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The stability of the tumor suppressor protein p53 is regulated via the ubiquitin-proteasome-dependent
proteolytic pathway. Like most substrates of this pathway, p53 is modified by the attachment of polyubiquitin
chains prior to proteasome-mediated degradation. However, the mechanism(s) involved in the delivery of
polyubiquitylated p53 molecules to the proteasome are currently unclear. Here, we show that the human DNA
repair protein hHR23 binds to polyubiquitylated p53 via its carboxyl-terminal ubiquitin-associated (Uba)
domain shielding p53 from deubiquitylation in vitro and in vivo. In addition, downregulation of hHR23
expression within cells by RNA interference results in accumulation of p53. Since the Ubl domain of hHR23
has been shown to interact with the 26S proteasome, we propose that hHR23 is intrinsically involved in the
delivery of polyubiquitylated p53 molecules to the proteasome. In this model, the Uba domain of hHR23 binds
to polyubiquitin chains formed on p53 and protects them from deubiquitylation, while the Ubl domain delivers
the polyubiquitylated p53 molecules to the proteasome.

Most substrate proteins of the 26S proteasome are co-
valently modified by the attachment of so-called polyubiquitin
chains that serve as recognition signals for the proteasome.
Conjugation of ubiquitin (ubiquitylation) to proteins requires
the concerted action of several enzymes, including the ubiq-
uitin-activating enzyme E1, ubiquitin-conjugating enzymes E2,
ubiquitin-protein ligases E3, and ubiquitin assembly factors
E4. E3 proteins are considered to specifically interact with
individual substrate proteins, thus providing the specificity of
the ubiquitin conjugation reaction (19, 39, 53).

Over the past few years, it has become clear that modifica-
tion of proteins with ubiquitin is not only involved in protein
degradation but also serves additional functions. For example,
ubiquitylation has been implicated in inducing endocytosis of
certain membrane proteins or in regulating the biochemical
activity of proteins in a reversible manner, similar to phosphor-
ylation events (14, 19, 23, 40, 53). The eventual fate of a
ubiquitylated protein appears to be determined by the mode of
ubiquitylation. Proteins destined for proteasome-mediated
degradation seem to be modified by a polyubiquitin chain(s), in
which the individual ubiquitin moieties are linked via lysine 48
or 29 of ubiquitin. In contrast, proteins not destined for deg-
radation are modified by single ubiquitin moieties or by polyu-
biquitin chains, in which the individual ubiquitin moieties are
linked via lysine residues other than lysines 48 and 29 (19, 38).

Covalent attachment of a lysine 48-linked tetraubiquitin
chain is necessary and sufficient for a model substrate to be
recognized and degraded by the 26S proteasome in vitro (48).
Furthermore, at least two subunits of the 19S regulatory par-
ticle of the 26S proteasome have the capacity to physically
interact with ubiquitin, suggesting that proteins in addition to
the 26S proteasome are not required for the degradation of

polyubiquitylated proteins (13, 33). However, there is accumu-
lating evidence that additional proteins can modulate the
transfer of polyubiquitylated proteins from the site of ubiqui-
tylation to the proteasome. One group of such proteins is
represented by the Saccharomyces cerevisiae proteins Rad23
and Dsk2 and their respective human homologs (hHR23A and
hHR23B, hPlic-1, and Chap1/hPlic-2) (11, 18, 24, 28, 43, 44,
52). The architectures of these proteins are similar in that they
bear an N-terminal ubiquitin-like (Ubl) domain and one
(Dsk2, whose human homologue is hPlic) or two (Rad23 and
hHR23) more C-terminally located ubiquitin-associated (Uba)
domains. The Ubl domain of Rad23 and the hHR23 proteins
has been shown to interact with subunits of the 19S complex of
the 26S proteasome, while Uba domains in general have the
capacity to bind to polyubiquitin chains (5, 11, 12, 16, 18, 24,
28, 43, 44, 52). Together with genetic analyses, these biochem-
ical data indicate that at least some Ubl/Uba-containing pro-
teins can act as bridging proteins between polyubiquitylated
proteins and the 26S proteasome (12, 43). Furthermore, Rad23
has been reported to interfere with the ubiquitylation of pro-
teins, suggesting an additional role for Rad23 in the regulation
of ubiquitin-dependent proteolysis or in the regulation of ubiq-
uitin conjugation in general (11, 36).

Rad23 and the hHR23 proteins are involved in the nucleo-
tide excision repair pathway (34, 41). Moreover, hHR23 inter-
acts with E6-AP, an E3 of the Hect domain family (27, 46), and
its half-life has been reported to be regulated in a cell cycle-
dependent manner (31). Interestingly with respect to nucleo-
tide excision repair, degradation of hHR23 seems to be
blocked upon UV-induced DNA damage, providing a possible
mechanism by which the activity of hHR23 can be regulated
(31). E6-AP was originally isolated as a protein that interacts
with the E6 oncoprotein of cancer-associated human papillo-
maviruses (HPVs) and mediates the E6-induced ubiquitylation
and degradation of the tumor suppressor protein p53 in HPV-
positive cancer cells (22, 26, 45). In normal (i.e., HPV-nega-
tive) cells, however, ubiquitylation and subsequent degradation
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of p53 is mediated by the RING finger-type E3 Hdm2 (or
Mdm2 in murine cells) (1, 3, 17, 25).

p53 is a key protein of the DNA damage response. Upon
DNA damage, p53 levels increase and the activated p53 pro-
tein induces cell cycle arrest and/or apoptosis (1, 3). This in-
dicates that under normal growth conditions, the antiprolifera-
tive activities of p53 need to be tightly controlled, a task that is
in part achieved by Hdm2-induced degradation of p53. The
Hdm2 proto-oncoprotein possesses four evolutionarily con-
served domains, including an amino-terminal p53 binding do-
main, a carboxyl-terminal RING finger with E3 ligase activity,
and a central acidic domain with an as-yet-unknown function.
However, alanine substitutions of putative phosphorylation
sites within this central acidic domain interfere with p53 deg-
radation, while they still allow ubiquitylation to occur (7). This
indicates that ubiquitylation of p53 is not sufficient for its
degradation and that additional steps are required.

