
JOURNAL OF VIROLOGY,
0022-538X/01/$04.0010 DOI: 10.1128/JVI.75.2.699–709.2001

Jan. 2001, p. 699–709 Vol. 75, No. 2

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Identification of Three Functions of the Adenovirus E4orf6
Protein That Mediate p53 Degradation by the

E4orf6-E1B55K Complex
EMMANUELLE QUERIDO,1† MEGAN R. MORISON,1 HUAN CHU-PHAM-DANG,1

SARAH W.-L. THIRLWELL,1 DOMINIQUE BOIVIN,1‡ AND PHILIP E. BRANTON1,2*

Departments of Biochemistry1 and Oncology,2 McGill University, Montreal, Quebec, Canada H3G 1Y6

Received 18 May 2000/Accepted 10 October 2000

Complexes containing adenovirus E4orf6 and E1B55K proteins play critical roles in productive infection.
Both proteins interact directly with the cellular tumor suppressor p53, and in combination they promote its
rapid degradation. To examine the mechanism of this process, degradation of exogenously expressed p53 was
analyzed in p53-null human cells infected with adenovirus vectors encoding E4orf6 and/or E1B55K. Coexpres-
sion of E4orf6 and E1B55K greatly reduced both the level and the half-life of wild-type p53. No effect was
observed with the p53-related p73 proteins, which did not appear to interact with E4orf6 or E1B55K. Mutant
forms of p53 were not degraded if they could not efficiently bind E1B55K, suggesting that direct interaction
between p53 and E1B55K may be required. Degradation of p53 was independent of both MDM2 and p19ARF,
regulators of p53 stability in mammalian cells, but required an extended region of E4orf6 from residues 44 to
274, which appeared to possess three separate biological functions. First, residues 39 to 107 were necessary to
interact with E1B55K. Second, an overlapping region from about residues 44 to 218 corresponded to the ability
of E4orf6 to form complexes with cellular proteins of 19 and 14 kDa. Third, the nuclear retention signal/
amphipathic arginine-rich a-helical region from residues 239 to 253 was required. Interestingly, neither the
E4orf6 nuclear localization signal nor the nuclear export signal was essential. These results suggested that if
nuclear-cytoplasmic shuttling is involved in this process, it must involve another export signal. Degradation
was significantly blocked by the 26S proteasome inhibitor MG132, but unlike the HPV E6 protein, E4orf6 and
E1B55K were unable to induce p53 degradation in vitro in reticulocyte lysates. Thus, this study implies that
the E4orf6-E1B55K complex may direct p53 for degradation by a novel mechanism.

The cellular p53 tumor suppressor protein could represent a
major obstacle to the replication of all small DNA tumor
viruses. Activation of p53 following infection would result in
inhibition of viral and cellular DNA synthesis and premature
cell death through apoptosis (64, 81). Regulation of the stabil-
ity of p53 protein is known to be crucial in the control of p53
function in uninfected cells. In the early stages of human ad-
enovirus infection, the products of early region 1A (E1A) form
complexes with two classes of cellular proteins, the retinoblas-
toma tumor suppressor product, pRb, and related proteins
p107 and p130, as well as the histone acetyltransferase p300
and related proteins p400 and the cyclic AMP-responsive ele-
ment-binding protein (CREB)-binding protein (CBP) (5, 18,
33). Binding of E1A to either class of proteins stimulates cel-
lular DNA synthesis and activates S phase in quiescent cells.
Expression of E1A has been shown by several groups to trigger
the accumulation of p53 protein and p53-dependent apoptosis
(8, 12, 13, 23–25, 44, 67). This stabilization of p53 is dependent
on the same E1A regions involved in complex formation with

p300-CBP-p400 and pRb (11, 15, 61, 66). It is likely that p53
stabilization induced by E1A binding of pRb results from the
activation of E2F transcription factors and the subsequent up
regulation of expression of ink4a/arf (14, 15). Stabilization
therefore ensues through inhibition by p19ARF of MDM2-
mediated p53 degradation (32). Nevertheless, E1A can still
induce p19ARF protein levels in pRb2/2 cells, suggesting that
additional mechanisms exist (15). Binding of p300 by E1A
proteins reduces the ability of p53 to transactivate mdm2 (82)
and diminishes MDM2-mediated p53 degradation, which may
require p300 as a cofactor (26).

The accumulation of p53 induced by E1A is not normally
evident in wild-type-adenovirus-infected cells, and several
studies have shown that expression of both the 34-kDa early-
region 4 orf6 protein (E4orf6) and the early-region 1B 55-kDa
protein (E1B55K) is responsible (50, 52, 60, 75). E4orf6 and
E1B55K have been known for some time to interact (10, 69)
and to be involved in such late functions as selective transport
and translation of viral mRNAs and shutoff of host cell protein
synthesis (1, 2, 9, 28, 55, 68). Both E1B55K (70) and E4orf6
(17) also bind independently to p53. The interaction of
E1B55K with the amino-terminal acidic activation domain of
p53 results in inhibition of p53 transactivation activity through
the introduction of an E1B55K repression function (47, 79, 80,
87). This interaction also has recently been suggested to inhibit
the acetylation of a carboxy-terminal lysine of p53 by the his-
tone acetyltransferase P/CAF (D. Liao, personal communica-
tion). The p53-mediated repression activity originating from
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associated histone deacetylase complexes may also be inhibited
by E1B55K (51). Such events block p53-induced growth arrest
and apoptosis (13, 45, 79, 81) and thus enhance transformation
by E1A and other oncogenes (88). E4orf6 binding toward the
carboxy terminus of p53 also enhances E1A/E1B-mediated
transformation (50, 52, 54). The mechanism of this effect is still
not clear. Two studies have shown that E4orf6 binding blocks
p53-mediated gene expression (17; E. Querido, S. Gurd, and
P. E. Branton, unpublished data), although two other studies
found little effect of E4orf6 on several p53-regulated promot-
ers, at least in certain cell types (63, 76). It has been suggested
that inhibition of p53 transcriptional activity might result from
the disruption of interactions with TAFII31 (17). A recent
study by our group found that E4orf6 did not effectively block
p53-mediated apoptosis, even though it blocked p53 transac-
tivation of several promoters (Querido et al., unpublished).

