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Impact of the Adenoviral E4 Orf3 Protein on the Activity and
Posttranslational Modification of p53
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ABSTRACT

Our previous studies have established that the p53 populations that accumulate in normal human cells exposed to etoposide or
infected by an E1B 55-kDa protein-null mutant of human adenovirus type 5 carry a large number of posttranslational modifica-
tions at numerous residues (C. J. DeHart, J. S. Chahal, S. J. Flint, and D. H. Perlman, Mol Cell Proteomics 13:1-17, 2014, http:
//dx.doi.org/10.1074/mcp.M113.030254). In the absence of this E1B protein, the p53 transcriptional program is not induced, and
it has been reported that the viral E4 Orf3 protein inactivates p53 (C. Soria, F. E. Estermann, K. C. Espantman, and C. C. O’Shea,
Nature 466:1076-1081, 2010, http://dx.doi.org/10.1038/nature09307). As the latter protein disrupts nuclear Pml bodies, sites at
which p53 is modified, we used mass spectrometry to catalogue the posttranscriptional modifications of the p53 population that
accumulates when neither the E1B 55-kDa nor the E4 Orf3 protein is made in infected cells. Eighty-five residues carrying 163
modifications were identified. The overall patterns of posttranslational modification of this population and p53 present in cells
infected by an E1B 55-kDa-null mutant were similar. The efficiencies with which the two forms of p53 bound to a consensus
DNA recognition sequence could not be distinguished and were lower than that of transcriptionally active p53. The absence of
the E4 Orf3 protein increased expression of several p53-responsive genes when the E1B protein was also absent from infected
cells. However, expression of these genes did not attain the levels observed when p53 was activated in response to etoposide
treatment and remained lower than those measured in mock-infected cells.

IMPORTANCE

The tumor suppressor p53, a master regulator of cellular responses to stress, is inactivated and destroyed in cells infected by spe-
cies C human adenoviruses, such as type 5. It is targeted for proteasomal degradation by the action of a virus-specific E3 ubiqui-
tin ligase that contains the viral E1B 55-kDa and E4 Orf6 proteins, while the E4 Orf3 protein has been reported to block its ability
to stimulate expression of p53-dependent genes. The comparisons reported here of the posttranslational modifications and ac-
tivities of p53 populations that accumulate in infected normal human cells in the absence of both mechanisms of inactivation or
of only the E3 ligase revealed little impact of the E4 Orf3 protein. These observations indicate that E4 Orf3-dependent disruption
of Pml bodies does not have a major effect on the pattern of p53 posttranslational modifications in adenovirus-infected cells.
Furthermore, they suggest that one or more additional viral proteins contribute to blocking p53 activation and the consequences

that are deleterious for viral reproduction, such as apoptosis or cell cycle arrest.

he cellular p53 protein was discovered by virtue of its interac-

tion with the major product of the simian virus 40 oncogene,
large T antigen (1, 2). The p53 tumor suppressor is a master reg-
ulator of cellular responses to internal and external stresses, when
it can induce inhibition of cell cycle progression, apoptosis, or
other responses, such as changes in metabolism. Under normal
conditions, the human p53 protein is maintained at low concen-
trations, for example, as a result of its targeting for proteasomal
degradation by the E3 ubiquitin ligase Hdm2 (3-5). Once stabi-
lized and activated in response to genotoxic and other forms of
stress, p53 binds to specific promoter sequences to activate or
repress the transcription of numerous target genes (6—10) and can
also operate in the cytoplasm to induce apoptosis by transcrip-
tion-independent mechanisms (reviewed in references 11 to 14).

One of the first interactions between human adenovirus type 5
(Ad5) and cellular proteins to be identified was the association of
the viral E1B 55-kDa protein with p53 (15). In view of its crucial
roles in regulating cell survival and other aspects of cellular phys-
iology, considerable effort has since been devoted to elucidation of
the impacts of adenoviral gene products on the activities and
properties of p53. The viral immediate-early E1A proteins induce
accumulation of p53 and p53-dependent apoptosis (16—19). Such
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stabilization of p53 depends on E1A sequences required for trans-
formation of rodent cells in culture and induction of cell cycle
progression (20, 21) and has been reported to be mediated by the
Arf/p19 (22) and Mdm4 (23) proteins, which block targeting of
p53 for proteasomal degradation by Hdm2. However, induction
of cell cycle arrest or apoptosis by p53 is blocked in Ad5-infected
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cells by the actions of other viral gene products, notably those of
the E1B 55-kDa protein.

Binding of this E1B protein to the N-terminal activation do-
main of p53 inhibits p53-dependent transcription in vitro and in
transient assays (24-27). Such inhibition depends on a repression
domain within the E1B 55-kDa protein (28) and correlates with
the ability of the E1B protein to cooperate with E1A proteins in the
transformation of rodent cells in culture (27, 29-33). In trans-
formed cells, interaction of the E1B 55-kDa and p53 proteins also
results in sequestration of p53 in juxtanuclear cytoplasmic struc-
tures (34-36).

The steady-state concentration of p53 increases during the
early phase of Ad5 infection of permissive human cells (21, 37—
39), consistent with the effects of E1A protein described above.
However, the concentration of p53 then decreases rapidly, be-
cause the protein is targeted for proteasomal degradation by the
E1B 55-kDa- and E4 Orf6 protein-containing E3 ubiquitin ligase
that assembles in infected cells (21, 37, 40-46). Mutations that
prevent synthesis of either the E1B or the E4 Orf6 protein, or that
impair their interaction with one another, therefore, lead to accu-
mulation of p53 as the infectious cycle progresses. Nevertheless,
apoptosis is not induced (37, 41) and expression of several genes
activated by p53 was not observed to increase in cells infected by
E1B 55-kDa-null mutants (37, 47). Furthermore, no impact of the
E1B 55-kDa protein on inhibition of the p53-dependent tran-
scriptional program was detected in a genome-wide comparison
of cellular gene expression in normal human cells infected by Ad5
and such a mutant (48). These observations indicate that, while
the E1B 55-kDa protein and the E3 ubiquitin ligase in which it
serves as the substrate recognition subunit (49-52) are necessary
to prevent accumulation of p53, it is not responsible for inhibition
of transcriptional activation (or repression) by p53. This function
has been ascribed more recently to the E4 Orf3 protein: expression
of p53-responsive genes was reported to be increased in cells in-
fected by a mutant virus null for production of both the E1B
55-kDa and E4 Orf3 proteins compared to those infected by the
wild-type virus or an E1B 55-kDa-null mutant (53). Furthermore,
production of the E4 Orf3 protein in the absence of other viral
proteins impaired activation of expression-responsive p53 genes
(53).