To gain insight into the mechanism(s) involved in linking
p53 ubiquitylation and degradation, we investigated whether
the hHR23 proteins affect p53 ubiquitylation and/or p53 deg-
radation. Here we report that in vitro, hHR23 protects polyu-
biquitylated p53 from deubiquitylation as well as from protea-
some-mediated degradation and that the Uba2 domain of
hHR23 is necessary and sufficient for this effect. In addition,
siRNA-mediated downregulation of hHR23 expression within
cells results in the accumulation of p53. Taken together, our
results indicate that hHR23 is intrinsically involved in the deg-
radation of p53 and are consistent with the notion that hHR23
acts as a bridging factor between polyubiquitylated forms of
p53 and the proteasome.

MATERIALS AND METHODS

Plasmids, siRNAs, and protein expression. For in vitro translation and tran-
sient expression, the constructs pcDNA3-Flag-hHR23A, pcDNA3-Flag-
hHR23B, pcDNA3-HA-hHR23A, and pcDNA3-HA (with cDNAs encoding the
various deletion mutants of hHR23A [�Ubl, �Uba2, �Ubl/�Uba2, Uba2] [see
Fig. 1A]), and pcDNA3-p53, pcDNA3-Hrs, and pcDNA3-Hdm2 (human Mdm2)
were generated by PCR-based methods (further details will be provided upon
request). pcDNA3-Mdm2 was obtained by digesting pcocmdm2X2 (4) with
EcoRI and ligating the resulting fragment into the EcoRI site of the pcDNA3
vector. The plasmid expressing His-tagged ubiquitin was a gift of Sibylle Mitt-
nacht, the plasmid expressing CD44 was a gift of Veronique Orian-Rousseau,
and the plasmid expressing green fluorescent protein (GFP) was provided by
Sakari Hietanen.

For in vitro experiments, p53, Hrs, or Hdm2 was generated in the rabbit
reticulocyte lysate (RRL) system (Promega) in the presence of [35S]methionine.
Furthermore, Hdm2, HPV-16 E6, the Uba domain of Chap1/hPlic-2, and
hHR23A and its various deletion mutants were expressed as glutathione S-
transferase (GST) fusion proteins in Escherichia coli BL21/DE3. The ubiquitin-
activating enzyme E1, the ubiquitin-conjugating enzyme UbcH5, S. cerevisiae
UBP1 (provided by R. T. Baker) (2), and ubiquitin mutants (R48, K48, and K0)
(provided by C. M. Pickart) were expressed in E. coli BL21/DE3 as described
previously (22, 55). As a source of recombinant E6-AP, E6-AP was expressed in
the baculovirus system and purified by anion-exchange chromatography (45).

siRNAs against mRNAs encoding hHR23A and hHR23B were obtained from
Dharmacon Research. The respective target sequences were as follows: for
hHR23AI, 5�CTTCCTCCTGAGTCAGAAC; for hHR23AII, 5�GGGTCGTGA
TGCCTTCCCC; for hHR23BI, 5�CTGACAGTACATCGGGTGA; and for
hHR23BII, 5�TTGCAGCCCTGAGAGCCAG. For a control, the target se-
quence was 5�CCCCUUUUAAAAAGGGGG.

Cell lines, transfection, and microinjection. Primary human fibroblasts
(GM1604; National Institute of General Medical Sciences, Coriell Institute for
Medical Research, Human Genetic Cell Repository, Camden, N.J.), H1299 lung
carcinoma cells (p53 negative; American Type Culture Collection), and U2OS
osteosarcoma cells (wild-type [wt] p53) (8) were cultured in Dulbecco’s modified

Eagle medium (Invitrogen) supplemented with 15% (for GM1604) or 10% (for
H1299 and U2OS) fetal calf serum (Invitrogen). Transfections were carried out
by calcium phosphate coprecipitation (9) or by lipofection (with DOTAP) ac-
cording to the manufacturer’s instructions (Roche Molecular Biochemicals).

FIG. 1. hHR23 interferes with Hdm2-mediated ubiquitylation of
p53 but not with E6-mediated ubiquitylation in vitro. (A) The structure
of hHR23 and the deletion mutants used in this study is schematically
represented with respect to the location of the Ubl domain and the two
Uba domains. (B) The indicated forms of hHR23 were expressed as
GST fusion proteins in E. coli and purified by affinity chromatography.
Similar amounts of the various proteins were used in the subsequent
characterization of their biochemical properties. The running positions
of molecular mass markers (in kilodaltons) are indicated. (C) In vitro-
translated 35S-labeled p53 was ubiquitylated by Hdm2 or by the
HPV-16 E6 oncoprotein and E6-AP under standard ubiquitylation
conditions in the presence (�) or absence (�) of the various hHR23
forms in increasing amounts, as indicated. After 2 h at 30°C, the
reactions were stopped and the complete reaction mixtures were elec-
trophoresed on SDS-10% polyacrylamide gels. Radiolabeled p53 was
detected by fluorography. (D) Ubiquitylation of in vitro-translated Hrs
by baculovirus-expressed E6-AP in the absence and in the presence of
hHR23. (E) Ubiquitylation of in vitro-translated Hdm2 by bacterially
expressed GST-Hdm2 in the absence and in the presence of hHR23.
Ubiquitylated forms of the respective radiolabeled proteins are indi-
cated by a double asterisk. Running positions of ubiquitylated forms of
p53 that are generated by E6/E6-AP but not observed in the additional
presence of hHR23 are indicated by dots. Lanes fl, full-length protein.
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Where indicated, the proteasome inhibitor MG132 (Calbiochem) was added to
a final concentration of 10 �M for 5 h.

