this study is listed in supplemental Table 1.
The full-length E2s were amplified and cloned between NdeI
and BamHI sites of the pET15 vector (Stratagene). The pro-
teins were expressed in the Escherichia coli strain BL21
(Codon plusTM) (Stratagene) and induced with 1 mM isopro-
pyl 1-thio-�-D-galactopyranoside for 5 h at room tempera-
ture. All E2 proteins were purified with standard nickel affin-

ity chromatography methods (Qiagen) and dialyzed against
the E2 buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

PMSF, 1 mM DTT) overnight at 4 °C. The E2 proteins were
frozen with 10% glycerol at �80 °C until use.
To prepare an Mdm2/MdmX heterodimer, the full-length

GST-MdmX construct was cloned and expressed in the E. coli
strain BL21 (Codon plusTM) (Stratagene). Purified full-length
His-Mdm2 was incubated with the resin-bound GST-MdmX
for 1 h. Following several washes, proteins were eluted from
the GST resin using the elution buffer (50 mM Tris, 500 mM

NaCl, 30 mM reduced glutathione, 10 mM �-mercaptoethanol,
10% glycerol) and immediately submitted to a second run of
nickel affinity purification. The proteins were incubated with
nickel metal affinity resin (Qiagen) for 1 h. After extensive
washing with the wash buffer (50 mM Tris, 500 mM NaCl, 10
�M ZnCl2, 1 mM PMSF, 2 mM benzamidine, 5 mM �-mercap-
toethanol, and 10 mM imidazole), the Mdm2/MdmX het-
erodimers were eluted from the resin with a buffer containing
50 mM Tris, 500 mM NaCl, 10 �M ZnCl2, 1 mM PMSF, 2 mM

benzamidine, 5 mM �-mercaptoethanol, and 500 mM imidaz-
ole and stored at �80 °C until use.
NMR Spectroscopy and Chemical Shift Perturbation

Experiments—NMR spectra were recorded at 25 °C on a Var-
ian INOVA 500- or 600-MHz spectrometer equipped with
triple resonance cold probes and a Bruker Avance 500-MHz
spectrometer equipped with a cryoprobe. Spectra were pro-
cessed using the NMRPipe software package (27) and ana-
lyzed with XEASY (28). The chemical shift mapping on the
Pirh2 RING domain was performed by monitoring the 1H-
15N HSQC spectra difference of the 15N-labeled Pirh2 RING
domain alone and with an excess of unlabeled E2 proteins
(molar ratio 1:3). The chemical shift perturbation experi-
ments on UBE2D2 were carried out by monitoring the 1H-
15N HSQC spectra difference of the 15N-labeled UBE2D2
alone and with an excess of unlabeled RING-H2 domain (mo-
lar ratio 1:2). The chemical shift differences were calculated
using the formula, �ppm � ((�HN)2 � (�N/5)2)

1⁄2.
In Vitro Ubiquitylation Assay—The ubiquitylation reaction

was performed in a volume of 20 �l in a buffer of 50 mM Tris,
pH 7.6, 5 mM MgCl2, 2 mM ATP, and 2 mM DTT. The reac-
tion mixture typically contained E1 (50 ng) (Calbiochem),
UBE2D2 (100 ng), ubiquitin (5 �g) (Sigma), and 0.5 �g of p53
for detection of p53 ubiquitylation. In these reactions, the
concentration of E3 ligase was typically 0.5 �M, unless other-
wise specified. The optimal conditions for E1, E2, Ub, and
ATP were established through titration experiments to ensure
that these reagents were in excess and would not be limiting
factors in the reactions. After incubation at 30 °C for 90 min,
the reactions were stopped by the addition of SDS-PAGE
sample buffer and resolved on 7.5–10% SDS-polyacrylamide
gels. Ubiquitylated proteins were visualized and evaluated by
Western blot using a monoclonal antibody against GST (GE
Healthcare) for Pirh2 autoubiquitylation, an antibody against
p53 (PAb1801 or DO-1) (29) for p53 ubiquitylation, or an an-
tibody against Mdm2 (SMP14, Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA)) for Mdm2 autoubiquitylation. The free
ubiquitin in the reaction was detected with a monoclonal an-
tibody against ubiquitin (Covance) and a Cy3-labeled second-3 The abbreviations used are: Ub, ubiquitin; ESI, electrospray ionization.
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ary antibody. The free ubiquitin signal was quantified with a
Typhoon imager (GE). All assays have been repeated inde-
pendently more than three times using proteins from multiple
preparations.
Mass Spectrometry—In-gel digests using L-1-tosylamido-2-

phenylethyl chloromethyl ketone sequencing grade trypsin
(Promega, Madison, WI) were performed described previ-
ously (30). Analytical columns (75-�m inner diameter) and
precolumns (100 �m) for liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS) anal-
ysis were made in house from silica capillary tubing from
InnovaQuartz (Phoenix, AZ) and packed in house with 5 �M

100-Å C18-coated silica particles (Magic, Michrom Biore-
sources, Auburn, CA).
Peptides were subjected to LC-ESI-MS/MS, using a 120-

min RPLC (95% water, 95% acetonitrile, 0.1% formic acid)
buffer gradient running at 400 nl/min on a Proxeon EASY-
nLC pump in-line with a hybrid LTQ-Orbitrap mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA). A parent
ion scan was performed in the Orbitrap, using a resolving
power of 60,000, and then the four most intense peaks were
selected for MS/MS (minimum ion count of 1000 for activa-
tion), using standard collision-induced dissociation fragmen-
tation. Fragment ions were detected in the LTQ. Dynamic
exclusion was activated such that MS/MS of the samem/z
(within a �0.1 and �2.1 Thomson (Th) window; exclusion
list size � 500) detected three times within 45 s was excluded
from analysis for 30 s.
For protein identification, Thermo. RAW files were con-

verted to the. mzXML format using ReAdW software (31)
and then searched using X!Tandem (32) against the human
(Ensembl 44.36F) data base, supplemented with a curated
custom data base containing the mature Ub sequence.
X!Tandem search parameters were as follows: complete
modifications, none; cysteine modifications, none; poten-
tial modifications, �114.04@K, �16@M and W, �32@M
and W, �42@N terminus, �1@N and Q, �17@N-term Q,
�18@N-term E; parent mass error, �10 ppm; fragment error,
0.4 Da; maximum charge, 4�; missed cleavage sites, 3; semi-
cleavage, no.