The activity and function of p53 are governed by mechanisms
that regulate the stability and localization of the protein, as well as
such properties as tetramerization, DNA-binding activity, and the
ability to alter the expression of particular sets of target genes.
Prominent among the parameters that regulate p53 is posttrans-
lational modification (PTM). The protein is subjected to multiple
types of modification, including phosphorylation of Ser or Thr
residues; acetylation, methylation, ubiquitinylation, sumoylation,
and neddylation of Lys residues; methylation of Arg residues;
ADP-ribosylation of Asp or Glu residues; and O-glycosylation of
Ser residues (reviewed in references 54 to 58). Among these, the
contributions of acetylation, phosphorylation, methylation, and
ubiquitinylation to modulating the stability, localization, and
transcriptional activity of p53 have been extensively documented
(reviewed in references 54 and 59 to 61). One cellular site at which
the p53 protein is modified in this way is in association with the
nuclear foci termed promyelocytic leukemia (Pml) bodies. Mam-
malian cell nuclei contain a finite number of these structures (also
called nuclear domains 10 [ND10]), which contain the Pml pro-
teins, as well as numerous nonconstitutive components (reviewed
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in references 62 and 63). Both p53 and several kinases and acetyl-
transferases that catalyze the addition of activating modifications
to p53 have been reported to be associated with Pml bodies
(64-71).

The genomes of several families of DNA viruses are initially
associated with Pml bodies, prior to the disruption of these foci by
viral gene products (72-75). In adenovirus-infected cells, the E4
Orf3 protein is necessary and sufficient to induce dismantling of
Pml bodies and relocalization of their components, including the
Pml protein, to nuclear track-like structures formed by the viral
protein (76-78). This function of the E4 Orf3 protein is important
for protecting viral genome replication against inhibition induced
by type I or type II interferon (79, 80). However, it could also
contribute to the E4 Orf3-dependent inactivation of p53 (53) by
inducing dissociation of p53 from the enzymes that add activating
posttranslational modifications. We have reported recently that
endogenous wild-type p53 synthesized in normal human cells
treated with an inducer of DNA damage or infected with an E1B
55-kDa-null mutant of Ad5 is very extensively modified by phos-
phorylation; acetylation; mono-, di-, or trimethylation; and ubiquiti-
nylation at many more sites than have been described previously (81).
We have therefore applied the same approach, isolation of p53 for
analysis by mass spectrometry, to catalogue the PTMs of p53 from
infected cells that lack the E4 Orf3, as well as the E1B 55-kDa protein,
for comparison to those of the two p53 populations characterized
previously.

MATERIALS AND METHODS

Cells and viruses. Human foreskin fibroblasts (HFFs) and 293 cells (82)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(GIBCO-BRL) supplemented with 7.5% bovine growth serum (Thermo
Scientific HyClone) and 5% bovine growth serum plus 5% calf serum
(GIBCO-BRL), respectively.

The E1B 55-kDa-null mutant AdEasyE1A2347 (AE1B) (83), the E4
Orf3-null mutant d1341 (84) (AOrf3), and the E1B 55-kDa-, E4 Orf3-null
double mutant described below (AE1B/AOrf3) were propagated in 293
cells. The concentrations of infectious particles were determined by
plaque assay on 293 cells (85) or by immunofluorescence for the E2 DNA-
binding protein (DBP) after infection with serial dilutions of virus stocks
for 18 h at 39°C or 24 h at 37°C.

Isolation of an E1B 55-kDa-, E4 Orf3-null mutant of Ad5. To obtain
an Ad5 mutant that could direct synthesis of neither the E1B 55-kDa nor
the E4 Orf3 protein, we first constructed a hybrid genome comprising a
left segment from the genome of the EI1B 55-kDa-null mutant
AdEasyE1A2347 (83) and the right end of the E4 Orf3-null mutant d1341
(84). The sequence-verified plasmid containing the genome of the AdEasy
(86) derivative AdEasyE1A2347 was amplified in Escherichia coli and pu-
rified by the Qiagen Maxiprep protocol. Following digestion with Pacl
(New England BioLabs), the released viral genome was isolated using the
Qiaex II kit (Qiagen) following electrophoresis in 0.75% low-melting-
point agarose (International Biotechnologies Inc.). To isolate d1341 DNA,
293 cells at 90% confluence were infected with 5 PFU/cell of the mutant
for 44 h, and virus particles were isolated by sequential sedimentation in
CsCl step and continuous gradients as described previously (87). Viral
DNA was purified from the particles following dialysis into 0.01 M Tris-
HCI, pH 7.5, containing 1 mM EDTA as described previously (88).

The purified viral genomes were digested with EcoRI (New England
BioLabs), which cuts at the single EcoRI site (bp 27331) remaining in each
genome. The long (27.3-kbp) left-end fragment from AdEasyE1A2347
was gel purified as described above. The short (8.67-kbp) fragment of
dI341 was purified by electrophoresis in 1% agarose (Denville Scientific)
and extracted using a gel extraction kit (Qiagen). Mixtures of various
molar ratios (1:1, 1:2, and 1:4) of the two fragments were incubated with
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T4 DNA ligase (New England BioLabs) for 16 h at 16°C. The ligation
products were then transfected into 293 cell monolayers in 6-well plates
using Attractene (Qiagen) according to the manufacturer’s protocol. The
transfected cells were harvested 48 h later and lysed by five cycles of freez-
ing and thawing in 0.01 M Tris-HCI, pH 7.5, containing 0.15 M NaCl, 5
mM KCl, 10 mM MgCl,, and 0.01% (wt/vol) dextrose. Viruses were iso-
lated from plaques formed upon infection of 293 cells with the lysates and
subjected to amplification by propagation in these cells and further plaque
purification. The presence of the E1B 55-kDa mutation was validated by
loss of an Mwol site following release of DNA and PCR amplification of
the relevant segment of the E1B region as described previously (83). To
assay for the E4 mutation, the region of the genome between bp 34353 and
34382 was amplified by PCR of viral DNAs containing the E1B mutation
and sequenced (Genewiz). Once the presence of both mutations was con-
firmed, the mutant was subjected to an additional cycle of plaque purifi-
cation and verification and was then propagated in 293 cells infected at 1
PFU/cell and maintained at 39°C for 44 h.