Primary human fibroblasts grown on glass coverslips were injected with a
vector expressing GFP (0.25 �g/ml), with a vector expressing GFP (0.2 �g/ml)
and control siRNA (16 �M), or with a vector expressing GFP (0.2 �g/ml) and a
mixture of siRNAs for hHR23A (I and II) and hHR23B (I and II), each at a final
concentration of 4 �M, by using the Eppendorf 5242 microinjector and 5170
micromanipulator.

Antibodies and immunofluorescence. For Western blot analyses, the following
antibodies were used: DO-1, monoclonal anti-p53 antibody (50); 4B2, monoclo-
nal anti-Mdm2 antibody (10); M2, monoclonal anti-Flag antibody (Sigma); and
PC-10, monoclonal anti-proliferating-cell nuclear antigen antibody (51). Horse-
radish peroxidase-coupled goat anti-mouse immunoglobulin G (IgG) (DAKO)
was used as a secondary antibody.

Immunofluorescence staining was performed as previously described (6) with
the polyclonal anti-p53 antibody CM-1 (35) or the monoclonal anti-p53 antibody
DO-1, the anti c-Jun antibody sc-45 (Santa Cruz), and monoclonal antibodies
against the hemagglutinin (HA) tag (provided by C. Englert) and CD44 (pro-
vided by J. Sleeman). Cy2-conjugated anti-mouse IgG and Cy3-conjugated anti-
rabbit IgG (Dianova) were used as secondary antibodies.

In vitro assays. HPV E6-mediated and Hdm2-mediated ubiquitylation of p53
was assayed as described previously (22) by using in vitro-translated p53 and
bacterially expressed GST-E6 and GST-Hdm2 fusion proteins, respectively. For
Hdm2-mediated ubiquitylation of Hdm2 (“auto-ubiquitylation”), 2 �l of in vitro-
translated Hdm2 was incubated in the absence or in the presence of 50 ng of
bacterially expressed GST-Hdm2 under standard ubiquitylation conditions (22).
Similarly, for E6-AP-mediated ubiquitylation of Hrs, 2 �l of in vitro-translated
Hrs was incubated in the absence or in the presence of 200 ng of baculovirus-
expressed E6-AP. All ubiquitylation reaction mixtures contained 8 �g of com-
mercially available ubiquitin (Sigma) or the same amount of bacterially ex-
pressed ubiquitin, where indicated.

For coprecipitation analyses, p53 was ubiquitylated in the presence of Hdm2
or HPV-E6. After 1 h, the ubiquitylation reaction was stopped by the addition of
20 mM EDTA (final concentration). The capacity of p53 and its ubiquitylated
forms to bind to GST-hHR23 or its various deletion mutants was then deter-
mined in GST pulldown experiments as described previously (26).

For UBP1-mediated deubiquitylation, p53, Hdm2, or Hrs were ubiquitylated
as described above in the presence of wt ubiquitin or mutated forms of ubiquitin
as indicated. After 1 h, the ubiquitylation reaction was stopped by the addition
of 20 mM EDTA, and the ability of UBP1 to deubiquitylate the respective
ubiquitylated forms of p53, Hdm2, or Hrs determined in the absence and in the
presence of wt GST-hHR23 or its mutant forms.

For in vitro degradation of p53 and Hdm2, p53 was ubiquitylated in the
presence of HPV E6 and Hdm2 was auto-ubiquitylated. After 1 h, degradation
was initiated by the addition of 5 �l of untreated RRL (Promega) as a source of
the 26S proteasome in the presence or in the absence of GST-hHR23 (or its
various mutant forms) as indicated below. After incubation at 30°C for 1 h, total
reaction mixtures were electrophoresed in sodium dodecyl sulfate (SDS)-10%
polyacrylamide gels, and 35S-labeled p53 was detected by fluorography.

In vivo ubiquitylation assay. H1299 cells were transfected overnight with
plasmids encoding p53, His-tagged ubiquitin, hHR23, Mdm2, and vector DNA
(to adjust the amount of transfected DNA). Cells were harvested 24 h after
transfection. After being washed twice in ice-cold phosphate-buffered saline, 7.5
� 106 cells were lysed in 6 ml of guanidinium lysis buffer (6 M guanidinium-HCl,
0.1 M phosphate [pH 8], 0.01 M Tris [pH 8], 5 mM imidazole, 10 mM �-mer-
captoethanol). Ni2�-nitrilotriacetic acid-agarose beads (75 �l) were added to the
lysate, and the mixture was incubated at room temperature overnight. The next
morning, beads were successively washed with the following buffers: guanidinium
lysis buffer, urea buffer (8 M urea, 0.1 M phosphate [pH 8], 0.01 M Tris [pH 8],
10 mM �-mercaptoethanol), buffer A (8 M urea, 0.1 M phosphate [pH 6.3], 0.01
M Tris [pH 6.3], �-mercaptoethanol), buffer A plus 0.2% Triton X-100, and
buffer A plus 0.1% Triton X-100. Ubiquitylated proteins were eluted with 200
mM imidazole in 5% SDS–0.15 M Tris [pH 6.7]–30% glycerol–0.72 M �-mer-
captoethanol. The eluate was subjected to SDS-polyacrylamide gel electrophore-
sis. After transfer onto polyvinylidene difluoride-membrane (Millipore), the pro-
teins were probed with the anti-p53 antibody DO-1.