RESULTS

Structural Comparison of the Pirh2 and Mdm2 RING
Domain—The recent completion of the three-dimensional
structures of the Pirh2 and Mdm2 RING domains enabled
structural comparison studies of these two p53 E3 ligases (21,
24, 25). Similar to the Pirh2 RING domain, the Mdm2 RING
domain displays a compact �/� global fold. Both structures
bear a shallow depression on the surface composed of multi-
ple hydrophobic residues and bind two zinc ions with an in-
terweaved zinc-binding motif (Fig. 1A). Pairwise structural
comparison of the Pirh2 RING domain (Protein Data Bank
code 2JRJ) and one subunit of the Mdm2 RING domain (Pro-
tein Data Bank code 2HDP) using DALI (33) showed a root
mean square deviation value of 3.0 Å over 41 aligned C� at-
oms, which is consistent with their membership in the RING
domain superfamily.

Despite the overall similarity in topology of the RING
structures, the RING domains of Pirh2 and Mdm2 exhibit
several important differences. Mdm2 forms a homodimer
with its own RING domain or a heterodimer with the RING
domain of MdmX. Dimerization is mediated by the C-termi-
nal seven residues, which along with residues from the second
�-strand of the opposite subunit form a very tight and small
�-barrel (24). These C-terminal residues are not a part of the
canonical RING domain but are necessary for maintaining the
E3 ligase activity of Mdm2 (Fig. 1B) (26, 34). In contrast to
Mdm2, analogous C-terminal residues are absent in Pirh2,
which accounts for the fact that Pirh2 behaves as a monomer,
as verified by size exclusion chromatography and small angle
x-ray scattering (data not shown).
A second difference between the Mdm2 and Pirh2 RING

domains is their zinc coordination schemes. The Mdm2
RING domain has C2H2C4 zinc coordination, with the resi-
dues Cys438, Cys441, Cys461, and Cys464 comprising zinc-bind-
ing site I and His452, His457, Cys475, and Cys478 for the second
zinc (zinc-binding site II). Pirh2 is named after its RING-H2
domain, which has a C3H2C3 zinc-binding scheme. The
Pirh2 RING domain binds the first zinc ion with the residues
Cys145, Cys148, Cys164, and His166 and the second zinc with
His169, Cys172, Cys183, and Cys186. The structure overlay of
the two RING domains reveals substantial differences in the
positions of the zinc ions, which is probably a result of permu-
tation and spacing differences of the cysteine and histidine
residues responsible for the zinc coordination in the two pro-
teins (Fig. 1A).
Finally, the Mdm2 RING domain has a highly positively

charged electrostatic surface with the majority of positive
charge located at the �-helix and around the second zinc-
binding site. The Pirh2 RING domain, on the other hand,
contains several acidic residues (Glu174, Glu175, and Glu179)
replacing the lysine residues in the Mdm2 RING domain (Fig.
1C). Thus, although the RING domain structures of Pirh2 and
Mdm2 are similar in overall global folding and the inter-
weaved zinc-binding motif, the disparities in their oligomeric
states, surface electrostatic charge distribution, and zinc coor-
dination may contribute to the differences in their ability to
recruit E2 ligases and/or ubiquitylate their substrates.
Pirh2 Appears to be Less Efficient than Mdm2 in Autou-

biquitylation and Ubiquitylation of p53—Both Mdm2 and
Pirh2 function as p53 E3 ligases. To better understand the
relative contributions of the Mdm2 and Pirh2 RING do-
mains toward p53 ubiquitylation, we carried out extensive
biochemical assays and mutagenesis studies to characterize
Pirh2- and Mdm2-mediated p53 ubiquitylation and their
functional interactions with the Ub-conjugating enzyme
E2s. To compare the E3 ligase activities of Pirh2 and
Mdm2, we performed an in vitro ubiquitylation assays us-
ing recombinant GST-tagged Pirh2 and His6-tagged Mdm2
in a reaction containing E1, E2 (UBE2D2/UbcH5b), and
His6-tagged Ub, with and without the recombinant p53
protein. Under all tested concentrations (0.1–0.6 �M),
Mdm2 demonstrated greater E3 ligase activity than Pirh2
in both autoubiquitylation (Fig. 2A) and p53 ubiquitylation
(Fig. 2B) assays, as judged by the amount of the Ub-conju-
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gated products formed in these reactions (Fig. 2). Multiple
Pirh2 protein preparations were utilized in these assays (all
yielding similar activity), and in fact the same preparations
were subjected to structure determination, indicating that
this lower level of p53 ubiquitylation was not a result of
protein misfolding. Slightly different p53 ubiquitylation
patterns were also observed between Pirh2 and Mdm2 (Fig.
2B), suggesting that the two ligases may modify different
lysine residues on p53. In order to unambiguously compare
the E3 ligase activity of Pirh2 and Mdm2, a defined amount
of free ubiquitin was used in the reactions with increasing
amounts of Pirh2 or Mdm2. The free ubiquitin was ob-
served to deplete at a much higher rate in Mdm2-contain-
ing reactions than those with Pirh2. Although we cannot
distinguish between autoubiquitylation and p53 ubiquityla-
tion in these experiments, these results indicate that
Mdm2 conjugates ubiquitin more efficiently than Pirh2
(Fig. 2C). Although it remained possible that Pirh2 may be
more active with other ubiquitin E2s (see below) or func-
tion with unknown co-factors in vivo, the results from our
in vitro ubiquitylation assays suggest that Mdm2 is a more
active E3 ligase.