E4orf6 is a nuclear protein and contains both a putative
nuclear localization signal (NLS) and an amphipathic arginine-
rich a-helical nuclear retention signal (NRS) that are believed
to be responsible for the targeting of E4orf6 and E4orf6-
E1B55K complexes to the nucleus (21, 57). In addition, E4orf6
contains a nuclear export signal (NES) believed to play a role
in nuclear-cytoplasmic shuttling of the E1B55K-E4orf6 com-
plex (16) and to be essential for the ability of E4orf6 to support
viral replication (83); however, the results from a more recent
study have questioned the ability of this E4orf6 domain to
function in nuclear export, at least in some cells, and have
demonstrated that E1B55K itself contains an NES and can
shuttle independently of E4orf6 (39). It remains unclear which
functional domains of the E1B55K and E4orf6 proteins par-
ticipate in p53 degradation. E4orf6 was recently identified as a
zinc-binding protein (7), and several cysteine and histidine
residues are critical for E4orf6 to interact with E1B55K and to
participate in p53 degradation. Several studies have found that
E1B55K and E4orf6 selectively target p53 but not the related
p73 or p63 proteins (30, 63, 85). Recently our group detected
a series of proteins that interact with E4orf6, including cellular
products of 84, 19, 16, and 14 kDa (6). Some insights into the
mechanism of p53 degradation may therefore be derived
through the identification of novel E1B55K- or E4orf6-binding
proteins.

In this study we have used a mainly genetic approach to
investigate some of the parameters of E4orf6-E1B55K-medi-
ated p53 degradation. Interactions of E1B55K with both p53
and E4orf6 appeared to be required, but degradation was
independent of both MDM2, which controls p53 degradation
in uninfected cells by a ubiquitin-dependent pathway (29, 31,
40), and p19ARF, which promotes p53 stability (32, 58, 89).
E4orf6-E1B55K-mediated p53 degradation was inhibited by
the drug MG132, an inhibitor of the 26S proteasome. Our
results suggest the E4orf6-E1B55K complexes may induce p53
turnover by a unique mechanism.

MATERIALS AND METHODS

Cells. Human p532/2 H1299 cells (48) and primary mouse embryo fibroblasts
(MEF) were cultured on 60-mm-diameter dishes (Corning Glass Works, Corn-
ing, N.Y.) in Dulbecco’s modified Eagle’s medium (GIBCO BRL) supplemented
with 10% fetal bovine serum (CanSera). Primary MEFs derived from wild-type,
p532/2 and p532/2 MDM22/2 (34, 49), and p19ARF2/2 (37) mice were used in
some experiments. All viral stocks were subjected to titer determination on 293
cells (22).

Vectors. Various E12 E3B2 adenovirus vectors were used for this study. In the
control AdLacZ vector, the E1 region (E1A and E1B) was replaced by the
Escherichia coli lacZ gene under the control of the cytomegalovirus (CMV)
promoter, as was the case with the Adp53wt and Adp53S135 vectors, which,
instead of LacZ, express wild-type p53 or a p53 Cys-135-to-serine mutant, re-
spectively (3). All these vectors were provided by Frank Graham (3). The
Adp53KEEK (mutated at residues 341, 344, 348, and 355) and Adp53S135KEEK
adenovirus vectors were produced by cloning each cDNA (74) into a shuttle
vector under the control of the CMV promoter, and viruses were generated in
293 cells by homologous recombination of the shuttle vector DNA with the
adenovirus E12 E3B2 vector DNA backbone (3). The AdE4orf6 and AdHH55K
adenovirus vectors were produced in a similar fashion and express E4orf6 or
histidine-HMK-tagged E1B55K, respectively, under the control of the CMV
promoter (60). The AdE2F1 vector expressing human E2F-1 was provided by Joe
Nevins and has been described elsewhere (38). In cases of coinfection with
multiple adenovirus vectors, such vectors were first premixed in serum-free
medium and then used to infect H1299 cells at 35 PFU of each virus. MEFs were
infected with 100 PFU of each virus. Total virus input was kept constant in all
experiments by addition of the appropriate amount of AdLacZ vector. For
infection, cell culture medium was removed and 0.5 ml of medium containing the
appropriate vectors was added followed by gentle rocking every 15 min. Medium
containing 10% fetal calf serum was added after 1 h, and the cultures were
incubated until harvesting. Constructs containing the cDNA for hemagglutinin
antigen (HA)-tagged p73a and p73b were obtained from Bill Kaelin (35). The
pRcCMV p53 22-23 plasmid was provided by Arnold Levine (43). The
pcDNA3p53wt plasmid was made by cloning the cDNA encoding human p53
into pcDNA3. The pCA14HH55K plasmid, expressing His-tagged E1B55K from
the CMV promoter, is the same plasmid used to make the AdHH55K vector
(60).

E4orf6 mutants. Figure 1 illustrates the E4orf6 mutants used in the present
studies. The cDNA for adenovirus type 5 E4orf6 was cloned into pcDNA3
and expressed in vivo from the CMV promoter. The T7 promoter and an SP6
promoter were located at the amino terminus and at the carboxy terminus,
respectively, of E4orf6. The internal deletion mutants were prepared by a
four-oligonucleotide PCR method, as follows. A PCR amplification was per-
formed with a T7-specific oligonucleotide and with another complementary to
the region bordering the amino-terminal limit of the deletion, while another
PCR amplification was done with an oligonucleotide to the carboxy-terminal
border of the deletion and an SP6-specific oligonucleotide. The two PCR
fragments were ligated, and a second PCR amplification was done with the T7
and SP6 oligonucleotides, so that only correctly ligated products were am-
plified. E4orf6 mutants were then cloned into pcDNA3. The G198A, R240E/
R241E, and E255A/E256A point mutants were made by three-oligonucle-
otide PCR amplification using an oligonucleotide containing the desired
point mutation(s) as well as those specific for T7 and SP6. The dl1–13, dl1–38,
and dl1–55 mutants were made by a two-oligonucleotide PCR amplification
using amino-terminal oligonucleotides engineered to start at the desired
amino acid, and the SP6 oligonucleotide. The dl1–108 mutant was made by
restriction enzyme digestion with EcoRV, which cleaves at a unique site, thus
placing the methionine at position 109 to position 1. The dl108–294, dl143–
394, dl219–294, and dl275–294 deletions were obtained by first engineering
three stop codons in the three reading frames at the C terminus of E4orf6,
and then digesting with the unique cutters EcoRV, PvuII, SspI, and BssHII,
respectively, as well as the restriction site right before the stop codons; this
was followed by blunt end ligation. All E4orf6 mutants were verified by
sequencing. A list of the oligonucleotides used will be provided upon request.
Point mutants with mutations affecting the NES (L90A/I92A) and the NRS
(R248E), as well as an NLS-NRS double mutant (L90A/I92A/R248E), were
generously provided by Matthias Dobbelstein (16).