Purification of AE1B/AOrf3 p53. Human foreskin fibroblasts were
infected with 200 PFU/cell AdEasyE1A2347-d1341 for 44 h. The cells were
harvested, washed twice with ice-cold phosphate-buffered saline (PBS)
(GIBCO-BRL), and incubated for 20 min in lysis buffer, 20 mM Tris-HCI,
pH 7.5, containing 0.25 M NaCl, 1% (vol/vol) N-lauroyl sarcosine, and a
mixture of inhibitors of proteases and enzymes that remove specific PTMs
(4 pM leupeptin, 1.7 pM antipain, 1.5 wM pepstatin, I mM phenylmeth-
ylsulfonyl fluoride [PMSF], 1 pM sodium orthovanadate, 1 mM sodium
fluoride, 1.5 mM sodium butyrate, ] mM B-glycerophosphate, and 5 uM
microcystin). Genomic DNA and debris were removed by centrifugation
at 13.2 krpm for 10 min at 4°C. The p53 protein was then purified by
precipitation using an immunoaffinity resin comprising the anti-p53
monoclonal antibodies 421, 1620, and 1801 (89-91) covalently cross-
linked to protein G-agarose beads (Thermo Scientific), as described pre-
viously (81).

Immunoblotting. The viral E1B 55-kDa and E4 Orf3 proteins and the
E2 DBP were detected by immunoblotting, as described previously (92),
using the mouse monoclonal antibody (MAb) 2A6 (93), the rat MAb
6A11 (94), and the mouse MAb B6 (95), respectively, and horseradish
peroxidase (HRP)-conjugated anti-mouse or anti-rat IgG (Chemicon).
Human p53 and B-actin were examined using the HRP-conjugated
mouse MAbs DOL1 (Santa Cruz Biotechnologies) and AC-15 (Abcam),
respectively.

Analysis of p53 posttranslational modifications by mass spectrom-
etry. Samples of AE1B/AOrf3 p53 recovered from immunoaffinity puri-
fication were subjected to gel electrophoresis, and the species of ~50-kDa
molecular mass was recovered, dehydrated, destained, reduced, alkylated,
and digested with trypsin, chymotrypsin, or Lys C-endoproteinase, as
described previously (81). The resulting peptides were subjected to re-
versed-phase nano-liquid chromatography-mass spectrometry (nano-
LC-MS) and tandem MS (MS-MS) performed using a nanoflow ultra-
high-performance liquid chromatography (UPLC) system (Nano Ultra
2D Plus; Eksigent) coupled to an LTQ-Orbitrap Velos hybrid mass spec-
trometer (Thermo) fitted with a Flex ion source (Thermo-Proxeon). Pre-
processing of the collected tandem-MS data into .mgf files, searching
against the Swiss-Prot human database using the Mascot search engine
(v2.2.7; Matrix Science), and iterative PTM assignment were also per-
formed as described previously (81). Collation of the results using Scaf-
fold (Proteome Software) according to the PeptideProphet and Protein
Prophet parsimony algorithms (ISB), calculation of Ascore-derived PTM
site localization probabilities, and manual inspection and validation of
PTM assignments were performed with the criteria described previously
(81). The peptide spectral matches with =90% peptide identifier (ID)
confidence and >95% PTM Ascore localization probabilities were used in
spectral-counting-based quantification by residue using Scaffold PTM (v.
2.0; Proteome Software).

Analysis of DNA binding by p53. Lysates were prepared as described
above from HFFs infected with 100 PFU/cell AdEasyE1A2347-d1341, or
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its AdEasyE1A2347 parent, for 44 h or from uninfected cells treated with
125 uM etoposide for the same period. The p53 proteins were examined
by immunoblotting as described above, and the relative concentrations
were determined using Image ] (96), with B-actin as the internal control.
The DNA-binding activity of p53 was examined as a function of the p53
concentration using the p53 Transcription Factor Assay Kit (Cayman
Chemical Company). In this assay, p53 present in cell lysates is incubated
with a double-stranded DNA oligonucleotide containing a consensus p53
DNA-binding site immobilized on the wells of a 96-well plate. The plates
are then washed extensively, and bound p53 is detected immunologically
by an enzyme-linked immunosorbent assay (ELISA)-based method, with
final absorbance measurement at 450-nm wavelength.

Measurement of RNA concentrations. Human foreskin fibroblasts
were mock infected; infected with 200 PFU/cell wild-type AdEasyEl,
AdEasyE1A2347, or AdEasyE1A2347-d1341 for 30 h; or maintained in
DMEM containing 125 uM etoposide for the same period. Whole-cell
RNA was purified as described previously (97), and cDNA was prepared
using reverse transcription by Superscript II (Life Technologies) with 2 pg
RNA and 0.5 pg/pl random hexamer primers (Applied Biosystems) per
reaction. Quantitative real-time (RT) PCR was performed as described
previously (97), using the following primers for amplicons within human
genes: BAX fwd, 5'-TTTCTGACGGCAACTTCAACTG3’, and rev, 5'GG
TGCACAGGGCCTTGAG3'; HDM2 fwd, 5"TCCTCTCAAGCTCCGTG
TTTG3', and rev, 5’ TCATGATGTGGTCAGGGTAGATG3'; p21 fwd, 5
TGTCACTGTCTTGTACCCTTG3', and rev, 5’ GGCGTTTGGAGTGGT
AGAA3'; and PUMA fwd, 5'CGACCTCAACGCACAGTAC3’, and rev,
5'CCTAATTGGGCAGCCATCTCG3'. These primers detected spliced
mRNAs. A glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ampli-
con, described previously (97), was used as the internal control, and all
measurements were made in triplicate. Relative RNA concentrations were
determined by the AAC, method (98) after normalization to the values
obtained for GADPH mRNA.