Pirh2 and Mdm2 Modify Different Lysine Residues in
p53—To identify the p53 lysine residues targeted by these
E3 ligases, the products of the in vitro ubiquitylation reac-
tions containing p53, the ubiquitin E1, UBE2D2 and either
Mdm2 or Pirh2 were subjected to mass spectrometric anal-
ysis, as described by Lallemand-Breitenbach et al. (35).
Previous reports have indicated that p53 is modified by
Mdm2 at lysine residues clustered in the C-terminal do-
main (36, 37). We observed the same p53 C-terminal resi-
dues modified in Pirh2-containing reactions (supplemental
Fig. 1). We also found that p53 was ubiquitylated at a num-
ber of other lysine residues in these reactions, including
Lys101, Lys164, Lys292, and Lys305 within the DNA-binding
domain and Lys319* (we are unable to confidently assign
the modified residue in this tryptic peptide to an individual
lysine residue) and Lys357 in the tetramerization domain
(Fig. 3A). Interestingly, whereas Lys101, Lys292, Lys305, and
Lys357 appeared to be ubiquitylated by both Mdm2 and
Pirh2 to a similar extent (calculated as a percentage of total
spectral counts), p53 Lys164 was modified exclusively by
Pirh2, and Lys319* was modified at levels 30-fold higher in
our Mdm2 reactions (Fig. 3B). Thus, Pirh2 and Mdm2 ap-

FIGURE 1. Structural comparison of the Mdm2 and Pirh2 RING domains. A, schematic diagram showing the domain structure of Mdm2 and Pirh2 and
the sequence of their RING domains. The cysteines and histidines involved in zinc coordination are labeled in red. B, ribbon representation of the Pirh2 RING,
Mdm2 RING domain (Protein Data Bank code 2HDP), and overlay of the Pirh2 RING domain with the Mdm2 RING domain subunit A, the Pirh2 RING domain
is shown in purple, and the Mdm2 RING domain is shown in cyan. The last seven residues of Mdm2 are shown in wheat. C, surface and electrostatic repre-
sentation of the Pirh2 RING and Mdm2 RING domain subunit A. The orientation of the proteins in each case is the same as in B. The hydrophobic residues
on the E2 binding surface of RING domains are indicated in yellow for Pirh2 and cyan for Mdm2. The figures were prepared with PyMOL (61) for the surface
representation and Molmol (62) for electrostatic representation.
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pear to preferentially ubiquitylate different subsets of ly-
sine residues in p53 in vitro. The biological significance of
these observations remains to be determined.

Pirh2 and Mdm2 Utilize Different Subsets of E2s for p53
Ubiquitylation—RING E3 ubiquitin ligases rely on the E2
ubiquitin-conjugating enzymes to transfer ubiquitin to sub-

FIGURE 2. Comparison of E3 ligase activity of the Mdm2 and Pirh2 RING domains. A, autoubiquitylation of Pirh2 (lanes 1– 6) and Mdm2 (lanes 7–11).
GST-Pirh2 (E3) and His-Mdm2 (E3) were subjected to an in vitro ubiquitylation assay in the presence or absence of ATP, E1, E2 (UBE2D2), His-tagged ubiq-
uitin, and p53, as indicated. After the reaction, the samples were resolved by SDS-PAGE and detected by Western blot. Pirh2 autoubiquitylation (left, lanes
1– 6) was blotted with monoclonal antibody against GST. Autoubiquitylation of Mdm2 was evaluated using a specific antibody against Mdm2 (SMP14).
B, p53 ubiquitylation by Pirh2 (lanes 1– 6) and Mdm2 (lanes 7–11). Ubiquitylated p53 was detected using monoclonal antibody against p53 (PAB1801) in the
reactions with increasing amounts of Pirh2 or Mdm2, as indicated. C, polyubiquitylation by Pirh2 and Mdm2. Left, total ubiquitylation catalyzed by Pirh2 and
Mdm2 and the free ubiquitin in these reactions were subjected to fluorescence immunoblotting analysis and detected using a monoclonal antibody
against ubiquitin and a Cy3-labeled mouse IgG. Right, the amount of free ubiquitin reported as an average fluorescence intensity of the free ubiquitin
bands in the reactions of three repeated experiments quantified by a Typhoon imager.
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strate proteins. The E2s have been shown to play a major role
in substrate modification in other E2/E3 systems (38, 39). We
therefore asked whether utilization of different E2s would
contribute to the functional differences observed between
Pirh2 and Mdm2. A panel of E2s was tested for their ability to
support Pirh2- and Mdm2-mediated autoubiquitylation and
ubiquitylation of p53. As shown in supplemental Figs. 3 and 4,
both Pirh2 and Mdm2 successfully catalyzed autoubiquityla-
tion and p53 ubiquitylation with members of the UBE2D and
UBE2E families. However, Mdm2 was also able to monoubiq-
uitylate p53 in the presence of UBE2N (Ubc13), UBE2Q, the
UBE2Q-like protein FLJ25076, UBE2A, and UBE2B (HRad6A
and -B). It did not appear that monoubiquitylation of p53 was
due to lower reactivity with these five E2s, because increased
reaction times and reactions containing higher enzyme con-
centrations yielded similar results, which were not seen in the
reactions in the absence of an E3 (supplemental Fig. 2). Thus,
Mdm2 displayed a broader range of functional E2 partners for
p53 ubiquitylation compared with Pirh2.
Mapping the E2 Binding Interface of the Pirh2 RING Do-