Antisera. Anti-p53 mouse monoclonal antibodies Ab1801 and Ab421 were
purified by precipitation using ammonium sulfate from supernatants obtained
from hybridoma cell cultures grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% low-immunoglobulin G (IgG) fetal calf serum (Be-
thesda Research Laboratories). A goat polyclonal antibody to p53 (Santa Cruz)
was also used for Western blotting of p53 in the binding assays. Anti-E1B55K
mouse monoclonal antibody 2A6 (71) was collected as an ascites fluid generated
in mice by using appropriate hybridoma cells. Production of E4orf6-N (Ab1808)
and E4orf6-C (Ab1807) rabbit polyclonal antisera has been described previously
(6). The 1D5 anti-E4orf6 mouse monoclonal antibody was raised against a
peptide corresponding to the 14 carboxy-terminal amino acids of E4orf6 by using
standard protocols. Anti-HA.11 mouse monoclonal antibody (BabCo) was used
to detect HA-tagged p73 proteins. Anti-E2F1 and anti-cMyc monoclonal anti-
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bodies were purchased from Santa Cruz. Anti-MDM2 2A10 mouse monoclonal
antibody has been described previously (56).

Western blotting analysis. Whole-cell extracts were prepared on ice in West-
ern blot lysis buffer (50 mM HEPES [pH 7.9] containing 400 mM KCl, 0.1%
[vol/vol] NP-40, 4 mM NaF, 4 mM NaVO4, 0.2 mM EDTA, 0.2 mM EGTA, 2 mg
each of aprotinin, leupeptin, and Pefabloc SC per ml, and 1 mM dithiothreitol).
Total protein was measured by Bradford protein assay as specified by the man-
ufacturer (Bio-Rad), and 40 mg of total cell protein was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Nuclear and
cytoplasmic extracts were prepared as described previously (84). Proteins were
electroblotted onto nitrocellulose membranes for 1 h by using a semidry transfer
apparatus. After blocking overnight, the membranes were incubated with the
appropriate dilution of primary antibody for 2 h at room temperature, followed
by a 45-min incubation with secondary antibody, horseradish peroxidase-conju-
gated goat anti-mouse IgG or anti-rabbit IgG (Jackson ImmunoResearch Lab-
oratories), or with anti-goat IgG (Santa Cruz). Immunoreactive bands were
revealed using an enhanced chemiluminescence (ECL Plus) kit (Renaissance;
DuPont-NEN).

Binding assays. In many cases, H1299 cells growing on 60-mm-diameter dishes
were infected with adenovirus vectors coding for p53, E1B55K, or E4orf6, as
described above. In some cases, cells were subjected to lipofection by the Lipo-
fectamine Plus (GIBCO) method with 2 mg of pRcCMV p53 22-23, pcDNA3
HAp73a, or pcDNA3 HAp73b and the adenovirus vectors AdE4orf6,
AdHH55Kwt, or AdlacZ were added with the plasmid DNA during lipofection.
Finally, for all the binding assays with E4orf6 mutants, cells were subjected to
lipofection by the standard Lipofectamine Plus method with 2 mg of pcDNA3
E4orf6 (or mutants) and 2 mg of pCA14HH55Kwt plasmid. Cell extracts were
prepared 24 h later in buffer X (50 mM Tris-HCl [pH 8.0] containing 250 mM
NaCl, 1% (vol/vol) NP-40, 1 mM EDTA, 1 mM EGTA, and 2 mg each of
aprotinin, leupeptin and pepstatin per ml). Extracts were precleared and immu-
noprecipitated with the indicated antibody for 2 h at 4°C, and a minimum of five
washes in buffer X were performed. Since E1B55K and E4orf6 proteins tended
to form high-molecular-weight aggregates when boiled in SDS sample buffer,
samples were instead incubated for 15 min at 55°C before being loaded on

SDS–8 or 14% polyacrylamide gels. For E4orf6 binding to p53 or HA-p73, cell
lysates were immunoprecipitated with anti-E4orf6 antibody (Ab1807) and im-
munoblotted with anti-p53 (Ab1801 and Ab421) antibody or anti-HA antibody.
For E1B55K binding to E4orf6, lysates were immunoprecipitated with 2A6
antibodies and precipitates were immunoblotted using either E4orf6-N or
E4orf6-C sera. Western blotting was performed as above.

In vivo p53 degradation assay. H1299 cells growing on 60-mm-diameter dishes
were subjected to lipofection by the Lipofectin (GIBCO/BRL) method with a
total of 9 mg of plasmid DNA per plate, made up of 1 mg of pcDNA3 p53wt
plasmid DNA, 4 mg of pCA14 HH55Kwt, and 4 mg of pcDNA3 E4orf6. Empty
pcDNA3 vector DNA was used to keep the quantity of DNA constant in all
plates when either E1B55K or E4orf6 was omitted. After 24 h, the cells were
harvested and quantitative Western blotting was performed, as described above.
For all the p53 turnover assays, the expression level of E4orf6 and E1B55K
species was always confirmed by stripping the membranes of p53 antisera and
then reblotting with antibodies against these polypeptides.

In vitro p53 degradation assay. Human papillomavirus type 18 (HPV18) E6,
p53, E1B55K, and E4orf6 proteins were transcribed and translated in vitro in
reticulocyte lysates (TnT; Promega) with either T7 or SP6 polymerase, depend-
ing on the particular plasmid (details of plasmids used are available upon re-
quest). E1B55K, E4orf6, p53, and luciferase proteins were generated in the
presence of [35S]methionine, while HPV18 E6 was labeled with [35S]cysteine
(translation grade; DuPont-NEN). The proteins were then separated by SDS-
PAGE and visualized by autoradiography to verify the efficiency of the reaction
(data not shown). Unlabeled HPV18 E6, E1B55K, E4orf6, and luciferase pro-
teins were generated in a parallel reaction in the presence of nonradioactive
methionine-cysteine. The p53 degradation assay was performed as described by
Scheffner (73) in 40-ml volumes containing 2 ml of radioactively labeled p53, 8 ml
of each unlabeled protein, and 10 ml of unprogrammed reticulocyte lysate in 25
mM Tris-HCl (pH 7.5) containing 100 mM NaCl and 3 mM dithiothreitol. The
reaction mixtures were incubated for 3 h at 25°C, the reactions were stopped by
boiling in SDS sample buffer, the products were separated by SDS-PAGE, and
p53 was visualized by autoradiography.