RESULTS
Isolation of an Ad5 mutant null for production of the E1B 55-
kDa and E4 Orf3 proteins. To investigate the impact of the ad-
enoviral E4 Orf3 protein on p53, we wished to compare the prop-
erties of the protein when it accumulates to high concentrations in
the absence of the E1B 55-kDa protein and when made in the
absence of both this E1B and the E4 Orf3 protein. A mutant virus
carrying alterations that prevent accumulation of both these viral
proteins was therefore isolated in the same background as the E1B
55-kDa-null mutant AdEasyE1A2347 described previously (83),
as summarized in Fig. 1A and described in Materials and Methods.
During all the steps in isolation and propagation of the double
mutant, 293 cells were maintained at 39°C to offset, at least par-
tially, the temperature-dependent defects in reproduction, export
of viral late mRNAs, and synthesis of late proteins characteristic of
E1B 55-kDa-null mutants (99, 100). To confirm the effects of the
mutation on viral gene expression, HFFs were infected with 100
PFU/cell of the double mutant AdEasyE1A2347-d1341 (here des-
ignated AE1B/AOrf3), AdEasyE1A12347 (designated AE1B),
dI341, or, as a positive control, the wild-type parent of dl341,
dI309 (101), for 24 h, and the accumulation of viral proteins was
examined by immunoblotting as described in Materials and
Methods. Similar quantities of the E2 72-kDa single-stranded
DBP were observed in cells infected by the wild-type and mutant
viruses (Fig. 1B). Neither the E1B 55-kDa nor the E4 Orf3 protein
could be detected in cells infected by the double mutant, while the
single mutants failed to induce synthesis of the predicted proteins
(Fig. 1B).

As described in the introduction, when mutations prevent as-
sembly of the virus-specific E3 ubiquitin ligase in Ad5-infected
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FIG 1 Construction and characterization of the E1B 55-kDa- and E4 Orf3-
null double-mutant virus AdEasyE1A2347-d1341. (A) The origins of the seg-
ments of the double mutant virus genome are shown schematically, indicating
the positions of the single-pair deletions that prevent production of the E1B
55-kDa or E4 Orf3 protein (AE1B and AE4 Orf3, respectively) and the EcoRI
site exploited in the construction of the mutant. (B) HFFs were infected with
100 PFU/cell AdEasyE1A2347 (AE1B), dI309, dl341, or the double mutant
(AE1B/AOrf3) for 24 h, and the viral proteins listed on the right were exam-
ined by immunoblotting.

cells, high concentrations of p53 accumulate during the late phase
of infection. To assess the effect, if any, of the E4 Orf3 protein on
p53 stabilization and accumulation, HFFs were infected with the
E1B 55-kDa-null mutant and the AE1B/AEOrf3 double mutant
for increasing periods, and p53 was examined by immunoblot-
ting, as described in Materials and Methods. By 24 h after infec-
tion, the initial period of the late phase in these cells (102), p53 was
readily detected in cells infected by the mutant viruses, but not in
cells infected by the phenotypically wild-type parent of AE1B, Ad-
EasyE1 (Fig. 2A). This pattern was maintained at 44 h after infec-
tion. We wished to compare more directly the concentrations of
p53 that accumulate in cells infected by the single and double
mutants to one another and to the quantity of p53 that accumu-
lates in response to DNA damage. HFFs were therefore infected
with AE1B or the double mutant or exposed to the topoisomerase
II inhibitor etoposide for 44 h. The p53 present in equal volumes
of cell lysates was examined by immunoblotting (Fig. 2B), and the
signals were quantified as described in Materials and Methods
using (B-actin as an internal control. Closely similar concentra-
tions of p53 were present in cells infected by the E1B 55-kDa-null
and the E1B- and E4Orf3-null double mutants (Fig. 2B), indicat-
ing that the E4 Orf3 protein has no significant impact on the
stability and accumulation of p53 when the virus-specific E3 ubiq-
uitin ligase is not present in infected cells. This conclusion is in
agreement with previous observations in human small airway ep-
ithelial cells (53). The concentrations of both AE1B/AOrf3 and
AE1B p53 at 44 h postinfection (p.i.) were more than 10-fold
greater than those detected in HFFs treated in parallel with etopo-
side (Fig. 2B). The high concentrations to which p53 accumulated
in cells infected by the AE1B/AOrf3 mutant facilitated character-
ization of the PTMs of this p53 population.

Analysis of the posttranslational modifications of AE1B/
AOrf3 p53 by mass spectrometry. To characterize the PTMs of
AE1B/AOrf3, HFFs were infected with 200 PFU/cell AE1B/AOrf3
for 44 h and lysed in the presence of N-lauroyl sarcosine, and p53
was purified by immunoaffinity as described in Materials and
Methods. Following in-gel digestion of the eluted p53, as de-
scribed in Materials and Methods, PTM-bearing peptides were
identified by tandem mass spectrometry and a series of iterative
searches using the Mascot search algorithm, with PTM site vali-

3212 jviasm.org

Journal of Virology

A 6 24 44 Hrs. p.i.
M WT AE1IB AE1B/ WT AE1B AE1B/ WT AE1B AE1B/
AOrf3 AOrf3 AOrf3

- - 53

W — — — i

B 1X 2.5X 5X
M E AEIB AE1B/ M E AEIBAEIB/ M E AEI1BAEI1B/
AOrf3 AOrf3 AOrf3
s - s
i ——— ———— — R (3 ctin

FIG 2 Accumulation of p53 in AdEasyE1A2347-d1341-infected cells. (A)
HFFs were infected with 100 PFU/cell wild-type AdEasyEl (WT),
AdEasyE1A2347 (AE1B), or AdEasyE1A2347-d1341 (AE1B/AOrf3) for the
periods indicated or mock infected (M). Whole-cell lysates were prepared,
and the proteins listed on the right were examined by immunoblotting. (B)
HFFs were infected for 44 h with the viruses indicated, mock infected, or
incubated with medium containing 125 wM etoposide (E) for 44 h. Cell
lysates were prepared, and p53 present in the increasing lysate volumes
indicated at the top was visualized by immunoblotting.

dation based on a series of increasingly stringent criteria, as de-
scribed previously (81). This analysis was restricted to the class of
PTMs well established to modulate the activity and properties of
p53, namely, acetylation, methylation, phosphorylation, and
ubiquitinylation.