RESULTS

hHR23 interferes with Hdm2-mediated but not with E6-
mediated ubiquitylation of p53 in vitro. Yeast Rad23 has re-
cently been reported to interfere with the ubiquitylation of

proteins (11, 36). To determine if hHR23A and hHR23B, the
human homologs of Rad23, have similar properties, the effect
of these proteins on the ubiquitylation of p53 mediated either
by Hdm2 or by the HPV E6 oncoprotein was studied in vitro.
(From now on, we will not distinguish between hHR23A and
hHR23B, since similar results were obtained for these pro-
teins.) As shown in Fig. 1C, addition of hHR23 resulted in a
complete inhibition of Hdm2-mediated ubiquitylation of p53.
Furthermore, the Uba2 domain of hHR23 was necessary and
sufficient for this inhibitory effect. In contrast, hHR23 did not
interfere with the E6-dependent reaction. In fact, in the pres-
ence of hHR23 only the highly ubiquitylated forms of p53
migrating at the top of the gel were observed, while the ladder
of ubiquitylated forms of p53 with a lower molecular mass
(indicated by dots in the right panel of Fig. 1C) disappeared.
This result may suggest that hHR23 promotes E6-mediated
polyubiquitylation of p53 or stabilizes polyubiquitylated forms
of p53.

E6-facilitated ubiquitylation of p53 is mediated by E6-AP,
which interacts with hHR23 (31). Thus, it seemed possible that
the inability of hHR23 to interfere with E6-mediated ubiqui-
tylation of p53 is a result of the interaction between hHR23
and E6-AP. To address this possibility, we studied the effect of
hHR23 on E6-AP-mediated ubiquitylation of Hrs (29), an-
other in vitro substrate for E6-AP (S. Glockzin and M. Schef-
fner, unpublished data). As shown in Fig. 1D, addition of
hHR23 efficiently interfered with E6-AP-mediated ubiquityla-
tion of Hrs, indicating that binding to E6-AP does not result in
a general inactivation of the ability of hHR23 to inhibit ubiq-
uitylation processes. Furthermore, Hdm2-mediated auto-ubiq-
uitylation was not affected by hHR23 (Fig. 1E).

Our results indicate that the actual effect of hHR23 on
ubiquitylation depends on the actual E3-substrate pair studied.
However, the ability of hHR23 to interfere with ubiquitylation
processes does not require a direct interaction between hHR23
and the respective E3 or substrate. This conclusion is based on
the observation that the Uba2 domain of hHR23, which does
not bind to E6-AP (31), Hdm2, Hrs, and p53 (data not shown),
is necessary and sufficient to block both Hdm2-mediated ubiq-
uitylation of p53 and E6-AP-mediated ubiquitylation of Hrs
(Fig. 1C and data not shown).

hHR23 preferentially binds to K48-ubiquitylated p53. Based
on published data (32), Hdm2-mediated ubiquitylation of p53
in vitro results predominantly in the attachment of single ubiq-
uitin moieties to a number of different lysine residues of the
p53 protein rather than in the attachment (or formation) of
polyubiquitin chains. To further characterize Hdm2-mediated
ubiquitylation of p53 in our system, three ubiquitin mutants
were employed, a ubiquitin mutant in which lysine 48 was
replaced by an arginine (R48-ubiquitin), a mutant in which all
lysine residues were replaced by arginine except for lysine 48
(K48-ubiquitin), and a mutant in which all lysine residues were
replaced by arginine (K0-ubiquitin). In the presence of R48-
ubiquitin, the pattern of ubiquitylated forms of p53 generated
in the presence of Hdm2 was similar to the pattern observed in
the presence of wt ubiquitin (Fig. 2A). In contrast, p53 was not
ubiquitylated by Hdm2 in the presence of the K48 mutant or
the K0 mutant (not shown). In addition, similar results were
obtained for E6-AP-mediated ubiquitylation of Hrs (i.e., sim-
ilar ubiquitylation patterns with wt ubiquitin and R48-ubiq-
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uitin, while ubiquitylation was not observed in the presence of
the K48 and K0 mutant; data not shown). The reason for why
the K48 mutant and the K0 mutant are not used by Hdm2 or
E6-AP in the ubiquitylation of p53 and Hrs, respectively, is
currently unclear. However, the possibility that these mutants
are generally defective in protein ubiquitylation can be ex-
cluded, since p53 was ubiquitylated by E6/E6-AP in the pres-
ence of the K48 mutant or the K0 mutant (see below). Thus,
although it was not possible to determine whether, under the
conditions used, p53 and/or Hrs is modified at several lysines
by single ubiquitin molecules or by ubiquitin chains, it appears
that, if ubiquitin chains are formed, the individual ubiquitin
moieties are linked mainly via lysine residues other than K48.
This assumption is supported by the fact that degradation of
Hdm2-ubiquitylated p53 and of E6-AP-ubiquitylated Hrs, re-
spectively, was not observed (data not shown) (note that K48-
linked ubiquitin chains are commonly assumed to function as
recognition signals for the 26S proteasome). In contrast, E6/
E6-AP-mediated ubiquitylation results in the attachment of
one or more K48-linked ubiquitin chains on p53 (Fig. 2A),
targeting p53 for degradation by the 26S proteasome (see Fig.
5). Similarly, auto-ubiquitylation of Hdm2 results in highly
ubiquitylated Hdm2 forms and the individual ubiquitin moi-
eties within these chains are at least in part linked via K48
(L. K. Linares and M. Scheffner, unpublished observation).
Taken together, the results presented above indicate that in
vitro hHR23 does not interfere with modification of proteins
with K48-linked ubiquitin chains (“K48-ubiquitylation”),
whereas it inhibits modification of proteins with ubiquitin
chains linked via lysine residues other than K48 (“non-K48-
ubiquitylation”).