main Using NMR—Using NMR, we previously mapped the
UBE2D2-binding site of Pirh2 to a shallow hydrophobic de-
pression on the surface of the Pirh2 RING domain (21). To
investigate whether all functionally interacting E2s identified
in the above E2 screening assay bind to the same site of the
Pirh2 RING, we titrated the 15N,1H-Pirh2 RING domain with
UBE2D1,3,4 and UBE2E2. A consistent pattern of chemical
shift perturbations was observed in the Pirh2 RING domain
upon the addition of these E2s (supplemental Fig. 5). As with
UBE2D2, the most perturbed sites were seen in two zinc coor-

dination sites, including Ile147, Cys148, Leu185, and Met187,
and residues from the central �-sheet and the helix �1 (resi-
dues Leu167, Leu168, His169, Thr171, Glu174, Met176, and
Tyr181). The resonances of two residues (Leu149 and Glu179)
were broadened beyond detection upon binding to E2s. When
comparing the chemical shift perturbations of the Pirh2
RING domain observed for all titrations, we noticed that
UBE2D1, -3, and -4 showed similar patterns but greater
chemical shift changes than UBE2D2 and UBE2E2, suggesting
that UBE2D1, -3, and -4 may bind the Pirh2 RING domain
with higher affinity than UBE2D2 and UBE2E2. However, all
tested E2s displayed binding saturation at �1 mM in the NMR
titration experiments, suggesting that the binding affinities of
these E2s with the Pirh2 RING domain are similar to UBE2D2
(Kd �0.2 mM (21)). In addition, chemical shift perturbations
were also observed for more than half of the backbone reso-
nances of the Pirh2 RING domain, suggesting that a confor-
mational adjustment may have occurred upon binding to E2s.
Identification of RING Domain-E2 Interaction Surfaces—To

determine the contributions of key Pirh2 RING domain resi-
dues to ubiquitylation, we conducted site-directed mutagene-
sis on 10 residues (Ile147, Leu149, Leu168, Thr171, Tyr173,
Glu174, Met176, Leu185, Cys186, and Met187) that showed the
most significant chemical shift perturbations upon binding to
E2s. All mutants were prepared as full-length GST-fusions in
the same way as wild type Pirh2 to test their E3 ligase activity
as well as in the context of the isolated RING domain to ex-
amine the effect on global protein folding using NMR HSQC.
Of the 10 mutants, only C186A, a mutation of the zinc-coor-
dinating residue, showed disruption of the RING structure,

FIGURE 3. Pirh2 and Mdm2 favor different lysine linkage in p53 ubiquitylation and ubiquitylate different p53 lysine sites. A, schematic diagram
showing the domain structure of p53 and the distribution of ubiquitylation target lysines of Pirh2 and Mdm2 within the p53 molecule. Lysine residues mod-
ified by Pirh2 and Mdm2 were identified by mass spectrometry of the p53 ubiquitin adducts produced by the in vitro ubiquitylation assay. The asterisks indi-
cate the Ub sites reported in the literature (36, 37). B, the ubiquitin conjugation sites within the p53 DNA-binding and tetramerization (TET) domains de-
tected by MS. In vitro reaction products were subjected to SDS-PAGE, and high molecular weight products were analyzed by LC-ESI-MS/MS. The numbers of
spectra observed at the indicated sites are shown.
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whereas the conformation of the remaining nine mutants was
unaffected (data not shown). As shown in Fig. 4, T171A,
Y173A, and E174A retained activity for autoubiquitylation
and ubiquitylation of p53, suggesting that these residues are
dispensable for sustaining the E3 ligase function. Notably,
residues Thr171, Tyr173, and Glu174 are located in helix �1
with their side chains oriented away from the hydrophobic
core (Fig. 4A). Thus, the 15N-1H chemical shift perturbations
in these residues may reflect secondary effects caused by a
conformational change in helix �1 upon binding an E2. Mu-
tants I147A, L149A, and Y181A showed a significant attenua-
tion of the autoubiquitylation activity while affecting p53
ubiquitylation to a lesser degree. These three residues are at
the left and right borders of the hydrophobic core in the

RING domain structure. The decreased activity may have re-
sulted from reduced (but not disrupted) hydrophobicity in the
RING domain structure of the mutants. The last group of mu-
tants, L168A, M176E, L185A, and M187E, abolished both
autoubiquitylation and p53 ubiquitylation activities. Residues
Leu168, Met176, Leu185, and Met187 all reside at the central
hydrophobic surface groove. The importance of these resi-
dues for E3 ligase activity, as demonstrated in the activity as-
says, suggests that they may be involved in direct interaction
with E2s. Taken together, these results suggest that the resi-
dues that are part of the hydrophobic patch on the RING do-
main are essential for Pirh2 E3 ligase activity.
To investigate whether Mdm2 uses a similar E2 binding