Examples of high-confidence assignments of MS-MS spectra
to PTM-bearing peptides of AE1B/AOrf3 p53 are shown in Fig. 3,
and all such peptides identified are listed in Table S1 in the sup-
plemental material. As catalogued in Table S1, the MS analyses
identified 85 modified residues in AE1B/AOrf3 p53, 41 of which
had not been described prior to our previous analysis (81). These
modified residues were distributed across all functional domains
of the p53 protein and carried a total of 163 PTMs. The location
and identity of each of the modifications corresponded closely to
those observed in populations of p53 isolated from etoposide-
treated cells (E p53) or from cells infected by AdEasyE1A2347
(AE1B p53) (81). To facilitate comparison among the PTMs iden-
tified in these p53 populations, spectral counting was employed to
provide estimates of the relative abundances of each type of PTM
at each modified residue of AE1B/AOrf3 p53 or, for comparison,
to those of AE1B p53, which we have described previously (81).

These analyses, which are summarized in Fig. 4, reinforced the
conclusion that the overall patterns of PTMs of these two p53
populations are similar. However, clear differences in the relative
degrees to which specific residues carried particular PTMs were
observed in two regions of the protein. Serine and Thr residues in
the N-terminal activation domain and the N-terminal segment of
the DNA-binding domain displayed a lower relative degree of
phosphorylation in AE1B/AOrf3 p53 than in AE1B p53 (Fig. 4A).
Similarly, the relative degree of phosphorylation within the cen-
tral portion of the DNA-binding domain, notably Ser183 and
Ser185, was reduced compared to AE1B p53 and much lower than
observed previously in active p53 isolated from etoposide-treated
cells (Fig. 4B) (81). The majority of these sites of p53 phosphory-

March 2015 Volume 89 Number 6


http://jvi.asm.org

| AT CROIDR TR,

T o C#57 P+ VA4 Q L+ WV D | S+80 | T+80 P
R—+—F+G+P+P—+4—P+T+80—8+80—+ DV WL Q‘V

100
[y15+2H-196]2* b8
8434 |q-- 9414
8 7| b7 5
c 812.4 [y15+2H-H,0]
© b6 4 932.1
2 b T131 4
S N \ /
a 617.1 i / y9-116
< \ Voyr / 9575 b10
A AR U VA
= i
© i
[] f
x i y15-H,0
{ b11 18637 y15
9 ¥ 13387 N, 18829
¥ i
H“ Al Le o ; Y
1000 1200 1400 1600 1800 m/z

l@@e@&@@e@%

—K#14——t— Dt

t S+80 +Gt+Gt+ P+ E + K¥2 {4 Gt Q
100, v2 v6
«-3412 <6812
a4-NH 7-NH-98
4-98 ¢ yI-NBs
Y502 *=3908 «7382 y7
8 . \ ‘ <8513
\ y72+
§ \ | b3 | 426.2
(= \370.2 [y14+2H-2H,0]**
3 |wssnnop h i PO 756.2
-H,0[%

< | FTY 2O | | e b6 y8-NH,-98
o 50 24 641.2 7944
> b5% 4351 . g
5 - {[y11+2H-98]2+
14 \ | i 5401

N N L e, ssan /legos o

« | j455.2 b7, Fd i
‘ M I 1 598 2| 8972 o
| | Pk !
‘ H y8 i b9
| i 9094 | 9985
; v
B S 1 m. \J‘ ) HT“ fllullY... ‘ | X \i

200 300 400 500 600 700 800 9200

1000 m/z

Modifications of p53 in Adenovirus-Infected Cells

" BHELPBCSTLE e

—H—+—H—+—FE—+—L—+—P+P G+ S+—T——Kwd2——R+14—|
—RH+1 4—*—K+42—%T—{—S—}—G~%P—{—P—i*|—+ H—f—H—

100
y7
<7984
8 7
=
§ b4
c b3 5172
2 4042 Y\ y4
< | \ 547.2
o 50 \
> Y
= .Y < b5
© ys 4 ;
3 3021 | | 6140 "
© b2 |} L ys f b6 | gesg y9
25| vi 276.1 1 ¥ 6042’ 7120 ' 1039.5
1880 % | y2 ivei (8 |
Yoy 3sed ,:701.3 7| {0
A {1 (o |
AN L5 .ll.w,;a 3 H R
200 1000 1200 m/z

Mﬁ%@@?"m

L L
t =G P t

D—
B VP - O S W P A

S+8

100
< [M+2H-98]>*
554.5
: gl
c 79 i
(] |
© i
5 i
y6
2 700.2
501 /
2 Hys b6/
® 1]569.0 694.1  / y8-98
T Hoips | 830.3 b8
x i i ,r' 906.2
T Syt y8 /
25| /8001 9283 / y998
/ / S 9772
14 e
S K
0 Jhnllﬂmh Allln ;‘ .
200 400 600 800 1000 m/z

FIG 3 MS-MS spectra of p53 isolated from AdEasyE1A2347-d1341-infected cells. The p53 protein was isolated from double-mutant-infected cells and subjected
to protease digestion as described in Materials and Methods. The peptides were analyzed using reversed-phase nano-UPLC-MS and MS-MS on an LTQ Orbitrap
Velos MS platform. Shown are representative examples of tandem mass spectra displaying the assignment of fragment ions, which are labeled with their
empirically determined m/z values and b- and y-ion designations. The matched peptide sequences are shown above the spectra, with the PTMs detected color
coded as follows; phosphorylation, red; acetylation, green; monomethylation, navy; trimethylation, turquoise; and carbamidomethylation, orange.