Uba domains have been reported to bind to ubiquitin chains
with higher affinity than to monomeric ubiquitin (5, 43, 54). To
test if hHR23 also binds to K48-ubiquitylated and/or non-K48-
ubiquitylated p53, p53 was ubiquitylated by E6 or Hdm2 in a
standard ubiquitylation reaction (22). After 60 min, the reac-
tions were stopped and the ability of p53 and its modified

forms to interact with hHR23 was determined in coprecipita-
tion experiments using GST fusion proteins of full-length
hHR23 or the various hHR23 deletion mutants (Fig. 1A) as
indicated (Fig. 2B and C). All forms of hHR23 that contain the
Uba2 domain bound to both K48-ubiquitylated and non-K48-
ubiquitylated p53, while binding to nonmodified p53 was not
above background levels (as defined by the amount of non-
modified p53 bound to GST in the experiment shown in Fig.
2C). However, binding to K48-ubiquitylated p53 appeared to
be significantly more efficient than binding to non-K48-ubiq-
uitylated p53. Thus, the inability of hHR23 to interfere with
K48-ubiquitylation of p53 is not due to the possibility that
hHR23 does not efficiently interact with K48-ubiquitylated
p53.

hHR23 interferes with deubiquitylation of K48-ubiquity-
lated p53 in vitro. To obtain insight into the possible functional
consequence(s) of the interaction of hHR23 with ubiquitylated
p53, the effect of hHR23 on deubiquitylation of p53 was ex-
amined. As deubiquitylating enzyme, the yeast ubiquitin-spe-
cific protease UBP1 (49) was used. Although there is no evi-
dence at present that the human ortholog of UBP1 is involved
in deubiquitylation of p53 in vivo, recombinant UBP1 very
efficiently deubiquitylates p53 in vitro under the conditions
used (Fig. 3A).

After ubiquitylation of p53 by Hdm2 or E6/E6-AP, the ubiq-
uitylation reaction was stopped by the addition of EDTA.
Then, UBP1 was added and deubiquitylation of p53 was mea-
sured in the absence or presence of hHR23 (Fig. 3A). In the
absence of hHR23, both non-K48-ubiquitylated p53 (gener-
ated by Hdm2) and K48-ubiquitylated p53 (generated by E6)
were efficiently deubiquitylated, as indicated by the disappear-
ance of the ubiquitylated forms of p53 and the concomitant
appearance of the nonmodified form of p53. However, in the
presence of hHR23, deubiquitylation of K48-ubiquitylated p53
was significantly blocked, while deubiquitylation of non-K48-
ubiquitylated p53 was not affected. Similarly, addition of
hHR23 interfered with the deubiquitylation of auto-ubiquity-

FIG. 2. hHR23 binds to ubiquitylated p53. (A) In vitro-translated 35S-labeled p53 was ubiquitylated by Hdm2 or the E6/E6-AP complex in the
presence of wt ubiquitin or ubiquitin mutants as indicated. After 2 h at 30°C, the reactions were analyzed as described in the legend to Fig. 1. K48
is a ubiquitin mutant in which all lysines were replaced by arginine except for lysine at position 48, R48 is a ubiquitin mutant in which the lysine
residue at position 48 was replaced by arginine, and K0 is a ubiquitin mutant in which all lysine residues were replaced by arginine. (B and C)
Radiolabeled p53 was ubiquitylated in the presence of the HPV-16 E6 oncoprotein (B) or in the presence of Hdm2 (C). After 1 h, the reactions
were stopped and the ability of the respective reaction products to interact with GST or the various forms of hHR23 was determined by
coprecipitation analysis (Materials and Methods). Ubiquitylated forms of the respective radiolabeled proteins are indicated by a double asterisk.
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lated Hdm2 (Fig. 3B), while deubiquitylation of E6-AP-ubiq-
uitylated Hrs was not inhibited (Fig. 3C).

As observed for the binding to ubiquitylated proteins (Fig.
2), the isolated Uba2 domain of hHR23 was necessary and
sufficient for this K48-ubiquitin chain-stabilizing activity of
hHR23 (Fig. 3A, right panel). However, this does not appear
to be a general property of Uba domains. Although the Uba
domain of Chap1/hPlic-2, a protein that was previously shown
to interfere with proteasome-mediated degradation of proteins
upon overexpression in vivo (28), efficiently binds to K48-
ubiquitylated p53 (data not shown), it did not interfere with
UBP1-mediated deubiquitylation of p53 under the conditions
used (Fig. 3A). Thus, although Uba domains in general seem
to bind to ubiquitin chains, the functional consequence(s) may
differ between individual Uba domains.