surface as Pirh2, the structurally aligned residues from the

FIGURE 4. Mutagenesis studies of the Pirh2 RING domain. A, schematic diagram of the Pirh2 RING domain showing the mutated residues in stick form.
The table summarizes the activities of the Pirh2 RING domain mutants in mediating autoubiquitylation and ubiquitylation of p53. B, activity of the Pirh2
RING domain mutants in autoubiquitylation and p53 ubiquitylation was evaluated through an in vitro ubiquitylation assay in the presence of ATP, E1, E2
(UBE2D2), His-ubiquitin, Pirh2 mutants, and p53. Pirh2 autoubiquitylation was detected using an antibody against GST, and the ubiquitylated p53 was de-
tected using monoclonal antibody against p53 (PAB1801). An asterisk indicates the GST-Pirh2 aggregates in the reaction, which are not ubiquitylated GST-
Pirh2 products, as confirmed by the anti-ubiquitin immunoblot (not shown).
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Mdm2 RING domain, namely Ile440, Gln442, Met459,
Thr463, Lys466, Leu468, Lys473, Val477, and Arg479, were in-
dividually mutated to alanines in a set of full-length Mdm2
proteins (Fig. 5). The E3 ligase activity of these mutant
Mdm2 proteins was then assessed. A known structural mu-
tant (C478A (40)) was included as a negative control. As
shown in Fig. 5C, wild type Mdm2 showed a high degree of
autoubiquitylation and p53 ubiquitylation, whereas the
control C478A revealed no activity. Mdm2 mutants
M459A and T463A retained full ubiquitylation activity in
as the wild type, whereas mutations at sites Ile440, Gln442,
Lys466, Lys468, Lys473, Val477, and Arg492 abolished Mdm2
E3 ligase activity in both autoubiquitylation and p53 ubiq-
uitylation. Due to poor solubility of the isolated Mdm2
RING domain under NMR conditions, the effect of the mu-
tations on the overall structure of Mdm2 was evaluated by
CD and compared with the spectrum of wild-type Mdm2.
With the exception of the mutant C478A, all of the other

nine mutants exhibited CD spectra very similar or identical
to that of the wild type protein, suggesting a negligible ef-
fect of these mutations on Mdm2 structure (data not
shown). Thus, the Mdm2 RING domain contains an inter-
action surface similar to that of the Pirh2 RING domain,
which is essential to RING domain function in catalyzing
ubiquitylation.
Mdm2 Dimerization Interface Contributes to Ubiquityla-

tion, a Feature Absent in Pirh2—Mdm2 dimerization has been
shown to be critical for its ubiquitylation function (26, 34),
whereas Pirh2 does not require dimerization. The structure of
Mdm2 suggests that dimerization could both stabilize the
folded conformation of the RING domain and create an addi-
tional or larger surface for interactions with E2s or substrates
(25, 26, 34). In order to dissect these potential roles of Mdm2
dimerization, we first investigated an Mdm2 deletion mutant
missing all seven C-terminal residues (Mdm2 1–484, Mdm2
�C), which, as expected (25, 26), lacked the ability to ubiqui-

FIGURE 5. Mutagenesis studies of the Mdm2 RING domain. A, Pirh2, Mdm2, and MdmX RING domain sequences aligned by conserved cysteine and histi-
dine residues. Secondary structure topology of the Pirh2 RING is shown above, whereas that of Mdm2 and MdmX are shown below. �-Helices are colored
red, and �-sheets are blue. The mutated residues are indicated by the asterisks (Pirh2) and carets (Mdm2). B, schematic diagram of the Mdm2 RING domain
dimer showing the mutated residues in stick form. The table summarizes the activities of the Mdm2 RING domain mutants in autoubiquitylation and p53
ubiquitylation. C, activity of the Mdm2 RING domain mutants in autoubiquitylation and p53 ubiquitylation was evaluated through an in vitro ubiquitylation
assay in the presence of ATP, E1, E2 (UBE2D2), His-ubiquitin, and p53. Mdm2 autoubiquitylation was detected using an antibody against Mdm2 (SMP14),
and the ubiquitylated p53 was detected using monoclonal antibody against p53 (PAB1801).
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tylate p53 (Fig. 6C). NMR analysis of the isolated Mdm2
RING (Mdm2 417–484, Mdm2RING �C) revealed that this
mutant is conformationally disrupted and appears to be at
least partially unfolded, suggesting that the last seven residues
are required for maintenance of the structural integrity of the
RING domain (supplemental Fig. 6).
Next, we assayed the Mdm2/MdmX heterodimer and com-

pared its ubiquitylation activity to those of an equimolar sub-
unit concentration of Mdm2 homodimer and Pirh2. To iso-
late the Mdm2/MdmX heterodimer, His6-tagged Mdm2 was
first incubated with GST-tagged MdmX and then immobi-
lized on glutathione-Sepharose resin. The final Mdm2/MdmX
was prepared by successive glutathione-Sepharose and Ni2�

affinity chromatography to remove any MdmX or Mdm2 ho-
modimers, a method described by Linke et al. (25) for the
structural studies of the Mdm2/MdmX heterodimer. As
shown in Fig. 6C, MdmX does not possess intrinsic E3 ligase
activity, whereas the Mdm2 homodimer showed the highest

p53 ubiquitylation activity. Both Mdm2 homo- and het-
erodimers demonstrated considerably higher activity than an
equivalent amount of Pirh2. We also note that when compar-
ing the activity of full-length proteins, one cannot attribute
the differences in their ubiquitylation activities solely to the
features of their respective RING domains. Mdm2 has much
greater affinity for p53 (via the former’s N-terminal domain),
and this in itself might be the origin of greater activity (in-
deed, inhibition of this interaction can abolish Mdm2-medi-
ated ubiquitylation of p53 (23)).
To further investigate the contribution of individual C-

terminal residues to the structural integrity, dimerization, and
catalysis of Mdm2 RING, we mutated each residue to alanine,
namely I485A, V486A, L487A, T488A, Y489A, F490A, and
P491A, in the full-length Mdm2. These mutants retained sim-
ilar structural folding as the wild type Mdm2, as indicated by
their identical circular dichroism spectra (data not shown).
Next, we tested for the ability of these mutants to dimerize