lation have not been described previously, so the functional con-
sequences of these differences cannot be inferred. While some
differences in the relative degrees of methylation of arginine resi-
dues between the populations were observed, they were not obvi-
ously clustered in a particular domain or segment of the protein
(data not shown). In contrast, a second region of difference in the
relative degree of PTM in the AE1B/AOrf3 and AE1B p53 popu-
lations was revealed when lysine modifications were compared:
Lys305, Lys319, Lys320, and Lys321, within the tetramerization
domain, exhibited lower degrees of modifications of all types ex-
amined in AE1B/AOrf3 than in AE1B p53 (Fig. 4C). We therefore
conclude that, while the AE1B/AOrf3 and AE1B p53 populations
exhibit some differences in the relative degrees of modification of
residues with the activation, DNA-binding, and tetramerization
domains, the sites modified and the particular modifications car-
ried by specific amino acids are generally similar.
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Comparison of DNA binding by AE1B/AOrf3 and AE1B p53.
In one approach to attempt to identify functional consequences of
differences in the PTM patterns of the various p53 populations, we
compared sequence-specific binding to DNA in vitro by the AE1B/
AOrf3 and AEIB p53 populations. Transcriptionally active p53
that accumulates in etoposide-treated cells was included in these
experiments to provide a positive control. Whole-cell lysates were
prepared from HFFs infected with the AE1B or AE1B/AOrf3 mu-
tant or treated with etoposide, as described in Materials and Meth-
ods. The relative quantities of p53 recovered in the extracts were
determined by immunoblotting and densitometry, using 3-actin
asan internal control (see Materials and Methods). The binding of
the p53 populations to a synthetic, consensus p53 recognition site
was then examined as a function of the p53 concentration. At the
higher concentrations tested, a somewhat greater quantity of E
p53 than of the other two populations bound to DNA (Fig. 5A). At
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FIG 4 Comparison of the posttranslational modification profiles of AE1B p53 and AE1B/AOrf3 p53. Peptides from populations of AEIB/AOrf3 p53 were subjected to
nano-UPLC-MS and MS-MS analyses on the LTQ Orbitrap Velos MS platform. Modification profiles were generated from triplicate LC-MS runs for each sample by
spectral counting, as described previously (81). (A and C) Modification profiles for phosphorylation of Ser and Thr residues (A) and acetylation (A), ubiquitinylation (G),
and mono-, di-, and trimethylation (M, D, and T, respectively) of Lys residues (C), which are compared to those of AE1B p53 (81). (B) Phosphorylation profiles of the
two p53 populations compared to that of p53 isolated from etoposide-treated (E p53) cells reported previously in Molecular and Cellular Proteomics (81).
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FIG 5 DNA-binding activities of p53 populations. The relative concentra-
tions of p53 present in whole-cell extracts of HFFs infected with 100 PFU/cell
AdEasyE1A2347 (AE1B) or AdEasyE1A2347-d1341 (AE1B/AOrf3) or treated
with etoposide (E) were determined by immunoblotting and quantification of
signals with B-actin as the internal control. The binding of equal concentra-
tions of the p53 populations to a synthetic, consensus p53 binding site as a
function of the p53 concentration was examined as described in Materials and
Methods. All measurements were made in triplicate. The error bars indicate
standard deviations.

lower p53 concentrations, the efficiency of DNA binding by p53
from etoposide-treated cells was considerably greater than that
exhibited by either AE1B or AE1B/AOrf3 p53 (Fig. 5B). Indeed,
the DNA-binding activities of the last two p53 populations could
not be distinguished.

Activation of expression of p53-responsive genes by three
different p53 populations. It has been previously reported that,
when the virus-specific E3 ubiquitin ligase cannot form in the
infected cells, mutations that prevent production of the E4 Orf3
protein result in activation of expression of p53-responsive genes
(53). The closely similar DNA-binding properties of the p53 pop-
ulations isolated from such infected cells and those in which the E4
Orf3 protein was present were therefore somewhat unexpected.
To assess whether this property exhibited any correlation with
expression of p53-responsive genes, HFFs were mock infected;
infected with 200 PFU/cell AdEasyE1 (wild type) or the AE1B or
AE1B/AOrf3 mutant, or, as a positive control, treated with etopo-
side for 30 h. Whole-cell RNA was then isolated, and the concen-
trations of specific mRNAs, relative to those of GAPDH mRNA,
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FIG 6 Effect of the E4 Orf3 protein on expression of p53-responsive genes.
Total RNA was isolated 30 h after infection of HFFs with 200 PFU/cell AdEasy
(WT), AdEasyE1A2347 (AE1B), or AdEasyE1A2347-d1341 (AE1B/AOrf3) or
exposure of uninfected cells to medium containing 125 uM etoposide (E) or
from mock-infected cells (M). The concentrations of the p53-responsive genes
relative to those of GADPH mRNA were determined by quantitative RT-PCR
as described in Materials and Methods. All measurements were made in trip-
licate, and the means and standard deviations of two independent experiments
are shown relative to the values measured in mock-infected cells (A) or in cells
infected by the E1B 55-kDa-, E4 Orf3-null double mutant (B).

were compared by quantitative PCR after synthesis of cDNA from
the same quantity of RNA, as described in Materials and Methods.
These values, expressed relative to those measured for mock-in-
fected cells, are shown in Fig. 6A.

As anticipated, exposure of uninfected HFFs to etoposide
resulted in increased concentrations of the mRNAs for three of
the four proteins encoded by p53-responsive genes examined
in these experiments, BAX, HDM2, p21, and PUMA, although
a large increase was observed only for p21 mRNA (Fig. 6A). In
agreement with previous reports (see the introduction), ex-
pression of all the p53-responsive genes was reduced substan-
tially in cells infected by wild-type Ad5 (AdEasyEl) or its E1B
55-kDa-null derivative (Fig. 6A). When the E4 Orf3 protein
was also absent from infected cells, some increases in the con-
centrations of these mRNAs, relative to those in cells infected
by the E1B 55-kDa-null mutant, were observed. However,
these differences were modest, and BAX, HDM2, p21, and
PUMA mRNAs did not attain even the concentrations ob-
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served in mock-infected cells, let alone those measured when
p53 was activated in response to etoposide treatment (Fig. 6B).