FIG. 1. Model of the Ad5 E4orf6 protein. The positions of the putative NLS, NES and NRS are indicated by shadowed boxes. All the deletion
and point mutants used in the present study are indicated by boxes or lines. The minimal regions necessary for interaction with E1B55K, for
complex formation with the cellular p84, p19, and p14 proteins, and for p53 degradation are also indicated.
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RESULTS

Analysis of E4orf6-E1B55K-induced degradation of mutant
and wild-type p53 and related p73 proteins. Previous studies
showed that E4orf6 in combination with E1B55K protein in-
duces the degradation of p53 (50, 52, 60, 75). To study this
process further, the degradation of both wild-type and mutant
p53 proteins as well as of the p53-related proteins p73a and
p73b (35, 36) was assessed. p53-null human H1299 cells in-
fected with adenovirus vectors expressing E4orf6 and/or
E1B55K were either coinfected with vectors expressing various
forms of p53 or subjected to lipofection with plasmid DNA
expressing p53 or p73 species, and the amounts of each prod-
uct were determined by quantitative Western blotting of
whole-cell extracts. Figure 2 shows that E2F-1, expressed as a
control from AdE2F1 vector and detected by anti-E2F-1 se-
rum, was unaffected by E4orf6 and E1B55K (Fig. 2H); how-
ever, both wild-type p53 (Fig. 2A, Adp53wt), and mutant forms
with defects in the DNA-binding domain (Fig. 2B, Adp53S135)
and the tetramerization domain (Fig. 2C, Adp53KEEK) were
readily degraded. As shown previously (51, 53, 63, 78), such
degradation required the expression of both viral proteins.
Using the adenovirus vectors described for Fig. 2A, we verified
that the half-life of wild-type p53 was reduced from 4 h to 20
min when both E1B55K and E4orf6 were expressed (data not
shown). The half-life of p53 expressed from the Adp53wt vec-

tor has been described previously as being unusually long (3),
presumably because the levels of p53 expressed from the CMV
promoter exceeded the endogenous degradative capacities of
the cell.

Interestingly, p53 molecules that contained mutations affect-
ing both the DNA-binding and tetramerization domains (Fig.
2D, Adp53S135KEEK) or the p53 22-23 mutation (Fig. 2E,
CMVp53 22-23) were resistant to degradation by E1B55K-
E4orf6. The reason for this effect appeared to be related to the
ability of p53 to interact with E1B55K. Table 1 summarizes
results of quantitative p53-binding assays (primary data not
shown), in which the ability of p53 molecules to interact with
E4orf6 or E1B55K was assessed by immunoprecipitation with
2A6 anti-E1B55K serum or rabbit polyclonal E4orf6-C sera
followed by Western blotting with the appropriate antibody.
Both wild-type p53 and the p53S135 mutant proteins inter-
acted with both E4orf6 and E1B55K; however, the p53KEEK
mutant was found to interact only with E1B55K and the
p53S135KEEK mutant form interacted with neither. The p53
mutations at codons 22 and 23 are known to disrupt both
MDM2 and E1B55K binding (43). These results suggested that
the interaction of p53 with E1B55K alone is sufficient for p53
degradation, since the p53 KEEK mutant, which failed to bind
to E4orf6, was still able to be degraded by the E1B55K-E4orf6
complex. The present analysis was extended to the p53-related
p73a and p73b proteins. Two studies have shown that these
molecules do not interact with E1B55K (46, 63), although
another report indicated that E4orf6 does bind p73 (30). Table
1 shows that in cells expressing HA-tagged p73 products, nei-
ther E4orf6 nor E1B55K interacted with p73 proteins. As
might be expected, Fig. 2F and G indicate that no p73 degra-
dation took place in response to E4orf6 and E1B55K.

Generation of E4orf6 deletion mutants. To analyze the re-
gions of E4orf6 required for degradation of p53, a series of
deletion mutants was generated by PCR-directed mutagenesis.
E4orf6 is a 294-residue 34-kDa nuclear protein predicted to
contain a large central hydrophobic region with more hydro-
philic carboxy and amino termini. Figure 1 shows that two
signal sequences have been identified that can mediate import
into the nucleus: an NLS near the amino terminus (residues 13

TABLE 1. Binding of wild-type and mutant p53 proteins and p73
to E4orf6 and E1B55K

Binding Protein
Degree of binding toa:

E4orf6 E1B55K

p53 (wild type) 111 111
p53S135 1 111
p53KEEK 2 1
p53S135/KEEK 2 2
p73 a 2 2
p73 b 2 2

a H1299 cells were infected with adenovirus vectors encoding the indicated
proteins, except for HAp73 a and b, for which lipofection and infection was
performed, as described in Materials and Methods. For each binding assay, a
negative control was conducted by infecting the cells with AdLacZ instead of
AdE4orf6 or AdHH55K. Binding of p53 proteins was assessed by immunopre-
cipitation with anti-E4orf6 (Ab1807) or anti-E1B55K (2A6) antibodies, and
immunoblots were performed using goat polyclonal p53 antibody (Santa Cruz).
The ability of HA-tagged p73 proteins to bind E1B55K or E4orf6 was assessed
in a similar fashion, except that blots were probed using HA.11 antibody
(BabCo).

FIG. 2. E4orf6-E1B55K-mediated degradation of wild-type and
mutant p53 and of p73. (A) Degradation of wild-type p53. p53-null
H1299 cells were infected with an adenovirus vector expressing wild-
type p53 (lanes 1 to 4) along with adenovectors coding for LacZ (as a
control), E4orf6, or E1B55K. Whole-cell extracts were prepared at
24 h postinfection and subjected to Western blotting using anti-p53
Ab1801 antibodies. (B to E) Degradation of mutant p53. Similar assays
were performed using various p53 mutants expressed from adenovirus
vectors (Ad) or following colipofection with appropriate cDNAs
(CMV). (F and G) Degradation of p73. Degradation of p73 proteins
was assessed in similar assays following colipofection of p73-specific
cDNAs. (H) Lack of degradation of control protein E2F1.
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to 31) and an NRS toward the carboxy terminus (residues 239
to 253). Each is believed to play a role in directing the nuclear
localization of E1B55K (21, 57). E4orf6 also contains a puta-
tive Rev-like NES sequence that may mediate nuclear-cyto-
plasmic shuttling, at least under some circumstances (16).
Point mutants with mutations affecting the NES (L90A/I92A)
and the NRS (R240E/R241E and R248E), as well as an NLS-
NRS double mutant (L90A/I92A/R248E), have been described
by others (16, 57). Mutants with the mutations G198A in the
central region and E255A/E256A in a sequence just carboxy
terminal to the NRS were produced, as well as a series of large
and small deletion mutants (a complete list is given in Fig. 1).
The early-region 4 E4orf6/7 protein, which shares 58 amino-
terminal residues with E4orf6 but reportedly none of its func-
tions, was also included in our assays. All the E4orf6 mutant
proteins listed in Table 2 and Fig. 1 could be detected by
Western blotting using either the E4orf6-N or E4orf6-C poly-
clonal serum, and they were stable and expressed at similar

levels (59). E4orf6 mutants dl108–294 and R240E/R241E (con-
taining an intact NLS) and E4orf6 dl1–108 (containing an
intact NRS) were properly localized to the nucleus when trans-
fected into H1299 cells, as shown by immunofluorescence
(data not shown).