FIGURE 6. Mutagenesis studies of the Mdm2 RING last seven C-terminal residues. A, schematic diagram of the Mdm2 RING domain dimer showing the
mutated residues in stick form. The table summarizes the activities of the Mdm2 RING C-terminal mutants in p53 ubiquitylation. B, activity of the His-tagged
Mdm2 RING C-terminal mutants in autoubiquitylation and p53 ubiquitylation was evaluated through an in vitro ubiquitylation assay in the presence of ATP,
E1, E2 (UBE2D2), His-ubiquitin, and p53. Mdm2 autoubiquitylation was detected using an antibody against Mdm2 (SMP14), and the ubiquitylated p53 was
detected using monoclonal antibody against p53 (PAB1801). C, p53 ubiquitylation by Mdm2 homodimer, Mdm2/MdmX heterodimer, MdmX homodimer,
Mdm2 �C, and Pirh2. The total concentration of Mdm2, MdmX, and Pirh2 was equivalent in each reaction mixture (0.5 �M). D, GST-pull-down analyses to
assess the ability of Mdm2 C-terminal mutants to form a heterodimer with GST-MdmX. Mdm2 C-terminal mutants were detected with fluorescence immu-
noblotting using a monoclonal antibody against the His6 tag, and GST-MdmX was detected with an antibody against GST. The ability of each Mdm2 mutant
to interact with GST-MdmX was quantified as the normalized ratio of Mdm2 mutants versus MdmX using Mdm2 WT/MdmX as 1.
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with GST-MdmX. His6-tagged Mdm2 mutants as well as the
wild type and Mdm2 �C were incubated with glutathione
resin-immobilized GST-MdmX and eluted with reduced glu-
tathione. The amount of the His6-tagged Mdm2 mutants ver-
sus the wild type retained with GST-MdmX was quantified
using fluorescence immunoblotting analysis. All C-terminal
mutants were able to dimerize with GST-MdmX as well as
the wild type Mdm2, whereas the ability of Mdm2 �C to in-
teract with GST-MdmX was severely affected. The residual
binding observed between Mdm2 �C and MdmX might be
due to a weak interaction between the acidic domain and the
RING domain (34, 41). Thus, although the Mdm2 C terminus
is required for RING domain dimerization, a single alanine
mutation is not sufficient to disrupt the RING dimer
formation.
Because the Mdm2 C-terminal mutants maintain the ability

to dimerize, they probably have a native-like conformation
and are therefore useful for testing whether the C-terminal
residues participate directly in ubiquitylation activity. There-
fore, the activity of these mutants was assessed by an in vitro
ubiquitylation assay (Fig. 6B). In contrast to what was ob-
served for the Mdm2 RING domain mutants described above,
none of the mutations in the C terminus of Mdm2 completely
abolished Mdm2-mediated autoubiquitylation or ubiquityla-

tion of p53. However, several mutants, including I485A,
Y489A, and F490A, resulted in significant attenuation in
ubiquitylation activity compared with the wild type Mdm2,
whereas the activity of V486A and T488A was mildly affected.
These results suggest that an intact C terminus not only me-
diates dimerization but also contributes directly to Mdm2 E3
ligase activity, a unique feature that is lacking in the Pirh2
RING domain.
Pirh2 andMdm2 Bind a Conserved Interface of UBE2D2—

To better understand the molecular mechanism of the Mdm2
and Pirh2 E2-E3 interactions, we carried out NMR chemical
shift perturbation experiments to define the residues of the
E2s that are important for binding to the RING domain. Be-
cause the NMR resonance assignments for UBE2D2 were
available (BMRB:6277), this protein was chosen as a model E2
to study the E2-E3 interaction with the Pirh2 RING domain
(42). In agreement with what has been reported for UBE2D2
and CNOT4 interactions (43), the 15N amide resonances from
three contiguous sites on the N15,H1-labeled UBE2D2 (helix
�1 and Loops L1 and L2) were perturbed upon binding to the
Pirh2 RING domain (Fig. 7, A and B), consistent with a con-
served interaction surface for E3s of the RING domain class.
The first interaction site (helix �1) exhibited chemical shift
perturbations of residues Leu3, Arg5, Ile6, His7, Lys8, and Glu9

FIGURE 7. The chemical shift mapping of UBE2D2 upon binding to the Pirh2 RING domain. A, the regions with the greatest chemical shift changes in-
duced upon binding to the Pirh2 RING domain are colored on the transparent surface representation of UBE2D2. The region of helix �1 is colored in red, Loop
L1 is blue, and Loop L2 is orange. The catalytic Cys85 is colored in green. B, composite chemical shift changes versus residue number for UBE2D2 upon bind-
ing to the Pirh2 RING domain. The values shown were calculated by using the equation, �comp � (��HN