DISCUSSION

As part of an effort to catalogue the PTMs of endogenous, wild-
type human p53 (81), we have extended proteomic analyses of
modifications to the p53 population that accumulates in normal
human fibroblasts infected by an adenovirus mutant that can di-
rect synthesis of neither the E1B 55-kDa nor the E4 Orf3 protein.
The results reported here establish that this p53 population is also
extensively modified by acetylation, methylation, phosphoryla-
tion, and ubiquitinylation: 85 modified residues bearing 163 mod-
ifications were detected, many of which had not been described
prior to our analysis of p53 that accumulates in HFFs treated with
etoposide or infected by an E1B 55-kDa-null mutant of Ad5 (81).
These comparisons were undertaken in an attempt to assess the
impacts of specific patterns of PTM on the properties and activi-
ties of p53, a crucial regulator of cell survival, proliferation, and
death. However, we observed only a relatively small number of
absolute differences in the modification states of particular resi-
dues, that is, the absence or presence of particular PTMs, in the
three p53 populations isolated from normal human cells that we
have now examined. This finding reinforces the hypothesis that
the structure, activities, and functions of p53 are governed by
combinational patterns of posttranslational modification rather
than by the presence or absence of individual PTMs on specific
residues (56, 61, 103—105). It also emphasizes the likelihood that
this and the p53 populations examined previously comprise a sub-
stantial repertoire of proteoforms. These observations highlight
the need for application of complementary methods to define the
particular combinations of PTMs present on p53 molecules and to
estimate their relative abundances in p53 populations exhibiting
different properties, notably, analysis by “top-down” mass spec-
trometry (106-108).

Even with the methods applied in these studies, some similar-
ities and differences among the various p53 populations are evi-
dent. In particular, it is striking that the PTM profiles of AE1B/
AOrf3 p53 were more similar to those of transcriptionally inert
AE1B p53 than the profiles exhibited by p53 isolated from etopo-
side-treated cells (Fig. 4B; see also Fig. 8 in reference 81). The
greatest differences in the degrees of relative modification among
the three p53 populations point to possible roles for these regions
in the modulation of p53 transcriptional activity. The N-terminal
activation domain exhibited differences in both the character and
extent of phosphorylation in the three p53 populations. This
property is consistent with the model that phosphorylation of sites
within this region by stress-specific effector kinases facilitates the
activation of particular subsets of p53-dependent genes for a tar-
geted stress response. However, the majority of these Ser and Thr
residues were observed to be modified on both transcriptionally
active and inert p53 (Fig. 4A and B), implying that patterns of
phosphorylation, rather than the modification of individual resi-
dues, may be responsible for directing both promoter selectivity
and transcriptional activity of p53, as well as its ability to bind to
consensus DNA sequences and transcriptional coactivators, as
proposed previously (109). The DNA-binding domains of tran-
scriptionally active and inactive p53 populations also exhibited
differences in Ser/Thr phosphorylation modifications (Fig. 4). For
example, the relative degree of phosphorylation of Ser183 and
Ser185 was very high in active E p53 and considerably lower in p53
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from cells infected by both the E1B 55-kDa-null mutant and the
E1B 55-kDa-null, E4 Orf3-null double mutant (Fig. 4B). Phos-
phorylation of residues within this domain has been demon-
strated to alter its conformation, thereby impairing both DNA
binding and the interaction of p53 with transcriptional coactiva-
tors (110, 111). The tetramerization and C-terminal basic do-
mains exhibited many differences in the extent and character of
modifications at specific Ser residues, Arg residues, and Lys resi-
dues for all classes of PTM among the p53 populations. These
differences emphasize the presence of a daunting number of pos-
sible PTM combinations within these regions. This degree of dif-
ference, in addition to those observed within the domains de-
scribed above, strongly reinforces the likelihood that multiple
subpopulations of p53, with highly substoichiometric modifica-
tions, exist within AE1B/AOrf3 p53, AE1B p53, and E p53 popu-
lations. The complicated array of potential modifications for each
residue of the p53 protein provides considerable support for the
existence of hierarchical networks of combinatorial PTM.

It is well established that in adenovirus-infected cells, the viral
E4 Orf3 protein induces dismantling of Pml bodies, which serve as
intranuclear sites at which p53 is posttranslationally modified (see
the introduction). Consequently, the E4 Orf3 protein might be
predicted to alter both the localization of p53 and p53 posttrans-
lational modifications made by Pml-associated enzymes. The p53
protein that accumulates to very high concentrations when the
E1B 55-kDa protein is not produced in infected cells remains
largely within the nucleus (41, 53). However, its association with
structures resembling the peripheral zones of viral replication
centers is lost, and p53 becomes dispersed throughout the nucleus
(except for nucleoli) (41). This property indicates that, in the ab-
sence of the E1B protein, p53 is unlikely to associate specifically
with Pml proteins, which become associated with viral replication
centers following E4 Orf3-dependent disruption of Pml bodies
(77, 112). Consistent with this view, the nuclear patterns of p53
were reported to be indistinguishable in normal human cells in-
fected by E1B 55-kDa-null and E1B 55-kDa, E4Orf3 mutants, nor
does p53 colocalize with the E4 protein (and, by inference, Pml)
under the former condition (53).