The above results indicate that hHR23 protects K48-ubiq-
uitylated proteins from deubiquitylation but not non-K48-
ubiquitylated proteins. To obtain further evidence for this hy-
pothesis, E6/E6-AP-mediated ubiquitylation of p53 with
subsequent deubiquitylation was assayed using the bacterially

expressed ubiquitin mutants K48-ubiquitin and R48-ubiquitin
(Fig. 4). The pattern of p53 ubiquitylation observed in the
presence of R48 is similar, or identical, to the pattern observed
with K0-ubiquitin (compare the respective lanes in Fig. 2A
with the ones in Fig. 4). This clearly indicates that E6/E6-AP-
mediated ubiquitylation of p53 results mainly, or exclusively, in
the attachment of ubiquitin chains linked via K48. Moreover,
hHR23 (or the isolated Uba2 domain; data not shown) effi-
ciently inhibited UBP1-mediated deubiquitylation of K48-
ubiquitin-modified p53 (note that for unknown reasons, K48-
ubiquitin chains are less well recognized by UBP1 as substrates
for deubiquitylation than wt chains). In contrast, hHR23 had
no effect on deubiquitylation of the R48-ubiquitin-modified
p53. Thus, the ability of hHR23 to interfere with p53 deubiq-
uitylation seems to be specific for K48-ubiquitylated forms.

hHR23 inhibits degradation of p53 and of Hdm2 in vitro.
The notion that E6-facilitated ubiquitylation results mainly in
p53 molecules attached to K48-linked ubiquitin chains is
strongly supported by the fact that E6-induced ubiquitylation
of p53 is known to result in its efficient degradation by the

FIG. 3. hHR23 protects E6-ubiquitylated p53 from deubiquitylation. (A) Radiolabeled p53 was ubiquitylated by Hdm2 or by E6/E6-AP as
indicated. After 1 h, the reactions were stopped by the addition of EDTA, and the deubiquitylation reaction was started by the addition of the
ubiquitin-specific protease UBP1 in the absence (�) or in the presence (�) of hHR23 or its deletion mutants or the Uba domain of Chap1/hPlic-2
as indicated. Similarly, the effect of UBP1 on auto-ubiquitylated Hdm2 (B) and on E6-AP-ubiquitylated Hrs (C) was tested. Ubiquitylated forms
of the respective radiolabeled proteins are indicated by a double asterisk.
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proteasome (47). To test if hHR23 has an effect on protea-
some-mediated degradation, E6-ubiquitylated p53 was gener-
ated, and its degradation was initiated by the addition of RRL
as a source for the 26S proteasome. (Note that the degradation
reaction requires the addition of RRL as the RRL used for in
vitro translation of p53 was treated with a proteasome inhibi-
tor.) As shown in Fig. 5A, E6-ubiquitylated p53 was efficiently
degraded under the conditions used. However, when ubiqui-
tylated p53 was incubated with full-length hHR23 prior to the
addition of RRL, its degradation was efficiently blocked. Fur-
thermore, the Uba2 domain was necessary and sufficient for
this protective effect of hHr23. Similarly, degradation of auto-
ubiquitylated Hdm2 was inhibited in the presence of hHR23
(Fig. 5B). Similar to the results obtained for deubiquitylation,
the isolated Uba domain of Chap1/hPlic-2 did not interfere

with proteasome-mediated degradation of p53 in this in vitro
system (data not shown).

hHR23 stabilizes ubiquitylated forms of p53 in vivo. Since in
vitro hHR23 inhibits both deubiquitylation and proteasome-
mediated degradation of p53, we wondered whether hHR23
has similar effects in living cells. Therefore, we first tested the
effect of overexpressed hHR23 on Mdm2-mediated degrada-
tion of ectopically expressed p53 in cell culture experiments.
As expected (21, 30), coexpression of Mdm2 and p53 resulted
in the efficient degradation of p53, which was inhibited by
addition of the proteasome inhibitor MG132 (Fig. 6A). While
coexpressed hHR23 had no influence on the expression levels
of p53 in the absence of additional Mdm2, Mdm2-induced
degradation of p53 was severely attenuated in the presence of
hHR23. Most importantly, in the presence of hHR23 distinct

FIG. 4. hHR23 protects K48-ubiquitylated p53 from deubiquitylation. Radiolabeled p53 was partially purified by anion-exchange chromatog-
raphy to remove any ubiquitin from the RRL used for in vitro translation. The partially purified p53 was then ubiquitylated by E6/E6-AP in the
presence of bacterially expressed wt ubiquitin or the indicated mutants (for further details on K48 and R48, see the legend to Fig. 2A). After 1 h,
reactions were stopped by the addition of EDTA, and UBP1-mediated deubiquitylation of p53 was examined in the absence (�) or presence (�)
of hHR23. The running positions of the ubiquitylated forms of p53 are indicated by a double asterisk.

FIG. 5. hHR23 inhibits degradation of ubiquitylated p53 and of ubiquitylated Hdm2. (A) Radiolabeled p53 was ubiquitylated by the E6/E6-AP
complex. After 1 h, untreated RRL was added as a source of the 26S proteasome and degradation of ubiquitylated p53 studied in the absence (�)
or in the presence (�) of the hHR23 forms indicated. (B) Radiolabeled Hdm2 was ubiquitylated in the presence of GST-Hdm2. Degradation of
ubiquitylated Hdm2 was tested as described in panel A for p53. The running positions of the ubiquitylated forms of p53 and Hdm2 are indicated
by a double asterisk.
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p53 forms with an apparent higher molecular mass than that of
unmodified p53, indicative of ubiquitylated p53 species, were
detectable by ordinary Western blotting of whole-cell lysate
(Fig. 6A, upper panel). Indeed, when we affinity purified ubiq-
uitylated proteins and probed them with a p53-specific anti-

body, we detected a significant increase in ubiquitylated p53
(Fig. 6A, lower panel). This result shows that regardless of the
presence or absence of MG132, ubiquitylated p53 species ac-
cumulated in the presence of both hHR23 and Mdm2. Thus,
overexpression of hHR23 interferes with both deubiquitylation
and degradation of p53 within a living cell. The fact that Mdm2
targets p53 for degradation in vivo is obviously different from
the situation in vitro (where Hdm2 does not induce p53 deg-
radation [see above]), indicating that in contrast to the in vitro
system, p53 is modified by K48 ubiquitin chains in the presence
of Hdm2 in vivo. A likely explanation for this difference is that
Hdm2 requires the activity of an E4 for K48-ubiquitylation of
p53 and this E4 is missing in the in vitro system. This hypoth-
esis is supported by a recent study indicating that p300 acts as
an E4 in Hdm2-induced ubiquitylation of p53 (20).