2 � (��N/5)2)1⁄2. The secondary structure elements of
UBE2D2 are shown at the top with an arrow for �-strands and a rectangle for �-helices. C, surface representation of Pirh2 (pink) and Mdm2 (pale blue) ring
domain, indicating the conserved E2 binding site (yellow) and the extended E2 binding surface of Mdm2 contributed by the positively charged region (blue)
and the C-terminal residues from the adjacent subunit (magenta).
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upon binding to the Pirh2 RING domain with the largest
changes observed in residues Arg5 and Lys8. Analyses of other
published E2-E3 complexes (UbcH7-c-Cbl and UBE2D2-
cIAP2) (44, 45) revealed that helix �1 of UBE2D2 interacts
with the first zinc-binding site of the RING domain. In addi-
tion to hydrophobic interactions, positively charged residues
of the helix �1 (Arg5 and Lys8) of UBE2D2 may form salt
bridges with Glu150 and Asp151 from the zinc-binding site I of
the Pirh2 RING domain. Indeed, we observed chemical shift
perturbations of Arg5 and Lys8 from UBE2D2 and Glu150 and
Asp151 from the Pirh2 RING domain upon binding to each
other.
The second cluster of residues affected was found to be the

residues Asp59, Phe62, and Lys63 from Loop L1 of UBE2D2. In
the structure of the c-Cbl-UbcH7 complex, the residues Pro
and Phe from UbcH7 Loop L1 form hydrophobic interactions
with the conserved Trp408 residue of the c-Cbl RING domain
(45). Met176 of the Pirh2 RING domain and Leu476 of the
Mdm2 RING are situated at the same position as Trp408 of
c-Cbl. The mutagenesis data of Pirh2 Met176A and Mdm2
L476A support a critical role of this position in mediating
interaction with UBE2D2. The last group of residues that
showed significant chemical shift changes upon binding to the
Pirh2 RING domain includes Trp93, Ser94, Ala96, Leu97, Thr98,
Ile99, and Ser100 from Loop L2 of UBE2D2. This group of resi-
dues may form a third anchoring patch to assist docking of
UBE2D2 onto the Pirh2 RING domain. As seen in the
UbcH7-c-Cbl and UBE2D2-cIAP2 complexes, Loop L2 inter-
acts with the second zinc-binding site (43–45). Our chemical
shift perturbation data for Pirh2 RING and the mutational
studies of Mdm2 and Pirh2 RINGs also support interactions
of UBE2D2 with the second zinc-binding site of the RING
domain. Due to limited solubility of the Mdm2 RING domain
under NMR conditions and the weak interaction between E2
and E3, similar E2 NMR mapping with the Mdm2 RING
could not be achieved.
Mdm2 Has an Extended E2 Interaction Surface—Integra-

tion of our structural, NMR, mutagenesis, and activity data
for Pirh2 and Mdm2 allows a comparison of the apparent E2
interaction surfaces of their RING domains (Fig. 7C). Muta-
tion of the residues involved in forming the hydrophobic de-
pression on the surface of the RING domain and the zinc-
binding sites resulted in attenuated or abolished activity in
autoubiquitylation and ubiquitylation of p53 for both pro-
teins. We also noticed that this conserved E2 binding site in
Mdm2 is lined with four positively charged residues, whereas
Pirh2 contains acidic and hydrophobic residues at these posi-
tions. Mutations in this region of the Mdm2 RING (Lys466
and Lys473; Fig. 5) abolished p53 ubiquitylation activity,
whereas mutations in the same region of Pirh2 RING (Glu174
and Tyr181; Fig. 4) did not show much effect on its E3 ligase
function, suggesting that Mdm2 may contain a more ex-
tended E2 binding surface than Pirh2 (blue residues in Fig.
7C). In addition, our mutational study of the Mdm2 RING
domain C terminus suggests that the C terminus contributes
to the optimal E3 ligase activity of Mdm2, apart from its role
in dimerization (Fig. 7C,magenta). Specifically, the residues
Tyr489 and Phe490 of Mdm2 RING have previously been

shown to be critical for Mdm2-mediated ubiquitylation of p53
by serving as an extended contacting site for E2 binding (26,
34). The mutagenesis data on the C terminus of Mdm2 shown
here further strengthen this notion. Taken together, our data
support a three-point docking mode in which UBE2D2 binds
to the Pirh2 RING domain via a hydrophobic, triangular, shal-
low groove on the surface of the RING domain. This interac-
tion surface is conserved but extended in Mdm2, presumably
contributing at least in part to the greater E3 ligase activity of
Mdm2.

DISCUSSION

Ubiquitylation is thought to be the central cellular mecha-
nism for p53 down-regulation that allows proliferation in un-
stressed cells. As the main regulators of p53 stability, p53 E3
ligases have attracted enormous interest. Overexpression of
these negative regulators is found in a variety of human ma-
lignancies and therefore represent potential targets for the
development of novel therapeutic compounds that induce
growth-inhibitory and apoptotic effects of p53 in cancer cells.
In this study, we have compared the in vitro ubiquitylation
activities of Pirh2 and Mdm2 with a focus on the role of their
RING domains in this process. We show that compared with
Mdm2, Pirh2 is an intrinsically weaker E3 ligase in autoubiq-
uitylation and ubiquitylation of p53 in vitro but is capable of
ubiquitylating a distinct set of lysine residues of p53 as well as
utilizing a smaller subset of E2 ligases. Using structure-guided
mutagenesis and biophysical studies, we mapped the interac-
tion surface between UBE2D2 and the RING domains of
Pirh2 and Mdm2, showing that the mode of interaction is
conserved with that of other known E2-E3 complexes but that
Mdm2 has a more extended E2 interaction surface than Pirh2.
The implications of these observations are discussed below.
The RING domains of Pirh2 andMdm2 differ in their olig-