Posttranscriptional modifications of p53 associated with Pml
bodies include phosphorylation of Ser46 by homeodomain-inter-
acting protein kinase 2 (65, 66) and acetylation of Lys120 and
Lys382 by the monocycle leukemia zinc finger protein (71). Asso-
ciation with Pml has also been reported to enhance phosphoryla-
tion of Thr18 by casein kinase 1 (65, 66,71, 113). Some differences
in the relative degrees of phosphorylation of Ser and Thr residues
in the N-terminal 100 or so amino acids were observed in the
AE1B and AE1B/AOrf3 p53 populations (Fig. 4A). However,
these populations did not yield significant quantities of peptides
carrying Pml-associated modifications (Thr18 and Ser46), or only
few differences were detected (K120 and K382) (Fig. 4). These
modifications have been implicated in stabilization of p53 or its
induction of particular responses, that is, activation of p53 (65, 66,
71, 113). Their absence might, therefore, be related to the relative
inactivity of the AE1B and AE1B/AOrf3 populations. Be that as it
may, the results presented here, in conjunction with the previous
observations summarized above, indicate that E4 Orf3 protein-
dependent disruption of the Pml nuclear bodies leads to relatively
minor alterations in the posttranslational modification of p53.

As noted in the introduction, p53 from Ad5-infected cells in
which neither the E1B 55-kDa nor the E4 Orf3 protein is synthe-
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sized was of interest as an alternative population of transcription-
ally active p53, based on the report that this E4 Orf3 protein inac-
tivates p53, even when p53 accumulates to high concentrations in
the absence of the E1B 55-kDa protein (53). The closer similarity
of the PTM profiles of the AE1B/AOrf3 and AE1B p53 popula-
tions to one another than to that of p53 from etoposide-treated
cells, therefore, was somewhat unexpected. However, this pattern
of similarity and difference was also evident when we examined
the efficiency of DNA binding by the various forms of p53. Al-
though the degree of DNA binding by the three p53 populations
was not very different at higher concentrations of the protein, the
efficiencies of DNA binding by AE1B/AOrf3 p53 and AE1B p53
were closely similar at lower p53 concentrations and, in both
cases, lower than that of active p53 (Fig. 5). In the assay used in
these experiments, the quantity of p53 bound to an immobilized
consensus DNA-binding site is measured as a function of the pro-
tein concentration. As p53 binds to DNA as a tetramer (114, 115),
the degree of binding is determined by both how efficiently the
various p53 populations form tetramers and the affinity of tetram-
ers for the DNA-binding site. In the absence of additional exper-
iments, we cannot determine the relative contributions of these
two parameters to the greater DNA binding by active p53 from
etoposide-treated cells. It remains possible that the affinities of
these forms of p53 for p53-responsive promoters, for example,
that of the HDM2 or p21 gene (Fig. 6), differ. Nevertheless, the
data indicate that the binding of AE1B/AOrf3 p53 to a consensus
p53 recognition sequence closely resembles that of AE1B p53 and
are consistent with the previous report that the DNA-binding do-
mains of both of these p53 proteins adopt conformations compe-
tent for DNA binding (53).

Unexpectedly, we observed only modest effects of the E4 Orf3
protein on expression of p53-responsive genes in infected cells. As
anticipated (see the introduction), infection with wild-type adenovi-
rus was accompanied by large (up to 40-fold) reductions in the ex-
pression of the four p53-responsive genes examined compared to
their expression in mock-infected cells. Also in agreement with pre-
vious reports (37, 47, 48), no increases in the concentrations of these
mRNAs were detected when the E1B 55-kDa protein was not synthe-
sized in the infected cells (Fig. 6A). When the E4 Orf3 protein was also
absent, some increases in the concentrations of the mRNAs were ob-
served in cells infected by AdEasyE1A2347-d1341 compared to the
E1B 55-kDa-null mutant (Fig. 6): 6.5-, 8-, and 3-fold-higher concen-
trations of HDM2, p21, and PUMA mRNAs, respectively. A qualita-
tively and quantitatively similar pattern was observed in small airway
epithelial cells infected by an independent pair of E1B 55-kDa-null
and E1B 55-kDa-, E4 Orf3-null mutants and correlated with in-
creased binding of p53 to p53-dependent promoters in the absence of
the E4 Orf3 protein, leading to the proposal that the E4 Orf3 protein
inactivates p53 (53). However, in the experiments reported here, the
mutation that prevented synthesis of the viral E4 Orf3 protein in the
E1B 55-kDa-null background did not lead to increases in the concen-
trations of p53-responsive mRNAs in infected cells above the values
measured in mock-infected cells or, in most cases, return the p53
mRNA levels to these values (Fig. 6). In contrast, increases above
mock-infected-cell values were reported by Soria et al. (53). This dif-
ference may result from infection of proliferating versus quiescent
cells: it seems likely that the expression of p53-regulated genes is even
lower in the latter state, such as the quiescent small airway epithelial
cells employed previously (53), than in proliferating cells, like the
HFFs used in these experiments. More importantly, the direct com-
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parison of the efficiency of expression of p53-responsive genes in
infected cells and in cells in which p53 was activated in response to
treatment with etoposide (Fig. 6) demonstrated that the absence of
the E4 Orf3 protein was not sufficient to restore p53 transcriptional
activity: all of the p53-responsive mRNAs examined accumulated to
higher concentrations in etoposide-treated cells than in those in-
fected by the E1B 55-kDa-, E4 Orf3-null double mutant, and in the
case of p21 (which increased the most in response to etoposide), a
difference of some 60-fold was observed (Fig. 6B). We therefore con-
clude that, while the E4 Orf3 protein contributes to inactivation of
p53 during the adenovirus infectious cycle, it is unlikely to be suffi-
cient to block the transcriptional activity of this cellular regulator.

This conclusion implies that one or more additional viral pro-
teins fuel this function. Obvious candidates are the E1A proteins,
which block p53-depdendent stimulation of transcription from
various promoters via N-terminal sequences required for interac-
tion with the transcriptional coactivators and acetyltransferases
p300/Cbp (116-119). Indeed, an E1A segment containing a p300/
Cbp binding site is a very effective competitor for association of
the p53 transcriptional activation domain with its binding site in
the coactivator (120). It is therefore possible that binding of the
E1A proteins to this domain of p53 overrides any effects of acti-
vating posttranslational modifications acquired as p53 accumu-
lates in adenovirus-infected cells thatlack the E1B 55-kDa protein.
Indeed, mutations in the p300/Cbp-binding region of E1A have
been reported to partially restore expression of the p53-dependent
p21 gene in infected cells that do not synthesize the E1B 55-kDa
protein (121).
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