Similar to its effect on Hdm2-mediated p53 degradation,
overexpression of hHR23 also interfered with E6-induced deg-
radation of p53 in transient-transfection experiments (Fig. 6B).
However, E6-induced degradation of p53 was reproducibly less
affected by hHR23 overexpression than Mdm2-induced p53
degradation. The reason for this difference is currently un-
known.

siRNA-mediated downregulation of hHR23 expression re-
sults in the accumulation of endogenous p53. To provide evi-
dence that hHR23 is involved in the degradation of endoge-
nous p53, we overexpressed hHR23 in the U2OS cell line,
which possesses endogenous wt p53. As shown in Fig. 7A,
overexpression of hHR23 resulted in the accumulation of en-
dogenous p53. The effect of hHR23 overexpression was spe-

FIG. 6. Overexpression of hHR23 in the presence of Mdm2 results
in the accumulation of ubiquitylated forms of p53. (A) H1299 cells
(p53 null cells) were transfected with expression constructs for p53,
Mdm2, Flag-tagged hHR23, and His-tagged ubiquitin (for further de-
tails, see Materials and Methods). Twenty-four hours after transfec-
tion, cells were harvested and whole-cell lysates were prepared from an
aliquot of the cells. Using the whole-cell lysate, expression levels of
p53, Mdm2, and Flag-tagged hHR23 were determined by Western blot
analysis with antibodies against the respective proteins. Endogenous
proliferating-cell nuclear antigen levels were determined for loading
control. From the remaining cells, ubiquitylated proteins were isolated
by affinity chromatography and ubiquitylated forms of p53 were de-
tected by Western blot analysis using a p53-specific antibody. The
running positions of ubiquitylated forms of p53 are indicated by a
double asterisk. The running positions of putative ubiquitylated forms
of p53 detected in a whole-cell extract with a p53-specific antibody
(most upper panel) are indicated by dots. Where indicated, transfected
cells were treated with the proteasome inhibitor MG132 for 5 h prior
to the preparation of cell extracts. (B) The effect of hHR23 overex-
pression on E6-mediated degradation of p53 was determined in co-
transfection experiments as described in panel A for Mdm2-induced
p53 degradation in the absence of an expression vector for His-tagged
ubiquitin.

FIG. 7. Downregulation of hHR23 results in accumulation of en-
dogenous p53. (A) U2OS cells (which express endogenous wt p53)
were transfected with an expression construct for HA-tagged hHR23
or with an expression construct for CD44 for control. Twenty-four
hours h after transfection, levels of p53, c-Jun, hHR23, or CD44 were
determined by immunofluorescence using the anti-p53 antibody CM-1,
the anti-c-Jun antibody sc-45, a monoclonal anti-HA antibody, and a
monoclonal antibody against CD44. p53 and c-Jun are stained in red.
hHR23 and CD44 are stained in green. (B) Primary human fibroblasts
were microinjected with an expression vector encoding GFP either
alone, in combination with control siRNA, or in combination with
siRNAs directed against mRNAs encoding hHR23A and hHR23B.
Three days after microinjection, p53 expression was determined by
immunofluorescence using the p53-specific antibody DO-1. GFP ex-
pression is shown in green, and the p53 protein is stained in red.
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cific for p53 insofar that the stability of another known sub-
strate of the proteasome, c-Jun (37), was not affected. Note
that it is still a matter of debate if the transfection procedure
per se may result in elevated p53 levels. The finding, however,
that transfection of a CD44 expression construct did not cause
an increase in endogenous p53 levels excludes this possibility.

While results obtained in overexpression studies often
serve as first indication if a protein is involved in the deg-
radation of another protein, they can be misleading. For
example, overexpression of hHR23 may titrate out factors
involved in degradation of p53 and, thus, may indirectly
result in p53 stabilization. Therefore, to obtain evidence
that endogenous hHR23 is directly involved in p53 degra-
dation, siRNAs (15) directed against mRNAs encoding
hHR23A and hHR23B were introduced by microinjection
into human primary fibroblasts expressing wt p53 (Fig. 7B).
While cells microinjected with control siRNA and an ex-
pression vector for GFP (as microinjection control) did not
show any signs of p53 accumulation, more than 90% of the
cells injected with a mix of siRNAs directed against hHR23
mRNAs showed significant accumulation of p53. Although
we were not able to determine the effect of the siRNAs used
on the expression level of endogenous hHR23 proteins (en-
dogenous hHR23 proteins were not detectable by the com-
mercially available hHR23 antibodies), the siRNAs directed
against the hHR23A and hHR23B mRNA efficiently down-
regulated the expression of ectopically expressed hHR23
proteins in cotransfection experiments (data not shown).
Thus, the siRNA experiments indicate that hHR23 is in-
volved in p53 degradation in vivo.