Analysis of E1B55K binding and p53 turnover using E4orf6
mutants. To determine what regions of E4orf6 are functionally
important, E4orf6 mutant products were analyzed for their
ability to bind to E1B55K and to participate in the degradation
of p53. It should be noted that we have made repeated and
unfortunately unsuccessful attempts to use these mutants in
detailed mapping studies of the regions in E4orf6 involved in
binding to p53 in the absence of E1B55K. One reason for this
failure in studies involving immunoprecipitation with anti-p53
serum and Western blotting with E4orf6 sera was that the level
of binding to p53 alone is considerably lower than that with
E1B55K. Therefore it became difficult to separate many of the
E4orf6 mutant proteins from various minor contaminating
nonspecific species during the prolonged exposure times re-
quired. In addition, the amino and carboxy terminus-specific
E4orf6 rabbit polyclonal sera do not immunoprecipitate with
the same efficiency. Thus, performance of the study using the
reverse approach with anti-p53 serum for Western blotting was
also difficult. We have also been unsuccessful in purifying sig-
nificant quantities of E4orf6 synthesized in bacteria to permit
in vitro binding assays. Further studies are being pursued to
rectify these problems; however, we are not able to address this
important aspect of the regulation of p53 degradation in this
report.

The ability of E4orf6 mutant proteins to bind to E1B55K
was examined in coimmunoprecipitation studies following li-
pofection of p53-null H1299 cells with appropriate cDNAs.
The capacity of E4orf6 products to degrade p53 in cooperation
with E1B55K was determined by measuring p53 levels by
Western blotting of whole-cell extracts of H1299 cells that had
been subjected to lipofection with cDNAs encoding human
p53, E1B55K, and E4orf6 (wild type or mutants). Figure 3A to
C show the primary results for some of the E4orf6 mutants,
and results for all mutants are summarized in Table 2. Figure
3B shows the expression levels for the series of larger deletion
mutants, as determined by immunoblotting of whole-cell ex-
tracts with the appropriate amino- or carboxy-terminal poly-
clonal sera. Figure 3A shows the presence of similar total levels
of E1B55K in all whole-cell extracts. Figure 3C shows that all
mutant E4orf6 proteins interacted with E1B55K, with the ex-
ception of the dl1–55 and dl1–108 mutants. Since the dl1–38
and dl108–294 products associated with E1B55K, it appeared
that the binding site for this protein on E4orf6 is located
between residues 39 and 107 or at least that this region is
required to establish the appropriate conformation for bind-
ing. Table 2 shows that all of the smaller deletion mutants with
deletions toward the amino terminus still bound E1B55K, sug-
gesting that it may interact with several points in this region of
E4orf6. None of the point mutations affected E1B55K binding,
and E4orf6/7 (residues 1 to 58) did not interact.

Analysis of the ability of E4orf6 mutants to support p53
degradation in cooperation with E1B55K is shown in Fig. 3D
and E. Figure 3D (lanes 2 to 5) again indicated that both
E4orf6 and E1B55K were essential. Figure 3D (lanes 6 to 12)
shows results obtained with the larger E4orf6 deletions. Mu-

TABLE 2. Mapping of E4orf6 regions necessary for interaction
with E1B55K, complex formation with cellular proteins, and

p53 degradation

E4orf6 region

Degree of:

p53
degradationa

Complex
formationb

Binding to
E1B55Kc

E4orf6 (wild type) 111 111 111
dl1–38 111 111 111
dl1–55 2 6 2
dl1–108 2 2 2
dl108–294 2 2 111
dl143–294 2 2 111
dl219–294 2 111 111
dl275–294 11 111 111
dl1–13 111 NDd 111
dl13–23 111 ND 111
dl22–34 111 ND 111
dl34–43 111 111 111
dl49–64 2 2 111
dl65–82 2 2 111
dl83–94 2 2 111
dl95–122 2 2 111
dl123–126 2 ND 111
dl123–134 2 ND 111
dl135–153 2 ND 111
dl154–181 2 ND 111
dl182–213 2 ND 111
dl214–229 2 ND 111
dl229–248 2 ND 111
dl249–274 2 ND 111
L90A/I92A 11 ND 111
G198A 111 111 111
R240E/R241E 2 111 111
R248E 11 ND 111
L90A/I92A/R248E 11 ND 111
E255A/E256A 111 111 111
E4orf6/7 (wild type) 2 2 2

a p53 degradation assays were performed as described for Fig. 3D and E.
b For binding to p19, and p14, H1299 cells were subjected to lipofection with

cDNAs encoding wild-type or mutant E4orf6, and following labeling with
[35S]methionine-[35S]cysteine, E4orf6 was immunoprecipitated with appropriate
amino- or carboxy-terminal-specific antisera and the presence of E4orf6 and its
binding proteins was determined by SDS-PAGE and autoradiography, as de-
scribed in the legend to Fig. 4. The ability of the p19 and p14 cellular proteins (6)
to associate with E4orf6 polypeptides is summarized.

c E4orf6-E1B55K binding assays were performed as described for Fig. 3A to C.
d ND, not determined.
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tant dl1–38 (lane 6) exhibited the same efficacy as did wild-type
E4orf6 for p53 degradation, and mutant dl275–294 (lane 12)
exhibited a very high degree of p53 turnover. Mutant dl1–55
was almost totally defective, as were all the other E4orf6 mu-

tant products. Table 2 shows that several of the smaller amino-
terminal deletions, including mutations affecting residues be-
tween 1 and 43, were able to cause efficient p53 degradation.
All other deletion mutants were totally defective for p53 deg-
radation. These results suggested that an extended region from
residues 44 to 274 is required for E4orf6 to function in p53
degradation. Further analysis of p53 turnover by using deletion
and point mutants revealed the role of E4orf6 signal se-
quences. Deletion of the NLS (residues 13 to 31; see mutant
dl1–38, Fig. 3D, lane 6) had no effect on turnover. Although
deletion of the region containing the NES (residues 83 to 94)
in mutants dl1–108 (Fig. 3D, lane 8) and dl83–94 (Table 2)
eliminated p53 turnover, the point mutant L90A/I92A, which
blocks E4orf6-mediated nuclear export (16), supported high
levels (see Table 2). Therefore, neither the E4orf6 NLS nor its
NES is essential. The R240E/R241E mutant, which is pre-
dicted to disrupt the arginine-faced amphipathic a-helix and
thus affect nuclear targeting (57), was greatly deficient in p53
degradation (Fig. 3E, lane 5). Interestingly, another mutant
with a mutation in the NRS, R248E, which is believed to have
little or no effect on NRS function (D. A. Ornelles, personal
communication), supported p53 turnover well (Table 2). Thus,
p53 turnover appears to require a functional NRS.