omeric states, the surface electrostatic charge distribution,
and the zinc coordination schemes. Therefore, it is not sur-
prising that there are differences in their interactions with the
primary RING domain partners, the E2 enzymes. Like cIAPs
(44), BRCA1-BARD (46), and Ring1b-Bmi1 (47), Mdm2 re-
quires dimerization for ubiquitylation activity. However,
Pirh2 and many other RING domain proteins, including c-Cbl
(45), PML (48), and CNOT4 (43), facilitate E3 ligase function
in a monomeric form. Thus, dimerization is not an essential
feature of the RING domain type E3 ligases. Nevertheless,
dimerization appears to be directly contributing to Mdm2
ubiquitylation activity by maintaining the proper folding of its
RING domain. This is supported by the fact that the Mdm2
mutant lacking the dimerization sequence (Mdm2 �C)
showed defective protein folding and inability to catalyze
ubiquitylation. In addition, Mdm2 preferentially dimerizes
with MdmX in the cell (17), and in vivo data suggest that
dimerization of their RING domains inhibits Mdm2 autou-
biquitylation, which exempts Mdm2 from proteasomal degra-
dation and indirectly enhances Mdm2-mediated down-regu-
lation of p53 (18, 49–51). Similar examples are found for the
heterodimer of BRCA1-BARD and Ring1b-Bmi1, where
BARD and Bmi1 RING domains have no detectable E3 ligase
activity. The dimer formation of BRCA1 and Ring1b with
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their respective nonactive partner serves to stabilize the RING
domain structure as well as inhibit E3 autoubiquitylation (52,
53). Another role for Mdm2 dimerization suggested by this
study and others is that dimerization may create a more ex-
tended E2 interaction surface. Consistent with this model, the
mutagenesis studies at the C terminus of Mdm2 attenuated
Mdm2 E3 ligase activity without disrupting Mdm2 dimeriza-
tion, suggesting that the C terminus of Mdm2 directly aids in
catalysis (25, 26, 34).
All E2s contain a conserved core domain (UBC) and a cata-

lytic Cys residue that accepts Ub from a ubiquitin-activating
enzyme E1. There are over 30 E2s in the human genome, sug-
gesting potential differences in their regulation of cellular
processes and functional diversity in ubiquitylation. In this
study, we tested a set of E2s that may interact with Pirh2 and
Mdm2 to catalyze ubiquitylation. Surprisingly, in addition to
the two closely related subfamilies UBE2D and UBE2E, which
were utilized by both Mdm2 and Pirh2 for p53 polyubiquity-
lation, Mdm2 also catalyzed p53 monoubiquitylation in the
presence of UBE2A/B, UBE2N, and UBE2Q/Q-like. The ef-
fects of UBE2A/B in p53 monoubiquitylation have been re-
ported and are implicated in regulating DNA damage re-
sponse, p53 activity, and localization (54). UBE2N also has
been shown to promote Lys63-linked p53 ubiquitylation,
which attenuates Mdm2-mediated p53 polyubiquitylation
when UBE2N is overexpressed in the cell (55, 56). The func-
tion of UBE2Q proteins is not clear, and their role in Mdm2-
mediated p53 ubiquitylation therefore warrants further
investigation.
In addition to recruitment of the E2 enzyme by the RING

domains of Pirh2 and Mdm2, our data provide insight into
the differential in vitro activity of the full-length proteins. The
p53 interaction domains of these E3s are very different, in
terms of their structure arrangements and p53 binding affini-
ties. Mdm2 binds to the N terminus of p53 in the nanomolar
range (57), whereas the Pirh2-p53 binding constant is at least
an order of magnitude less in vitro (21). This is likely to con-
tribute to the lower p53 E3 ligase activity of Pirh2. Perhaps
more interesting, however, are the differences in ubiquitylated
p53 products generated by Pirh2 and Mdm2. Mdm2 preferen-
tially ubiquitylates the lysine residues at the C terminus of p53
(36, 37). However, in addition to C-terminal residues, Pirh2
and Mdm2 can also ubiquitylate lysine residues located in the
p53 core DNA binding domain and tetramerization domain.
The preferential ubiquitylation of Lys164 by Pirh2 is of partic-
ular interest because this residue has recently been identified
to be a specific acetylation site for p300/CBP and essential for
p53-mediated cell growth arrest and apoptosis (58). It is con-
sistent with the role of Pirh2 in regulation of p53 transcrip-
tion (6). Another site, Lys320, was exclusively ubiquitylated by
Mdm2. This may be explained by the distinctly different in-
teraction modes of Mdm2 and Pirh2 with p53. Although both
E3 ligases interact with p53 in a bivalent manner, Mdm2 pri-
marily binds to the p53 N terminus with its N-terminal do-
main that subsequently induces a secondary interaction be-
tween the p53 core domain and its central acidic region (59),
whereas Pirh2 uses its N-terminal domain for binding to the
p53 core domain and its C-terminal domain to bind to the

p53 tetramerization domain. Presumably, the different geom-
etry of the Pirh2 and Mdm2 interactions causes differential
presentation of lysine residues in the core and linker regions
of p53 for ubiquitylation.
The apparent weaker intrinsic activity of Pirh2 is in line

with a secondary role of Pirh2 in modulating p53 protein lev-
els in relation to that of Mdm2 (6). Substantial heterogeneity
has been observed in Pirh2-mediated p53 responses in differ-
ent cell lines, depending on tissue type and Pirh2 levels,
whereas Mdm2 has been shown to be the primary E3 ligase
for p53 in all systems (6, 60). In conclusion, our studies of the
biochemical properties of the Mdm2 and Pirh2 RING do-
mains provide insight into the molecular mechanisms of p53
ubiquitylation by its E3 ligases and provide a structural basis
for future biochemical and cellular investigation of this
system.
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