DISCUSSION

The Rad23 protein has been shown to play a role in protein
degradation mediated by the ubiquitin-proteasome system (12,
43, 44). Rad23 contains an N-terminal Ubl domain and two
Uba domains. Uba domains bind to ubiquitin chains (5, 18, 43,
54), and it was recently reported that Rad23 preferentially
binds to ubiquitin chains that perform proteolytic functions
(i.e., K48-linked polyubiquitin chains) (43). Since the Ubl do-
main of Rad23 interacts with the 19S regulatory complex of the
26S proteasome (16, 44), a current model is that Rad23 and
structurally related proteins (i.e., proteins containing both Ubl
and Uba domains) are involved in the transport of ubiquity-
lated proteins to the proteasome or, alternatively, facilitate the
formation of ubiquitylated proteins in close proximity to the
proteasome (12, 18, 43). In agreement with this model, we
found that the human homologs of Rad23, hHR23A and
hHR23B, bind to K48-ubiquitylated proteins, including p53,
shielding them from deubiquitylation, and that overexpression
of hHR23 interferes with p53 degradation in vitro and in vivo.
Moreover, siRNA directed against hHR23 mRNAs result in
the accumulation of endogenous p53. Taken together, these
observations (both downregulation and upregulation of
hHR23 levels result in enhanced p53 levels) indicate that
hHR23 is intrinsically involved in p53 degradation, acting as a
bridging factor between ubiquitylated p53 and the 26S protea-
some (Fig. 8).

Similar to the results presented here, it was recently re-
ported that hHR23 interferes with deubiquitylation and deg-
radation of artificial substrate proteins (42). A likely possibility
is that binding of hHR23 to ubiquitin chains via the Uba2

FIG. 8. Model on the role of hHR23, in p53 degradation. hHR23 can interact with the 26S proteasome via its N-terminal Ubl domain and with
polyubiquitylated p53 via its C-terminal Uba domain. At appropriate levels, a given hHR23 molecule can thus simultaneously interact with the 26S
proteasome and a polyubiquitylated p53 molecule, thereby facilitating degradation of p53 (A). After overexpression of hHR23 (B), formation of
a ternary complex between polyubiquitylated p53, hHR23, and 26S proteasomes is disturbed, since the respective interaction sites for hHR23 on
polyubiquitylated p53 and the 26S proteasome are occupied by two different hHR23 molecules. In consequence, p53 protein levels accumulate.
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domain sterically hinders the interaction of ubiquitylated pro-
teins, including p53 with the proteasome. However, since over-
expression of hHR23 does not interfere with proteasome-me-
diated degradation in general, other yet unknown properties of
hHR23 may contribute to its inhibitory effect. Moreover, the
different effect of hHR23 on different substrates of the protea-
some suggests that different Ubl/Uba-containing proteins are
involved in the degradation of specific subsets of proteins.

In addition to the proposed function as an adaptor between
K48-ubiquitylated proteins and the proteasome, Rad23 was
reported to impede “multiubiquitylation” of proteins (11, 36,
42). We also observed that hHR23 interferes with protein
ubiquitylation, but only in those cases in which the respective
proteins were modified by the attachment of single ubiquitin
molecules to several lysine residues of the substrate protein or
by the attachment of ubiquitin chains that are mainly linked via
lysine residues other than K48 (termed non-K48-ubiquitylation
within the frame of this paper). In contrast, modification of
proteins with K48-linked ubiquitin chains that are considered
to target the modified proteins for proteasomal degradation
was not affected by hHR23. According to these results, we
speculate that the ubiquitylation-inhibitory activity of hHR23
is linked not to its role in protein degradation but rather to
other yet-unknown processes.

The hHR23 proteins contain two Uba domains, one of
which is located close to the C-terminal end (Uba2), while the
other is located in a more central region of hHR23 (Uba1).
Interestingly, the presence of the Uba2 domain was necessary
and sufficient for hHR23 to bind to ubiquitylated proteins in
vitro. A possible explanation for this finding is that within the
context of the full-length hHR23 protein, the Uba1 domain
may not, or may only weakly, interact with ubiquitin and may
rather serve as an interaction site for other proteins. Further-
more, although both the isolated Uba2 domain of hHR23 and
the Uba domain of Chap1/hPlic-2 bind to ubiquitylated p53,
only the hHR23 Uba2 domain protected K48-ubiquitylated
p53 from deubiquitylation in vitro. This finding suggests that
the functional consequence of the interaction with ubiquity-
lated proteins differs between different Uba domains or that
the actual effect of a given Uba domain depends on the indi-
vidual substrate or the nature of the ubiquitin chain.

Similarly to the effect on deubiquitylation, the Uba domain
of Chap1/hPlic-2 did not interfere with proteasome-mediated
degradation of p53 in vitro. This result seems to be in contrast
to the previously reported finding that overexpression of
Chap1/hPlic-2 leads to the accumulation of p53 in vivo (28).
Since we also observed an inhibitory effect of Chap1/hPlic-2 on
p53 degradation in transient-transfection experiments (F.-X.
Ogi and C. Blattner, unpublished data), a possible explanation
for this discrepancy is that the Uba domain of Chap1/hPlic-2
does not function properly under the conditions used in our in
vitro systems.

Finally, the observation that both overexpression and down-
regulation of hHR23 interfere with p53 degradation suggests
that in general, the expression levels of Ubl/Uba-containing
proteins need to be finely tuned within cells. Both a decrease as
well as an increase in expression levels can be expected to
result in decreased degradation rates of the respective target
proteins. Whether this model is correct or not and whether
hHR23 and, possibly, Chap1/hPlic-2 are the only Ubl/Uba-

containing proteins involved in p53 degradation remain to be
determined.
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