Formation of complexes with cellular proteins by E4orf6
mutant products. We recently reported that E4orf6 forms
complexes with a series of cellular proteins (6). We speculate
that at least some of these proteins play a role in E4orf6-
induced p53 degradation, and studies are under way to identify
certain of these species. Of some interest are the cellular 84-,
19-, 16-, and 14-kDa E4orf6-binding proteins. The 84-kDa
species is difficult to resolve unless special gel conditions are
employed, and the levels of the 16-kDa protein vary consider-
ably from experiment to experiment (6); however, the 19- and
14-kDa species, which have been observed in parallel with the
84- and 16-kDa proteins, reproducibly coimmunoprecipitate
with E4orf6. To determine the relationship between complex
formation with these proteins and E4orf6-dependent p53 turn-
over, H1299 cells were subjected to lipofection with cDNAs
encoding wild-type or mutant E4orf6 and labeled with [35S]me-
thionine-[35S]cysteine, and E4orf6 was immunoprecipitated us-
ing antisera directed against the carboxy or amino terminus of
E4orf6. Figure 4 shows the pattern of E4orf6 and coimmuno-
precipitating proteins following SDS-PAGE and autoradiogra-
phy for several of the E4orf6 mutants. Results for additional
mutants are summarized in Table 2. Using both E4orf6-C (Fig.
4, lane 2) and E4orf6-N (lane 9) sera, both the 19- and 14-kDa
cellular species were present in association with wild-type
E4orf6, but they were not present in precipitates from cells
subjected to lipofection with empty plasmid vector DNA (lanes
1 and 8). The E4orf6 product encoded by mutant dl1–38 (lane
3) also associated with these 19- and 14-kDa proteins. Mutant
E4orf6 from dl1–55 showed little or reduced levels of binding
(lane 4), but mutants produced by dl219–294 (lane 12) and
dl275–294 (lane 13) associated with the 19- and 14-kDa species
consistently. Such was not the case with dl1–108 (lane 5),
dl49–64 (lane 7), dl108–294 (lane 10), and dl143–294 (lane 11).
Among the mutants tested (see the summary in Table 2), the
patterns of p53 degradation and complex formation corre-
sponded exactly, with the exception of dl219–294 and R240E/
R241E, which appeared to interact with these cellular species

FIG. 3. Mapping of E4orf6 regions required for binding of E1B55K
and p53 degradation. H1299 cells were subjected to colipofection with
cDNAs encoding E1B55K and wild-type or mutant E4orf6, and cell
extracts were prepared at 24 h postinfection. (A to C) E4orf6-E1B55K
binding. Whole-cell extracts (WCE) were separated by SDS-PAGE
and immunoblotted for E1B55K using 2A6 antibodies (A) or E4orf6-C
(lanes 1 to 5) or E4orf6-N (lanes 6 to 10) antibodies (B). Extracts were
also immunoprecipitated (IP) using 2A6 antibodies and immunoblot-
ted using E4orf6-C (lanes 1 to 5) or E4orf6-N (lanes 6 to 10) antibodies
(C). (D) p53 degradation by E4orf6 deletion mutants. H1299 cells
were subjected to colipofection with cDNAS expressing E1B55K, mu-
tant or wild-type E4orf6, and wild-type p53, as listed above the figure.
The levels of p53 were determined by quantitative Western blotting
using a mixture of anti-p53 Ab1801 and Ab421 antibodies. (E) p53
degradation by E4orf6 point mutants. An experiment similar to that in
panel D was performed using wild-type E4orf6 and E4orf6 point mutants.
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but were defective in the NRS and failed to induce p53 turn-
over. These results suggested that complex formation may be
necessary but is insufficient for p53 degradation. The identities
of these cellular proteins will be the subject of a future com-
munication.

In vitro p53 degradation assays using reticulocyte lysates. It
is well known that the HPV E6 protein induces the degrada-
tion of p53 through interactions with a cellular ubiquitin ligase,
E6AP (72). For HPV E6 this process can be reconstituted in
vitro by incubation of E6 and p53 proteins with reticulocyte
lysates (73). To determine if E4orf6 and E1B55K function
through a similar mechanism, comparable in vitro studies were
conducted with reticulocyte lysates. Figure 5 shows that the
HPV18 E6 protein stimulates the degradation of p53 in either
the absence (lane 2) or presence (lane 3) of E1B55K; however,
whether alone (lane 4) or in the presence of E1B55K (lane 5),
E4orf6 was not functional in this assay. These results suggest
that E4orf6-induced p53 degradation occurs via a mechanism
different from that of HPV E6 and may require factors that are
not present or not reconstitutable in reticulocyte lysates.

Role of cellular p19ARF and MDM2 proteins in E4orf6-
mediated p53 turnover. It has recently been shown that the
alternative-reading-frame protein p19ARF from the ink4a/arf
locus plays a role in the stabilization of p53 by interacting with
MDM2 to inhibit the ubiquitin-mediated degradation of p53
by MDM2 (32, 37, 58, 78). Adenovirus E1A proteins signal
through p19ARF to activate and stabilize p53 (15). To deter-
mine if E4orf6/E1B55K-mediated p53 turnover requires either
p19ARF or MDM2, studies were carried out in MEF cells
derived from knockout mice deficient in the expression of p53,

p53 and MDM2 (34, 49), and p19ARF (37). The MEFs were
coinfected with Adp53wt and combinations of AdE4orf6 and
AdHH55Kwt vectors, and the levels of p53 and MDM2 in
whole-cell extracts were determined by Western blotting using
a mixture of anti-p53 and anti-MDM2 monoclonal antibodies.
The same blots were then reanalyzed for E1B55K and E4orf6
proteins using appropriate antibodies. Figure 6A shows that
in p532/2 MEFs, degradation of exogenously expressed p53
was efficient only in the presence of both E1B55K and E4orf6
(lane 5). As in Fig. 2, some reduction was observed with
AdHH55Kwt alone (Fig. 6A, lane 4), due presumably to the
presence of low levels of E4orf6 from the vector backbone. The
slightly reduced level of p53 observed with AdE4orf6 alone
(lane 3) was not reproducible and may have resulted from
experimental variation, which can occur in studies involving
infection with three or four different viral vectors. Previous
studies failed to show any effect on p53 stability using E4orf6
alone (75, 76); however, neither these results nor those pre-
sented in Fig. 6 can exclude the possibility that E4orf6 alone
has some small effect on p53 degradation. Because mdm2
expression is regulated by p53 (4), MDM2 protein was de-
tected in proportion to the levels of p53. Analysis of extracts
from both p532/2 MDM22/2 (Fig. 6B) and p19ARF2/2 cells
(Fig. 6C) indicated patterns of p53 degradation very similar to
those shown in Fig. 6A. In both cases, the levels of p53 were
greatly reduced in the presence of E4orf6 and E1B55K, indi-
cating that neither MDM2 nor ARF was required for p53
degradation. Similar high levels of p53 degradation were also
detected in U2OS human osteosarcoma cells that lack (78)
p19ARF (data not shown). It is interesting that although
p19ARF-null cells were fully able to support E4orf6-E1B55K-
dependent degradation, somewhat higher levels of p53 ap-
peared to be present than in p19ARF-positive cells following
infection by Adp53wt and AdHH55Kwt. These small differ-
ences probably resulted from experimental variation (dis-
cussed above), since they were not evident in all experiments.

FIG. 5. In vitro degradation of p53 by E4orf6-E1B55K and HPV18
E6. Radiolabeled p53 and unlabeled luciferase, E1B55K, E4orf6, or
HPV18 E6 protein were synthesized by in vitro transcription-transla-
tion. Labeled p53 was incubated for 3 h at 25°C and then analyzed by
SDS-PAGE and autoradiography, as described in Materials and Meth-
ods. The position of migration of p53 is indicated on the right.

FIG. 4. Mapping of the region of E4orf6 involved in complex for-
mation with cellular proteins. H1299 cells growing on 100-mm-diam-
eter plates were subjected to lipofection with 10 mg of pcDNA3 plas-
mid DNA encoding wild-type or mutant E4orf6. Following labeling
from 18 to 22 h postinfection with 200 mCi of [35S]methionine-[35S]cys-
teine EasyTag Express protein-labeling mixture (.1,000 Ci/mmol) per
plate in methionine-cysteine-free medium, whole-cell extracts were
prepared in buffer X (see Materials and Methods), immunoprecipi-
tated using 1808-E4orf6-N (lanes 8 to 13) or 1807-E4orf6-C (lanes 1 to
7) rabbit polyclonal antisera, and analyzed by SDS-PAGE and auto-
radiography, as described previously (6). The identities of the E4orf6
proteins in each lane are indicated, as are the positions of migration
(F) of wild-type or mutant E4orf6 products and the 19- and 14-kDa
E4orf6-binding proteins (6).
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Role of the 26S proteasome in E4orf6-E1B55K-mediated
p53 degradation. To determine if the 26S proteasome is in-
volved in E4orf6-E1B55K-induced p53 degradation, studies
were conducted using a proteasome inhibitor, MG132. The
drug MG132 (N-carbobenzoxy-leucyl-leucyl-leucinal) is a cell-
permeable transition-state inhibitor of chymotrypsin-like and
postacidic activities of the proteasome (MG132 also inhibits
cathepsins and calpains). It was successfully used by Roth et al.
to inhibit the degradation of p53 by MDM2 in vivo (62). Anal-
yses of whole-cell extracts from p532/2 MDM22/2 MEFs (Fig.
6B) showed that addition of MG132 greatly inhibited E4orf6-
E1B55K-induced p53 turnover (compare lanes 6 and 7 with
untreated lanes 2 and 5). Thus, as with the degradation of
many proteins, the 26S proteasome appeared to be important
for E4orf6-E1B55K-mediated p53 turnover.

DISCUSSION

The present studies have addressed the ability of E4orf6 to
function in E4orf6-E1B55K complexes to degrade p53 and the
p53-related p73 products. Many previous studies have shown
that this complex functions in the regulation of p53 activity and
stability, but the data on interactions with p73 are conflicting.
We found no evidence that E1B55K or E4orf6 interacts with
either form of p73, a finding in agreement with two previous
reports (46, 63) but contrary to another for E4orf6 (30). In any
case, using exogenously expressed p73a and p73b, E4orf6-
E1B55K complexes were clearly unable to induce p73 degra-
dation.

Our other studies made use of p53 and E4orf6 mutants to
reveal further details of the mechanism of E4orf6-E1B55K-

induced p53 degradation. Mutations in p53 affecting DNA-
binding activity or the tetramerization motif had no effect on
degradation; however, forms of p53 that failed to associate
with E1B55K were resistant. Would p53 and E1B55K proteins
that are incapable of interacting directly, but that retain the
ability to complex with E4orf6, still be active in degradation?
We are still uncertain about the answer to this question since
it has been difficult to map the p53-binding site(s) on E4orf6
and thus to generate the appropriate E4orf6 mutants. In ad-
dition, all existing E1B55K mutants that fail to bind p53 are
defective for E4orf6 binding (65, 86). The p53 22-23 point
mutations that disrupt the E1B55K-binding site should not
affect E4orf6 binding, and as we and others (63) have shown,
p53 22-23 is resistant to degradation. These results suggest that
binding of p53 to E1B55K, but not to E4orf6, is absolutely
required for p53 degradation. This point was also well illus-
trated by Roth et al. (63) in an ingenious experiment in which
a small region in the amino terminus of p73 was replaced with
the region of p53 responsible for E1B55K binding. They found
that this p73mut20–24 form of p73 could be degraded by
E1B55K-E4orf6. Since E4orf6 does not bind p73 (see above),
it must mean that E1B55K binding was sufficient for
p73mut20–24 to be degraded.

The present studies also indicated that E4orf6-E1B55K-me-
diated degradation of p53 took place at high levels in the
presence or absence of two cellular regulators of p53 stability,
p19ARF and MDM2. These results suggested that the mech-
anism of p53 degradation may differ from cellular pathways
regulated by MDM2. One complication of these studies was
that they were performed with knockout MEFs. One previous
study indicated that although E4orf6 and E1B55K colocalize

FIG. 6. Role of MDM2, p19ARF, and the 26S proteasome in E1B55K-E4orf6-induced p53 degradation. p53 degradation was assessed in cells
coinfected with combinations of adenovirus vectors expressing LacZ (control), wild-type p53, E1B55K, or E4orf6. Such cells included p53-null
MEFs (A), p53- and MDM2-null MEFs (B), and p19ARF-null MEFs (C). Panel B (lanes 6 and 7) also includes extracts from cells treated at 18 h
postinfection with medium containing 50 mM MG132, an inhibitor of the 26S proteasome. Cell extracts were prepared at 24 h postinfection,
separated by SDS-PAGE and analyzed by Western blotting using antibodies against MDM2 (antibody 2A10) and p53 (a mixture of antibodies
Ab1801 and Ab421) (top panels), E1B55K (2A6) (middle panels), and E4orf6 (1807-4 E4orf6-C) (bottom panels). The combinations of vectors
used are listed at the top.
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efficiently in human cells, convincing colocalization was not
apparent in mouse cells (21). Colocalization of E4orf6 and
E1B55K in other rodent cells has been observed at high levels
using transformed baby rat kidney cells (52–54). We have not
investigated this issue directly; however, the fact that E4orf6
and E1B55K cooperate to induce p53 turnover in mouse cells
suggests that sufficient functional interactions must take place.

The production of a large series of E4orf6 mutants permit-
ted the analysis of the role of E4orf6 in p53 turnover. All
E4orf6 mutants studied yielded products that were stable in
mammalian cells (see above) (Querido et al., unpublished);
however, fine mapping in the central, generally hydrophobic
region of E4orf6 was not highly informative since all such
mutants lost the ability to cooperate in p53 degradation. These
results may suggest a functional requirement for extended re-
gions of E4orf6 or may reflect a high degree of conformational
effects elicited by even small deletions. Detailed analysis of this
region will require either high-resolution structural informa-
tion or the production of specific point mutants. Conversely,
deletions at the hydrophilic amino and carboxy termini were
reasonably informative.

A recent study (7) found that E4orf6, like HPV E6, is a
zinc-binding protein. Several critical histidine and cysteine res-
idues were identified, and mutations affecting those sites inter-
fered with E1B55K binding and p53 degradation, although
none of the mutations seemed to disrupt p53 binding. It is
interesting that Boyer and Ketner (7) found that the amount of
E4orf6 that coimmunoprecipitated with p53 was smaller than
the amount with E1B55K and that none of the E4orf6 muta-
tions disrupted p53 binding. We have made similar observa-
tions (data not shown), and thus further kinds of analyses must
be used to identify the regions of E4orf6 that mediate inter-
action with p53.

Mapping studies confirmed a previous report that binding of
E1B55K requires a region toward the amino terminus of
E4orf6 (65). This region includes residues 44 to 107, and the
lack of binding to the E4orf6/7 protein, which contains E4orf6
residues 1 to 58, indicated that residues 44 to 58 were clearly
not sufficient. Fine mapping of this binding region using small
E4orf6 deletion mutants suggested that many contact points
may exist, since all were capable of E1B55K binding. Figure 1
shows that this region is downstream of the NLS but spans the
putative NES sequence; however, the latter is not required for
binding since mutant dl83–94 was wild type both for binding
and for p53 degradation in cooperation with E1B55K. It
should be noted that although we found that dl108–294 and all
other carboxy-terminal E4orf6 mutants were able to interact
with E1B55K, another group reported on the importance of
the NRS for E4orf6 to direct E1B55K into the nucleus (21).
We believe that the region identified in the present study,
residues 39 to 107, corresponds to the minimal domain neces-
sary for interaction with E1B55K and that it remains possible
that the E1B55K-E4orf6 complexes we observed may be cre-
ated in cell extracts following lysis. Therefore, the data from
these separate studies may not be contradictory. The strong
interaction between E1B55K and E4orf6 was not disrupted by
any of the internal deletion mutations, perhaps because there
are many points of contact between the two proteins or be-
cause the interaction may be reinforced in vivo by E1B55K- or
E4orf6-binding proteins.

An extended region of E4orf6 from residues 44 to 274 was
required to support p53 degradation. As just discussed, one
function of this region appeared to be to interact with E1B55K;
however, residues 108 to 294 were dispensable for E1B55K
binding. We believe that this region provides at least two ad-
ditional functions required for p53 degradation. We have re-
cently reported the coimmunoprecipitation of a series of cel-
lular and possibly viral proteins by using E4orf6-specific
antibodies (6). In the present studies using E4orf6 deletion
mutants, complex formation with 19- and 14-kDa cellular pro-
teins was mapped to an extended region from about residues
44 to 218. It will be important to identify these species since
they may provide insights into the mechanism of E4orf6-de-
pendent p53 degradation. The second critical function ap-
peared to be the amphipathic arginine-rich a-helical NRS lo-
cated between residues 239 and 253 (16, 21, 54). Disruption of
this region, by either deletion or point mutations, blocked p53
degradation without affecting either E1B55K binding or com-
plex formation with the series of cellular proteins. This region
may simply be involved in nuclear localization of E4orf6; how-
ever, NRS mutants that contain the strong amino-terminal
NLS were nonetheless defective for p53 degradation. It seems
more likely that this region may target E4orf6-E1B55K-p53
complexes to specific locations in the nucleus required for the
degradation process. Overall, our results are in general agree-
ment with those published by Nevels et al. (53, 54), who found
that in rodent cells transformed with E1A-E1B and E4orf6, the
amino-terminal region, a conserved cysteine-rich motif (CCR),
the NRS, and a carboxy-terminal region of E4orf6 were all
required for p53 levels to be kept low. We found that deletion
of residues 123 to 126, the core of this newly described CCR
motif (7, 53), was sufficient to disrupt p53 degradation.

It remains unclear if E4orf6-E1B55K-mediated degradation
takes place in the nucleus or the cytoplasm. Removal of the
putative E4orf6 NES had no effect on p53 turnover; however,
nuclear export could still be possible via E1B55K, since this
protein has been reported to contain a functional NES (39).
Although further studies are necessary, preliminary results us-
ing the drug leptomycin B, which is a potent inhibitor of the
CRM1 nuclear export receptor (41, 42), indicated that lepto-
mycin B had little effect on E4orf6-E1B55K-mediated p53
degradation (E. Querido, unpublished results), suggesting that
nuclear export may not be required for adenovirus-induced
p53 degradation. Some further support that p53 degradation
may occur in the nucleus was derived from the failure of
reticulocyte lysates to facilitate E4orf6-dependent p53 degra-
dation in vitro. Such lysates are derived from cells that lack
nuclei and thus possibly critical nuclear factors. Additional
experiments are under way to investigate the mechanism fur-
ther.

The precise mechanism of p53 turnover by Ad5 proteins
remains to be established. We believe that insights will be
derived from two types of approaches: identification and char-
acterization of cellular proteins that interact with E1B55K (20)
and E4orf6 (6), and genetic analyses using appropriate viral
mutants.
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